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Significance

The ozone layer protects life 
on Earth by absorbing solar 
ultraviolet (UV) radiation ~15 to 
~35 km above the surface. The 
ozone layer can be depleted by 
solar particle events, which are 
short-lived bursts of high-energy 
particles which can alter 
atmospheric chemistry. 
Currently, the Earth’s 
geomagnetic field deflects these 
particles, limiting their impact to 
the polar regions. However, 
geological records demonstrate 
periods throughout Earth’s 
history where the geomagnetic 
field significantly weakened. 
During those periods, cosmic 
ionizing particles can enter 
Earth’s atmosphere at lower 
latitudes and damage the ozone 
layer, resulting in marked 
increases in surface UV radiation. 
Potential consequences include 
serious health hazards and 
longer-term climatic and 
evolutionary impacts.
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Solar particle events (SPEs) are short-lived bursts of high-energy particles from the solar 
atmosphere and are widely recognized as posing significant economic risks to modern 
society. Most SPEs are relatively weak and have minor impacts on the Earth’s environ-
ment, but historic records contain much stronger SPEs which have the potential to alter 
atmospheric chemistry, impacting climate and biological life. The impacts of such strong 
SPEs would be far more severe when the Earth’s protective geomagnetic field is weak, 
such as during past geomagnetic excursions or reversals. Here, we model the impacts 
of an extreme SPE under different geomagnetic field strengths, focusing on changes in 
atmospheric chemistry and surface radiation using the atmosphere–ocean–chemistry–
climate model SOCOL3-MPIOM and the radiation transfer model LibRadtran. Under 
current geomagnetic conditions, an extreme SPE would increase NOx concentrations in 
the polar stratosphere and mesosphere, causing reductions in extratropical stratospheric 
ozone lasting for about a year. In contrast, with no geomagnetic field, there would be 
a substantial increase in NOx throughout the entire atmosphere, resulting in severe 
stratospheric ozone depletion for several years. The resulting ground-level ultraviolet 
(UV) radiation would remain elevated for up to 6 y, leading to increases in UV index 
up to 20 to 25% and solar-induced DNA damage rates by 40 to 50%. The potential 
evolutionary impacts of past extreme SPEs remain an important question, while the 
risks they pose to human health in modern conditions continue to be underestimated.

solar particle event | geomagnetic field | geomagnetic excursion | ozone | radiation dose

The Earth’s magnetic field plays a critical role in protecting life by shielding it from ionizing 
solar and galactic cosmic rays. Solar particle events (SPEs) are phenomena when charged 
particles, mostly protons, are accelerated in the solar corona and interplanetary space to 
high (sometimes near-relativistic) energies, producing powerful bursts of ionizing particles 
(1) that can penetrate the Earth’s atmosphere. The current strength of the geomagnetic 
field deflects most cosmic high-energy particles away from the Earth and limits penetration 
to the lower levels of the atmosphere mostly to the polar regions, where the geomagnetic 
field lines are vertically oriented (2). While the duration of these sporadic solar events is 
short (on the order of hours to days), the resulting levels of ionizing radiation can be very 
large and have diverse environmental and technological impacts, including damage to the 
ozone layer, spacecraft and astronauts, and disruptions to telecommunications systems 
(3). Hundreds of weak SPEs occur during a typical 11-y solar cycle (1, 4), with a higher 
probability during the maximum and descending solar phases, but much stronger SPEs 
are known to have occurred in the recent past. Furthermore, extreme SPEs, up to three 
orders of magnitude stronger than any observed in the satellite era, have been recently 
found in paleorecords such as tree rings and ice cores (3, 5, 6), with well-known events 
in, e.g., years 993 CE, 775 CE, 660 BCE, 5259 BCE, and 7176 BCE. These paleorecords 
indicate that major SPEs occur roughly every few millennia (7), but the full physical and 
biological impacts of these events through time remain unclear. In the modern world, 
they would have a diverse range of serious effects on technological systems (3). As an 
example, while the well-known 1859 solar storm known as the “Carrington Event” is not 
known to have been accompanied by a SPE (8), it had widespread impacts on the atmos-
phere, telegraph communications, and electrical infrastructure.

The ozone layer located in the stratosphere (15 to 50 km above the Earth’s surface) 
serves as a critical shield against solar ultraviolet (UV) radiation, protecting all life forms 
on the Earth’s surface and troposphere (from the surface to about 15 km altitude). The 
high-energy particles associated with a SPE can deplete ozone in both the stratosphere, D
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as well as the higher atmospheric layer, the mesosphere (50 to 80 
km above ground) (9). The ozone reduction occurs when the 
high-energy particles ionize air molecules, creating reactive species 
such as nitrogen oxides NOx (N, NO, and NO2) (10, 11) and 
hydroxyl radicals HOx (H, OH, and HO2) (12, 13) both of which 
destroy ozone through catalytic cycles. The resulting large-scale 
changes in the middle atmosphere alter fundamental atmospheric 
properties, such as the equator-to-pole temperature gradient (2), 
impacting conditions all the way down to the surface. Overall, 
however, the short duration of SPEs means that they currently 
have little impact on ozone climatology. Elevated NOx levels typ-
ically decay a few weeks after a SPE (14–16) and are only associ-
ated with ozone destruction for about a month (17–19). In 
extreme cases, ozone anomalies and surface temperature changes 
have been modeled to last from half a year (20) to a few years (21) 
in the modern era.

Geological records show many periods when Earth’s geomag-
netic field strength was greatly reduced compared to the relatively 
strong field of modern times. These periods include events such 
as geomagnetic polarity reversals (when the magnetic poles switch) 
and geomagnetic field excursions (a pronounced reduction of 
geomagnetic field strength, but without long-term polarity inver-
sion), and can be observed back as far as the Ediacaran period (22, 
23). During such phases of greatly reduced geomagnetic field 
strength, the biophysical consequences of SPEs could be very large, 
as solar particles would precipitate over a much larger proportion 
of the Earth’s surface, including lower latitudes. While geomag-
netic reversals are relatively rare in the geological record, typically 
occurring every 0.1 to 1 Ma (24, 25), excursions are far more 
common, although their properties are less well known (26). 
Recent geological records suggest that excursions may occur on 
timescales of <10 ka, with each event characterized by a significant 
reduction in the geomagnetic dipole component for hundreds to 
thousands of years (27). The prolonged periods of weak geomag-
netic strength that characterize excursions or reversals (27) (on the 
order of several millennia) raise the possibility that one or more 
extreme SPEs are likely to occur during the same period. Under 
such circumstances, the cosmic radiation shielding normally pro-
vided by the geomagnetic field would collapse, leaving only that 
provided by the atmosphere, with likely serious impacts on atmos-
pheric and biological systems. Interest in these events has increased 
considerably since satellite and other observations suggest that the 
Earth’s geomagnetic field has weakened by ~10% over the last 
century (28), prompting speculation about whether this trend 
might indicate an upcoming excursion or even a full reversal 
(24–26, 29–33).

Grand solar minima (GSM), periods of markedly decreased 
solar activity where sunspots almost or completely disappear for 
multiple decades, are further important solar phenomena which 
impact the levels of cosmic radiation reaching Earth. The decreased 
strength of the solar wind during GSM allows higher fluxes of 
strongly ionizing galactic radiation to impact Earth’s atmosphere, 
due to the reduced protection from the interplanetary solar mag-
netic field created by the solar wind (2). Over the past 10,000 y, 
GSM appear to have occurred about 1 to 2 times per millennium 
and lasted 30 to 150 y (34). The extended duration of lowered 
solar activity in a GSM means the effects on Earth are much more 
clearly visible in the climate records (35) than those of SPEs. 
Conversely, while the effects of SPEs are much shorter in time, 
the impacts can be much stronger. The effects of GSM on atmos-
pheric chemistry and climate have recently been modeled for the 
most recent major geomagnetic excursion, the Laschamps Event 
42,000 B.P., where 6 to 7 GSM can be observed in dendrorecords 
(36). However, the specific impact of a large SPE on the Earth’s 

atmosphere during a period of weak geomagnetic field strength 
remains unclear, including the repercussions on terrestrial life and 
human health. Previous studies have either used simplified atmos-
pheric models (37–39) or did not consider geomagnetic field 
variations (20, 40, 41).

To address this issue, we model the impact of an extreme SPE 
comparable in size to the largest events detected over the past few 
millennia (3, 5, 6), which is about a hundred times stronger than 
the most powerful directly observed in recent history, specifically 
the event of February 23, 1956 (42). We also model the extreme 
SPE during a geomagnetic excursion with a total absence of geo-
magnetic field. While questions remain about the degree of dipole 
field strength loss during different geomagnetic excursions (43), 
this approach allows investigation of the full spectrum of potential 
atmospheric responses under the most severe conditions.

For this purpose, we use the advanced coupled atmosphere–
ocean–chemistry–climate model SOCOL3-MPIOM (44, 45) and 
the radiative transfer model LibRadtran (46). SOCOL3-MPIOM 
accounts for the important feedback between atmospheric com-
position, radiation, and dynamics and is specifically designed to 
describe the atmospheric effects of energetic particles (47). 
LibRadtran allows accurate calculations of the propagation of solar 
radiation in the Earth’s atmosphere. The combination of these 
models is ideally suited to study the effects of extreme energetic 
particles on atmospheric chemistry and surface UV levels.

Results

The short- and long-term impacts of extreme SPEs on the atmos-
phere and their modulation by the geomagnetic field strength are 
presented as mean annual differences and global mean monthly 
changes between simulations, with and without the SPE. The 
statistical significance of our results was determined using Student’s 
t test at the 99% confidence level.

NOx Impact. In the mesosphere, while NOx is generated through 
the ionization of atmospheric molecules by energetic particles, 
the resulting concentrations are closely tied to the photolytic-loss 
process driven by solar wavelengths around 180 and 190 nm (48). 
Photolysis of NO releases N, which then reacts with a further NO 
molecule to produce stable N2 and O, effectively reducing NOx 
in the atmosphere (49). While these wavelengths play a pivotal 
role in mesospheric NOx chemistry, the pronounced absorption 
at that altitude means that UV radiation at these wavelengths is 
greatly reduced in the underlying stratosphere (48). However, in 
the polar night regions the photolytic reaction ceases, extending 
the mesospheric NOx lifetime (to days-months) and allowing it to 
be propelled down to stratospheric altitudes by the downwelling 
air motion within the polar vortex. As a result, NOx can influence 
stratospheric ozone dynamics in regions distant from the initial 
production zones.

The simulations (Material and Methods) indicate that after an 
extreme SPE, substantial increases in atmospheric NOx are 
observed under either current conditions or during a geomagnetic 
excursion (Fig. 1 A and B), followed by decay over several years. 
The stratospheric NOx levels remain elevated for up to 3 y under 
current conditions, but for considerably longer during a geomag-
netic excursion. Under present-day conditions, an extreme SPE 
would generate large amounts of NOx throughout the whole mes-
osphere and the polar stratosphere, with the largest stratospheric 
increases (20 to 80 ppb) observed above the poles (Fig. 2 A–D). 
For example, a >200% increase in NOx over the North Pole due 
to the downwelling of the mesospheric NOx during the polar 
night. Increases are also seen in the tropical mesosphere and D
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mid-latitude stratosphere as NOx-rich air from the polar regions 
mixes with surrounding air following the polar vortex breakup. 
As expected, these impacts are much more severe during a geo-
magnetic excursion (Fig. 2 E–H) with intense and widespread 
increases in NOx, exceeding 500% in the northern polar strato-
sphere. The absence of a geomagnetic field allows solar particles 
to precipitate uniformly across latitudes, leading to significant 
NOx increases (20 to 80 ppb) in the tropical upper atmosphere 
(mesosphere and stratosphere), while NOx concentrations double 
in the upper southern polar troposphere.

HOx Impact. In contrast to NOx, HOx has a short lifetime (seconds-
hours) in the stratosphere and mesosphere. Although HOx destroys 
ozone in a fast catalytic cycle, it also rapidly engages in self-reaction 
within the HOx family, where OH and HO2 neutralize each other 
to form water and molecular oxygen. Additionally, OH reacts with 
NO2, leading to the formation of nitric acid (HNO3) (49). Due 
to this fast reactivity and consequent short lifetime, HOx does not 
get transported like NOx and therefore only plays a vital role in 
ozone chemistry in regions where it is produced.

During an extreme SPE, a notable surge in HOx radicals arises 
within the mesosphere (SI Appendix, Fig. S2). However, the 
short-lived nature of the HOx radicals makes their presence 
statistically insignificant in the context of HOx annual mean 
enhancements. Within the stratosphere, SPE-enhanced levels 
of NOx react with HOx originating from the troposphere (from 
water vapor, methane, and molecular hydrogen) to produce 
nitric acid, thus creating statistically significant decreases in 
stratospheric HOx.

Ozone Impact. Fig. 1C displays the area-weighted global mean 
ozone changes caused by a SPE in the current geomagnetic state. In 
the months after the SPE, marked by substantial increases in NOx 
and HOx species, a notable decrease in upper mesospheric ozone 
concentrations occurs. However, after the initial depletion, ozone 
levels return to baseline values within just 4 to 5 mo. Similarly, 
stratospheric ozone levels remain reduced by around 10% in the 
upper stratosphere (10 to 1 hPa), mostly due to NOx, for almost 

a year after the SPE. In contrast, when the SPE occurs during a 
geomagnetic excursion a much stronger reduction in global mean 
ozone ensues (Fig. 1D). Mesospheric ozone diminishes by 25% 
immediately after the event and stays reduced by roughly 10% 
throughout the entire first year. Stratospheric ozone declines by 
50% after the event and is still reduced by around 5% 4 y later.

The model predicts that under current geomagnetic field con-
ditions, ozone levels would decrease in the northern polar upper 
stratosphere by 30% in the first year (Fig. 3A), with a smaller 
decrease in the southern polar upper stratosphere, and then grad-
ually recover over the next 2 y (Fig. 3 B–D). As expected, during 
a geomagnetic excursion the ozone destruction is much more 
severe. In the first year, ozone is reduced by up to 50% in northern 
and ~40% in southern high latitudes (Fig. 3E), with poleward 
transport of tropically generated ozone-depleted atmospheric con-
ditions contributing to the high latitude signal. The recovery pro-
cess also takes longer, with stratospheric levels being still suppressed 
by 10 to 20% 3 y later (Fig. 3 F–H).

In terms of the total ozone column (Fig. 4), large decreases are 
predicted under current geomagnetic conditions for high-latitude 
regions (~12% in the south, ~8% in the north) but only minor 
changes in tropical areas. However, during a geomagnetic excur-
sion, the ozone reductions manifest on a global scale (12 to 16%), 
with particularly severe impacts in the polar regions, which persist 
to the third year (~12%), after which the signal gradually dissi-
pates. Due to the magnitude of the extreme SPE, these ozone 
losses are markedly larger than those modeled for the SPEs of 
August 1972 and October 1989, which were linked to decrease 
in polar ozone of around 1% (50). It is interesting to note that 
the modeled first-year polar ozone column loss shows remarkable 
similarities to the effects of the recent “ozone hole,” when the peak 
depletion in the 1990s is compared with the 1970 to 1980 period 
via the ozone column reanalysis database MSR2 (51).

Radiation Doses. Given the varying impacts of an extreme SPE on 
ozone concentrations, we used the LibRadtran model to calculate 
the changes in incoming solar shortwave radiation at ground-level 
under clear skies, along with the resulting potential effects on key 

A C

B D

Fig. 1.   Global monthly mean NOx (A and B) and O3 (C and D) response to the SPE under current conditions (A and C) and during a geomagnetic excursion  
(B and D). Color intervals for NOx: −1,000, −500, −100, −50, −10, −5, 0, 5, 10, 50, 100, 500, and 1,000 ppb; for O3: steps of 0.5 ppm. The solid contour lines overlaid 
on the color intervals indicate the percentage differences in NOx and O3 levels between simulations with and without SPE, with nonshaded areas highlighting 
statistical significance at the 99% confidence level (Student’s t test).
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parameters such as UV Index, DNA damage, and synthesis of 
previtamin D3 in human skin.

Under current geomagnetic conditions, the model shows the 
most significant changes in the UV-B (280 to 315 nm) range of 
the solar spectrum at the Earth’s surface, with the largest increases 
occurring at the shortest wavelengths, which are known to be 
particularly damaging to DNA, proteins, and biological systems 

(52). Immediately after the SPE, solar UV radiation increases 
across most of the spectrum, with the largest relative increases 
(over 80%) observed around 290 nm over all the continents 
(Fig. 5). It takes 3 y for UV-B radiation levels to return to their 
original values.

In contrast, a SPE during a period of deteriorated geomagnetic 
field results in extreme increases in surface UV radiation across 

A B C D

E F G H

Fig. 2.   Annual zonal mean NOx response to the SPE under current conditions (A–D) and during a geomagnetic excursion (E–H). Color intervals: −320, −160, −80, 
−40, −20, −10, 0, 10, 20, 40, 80, 160, and 320 ppb. The solid contour lines overlaid on the color intervals indicate the percentage differences in NOx levels between 
simulations with and without SPE, with nonshaded areas highlighting statistical significance at the 99% confidence level (Student’s t test).

A B DC

G HE F

Fig. 3.   Annual zonal mean O3 response to the SPE under current conditions (A–D) and during a geomagnetic excursion (E–H). Color intervals: steps of 0.5 ppm. 
The solid contour lines overlaid on the color intervals indicate the percentage differences in O3 levels between simulations with and without SPE, with nonshaded 
areas highlighting statistical significance at the 99% confidence level (Student’s t test).D
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the UV-B spectrum, including >320% for shorter wavelengths 
(290 nm), and remains elevated for 5 to 6 y. The increase in the 
300 to 310 nm band of up to 30% in the first year (SI Appendix, 
Fig. S3) is crucial as it corresponds to the peak mutagenicity wave-
lengths for skin carcinogenesis (53). A similar increase of up to 
10% is seen at 313 nm, while the somewhat smaller increase in 
the 310 to 320 nm waveband includes wavelengths that contribute 
to the total mutagenic effect and reflects a broader skin cancer risk 
associated with UV exposure (54). These elevated levels, even if 
relatively short-lived, would have pronounced impacts not just on 
climate systems but also on biological cycles, especially those based 
around primary producers utilizing photosynthesis, such as 
aquatic ecosystems (55). UV-B is known to have pronounced 

negative impacts on these systems, and aquatic microbiomes more 
generally (including bacteria, zooplankton, cyanobacteria, and 
corals), as well as on macroinvertebrates, amphibians, fish, and 
other groups where damage to larvae, eyes, and DNA are common 
effects (56). These results highlight the potential risks to biological 
systems posed by an extreme SPE.

UV Index. From a human perspective, one of the most obvious 
consequences of elevated UV-B levels is the increased risk of 
sunburn (erythema) and associated health effects. The clear-sky 
erythemal irradiance is quantified with the UV Index or UVI, 
which is a measure of the intensity of UV radiation in terms of 
causing sunburn in human skin. Our models predict that a SPE 

A

B

C

D H

G

F

E

Fig. 4.   Annual mean total ozone column response to the SPE under current geomagnetic conditions (A–D) and during excursion (E–H). Color intervals: steps of 
10 DU. The solid contour lines overlaid on the color intervals indicate the percentage differences in total ozone column between simulations with and without 
SPE, with nonshaded areas highlighting statistical significance at the 99% confidence level (Student’s t test).
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under modern conditions would result in a significant increase 
in erythemal radiation across all continents (Fig. 6). The relative 
increase is ~5% over North America, Europe, and Asia, and 2 to 
3% over South America, Africa, and Australia, persisting for 2 to 
3 y after the SPE. However, during a geomagnetic excursion there 
are much more severe global increases in the UV Index, with a 
25% increase in the first year over Europe, North America, and 
Asia. As an example, the time to develop sunburn for Caucasian 

skin under sunny European conditions (e.g., UVI 8) could be as 
little as 18 min (57). Over South America, Africa, and Australia, 
the increase in UVI spikes to around 20% immediately after the 
event and dissipates slowly over the following months, with levels 
still elevated by 10% in the second year. The elevated UVI levels 
take 5 to 6 y to become negligible.

Another serious consequence of elevated UV-B radiation is the 
immediate damage to the eyes, such as snow blindness, which can 

Fig. 5.   Response of solar spectral irradiance at the Earth's surface over continents for the first 6 y after the SPE under current conditions (Left) and during a 
geomagnetic excursion (Right) shown as a function of wavelength. Nonshaded areas are statistically significant at the 99% confidence level (Student’s t test).
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occur rapidly with exposure, while more prolonged exposure may 
lead to the development of cataracts over time. Photokeratitis, also 
known as snow blindness, occurs when the epithelial layer covering 
the cornea is sunburned and peels off, exposing the corneal nerves. 
The corneal epithelium absorbs almost 100% of UV radiation 
below 290 nm, making it particularly vulnerable to changes in 
UV-B levels. As a result, using the UVI to quantify ocular damage 
has been shown to considerably underestimate the risk of ocular 
damage from UV-B exposure [particularly in the ~290 nm wave-
length range most impacted by atmospheric ozone decrease; (58)]. 
This risk can be increased further by reflective surfaces such as 
snow cover, which can reflect up to 88% of solar UV-B radiation 
(59). Clearly, photokeratitis could pose a significant risk to human 
populations when a SPE occurs during weak geomagnetic field 
conditions.

Vitamin D Production. UV-B radiation initiates the synthesis 
of vitamin D3 (cholecalciferol) in the human skin, an essential 
regulator of calcium levels, and is considered one of the few 
beneficial health effects of UV radiation (60). Due to the increased 
UV radiation following a SPE, human vitamin D production rates 
would be projected to increase (Fig. 6), although this depends 
on individual characteristics including skin type. It should also 
be noted that there is little evidence that excessive vitamin D 
production is possible from sunlight exposure, or that elevated 
levels of vitamin D would be unhealthy (61). Nevertheless, 
ancient DNA and genetic selection studies have shown that skin 
pigmentation genes have been one of the most frequent targets of 
genetic selection in recent human evolution (62). This has been 
related to the initial movement from high UV-B sub-Saharan 
African environments to locations across Eurasia where UV-B 
levels were much lower (63) and varied regionally and over time. 

The genetic selection for skin pigmentation is thought to reflect 
a balance between the need for vitamin D production and other 
effects and protection from UV-B damage.

We have calculated theoretical vitamin D production by apply-
ing the CIE-174 (64) action spectrum to the LibRadtran output 
(SI Appendix, Fig. S3). Under current conditions, we find in the 
months after the SPE an increase in vitamin D production of 5 
to 7% over the northern continents, but only a few percent in the 
Southern Hemisphere. In contrast, during a geomagnetic excur-
sion, vitamin D production rates are predicted to increase by 
~30% over northern and ~20% over southern continents, respec-
tively, in the months after the SPE and track the UVI levels.

DNA Damage. An important consequence of UV radiation is 
increased rates of DNA damage. This occurs mostly through the 
formation of pyrimidine dimers, leading to mutations in dividing 
cells and potentially causing carcinogenesis. The risk and impacts 
of damage vary according to species and environment (52, 55). 
The DNA damage caused by increased radiation exhibits similar 
behavior to UVI, and vitamin D, but with a stronger response 
(Fig. 6). Under current geomagnetic conditions, a SPE is estimated 
to increase DNA damage rates by 10% over Europe, North 
America, and Asia and 5 to 6% over Australia, South America, 
and Africa. This increase diminishes to near zero by 3 to 4 y after 
the event.

During a geomagnetic excursion, human DNA damage is pre-
dicted to increase by as much as 50% over Europe, North America, 
and Asia in the first year after the SPE. This drops to 35 to 40% 
by the end of the first year, followed by another increase in the 
next summer season of 40 to 45%. Over the southern continents, 
the initial spike amounts to ~40%, which halves a few months 
after the SPE, and then declines linearly. However, it takes 6 y 

Fig. 6.   UVI, vitamin D production, and DNA damage response for different continents over the first 6 y after the SPE (y = 0) under current conditions (dashed 
line) and during a geomagnetic excursion (solid line).
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after the event before DNA damage rates become indistinguishable 
from the reference simulation across all continents.

Discussion

An Extreme SPE under Current Conditions. Current concerns 
about SPE events focus on the extent of technologies in the modern 
interconnected world that are deeply exposed to space weather 
events and the inability to predict the timing of the next extreme 
SPE (65). For example, satellites are particularly vulnerable to SPEs, 
and a partial or total loss of communication satellite function would 
disrupt telecommunication services, emergency response systems, 
financial transactions, transportation networks, and weather 
forecasting abilities among others (65, 66). However, the indirect 
impacts of an extreme SPE on global climatic and biological systems 
have generally been overlooked.

While the primary concern regarding extreme SPEs revolves 
around radiation damage in the upper atmosphere and near-Earth 
space (3), the direct impact of energetic particles at the surface is 
minor due to the thickness of the atmosphere (67) and was not 
considered in this study. The elevated UV-B levels resulting from 
ozone reduction would be mostly restricted to the polar regions 
under current geomagnetic conditions, but would still impact global 
climatic systems. A useful proxy for the potential environmental 
impacts of a SPE are provided by the chlorofluorocarbon-caused 
ozone hole detected in the 1980s (68), which altered regional rain-
fall, cloud cover patterns, and shifted the Southern Annular Mode 
to a more positive state, with a stronger and more southerly jet 
stream (69). Further interactions and feedback between ozone 
decrease, UV radiation, and climate patterns are likely, particularly 
as future changes in atmospheric circulation and temperature (70) 
impact the dynamics of the ozone layer, which could worsen the 
impact of increased UV radiation on ecosystems and human health 
(52, 71, 72).

The initial biological impacts of increased UV-B levels are 
expected to be on photosynthesis-utilizing primary producers, 
such as plants and marine plankton, and accompanying ecosys-
tems. Even small (e.g., 10%) increases in UV radiation can lead 
to changes in phytoplankton photosynthetic efficiency and 
growth rates, altering community structure (73). Further inter-
actions between solar radiation, ocean acidification, and gener-
alized warming are likely to substantially influence marine 
primary producers (74). UV-B is particularly destructive to 
aquatic microbiomes, including zooplankton and cyanobacteria, 
as well as eggs and larvae of macroinvertebrates and fish, so even 
short-term elevated levels are likely to have ecosystem-wide 
impacts (55, 56).

Since UV-B radiation is the most important risk factor for skin 
cancer, the modeled increases over continents would likely have 
significant impacts. The increase in DNA damage rates (>10% 
over Asia, Europe, and North America, for several years) would 
not be expected to result in a linear increase in human cancer risk 
as this depends on individual background and accumulated expo-
sure, including peak and average doses (75). While the amount 
of sunburn in childhood appears to be a more relevant factor for 
melanoma than (accumulated) total UV dose (76), the correlation 
between DNA damage and cancer risk seems more direct for squa-
mous cell carcinoma (77). Nevertheless, DNA damage induction 
is only the first step in carcinogenesis, and many other factors play 
decisive roles, e.g., the extent of cell proliferation in the affected 
tissue (78) type of DNA damage, DNA repair mechanisms, and 
the cellular DNA damage response, which are modulated by many 
factors including the accumulated UV dose and dose rate of the 
UV radiation.

An Extreme SPE during a Geomagnetic Excursion. The extent to 
which the current geomagnetic field strength provides protection 
from SPEs is clearly demonstrated by the impacts predicted when 
geomagnetic field shielding is absent. Widespread ozone depletion 
and increased UV-B irradiation are expected (Figs. 4–6), with likely 
serious consequences across global climate and biological systems. 
Potential climatic effects include significant changes to cloud and 
snow cover, rainfall patterns, and land and sea temperatures (79), 
along with feedback from altered phytoplankton growth and food 
webs in aquatic systems (80, 81). Although the climate model used 
in this study involves comprehensive atmospheric processes, their 
investigations involve complex interactions and require extensive 
analysis, which is beyond the scope of our current study.

A 20 to 25% increase in erythemal radiation would have severe 
consequences on microbiome and phytoplankton community 
dynamics and eco-physiological mechanisms, with larger implica-
tions for marine food webs and biogeochemical cycling (82). Very 
high intensities of UV-B radiation could hinder plant growth and 
photosynthesis and generate elevated levels of DNA damage across 
many species (83–86). While short-lived, these impacts are likely to 
cause complex interactions with potentially longer global effects.

Within animals, such high UV levels would be associated with 
elevated rates of sunburn, cataracts, and DNA damage. These 
impacts are likely to be particularly severe for humans who lack 
skin coverings or thick hides, leading to increased risks of skin 
cancer, cataracts, and impaired immune function as long-term 
impacts (52). The most immediate negative impact for many ani-
mal groups would potentially be damage to the eyes, which would 
be heightened in environments with reflective surfaces such as 
snow, savannah, water, or sand (58, 87). In the case of humans, 
the high UVI (25% increase) exposure could quickly lead to snow 
blindness, which can manifest anywhere from 30 min to 12 h after 
the actual exposure (87). The resulting intense pain from exposure 
to light, severe headaches, and blurry or complete loss of vision 
would be debilitating to exposed human groups, with the effects 
lasting for many days and requiring complete avoidance of expo-
sure to light. As such, a SPE during the multiple geomagnetic 
excursions known in the Late Pleistocene would be expected to 
have pronounced negative impacts on hunter–forager groups, as 
has been suggested for the Laschamps and Mono Lake geomag-
netic excursions which coincide with major genetic replacement 
events in European populations (36, 63, 88). For other species, 
the negative impacts are likely to relate to the extent of preexisting 
adaptations, such as UV-blocking pigments within eyes. For exam-
ple, polar or high-altitude species that are exposed to high UV 
environments would be expected to be better protected or adapted.

Comparing the Effects of SPEs and GSM. In contrast to the short-
lived increase in short-wave (high-energy) solar radiation caused 
by an extreme SPE presented here, the multidecadal impacts 
of GSM result in less pronounced but much longer-lasting 
atmospheric drivers (e.g., ref. 89). Well-known historic grand 
solar minima include the Oort (1040 to 1080), Wolf (1270 to 
1350), Spörer (1460 to 1550), Maunder (1645 to 1710), and 
Dalton (1790 to 1830) Minimum and these have been linked with 
pronounced Medieval cold periods across European environments 
(35, 90). Importantly, just as for the case of an extreme SPE, the 
impacts of a GSM would be much greater during periods of weak 
geomagnetic field strength. A similar modeling approach (36) has 
estimated ozone reduction of around 5%, resulting in ground-level 
UV radiation increases of 10 to 15% during the GSM. While 
considerably weaker than the effects modeled here, the cumulative 
impact of 50 to 100 y of GSM atmospheric drivers is expected to 
result in much larger climatic and biotic responses.D
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The frequency and duration of geomagnetic excursions apparent 
in the geological record (along with much less frequent full reversal 
events) mean that it is likely that many would be coincident with 
extreme SPE or GSM. Given the severity of the impacts modeled 
here, the combination of geomagnetic excursions and SPE or GSM 
are a currently unrecognized and potentially important factor in 
evolutionary history. In the case of SPE, the short-lived impacts and 
multiyear consequences are likely to be sufficiently rapid to remain 
undetectable in most paleorecords prior to the Holocene (<11.6 
ka). However, while short-lived, the climatic impacts could have 
the potential to act as tipping points for ongoing larger-scale climatic 
processes (e.g., incipient glaciation phases). This combination could 
produce rapid phase shifts of the sort that are prevalent through 
Pleistocene paleorecords but remain currently difficult to explain. 
Similarly for GSM, while the atmospheric effects of at least 9 indi-
vidual GSM could be discerned in tree ring records of the Laschamps 
Excursion (36), the overall biological and climatic impacts proposed 
in that study had not been previously recognized as being linked. 
These included a marked increase in the use of caves, cave art, and 
red ochre handprints, suggested to be related to damaging UV-B 
levels during the Laschamps and consistent with the potential for 
visual system damage and sunburn outlined here.

The impacts of elevated UV levels on visual systems and DNA 
damage during repeated or prolonged periods of reduced geomag-
netic field strength have also been proposed as a potential factor in 
major evolutionary transitions. For example, the Late Ediacaran 
and early Cambrian were characterized by geomagnetic field insta-
bility and generally very low field strength, which has been related 
to the initial formation stages of the Earth’s solid iron core (91, 92).  
The very prolonged periods (e.g., >26 Ma) of low geomagnetic 
field strength, subsequent atmospheric oxygenation (93), and 
resulting high levels of UV-B have been proposed as important 
drivers for the dramatically rapid evolution of complex animal life 
forms first observed in the early Cambrian period, recorded as the 
Cambrian Explosion (94, 95). The independent development of 
visual systems and hard shells across multiple distinct animal phyla 
contemporaneously has been related to strong selective pressure 
to detect and avoid damaging levels of UV light. These mecha-
nisms, along with evidence of a marked increase in burrowing 
behavior under algal mats, have been described as a “flight from 
light” (94, 95) and are consistent with the impacts modeled here. 
However, the potential impacts of GSM on evolution remain 
hypothetical and call for further investigation.

Conclusion

Our interdisciplinary study highlights the importance of under-
standing the potential impacts of SPEs on the biosphere, both for 
the current day and through evolutionary history. Given the cur-
rent limitations in predicting SPEs, there is a need for concerted 
government and industry action to develop a more comprehensive 
understanding of these phenomena and their global societal, eco-
nomic, technological, and ecological implications. This knowledge 
is important for the development of effective strategies to safeguard 
infrastructure, maintain essential services, and mitigate the poten-
tial risks and consequences of extreme space weather events.

Extreme SPEs are also likely to interact with ongoing climate 
change, posing additional challenges to ecosystems and human 
health (52, 71). As Earth’s climate continues to change, ecosystems 
and human societies will become more vulnerable to the impacts 
of changes in geomagnetic field strength. Future changes in atmos-
pheric circulation and temperature (70) will impact the dynamics 
of the ozone layer, which could worsen the impact of increased 
UV radiation. Understanding the impact of extreme SPEs on our 

atmosphere and developing strategies to address these risks will 
be important for safeguarding our technological infrastructure 
and the welfare of the global population.

Materials and Methods

SOCOL3-MPIOM Model Setup. We employ the comprehensive chemistry–cli-
mate model SOCOL3-MPIOM (44, 45), which consists of the atmospheric model 
ECHAM5.4 (96) coupled with the chemistry module MEZON (9, 97) and the ocean 
model MPIOM (98, 99). Employed as a free-running model, SOCOL was validated 
against satellite data from the 2003 Halloween SPE (18). SOCOL generally repro-
duces the observed odd nitrogen NOy (N + NO + NO2 + NO3 + 2N2O5 + HNO3 +  
HO2NO2 + ClONO2 + BrONO2) levels, with an overestimation of stratospheric NOy 
likely due to temperature differences inherent in the model’s simulation. SOCOL 
simulates both mesospheric and stratospheric ozone in a robust fashion, closely 
matching observations with a minor underestimation of stratospheric ozone loss 
by around 5%. Our model simulations utilized a grid with a horizontal resolution 
of 3.75 degrees in latitude and longitude across 39 vertical levels, spanning 
Earth’s surface to the upper mesosphere (approximately 80 km above the surface 
at the 0.01 hPa pressure level).

We use fixed boundary conditions for greenhouse gases and ozone-depleting 
substances (CO2: 185 ppm, CH4: 200 ppb, N2O: 350 ppb) (100) based on the 
Last Glacial Maximum, as an approximation for the climate state during the last 
major geomagnetic excursion, the Laschamps Event which occurred 42,000 B.P. 
Tropospheric aerosols are set to low levels to approximate ice-age conditions, 
while stratospheric aerosols are maintained at background levels. Galactic cosmic 
rays are parameterized based on geomagnetic latitude, pressure, and solar mod-
ulation potential (101). All experiments have identical solar forcing, making the 
solar modulation potential consistent among them. We conduct four 9-y model 
experiments, each with 20 ensemble members, varying initial CO2 concentrations 
by 0.1% during the first month:

1.	 The first experiment simulates the geomagnetic conditions of the early 20th-
Century (1915 to 1935) (102) with a North geomagnetic pole at 78.5°/291.5° 
and a geomagnetic field strength (dipole moment) of 8.25 x 1022 Am2 (103), 
which is similar value to the stable magnetic field before the Laschamps 
excursion (27);

2.	 The second experiment maintains the same boundary conditions as the first 
but eliminates the geomagnetic field;

3.	 The third experiment is identical to the first, with the addition of an extreme 
SPE on day 330 of the first simulation year;

4.	 The fourth experiment is identical to the second, with the addition of an 
extreme SPE on day 330 of the first simulation year.

LibRadtran. To calculate the resulting surface UV radiation doses and concomi-
tant health effects, we use the high-resolution model uvspec from the LibRadtran 
package (46), which has been shown to have high accuracy in many intercom-
parison campaigns (104).

Using LibRadtran, we calculated surface direct spectral solar irradiance from 
200 to 800 nm with a resolution of 0.05 nm, applying vertical profiles of tem-
perature, ozone, H2O, and NO2 modeled by SOCOL3-MIPOM as the input. The 
irradiance is then used to calculate changes in surface radiation doses for four 
action spectra, i.e., for three biological health effects: UV index [International 
Commission on Illumination-98, CIE-98; (105)], vitamin D production [CIE-174; 
(64)], and DNA damage (106, 107). We focus on continent-level changes in these 
parameters as defined in SI Appendix, Fig. S1.

SPE. In two of the experiments, we simulated an extreme SPE at the beginning of 
the boreal (northern) winter (day 330). This specific timing was chosen because 
the mesospheric SPE-generated NOx is particularly long-lived in the Northern 
Hemisphere polar night due to the lack of photolysis, and capable of affecting 
stratospheric ozone through downwelling air circulation in the polar vortex. This 
situation permits an analysis of the most extreme SPE impacts on stratospheric 
ozone, and corresponding alterations in radiation patterns across the Northern 
Hemisphere. However, if such an event were to occur at the start of the austral win-
ter, the effects on ozone would be more pronounced in the Southern Hemisphere.

Ionization rates from the SPE in the atmosphere were determined using the 
cosmic-ray-induced ionization model CRAC:CRII (101, 108). The production of NOx by 
SPEs yields 0.55 molecules of ground state N per ion pair, while a greater proportion, D
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0.7 molecules per ion pair, results in the excited N state, which almost immediately 
reacts with O2 to produce NO (109, 110). Additionally, we account for the formation of 
up to two HOx molecules per ionization rate, with variations by altitude (111).

We select a conservative upper limit of SPE total particle energy (112) for a 
worst-case scenario, corresponding to the SPE in the year 775, which is one of the 
most intense SPEs in the Holocene (<11.8 ka). This event’s intensity is estimated 
to be 70 ± 30 times greater (5) than the most powerful SPE recorded in recent 
history, which took place on February 23, 1956 (113).

Geomagnetic Field. Although the global geomagnetic field parameters are rel-
atively well known for the Laschamps excursion (27, 114), the magnetospheric 
state remains uncertain due to an absence of precise magnetohydrodynamical 
modeling. In particular, it is unclear whether precipitating particles from radiation 
belts and auroral electrons existed during this period in Earth’s history.

In our study, following earlier methodology (36, 39), we assume the total 
disappearance of the geomagnetic field during the excursion, given that the 
actual field configuration is unknown. Although some studies estimate that the 
dipole field strength during a geomagnetic reversal/excursion can reduce to a few 
percent of current values (27, 115), the nondipole component can remain signif-
icant. This nonuniformity could increase ionization in specific areas by directing 
or focusing energetic particles at certain points, but a lack of appropriate models 
meant that this contribution could not be included in this study.

Overall, the conditions modeled here provide boundaries for estimating the 
impacts of an extreme SPE under different geomagnetic field strengths, ranging 
from the current strong conditions to total field collapse.

Data, Materials, and Software Availability. Model outputs data have been 
deposited in Mendeley Data (10.17632/szmx77j4vz.1) (116).
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