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Abstract. On May 11*” 2024, a succession of coronal mass ejections that merged together struck the Earth and induced large-
scale perturbations in the magnetosphere. During this event, satellite observations showed a large solar energetic-proton{SEP)
event-proton event (SPE) associated to an extreme geomagnetic storm. At the same time, satellite observations of atmospheric
ozone -and temperature were performed by the AURA/MLS instrument. In this work, we present
the first observations of the effect of the storm of May and the following SEP-SPE of June 8" on ozone concentration and

temperature throughout the atmosphere. Observations of the MLS instrument show that the event of May led to stronger

depletion of Og-in-the-upperpart-of-the-atmosphere-O3 in the mesosphere and lower thermosphere (MLT) than in June and
that noticeable depletion mainly occurred in the southern hemisphere. This difference is explained by the type of particle
precipitation that occurred during the two events, with both protons and electrons in May and only protons in June. Neither
Although both SPEs caused an increase of the ionization rates down to 30 ki, neither event caused ozone depletion in the
stratospherewhilestrong-decreases—are-observed-in-the-mesosphere—tn-. Above 85 km, a decrease of ozone volume mixing
ratio (vmr) was observed together with an increase of the temperature following the event of May while no changes in ozone
is observed following the SPE of June. Finally, in May, mesospheric ozone depletion is-observed-during18-days-andreaches a
maximum of 60% —tn-additionthe-storm-of May-at 80 km lasting for 18 days and 30% at 75 km lasting for 5 days. The SPE
of June also caused a noticeable-deerease-in-ozoneconcentration-tup-to-20%)-at-altitades-above-90

ozone that lasted for 3 days down to 70 km.

1 Introduction

While solar cycle 25 is approaching its maximum activity {predicted in 2025 (Pesnell and Schatten (2018)), the probability of
strong solar events is also expected to rise. Both the frequency and the intensity of solar events increase around the maximum

and the declining phase of the cycle-

to-be-subjected-to-largeperturbations-ofselar-erigin, although the strongest events take generally place during the descendin,
hase (Abe et al. (2023)). On the 11*" of May 2024, an extreme geomagnetic storm associated with a large Forbush deaerease

decrease in galactic cosmic rays were observed on the ground Mavremichalaki-et-al+(2024)(Mavromichalaki et al. (2024)).
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The cause of the extreme event of May 2024 is-was a succession of EMEs(Coronal-Mass-Ejeetionscoronal mass ejections
(CMEs) that merged together and simultaneously struck the Earth, which lead-led to an extreme perturbation of the magne-
CMEs were associated to a large solar proton event (SPE) that was observed on May 10" in the vicinity of the Earth by space
)._The geomagnetic storm was the largest observed in more than 20 years, reaching a minimum Disturbed-Disturbance

Storm time index Pstmm=—4+2-Dsty,;, = —412 nT and a maximum Bartels planetary index of geomagnetic activity

tosphere

Kpmaz=9Kpmaz = 9. The last observation of an event with a similar magnitude dates back to the famous 2003 Halloween ge-

omagnetic storm with a minimum Dstrarennd—400aT-Dst,,;,, around —400 nT. A recent study by Elvidge and Themens (2025

shows that this storm was a 1 in 12.5 year event in term of magnitude and a 1 in 41 year event in term of duration. Moreover, this

event was categorized as the sixth strongest storm observed since 1957 (Hayakawa et al. (2025)). The geomagnetic storm of
May 11" was responsible for large variations in the radiation-betts-of the Barth,in-which terrestrial radiation belts, where a tem-

porary 4 belts structure was observed at low Earth orbit Pierrard-et-al(2024)-On-the 8t/ of June 2024, 27 days-after the extreme
event-of Mayanother-SEP-eventhas-been-observednearEarth—(Pierrard et al. (2024)). Observations of major disturbances in

the ionosphere have also been reported all over the globe (Themens et al. (2024); Singh et al. (2024); Huang et al. (2024); Pierrard et al. (2(

). In_addition, enhanced Joule heating caused by the storm of May led to a sharp rise in the thermospheric densities due to
cooling from increased NO concentration (Ranjan et al. (2024)). At lower altitudes in the thermosphere, measurements from
the GOLD instrument showed global changes in composition and temperature following the event, with temperature increasing
up to 1400 K at high latitudes at 160 km (Evans et al. (2024)). Global increase of temperature in the mesosphere and lower
thermosphere was also reported by Liu et al. (2025).

Enhanced geomagnetic activity also leads to increased energetic electron precipitation (EEP) in the atmosphere at high lat-
itudes;-whieh-. They mainly consist of auroral electrons originating from the magnetotail and radiation belt electrons in the
bounce loss cone. Energetic protons of solar origin also precipitate in the atmosphere as they are guided toward high latitudes
by the Earth”’s magnetic field. As they penetrate into the atmosphere, energetic particles interact with the constituents of the at-
mosphere inducing their-excitation, dissociation and ionization Sinnhuber-et-al20H2);- Mirenevaetal-2015)Felowing the

0 y 0 0

(Solomon et al. (1981, 1982): Turunen et al, (2009); Rozanoy et al. (2012); Verronen and Lehmann (2013)). Increased HOx productions
by SPE mainly occur in the mesosphere and upper stratosphere and is expected to efficiently destroy ozone through a well-known
have been found to also have a significant influence on HO, production in the mesosphere (Verronen et al. (2011); Andersson et al. (2012
also of short duration (a few days) (Smith et al. (2018b)). During the SPE events of January 2005 and December 2006,

oeen V-O7="N wa V-G Vaton-aed hemtstev—Verrorerand ehmann 0 NO;
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both satellite observations and simulations have shown a temporary destruction of mesospheric ozone caused by boosted
concentration of HO, (Verronen et al. (2006); Se 2006); Sofieva et al. (2009)). Similarl

; dld et al. EEP can be responsible

for ozone depletion between 60 km and 80 km by 90% on short time scales (Andersson et al. (2014)). Nitrogen oxides
NOx are mainly produced in the upper part of the atmosphere, in the mesosphere (50 to 90 km) and tewer-thermespherein

the lower thermosphere (90 to 100 km), where their production—rate-concentration is increased by EPP Setre-et-al(2004)-

SPE + EEP
Setre et al. (2004); Turunen et al. (2009)). Odd nitrogen is long lived in the atmosphere at those altitudes in the absence of
Sun light. During polar winter, NO can be accumulated and transported downward without significant losses to the stratosphere

). Because they have the possibility to ionize lower layers in the atmosphere, energetic solar protons #ay-can contribute to de-
plete ozone in the upper stratosphere. However, strong evidence of stratospheric ozone depletion associated with SEP-are
seareeSPE is rare because of the rarity of extreme SPEs. In the study of Jia et al. (2020), ehanges-of-ozone-were-observed-by
MLES-after-SEPs-MLS observed ozone variations after SPEs between 2004 up-to-and 2020. Although clear ozone depletion

can be observed at high altitudes following multiple SEPsSPEs, only one event was found to have an effect on the strato-

spheric ozone in 2005. Moreover, Funke et al. (2011) reported that upper stratospheric ozone was directly depleted followin
the extreme SPE that accompanied the 2003 *Halloween’ superstorm.

In this paper, we use observations from the Microwave Limb Sounder (MLS) to investigate and provide a first report of the
effect of the extreme solar and geomagnetic event of May as well as the following SEP-SPE of June on atmospheric ozone in

the polar regions.

2 Data and methods

2.1 Ozone and temperature observations from AURA/MLS

The Microwave Limb Sounder (MLS) as part of the Earth Observing System (EOS) Evans-and-Greer<2000)-(Evans and Greer (2000)

) was launched in 2004 onboard the NASA satellite AURA en-in quasi-polar sua-synchreneus-Sun-synchronous orbit at 705

~(Lary (1997); Jackman et al. (2001); Randall e
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km of altitude. This instrument measures thermal radiation from Earth’s atmosphere by retrieving vertical profiles of the tem-
perature and trace gases, by scanning Earth’s limb in the plane of its orbit. In this work, we mainly use ozone-profilesfrom-the
MES-MLS ozone profiles that are derived from radianeesradiance measured by the 240 GHz radiometer. More specifically,
we use the latest version v5.0 of the MLS data product with a spatial coverage ranging from -82° to 82° and that has an in-
creased vertical range compared to previous versions (Schwartz (2021)) . The vertical resolution is not constant with altitude,
it is around 2 km between 25 km and 50 km, around 3 km between 50 km and 65 km and around 4.5 km between 65 km

tes—In this work, we have

applied all recommendations regarding data screening provided in the MLS Level 2 Version 5 Quality Document that can be

found at (https://mls.jpl.nasa.gov/data/v5-0_data_quality_document.pdf). Moreover, we only ase-high-latitade-observations—

used high-latitude observations comprised between 60° and 9982° in both hemispheresand-then-perform-, and then performed
daily averages which are necessary for the highest altitudes in the mesosphere —(Eevel-and lower thermosphere. (MLS level 2

ozone data from-MIES-are available at https://disc.gsfc.nasa.gov/datasets/ML203_005/summary, last accessed on 29/10/2024).

2.2 In situ observations of energetic particles

For the solar proton fluxes, we use the-observations from the Geostationary Operational Environmental Satellite (GOES) which
is fitted with the Energetic Proton, Electron, and Alpha Detector (EPEAD). This instrument measures the flux of protons in
7 energy channels spanning from 0.74 to 900 MeV. The data used in this work eonsists-consist of integral proton fluxes with
energies > 10 MeV, > 30 MeV, > 100 MeV which have a resolution of 5 minutes. (Data are accessible at: https://lasp.colorado.
edu/space-weather-portal/, last accessed on 29/10/2024).

In order to determine when energetic electrons from the radiation belts precipitate into the atmosphere, we use-used the
POES/MEPED detector on the MetOP satellite. The MEPED instrument is composed of two pairs of directional detectors.
The first pair is dedicated to the measurement of protons with energies ranging from 30 keV to 200 MeV. The second pair
of detectors measures the fluxes of electrons of energies between 30 keV to 2500 keV in 3 integral channels. For a given
type of particles, the two telescopes are arranged perpendicular to one another and are referred to as the 0° telescope and the
90° telescope. On MetOpMEPED, the 0° telescope points directly to the zenith, and the 90° telescope points to the antiram
direction (i.e., opposite to the velocity vector of the spacecraft). At high latitudes, the 0° telescope mainly measures particles

in the Bounce Loss Cone (BLC) and thus precipitating into the atmosphere.

2.3 Computation of the ionization rates

To compute the ionization rate in the atmosphere induced by energetic solar protons, we use the GEANT-4 based Atmospheric
Radiation Interaction Simulator (AtRIS) developed by Banjac et al. (2019). The atmospheric parameters for the simulation are
computed with the NRLMSISE model as in Winant et al. (2023) and are set to 90°S in May 2024 In this run, the primary
particles are Galactic Cosmic Ray (GCR) and solar protons. The spectrum of GCR is computed with the solution of the
force-field approximation and the Local Interstellar Spectrum (LIS) proposed by Herbstet al. (2017). For solar protons, the
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daily differential spectra observed by GOES are fitted with the Ellison and Ramaty parameterization (Ellison and Ramaty (1985)
)

2.4 Assessing the impact on ozone and temperature

The main-strategy-first approach to quantify the effect of the May and June events on ozone through the atmosphere is taking
the average profile of ozone before the event (quiet ozone profile), and computing its difference relative to the daily profiles
for the rest of the month. The quiet period consists of the five daily profiles observed before either the maximum proton flux
observed by GOES or the minimum in the Dst index. Those profiles are then averaged on time to provide the quiet conditions.

Another-The second approach used in this work is to first compute the teng—term—long-term trend in the profiles ob-
served by MLS. In order to do so, a lowess (locally weighted seatterplot-scatter plot smoothing) algorithm, introduced by
Cleveland (1979) was applied to the daily profiles from MLS spanning from January 15! 2024 to June 30°" 2024, In practice,
we use the lowess function from the Statsmodel python library with a value of frac = 0.25. With the results of the lowess
algorithm, the daily detrended profiles are computed, revealing only the shert-term-short-term variations which can then be

compared to daily averaged geomagnetic activity.

3 Results

3.1 AURA/MLS ozone profiles

Figure 1 shows the daily averaged MLS ozone profiles at high latitudes from the beginning of 2024 to June 30*". The top panel
corresponds to the high southern latitudes comprised between -60° and -99-82° effatitude-and the middle panel corresponds to
the northern latitudes comprised between 60° and 9682°. The bottom panel of this figure shows the geomagnetic activity for the
period, displaying both the Dst and Kp indices. They indicate that during the beginning of the year, the geomagnetic activity is
very low, with the Kp index barely exceeding 4. It is only in March that a noticeable geomagnetic storm was recorded in both
Dst and Kp. The next big event took place in mid-Aprit-mid-April with a Dst below -100 nT and a Kp of 7. FerarFrom this
point onward, these indices show that the magnetosphere was repeatedly disrupted by intense storms until the extreme event
of May 11 occurred with a minimum Dst value never seen in 20 years of - 412 nT and a Kp of 9. During the recovery phase of
this major event, some other intense events took placeand-. Later, the Dst index remained quiet until the end of June.

Adb-along-Throughout this period, the AURA/MLS instrument continuously carried out measurements of ozone throughout
the atmosphere. The first panel of Fig. 1 clearly illustrates the different ozone layers that exist in the atmosphere. The main
ozone layer located in the stratosphere (below 50 km), the secondary layer in the upper mesosphere and lower thermosphere
(MLT) region (above 85 km) and finally the tertiary layer in the mesosphere where the maximum of ozone concentration is
observed at around 75 km. Both the second and third ozone layers are subjected to very strong seasonal variations and are
mostly depleted during local summer due to increased photodissociation (Marsh et al. (2001); Smith and Marsh (2005); Smith
et al. (2018a)).
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Figure 1. Daily averaged high latitude ([60°, 9982°]) ozone volume mixing ratio profiles from AURA/MLS as a function of time and altitude
between January 1% and June 30 2024. Top: northern hemisphere. Middle: southern hemisphere. Ozone volume mixing ration is expressed
in parts per million by volume (ppmv). Bottom: Geomagnetic activity indices from the OMNI database between January 1°¢ and June 30"
—2024. The Bisturbed-Disturbance storm time (Dst) index is represented in blue and the planetary Kp index multiplied by 10 is displayed in

red. The vertical dotted lines correspond to geomagnetic storms with Dst < -50 nT and the plain lines correspond to SPE events for which

the flux of protons with > 10 MeV have exceeded 10 em? s sr).

Thus-in-In the northern hemisphere (NH), the ozone ferming-present in the secondary and tertiary layers gradually gets
depleted-diminishes from winter to summer;-when-the-, During this period, mesospheric ozone is eompletely-almost entirel

removed from the atmosphereand-the-secondarytayer-ozone—, decreasing from approximately 2.5 ppmyv to below 1 ppmv.
while the ozone in the secondary layer is reduced from between-7and—8 ppmv to between-land—2 ppmyv. In the southern

hemisphere (SH) (middle panel of Fig. 1), the situation is reversed and ozone starts to accumulate in the mesosphere and the
lower thermosphere.

In addition to the strong seasonal variations of ozone, the first and second panel-panels of the figure clearly show that the
ozone also experiences short-term-variations—Those-vartations-on-smaller-time-seales-are-not-linked-short-term variations. The
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altitudes;-butnot-always—Adfterthe MayH-events;no-ezene-isleft-(dotted lines when not associated to SPEs) and SPEs (solid
lines) that occurred between January and June 2024. In the NH, at the beginning of the year, when ozone is present in the upper

= A he mMmowphereco—th NO—-OZOReE A he Deepite—the B = ne m nd-hiach—f a naithe ha N\ 2PN
— - \/

short-term variability observed in those layers is not clearly linked to either the observed SPEs, nor to geomagnetic activity.
In the SH, in the beginning of the year, no shert-term-variation-of-O3-has-been-observed-by-MES—short-term variation of O
observed by the MLS instrument appears to be related to geomagnetic activity nor to SPEs. This is mainly due to the fact that

only very small amounts of ozone are present above 60 km until the end of March. However, the middle panel of Fig. 1 clearly
shows a change ofin ozone concentration in the MEF-lower thermosphere region (at ~ 90 km), as well as in the mesosphere

(at ~ 75 km) after the event of May. In the stratosphere, no sign of the event of May is discernible in the figure. In the NH, no

significant variations of ozone can be seen in the figure following the events of May and June in any of the ozone layers.

3.2 Precipitating particle fluxes measured by GOES and POES
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Figure 2. Top: Integral proton flux measured by GOES between May 64-1 and June 30, 2024 in three different energy channels. Bottom:
Integral electron flux with energy >30 keV measured by POES 0° telescope and averaged in L-time bins [0.1L - 3h] displayed as a function

of time and the Mcllwain L parameter over the the-same time period.

The flux-o£ EPP-fluxes of energetic precipitating particles (both protons and electrons) between May 1°¢ and June 30" 2024
are presented on-the-twe-in both panels of Fig. 2. On the top, GOES observations of the integral proton fluxes with different

energy threshold clearly show the two SEP-SPE events of May 11*" and June 8*”. This panel reveals that each of the two SEPs
i i i ¥-SPEs_generates
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multiple peaks for protons of > 10 MeV and > 30 MeV due to repeated injections, wave-driven acceleration and relatively slow

loss processes. In contrast, a single peak is observed for > 100 MeV fluxes. The proton flux measured by GOES in June is very
similar to the flux of May (see Fig. 2 top panel);-because-they-originatefrom-the-sameregion-. Both SPEs were likely produced

by the same active region at the surface of the Sun and-they-are-separated-in-time-by-one-selarrotation-that was still active after
one period of rotation (Jaswal et al. (2025)).

The second panel of Fig. 2 displays the integral flux of electrons with energies > 30 keV observed by the MEPED 0°
telescope during the same period as GOES. In this case, the electron fluxes are presented as a function L, the Mcllwain
parameter (uniquely identifying Earth’s magnetic shells) and time. Electron fluxes have been averaged on L-time bins of 0.1
L and 3 hours. At high latitudes and thus high L values, electrons observed by the 0° telescope are considered to precipitate
into the atmosphere along the magnetic field lines Redgeret-al(2010)-—Unlike-SEP-(Rodger et al. (2010)). Unlike SPE events,
electron precipitation in the atmosphere is a process that is constantly occurring, but it is modulated by geomagnetic activity.
Increased precipitation has been observed during the main phase of the geomagnetic storm of May 11 reaching the maximum

flux of ~ 1.2 10° [cm?s sr]~! which is never attained again throughout the whole period.

3.3 Simulations of ionization rate
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Figure 3. A pla daily--avera pu A and
June-30"Daily ionization rate profiles [in Mmmﬁmwmmmm computed leng-term-trends—in
ezeﬂﬂmﬁe%ﬁ%&ﬁg—fmﬁr&te&eﬁ@%—a%g@fﬁhm—&ppheﬁkwlm on the-observations-fromJanuary-toJuneGOES differential proton

vertical black dotted line represents-mark the day during which the daily averaged Kp-index-muttiptied-by—+6-protons fluxes computed from
omni-dataGOES observations begin to increase.

Figure 3 shows ionization rates between 0 km and 100 km that result from the AtRIS simulation considering primary GCR
and energetic solar protons. The background GCRs, which are the most energetic, are responsible for the ionization maximum
at low altitudes (between 10 km and 20 km), known as the Pfotzer maximum. The contribution from the less energetic solar
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protons can be clearly observed on the figure during the two SPEs of May and June. Both events feature a similar temporal
evolution with a large initial increase in ionization that reaches 30 km of altitude and lasts for 2 days followed by a smaller
increase in ionization that remains at higher altitude (above 40 km). Despite those similarities, the changes in the ionization
in the atmosphere during the two events are different. The rise in ionization rates caused by the SPE of May lasted longer
and was higher than in June. During the event of May, the peak of ionization is observed at 86 km and reaches 1000 [pair/(s
em?)] whereas the peak of ionization during the event of June is observed at 73 km and reached 280 [pair/(s cm™)]. Following
the initial injection of more energetic protons, the second flux peak of solar protons in May caused significantly increased
ionization rates (up to 37 [pair/(s cm®)]) at 90 km until May 22", In June, the second flux peak of solar protons caused the

ionization rates to increase up to 10 [pair/(s cm®)] at 90 km until June 16",

3.4 Detrended ozone profiles in the southern hemisphere
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Figure 4. Top panel: The plain lines represent the daily averaged ozone vmr computed with AURA/MLS observations from May 1°* to June

30'" in the southern hemisphere. The dashed lines are the computed long-term trends in ozone vmr resulting from the lowess algorithm

applied on the observations from January to June. Each color corresponds to an altitude level. Bottom panel: The daily detrended ozone vmr.

Colors are the same as for the top panel. The black line represents the daily averaged Kp index multiplied by 10 computed from OMNI data.

As ozone concentration in the atmosphere is subject to seasonal variations and changes on longer time scales such as the
solar cycle, we computed the teng-term-long-term variations in the MLS ebservation-observations in order to extract only the
ozone changes on small time scales between May 1°¢ and June 30*". The long-term-long-term trend in MLS observations

was computed by applying the lowess algorithm on the daily ozone profiles. To ensure that the results of the algorithm could
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capture the seasonal variability, we used the data from January 1°¢ to June 30*" to compute the trend. The result of this data
treatment is shown in the top panel of Fig. 4 together with the daily average ozone volume-mixingratie-Cvmryvmr. Each color
in the figure represents an altitude level ranging from 70 km to 97-93 km, covering the mesosphere and lower thermosphere.
The bottom panel of the figure shows the detrended ozone vmr (i.e., daily ozone vmr minus the long-term-long-term trend) at
each altitude level. The black curve in this panel corresponds to the daily averaged Kp index (multiplied by 10) computed from
the OMNI dataset. From this panel, it is clear that, following the peak in the Kp index which indicates the main phase of the
geomagnetic storm of May 11'", a rapid decrease in ozone vmr is observed by the MLS instrument for all altitudes between 70
km and 93 km. It then required 18 days for the ozone vmr to regain the pre-storm levels. In June, no major geomagnetic storm
took place as shown by the daily Kp curve. However, the detrended ozone shows a noticeable decrease on the 7t of June at 84

km. At higherlower altitudes, the decrease in ozone occurs on the 9", after the SEP-eventSPE took place.

3.5 Observations of ozone and temperature in Ma

Figure 5 displays the results-of-the-daily averaged measurements of O (top left) and temperature (top right) in the southern
olar atmosphere, as well as their relative difference in percentage between the pre-storm (i.e.quiet}-ozone-vmr{top-paneb;-as

well-as-temperature-profile(bottom—paneb-, quiet) level and all the daily profiles measured from the start of the period until

the end of the month. The bottom left panel shows the results for the ozone and the bottom right shows the results for the
temperature. The quiet period consists of the time averages of the daily profiles between May 5! and May 9*". The reason for

not taking the profiles between the 6" and +6#4-10"" is that, even if the peak of the SEP-SPE flux and the main-phase-peak of
the geomagnetic storm took place on May 11*", the flux of lower energy protons (> 10 MeV) has a first peak on the 10" of
May. So that May 10" is neither considered as a quiet daynor-is-the-, ,as it also corresponds to the beginning of the main phase
of the geomagnetic storm, even if the peak of the event (when considering the proton spectrum and the geomagnetic activity)

e-difference-computed-with-Oz-vmr-and-the-bottom-panel-with-temperature—appeared at the

—The vertical black

stsolar proton
fluxes observed by GOES begin to rise (i.e. May 41 Fhe10'"), before reaching their peak on May 111" together with the
highest geomagnetic activity for the period. Both left panels of Fig. 5 show that the main ozone loss was-observed-takes place
after the event in the tertiary layer at around 75 km. Hewever;-the-day-before;"The 20% decrease of ozone in the mesosphere

eadv-deereased-bv20%—This-prems o dacrasca mich ..

dotted line indicates the day during which 5

began on May 10t"-the-ozone-vmr-at-those-altitudes-he
initial decrease was caused by the penetration of the-low energy protons measured by GOES on that day, which efficiently
deposit their energy around 70 km (see Fig. 1 of Sdtori et al. (2016)). Figure 3 also shows that the ionization rate on May
10" was already increased in those regions. Two days after the main phase of the storm corresponding to the maximum flux
of precipitating electrons, ozone vmr at 80 km decreased by as much as 60%. This ozone deficit relative to pre-storm level

remained until May 29", oscillating between 30 % te-and 50%. However, those values must be taken with caution since this

altitude corresponds to the minimum between the tertiary and the secondary ozone layers, and the near-zero values of ozone in

10
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Figure 5. Top left panel: Absolute values of the O3 vmr measured by the AURA/MLS instrument in the southern hemisphere throughout

the month of May 2024. Bottom left panel: Relative difference (in [%]) between the mean quiet condition ozone profiles (Q%Qg) and the
daily ozone profiles from the AURA/MLS instrument, during the whole period between May 65-5 and May 30 (©303). Top right panel:
Temperature profiles expressed in K. Bottom right panel: same-for temperature Relative difference profiles of the temperature expressed in
[%]. Quiet conditions correspond to the period spanning from May 5 to May 9, 2024. The vertical black line displays the day when the daily

Dstindexreached-its-minimal-valueproton flux observed by GOES increased on May 10", indicating the end-beginning of the main-phase
ofthe-geomagnetiestorm-SPE that peaked on May H‘a%s&eefrespeﬂdmgfeﬂie—pealepfe&efkﬂw&eﬁﬂweveﬂf&

this region can lead to large values of the relative difference. Moreover, after the event until May %Ujﬁ the loss in-of ozone
was observed in the tertiary layer between 70 km and 80 km. At these-altitudes-however;-only-areund-75 km, in the tertiary
layer, the decrease in ozone vmr was about 30%. At 70 km, 20% of the ozone is depleted from-the-mesoesphereafter the storm.
This ozone decrease is only observed down to 70 km and until May 18" In addition to the mesospheric ozone loss. in the

On the contrary, two days before the peak of the storm, the ozone vmr in the secondary layer did increase around 85 km. This
is visible in the detrended time series of Fig. 4 and in the first panel of Fig. 5 in which the secondary layer slightly expanded.
The largest increase was observed at 84 km of altitude, corresponding to the lower edge of the layer. This results in the positive
values of the relative difference profiles observed at this altitude in the bottom panel of the figure.

Nonetheless, the slightly expanded layer was also impacted by the storm. Similar to the tertiary layer, the decrease of ozone
vmr in-the-MET-seems—to-start-above 80 km started one day before the peak of the storm. However;-the-The ozone loss is

relatively small, mainly remaining below 10%. NonethelessHowever, the ozone depletion reached 20%-and-+5%-10% on May
13" and 17*" respeetively-corresponding to periods of increased electron precipitation (see Fig. 2 bottom panel). Finally, no
significant change in ©3-O3 vmr has been observed by MLS after the storm of May in the stratosphere.

The bottom-panelright panels of Fig. 5 is-are the same as the top-panelleft panels, but for the temperature measurements from
MES—Fhe-the MLS instrument. The observations of the absolute temperature (top right) show a warming of the atmosphere
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above 70 km starting on May 10 while a clear decrease of temperature can be observed starting on May 16" between 60
km and 50 km. The changes observed during this period are confined between -5% and 5% through the entire altitude range.

However, it is apparent in the figure that after the storm and SEP-SPE of May 11th, the entire atmosphere above 75 km heats
up while below this altitude, the general trend is a cooling, except from May 27" to the-31*" between 45 km and 70 km. ¥

portant-to-note-that-the-warming-of-the-upper-atmespherestarts-two-days-before-the-event—Asfor-the-As for ozone, this
premature-atmospheric warming coincides with the early arrival of low energy protons in the atmosphere, as well as an early
increase of electron precipitation before the SEP-SPE took place. Below 40 km, the temperature constantly decreases from the

event onward. However, this change in temperature is mainly caused by the seasonal variability. The-heating-observed-in-the

bv—particle-heatine—and—iowle-heatine—A—p of-the-enerev—of-the EPP

3.6 Observations of ozone and temperature in June
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Figure 6. Top left panel: Absolute values of the O3 vmr measured by the AURA/MLS instrument in the southern hemisphere throughout
the month of June 2024. Bottom left panel: Relative difference (in [%]) between the mean quiet condition ozone profiles (Q%Qg) and the

daily ozone profiles (O3) from the AURA/MLS instrument, during the whole period between June 622 and June 36-(©3)30. Top right panel:

Temperature profiles expressed in K. Bottom right panel: same-for-temperature-Relative difference profiles of the temperature expressed in
[%]. Quiet conditions correspond to the period spanning from June 62-2 to June 677, 2024. The vertical black line displays the day of peak

proton flux for this event.

The two-four panels of Fig. 6 are similar to those of Fig. 5 but for MLS observations just before and after the SEP-SPE of
June 8!". Again, the top-panel-shows-left panels show the results for ozone. Despite being more intense than in May, this SEP
SPE also had no influence on the stratospheric ozone. At around 50 km, the ozone vmr gradually decreases from the time of the
SEP-SPE onward. Below this altitude, #

-MLS instrument
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did not observe noticeable change. The decrease in ozone at 50 km that starts one day before the SPE, which remains until the
end of June, can be explained by leng-term-long-term (seasonal) variations rather-than-combined with the effect of EPP (see

Fig. 1 middle panel). The day following the proton injection of June, AURA/MLS measurements show a depletion of 60% in
ozone vmr at 80 km. Although not as intense as at 80 km, the depletlon in 930 vmr occurred between 70 km and 90 km and
was of abeut-approximately 20%.

The bottom-panelright panels of the figure shewﬁhﬁehﬁ%d#%m%emafmespheﬁe%mgwmmuemperature

The maximum changes in temperature observed in June are limited between -2% and 2%, which is quite less that-than in May.

As in May, below 40 km, the temperature observations show a steady decrease caused by seasonal variations as winter starts

in the SH. Between 40 km and 80 km, the general behavior of the atmosphere is a small warming which isJasting-forremains
during the whole periodas-is-, not likely to be linked to the-proton-preeipitation-particle precipitation.

3.7 Comparison with previous years
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Figure 7. Comparison between the daily averaged ozone profiles (left) and temperature profiles (right) in the southern polar hemisphere

from 1 May to 30 June. From top to bottom, each panel corresponds to the relative difference in % between 2024 and 2023, 2022 and 2021

respectively. The vertical dotted lines in each panel corresponds to the peak flux of the May and June SPE.

Figure 7 shows the results of the comparison between the daily averaged observations performed by the MLS instrument

between May 1% and June 30" 2024 and the daily averaged observations from the three previous years at the same period.

These years and more specifically this period for each year (2023, 2022 and 2021) constitute a good basis to assess if the
changes in ozone and temperature observed in 2024 are caused by the particle forcing. In 2021 and 2022, between May and
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June, no SPE was observed by GOES and only one moderate geomagnetic storm occurred. This period in 2023 was more active
than for the two previous years. One SPE associated to a moderated geomagnetic storm took place on May 8", Following this
event, MLS observations showed a decrease of 15% in the amount of ozone between 70 km and 80 km for 3 days. This can be
seen in the upper left panel of the figure as the ozone measurements in 2024 are more that 15% higher than in 2023 between
May 8" and May 11",

In all panels of Fig. 7, the ozone measurements in 2024 are lower by at least 15% than the three previous years following
May 11" and June 8" between 70 km and 80 km. Compared to 2020 and 2023, the ozone ymr in 2024 was also lower a few.
days before the SPE took place. However, just after the event, the difference is more significant (up to 50%). Following the
event on June, ozone vmr measured in 2024 are also always smaller than for the 3 previous years between 70 km and 80 km.
At altitudes below 60 km, the left panels of the figure show that the ozone vmr is generally higher in 2024 than in 2023 and
2022. However, no change in the relative difference occurs after neither the May nor the June events. At altitudes above 80 km,
the ozone vmr measured in 2024 is lower after the May event than in 2023 (by 10%), 2022 (by 15%). This is not the case for
the June event,

The right panels of Fig. 7 display the comparison between the daily average temperatures in 2024 and the 3 previous years.
The significant heating that occurs after the event of May 11°" 2024 above 80 km is clearly visible in all panels of the figure.
Following the storm of May. the temperature at those altitudes in 2024 is always higher than at the same period for the previous
years, The largest difference is observed with the measurements of 2021 while the smallest difference is observed with the
measurements of 2023. For the event of June, despite the fact that the temperature was slightly cooling after the SPE above
80 km, the comparison of the observations with those of the previous years shows that the temperature in 2024 remains the
highest of all the periods considered. In this comparison again, no significant changes in the temperature are observed before
and after the storm._

The same figures were made for the observations of the MLS instrument in the northern hemisphere (not shown here) and
no significant impact of either events could be observed. Only after the SPE and the extreme geomagnetic storm of May, a
15% ozone decrease above 70 km was seen relative to the quiet conditions. However, even before the precipitation of particles
in the atmosphere, ozone vmr at those altitudes showed similar variability. The comparison of the observations in 2024 with
the observations of the 3 previous years confirmed that the decrease following the event of May in the northern hemisphere is
difficult to differentiate from other random variability.

4 Discussion and conclusions

In this work, we presented the first observations of the atmospheric ozone response to the extreme geomagnetic storm and SEP
SPEs that took place on May 11*" and June 8" 2024. We mainly used AURA/MLS observations which provided measurements
of ozone and temperature profiles at high latitude in both hemispheresdue-to-itstow-Earth-erbit—,_Moreover, computations of

These observations allowed us to demonstrate that:
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— Following the May and June SPE, substantial ozone destruction was measured during several days in the southern polar
hemisphere at altitudes between 70-80 km. Comparison with the observations at the same period but for previous years
supports the fact the ozone variations in 2024 are caused by the particle precipitations.

— The ozone depletion in this altitude range lasted longer after the events of May (5 days) than in June (3 days). This
difference in the ozone response can be explained by the ionization rates produced by the SPEs, which were generally
higher in May than in June. Moreover, the SPE of May 11" was accompanied by the most extreme geomagnetic storm
seen in 20 years that caused a large precipitation of energetic electrons in the atmosphere.

— Despite the fact that both June and May SPEs led to an increase in the ionization rate down to 35 km, observations of
the MLS instrument show no signs of a decrease in ozone concentration in the upper stratosphere.

1th 8th

The responses of ozone and temperature to the event-events of May 11** and June are quite different. For ozone, this

Fig. 6. Much stronger and longertasting-longer-lasting ozone depletion is observed through the atmosphere in May than in
June. However, this is easily-explained by the difference in the flux of EPP during the two events. In May, an overlap between
energetic solar protons observed by GOES and strongly enhanced electron fluxes from the radiation belts observed by POES
have precipitated in the atmosphere—In-, while in June, electron precipitation is-was observed the day before the SEP-SPE

reached the Earth, but dees-did not continue due to the lack of strong geomagnetic disturbances for this event. The computation

with AtRIS of those two SPEs also shows that after the first and most energetic proton peak flux of each event, the ionization
rate (caused by the second proton peak flux) in May is increased significantly more in May (~ 10 [pair/(s cm®)]) than in June
M[M)] and lasting for ~ 8 days compared to ~ 5 days in June.

For the temperature,
after the extreme storm of May, measurements of the MLS instrument show a warming of the atmosphere above 80 km. This is
in agreement with the recent study from Liu et al. (2025) in which they report a global increase in the temperature of the MLT
region during this event with observations performed by the SABER instrument. Conversely, in June, we observe a 2% cooling
of the atmosphere above 80 km in-the-polarsouthern-hemisphere—
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fn-the- METregionwhile the atmosphere between 70 and 80 km heats up by 2%. In the secondary layer, decreases in ozone
are only observed during-the-eventfollowing the SPE of May 2024. Atthese-altitudes;the-maximum-deerease-in-Og-isreached
two-Above 80 km, the detrended ozone time series show a decrease in ozone starting on the day of the event (this is also
observed at 84 km, where the ozone vmr suddenly increased the day before the SPE). A 10% depletion in O is reached five
days after the storm unlike in the mesosphere where it is reached in one day. In-the MIEFregionJia-et-al (2024 have diseussed
that-the-Those changes in ozone at those altitudes could be related to the increase of the temperature that followed the event
(Jiaetal. (2024)). Comparison with observations from the previous years shows that the increase of the temperature above 80
km and the decrease in ozone 4 i i i i e i-above 85
km are unique features of the year 2024 and that they arise after the event of May. However, due to the complexity of the
dynamics in this region of the atmosphere, the measurements of the MLS instrument alone are not sufficient to determine the
physical processes that led those changes. Further investigations with a model of the MLT region are required to draw educated

conclusions.

On May 11", during the main phase of the extreme geomagnetic storm, the mean-meridional-eirenlationr- MMMC)-induced by

lead-to-the-deerease-of peak of solar protons fluxes and thus the largest increase in atmospheric ionization rates, observations
of the MLS instrument show a clear drop in the amounts of ozone in the southern polar mesosphere. The detrended time series
shown in Fig. 4 also indicate that the ozone ion-This ; in § ; § ; all §

in the secondary and tertiary layers decreased simultaneously during the storm of Maywhich-featured-a-significant-heating-of

in agreement with the relative difference profiles presented in Fig. 5. However, the detrended time series show that the largest
variations in absolute values occurred in the MLT whereas the largest variations observed in the relative differences are observed
in the tertiary layer. This is explained by the fact that the absolute values of ozone are lower (around 1.5 ppmv) compared to
the secondary layer in which the absolute values of ozone vmr are higher (around 8.5 ppmv). Between 70 km and 80 km,
ozone was depleted until May 17", which corresponds to the period of time in which the ionization rates are significantly
increased at those altitudes (see Fig. 3). Subsequently, the depletion in ozone persists but only between 75 km and 80 km until
May 27", In June, the injection of solar protons in the atmosphere also led to a significant increase of the ionization rate, The
most significant increase occurred on June 8" between 70 km and 90 km and lasted for 2 days. During this period, a depletion
of ozone of at least 20% was observed at the same altitudes and lasting for 3 days. The comparison of the observations from
2024 and the three previous years (2023, 2022, 2021) confirmed that the ozone depletion that followed both SPEs between 70
km and 80 km were most likely caused by the increase of the ionization rates induced by solar protons. In both cases, ozone
levels in this altitude range were consistently lower in 2024 than during the same period in previous years. Again in June, no
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10%-5-days-after the storm-However, this slow-deerease changes in ozone were observed following the event in the northern
mesosphere. At higher altitudes, in the lower thermosphere no variation of ozone ever-time-is fitting the tong term-variation-of
ozone-compted-with-thelowess-algorithmwas observed following the SPE.

In addition to seasonal variations, there is a clear difference in the behavior of ozone in the northern and southern hemisphere
after the precipitation of energetic particles in the high-latitude atmosphere. Following the event of May 11", in the northern
hemisphere, ozone observed by AURA/MLS in the MLT decreased by 15%. Pierrard et al. (2025a) have also shown a decrease
of total ozone content in the northern hemisphere on 10 and 11 May 2024 associated to a peak of ultraviolet radiation. The
interhemispheric differences in the response of ozone are strongly linked to the local season, when the amount of sunlight at
polar latitudes greatly differs between local winter/summer. This difference in sunlight is partly responsible for the difference

influencing the ozone concentration (Smith et al. (2018a)) and the ozone

in the quiet-time composition of the mesosphere b

depleting species like HOx (Chen (2022)) and NOy. Moreover, even-thoughJune-marks-the-winter-in-the SH;-the-deerease-in

accont-ofN om-hich

ozone-quickly-after-the storms;-which-is not-observed-here—difference in illumination in the two polar hemispheres leads to a
different evolution of NO species following their production by the particles injected during the storm. For the intense SPE of
January 2012, Xiong et al. (2023) showed that the larger amount of HO, present in the summer than in the winter during quiet
time led to smaller increase of HOx during the SPE in the summer hemisphere than in the winter hemisphere, thus changing
the ozone response to the event. For NOy species, the increased concentrations caused by the storm evolye differently under
different lighting conditions. In the winter hemisphere, HO is long-lived whereas in the summer hemisphere, it is depleted
by photodissociation and photoionization. In turn, the response of ozone to the particle precipitation is different in the two
hemispheres.

Finally, although both SPEs increased ionization down to 30 km (up to 30 pairs/(s:cm®)), no change in ozone concentration
was observed in the stratosphere between 30 km and 60 km following these events. However, those two SPEs are not unusually
large compared to previous events. Studies that demonstrated a decrease of upper stratospheric ozone driven by a SPE
showed that the ionization rate between 30 km and 60 km was significantly higher (up to 10000 [pair/(s cm®)] in 2003 in
Funke etal. (2011)) than what we computed for May and June 2024.

Data availability. All data are available in the zenodo (Winant et al. (2024)). OMNI data are available at https://omniweb.gsfc.nasa.gov/ow.
html, Version 5 of AURA/MLS level 2 data and user recommendations can be found at https://disc.gsfc.nasa.gov/datasets, GOES proton inte-

17


https://omniweb.gsfc.nasa.gov/ow.html
https://omniweb.gsfc.nasa.gov/ow.html
https://omniweb.gsfc.nasa.gov/ow.html
https://disc.gsfc.nasa.gov/datasets

gral fluxes can be found at GOESdataareaccessibleat:https://lasp.colorado.edu/space-weather-portal/, MEPED electron fluxes are accessible
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