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Localized mesospheric ozone 
destruction corresponding 
to isolated proton aurora coming 
from Earth’s radiation belt
Mitsunori Ozaki1*, Kazuo Shiokawa2, Ryuho Kataoka3,4, Martin Mlynczak5, Larry Paxton6, 
Martin Connors7,8, Satoshi Yagitani1, Shion Hashimoto1, Yuichi Otsuka2, Satoshi Nakahira9 & 
Ian Mann10

Relativistic electron precipitation (REP) from the Earth’s radiation belt plays an important role in 
mesospheric ozone loss as a connection between space weather and the climate system. However, the 
rapid (tens of minutes) destruction of mesospheric ozone directly caused by REP has remained poorly 
understood due to the difficulty of recognizing its location and duration. Here we show a compelling 
rapid correspondence between localized REP and ozone destruction during a specific auroral 
phenomenon, the called an isolated proton aurora (IPA). The IPA from the Earth’s radiation belt 
becomes an important spatial and temporal proxy of REP, distinct from other auroral phenomena, and 
allowing visualizing micro-ozone holes. We found ozone destruction of as much as 10–60% within 1.5 h 
of the initiation of IPA. Electromagnetic ion cyclotron waves in the oxygen ion band observed as the 
driver of REP likely affect through resonance with mainly ultra-relativistic (> 2 mega-electron-volts) 
energy electrons. The rapid REP impact demonstrates its crucial role and direct effect on regulating 
the atmospheric chemical balance.

Atmospheric effects due to energetic particle precipitation (EPP) at hundreds of kilo-electron-volts (keV) to 
mega-electron-volts (MeV) have significant atmospheric chemical impacts in the mesosphere (50 to 80 km) and 
the upper stratosphere (~ 50 km) below the thermosphere (100 to 200 km)1–4. EPP is one of the major sources 
of the catalytic destruction of ozone in the polar region (magnetic latitudes > 55°) due to the production of EPP-
driven odd nitrogen (NOx) and odd hydrogen (HOx)5–8. Plasma particle energy is important for determining 
the altitude of ionization in the atmosphere9. EPP-NOx interactions affect the vertical transport of EPP-driven 
NOx in the lower thermosphere (its generation altitude of ~ 80 km) down to stratospheric altitude as a so-called 
indirect effects10. As a result, the polar vortex effectively transports NOx in the polar region, then NOx transport 
plays a significant role in mesospheric ozone loss by 10 to 20% on a time scale of several months to decades11. 
In contrast, the local production of the EPP-driven NOx and HOx directly contributes to ozone destruction at 
their production altitudes9,12. EPP-HOx interactions, particularly, can rapidly occur with a shorter time period 
of hours, because of the lifetime of a few hours of the HOx family4. The ozone density in the mesosphere is 
much smaller than that in the stratosphere, but the mesospheric ozone and atmospheric ionizations may play an 
important role for the global climate system via the chemistry and transport processes13,14. Solar proton events, 
which bring a strong enhancement in energetic proton flux (> 10 MeV) caused by an active solar eruption, are 
a major source of EPP, and such solar proton precipitation plays an important role in ozone destruction5–7 and 
abnormal electron density enhancement in the whole polar cap region15. Given that effects from solar proton 
events are global, we are prompted to ask a new question: can EPP direct impacts on atmospheric chemistry be 
observed in a localized area with a short duration? In principle, EPP can show clear localization like aurora at 
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specific latitudes, longitudes, and appearance periods. Thus, if EPP directly and rapidly acts as a major driver for 
the mesospheric ozone destruction as the same with solar proton events, localized ozone destruction associated 
with localized EPP should be observable. Simulation studies of the direct effect in for specific EPP events (pulsat-
ing aurora (> 200-keV electrons)16 and relativistic electron microbursts (> 1-MeV electrons)17) have predicted 
up to ~ 20% ozone destruction in the mesosphere, which can be equivalent to the effects created by solar proton 
events18. Such simulation studies predict ozone loss associated with spatially and temporally localized EPP 
events. However, to date, no observational evidence has verified such localized ozone loss, because identifying 
any localized, short-duration EPP events in observations is difficult.

In this study, we overcome this difficulty using a specific auroral phenomenon, the so-called isolated proton 
aurora (IPA) associated with Pc1 geomagnetic pulsations19. Most auroras seen at magnetic latitudes usually from 
65° to 70° (i.e., in the “auroral oval”) are caused by the particle precipitation of low-energy electrons (keV to tens 
of keV range), which cannot penetrate to the mesosphere, but the IPA at subauroral latitudes (magnetic latitudes 
from 55° to 60°), although mostly energized by protons, is accompanied by relativistic electron precipitation 
(REP) from the outer Earth’s radiation belt20,21, which is a torus-shaped zone of relativistic energetic electrons 
around the Earth’s magnetosphere22. The IPA is caused by cyclotron resonant interactions of ring current (tens 
to a few hundred keV) protons23,24 and radiation belt (1- to 10-MeV) electrons25,26 with electromagnetic ion 
cyclotron (EMIC) waves27–29, which are coherent electromagnetic wave emissions in the Earth’s magnetosphere 
and are observed as Pc1 geomagnetic pulsations of frequency a few Hz on the ground. The precipitating protons 
cause the IPA to emit with characteristic hydrogen optical emissions at subauroral latitudes, making it a proxy 
for the spatial distribution of REP21. The clear temporal correlation between IPA and EMIC/Pc1 waves is further 
useful as a proxy for the temporal localization of REP30,31. Our results demonstrate that EMIC-driven IPA visual-
izes the localization of the mesospheric ozone loss, like a “needle hole” in the ozone layer, due to precipitation 
of the Earth’s radiation belt electrons. Quantifying the direct effects of EMIC-driven REP on the atmospheric 
chemistry and confirming that it accounts for ozone accumulation in such a needle hole contributes to a better 
understanding of the Sun-magnetosphere-climate connection.

Results
Simultaneous IPA and ozone loss observations.  Figure 1 shows a schematic illustration of localized 
mesospheric ozone loss associated with an IPA. The IPA optical emission serves as an ionospheric indicator of 
the concentrated downpour of REP. The MeV electrons and lower energy ring current protons are scattered 
through EMIC wave-particle interactions at the magnetic equator32 so that some of them precipitate following 
their geomagnetic field lines; then the IPA from the protons and accompanying ozone loss due to the MeV elec-

Figure 1.   Effects of EMIC wave-particle interactions at different altitudes. Both EMIC-driven protons (about 
tens of kilo-electron-volts) and relativistic electrons precipitate into the upper atmosphere along the same 
geomagnetic field lines from the magnetosphere. The localized IPA optical emission due to the protons and the 
mesospheric ozone destruction by relativistic electron precipitation (REP) can be seen on the same field line at 
different altitudes. The Earth image is obtained from NASA, https://​earth​obser​vatory.​nasa.​gov/​featu​res/​BlueM​
arble/​BlueM​arble_​2002.​php. This illustration created with Adobe Illustrator version 26.2.1 (https://​www.​adobe.​
com/).

https://earthobservatory.nasa.gov/features/BlueMarble/BlueMarble_2002.php
https://earthobservatory.nasa.gov/features/BlueMarble/BlueMarble_2002.php
https://www.adobe.com/
https://www.adobe.com/
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tron precipitation (i.e., REP) can be seen at the same location at different altitudes. We utilize innovative satellite 
remote sensing for identifying IPA and ozone profiles (see “Methods”). The satellite remote sensing of IPA and 
ozone can allow large spatial coverage regardless of surface weather conditions. The IPA at subauroral latitudes is 
separated from the equatorward boundary of the auroral oval. In satellite-based limb observations of ozone, this 
separation is enough to distinguish IPA effects from those of other auroral phenomena near an ozone observa-
tion tangent point, which is a point where the line of sight of a sounding ray is closest to the Earth’s surface. The 
related EMIC waves in the magnetosphere propagate to the ground along the magnetic field line. The EMIC/Pc1 
waves are observed at magnetic conjugate ground stations in both the northern and southern hemispheres33. 
The temporal information of IPA is supplemented by a ground observation of related EMIC/Pc1 waves at a fixed 
ground station. Here we show two prime examples of localized ozone loss related to the IPA.

Figure 2a and b show a coordinated observation of IPA [Lyman alpha (121.6 nm) hydrogen emissions] by 
the Special Sensor Ultraviolet Spectrographic Imager (SSUSI)34 on board the Defense Meteorological Satellite 
Program (DMSP) satellites and the mesospheric (altitude of 52 km) ozone profiles (stars) by the Sounding of 
the Atmosphere using Broadband Emission Radiometry (SABER)35 on board the Thermosphere Ionosphere 
Mesosphere Energetics Dynamics (TIMED) satellite from 21:30 to 25:20 UT (13 to 17 magnetic local time (MLT) 
in the dusk sector), June 22, 2015, during the early main phase of a large geomagnetic storm (minimum Dst 
index =  − 121 nT). A localized REP is seen, as opposed to the effects of solar proton precipitation, which would 
be observed in the whole polar cap region15. The related REP (triangles) is measured by the vertical component of 
the Radiation Belt Monitor (RBM-Z) of the Monitor of All-sky X-ray Image (MAXI)36 on board the International 
Space Station (ISS). The global image is plotted in dipole coordinates using the coefficients from the 13th Inter-
national Geomagnetic Reference Field model37. The coordinated IPA and the ozone observation shows a spatial 
correspondence between the localized IPA and the ozone needle hole. The IPA is seen at a magnetic latitude of 
~ 57°, far from the auroral oval boundary at around 62° north latitude. The spatial scale of the IPA is 390 km in 
the latitudinal direction and 1340 km in the longitudinal direction. The transverse size across the geomagnetic 
field line of the EMIC wave-particle interaction region is 0.3 to 0.5 Earth radii (Re) in the radial direction, as 
determined by mapping to the magnetic equator using an empirical geomagnetic field model38. The IPA and 
REP distributions at the magnetic equator were projected from the L = 4.3 to 4.8, MLT = 16 to 17 region. RBM-Z 
also shows a perfect spatial agreement between the REP and IPA in the longitudinal direction, reflecting the 
increasing count rate coming from measuring loss cone electrons as REP. Figure 2c shows the altitude profile of 
ozone measured by the SABER along tangent points of orbit 73,365 of the TIMED satellite just crossing the IPA 
location. Figure 2d shows the ozone concentration difference between the ozone profiles crossing the IPA and 
the monthly mean value, with the standard deviation. The monthly mean near the IPA location is calculated from 
the SABER observations in magnetic latitudes from 55°N to 60°N and longitudes from 15°W to 60°W during 
22 to 25 UT between May 23 and June 21, 2015. A significant ozone loss during orbit 73,365 crossing the IPA 
location during event numbers 34 and 35 is identified at the altitude from 47 to 66 km in the upper stratosphere. 
A positive bump of ozone around an altitude of 58 km during event number 35 (blue curve) would be caused 
by the effects of vertical wind shear due to the localized REP39. The average ozone loss at the altitude from 47 
to 66 km during event numbers 34 and 35 shows a decrease by 11% from the monthly mean value and by 17% 
from the ozone measurements in the vicinity of the IPA, but outside the IPA in the TIMED orbits 73,364 and 
73,366 (see Supplementary Fig. S1). The related EMIC/Pc1 waves in the oxygen ion (O +) band were observed 
on the ground station at Athabasca (ATH, L = 4.5)40, Canada, as shown in Fig. 2e. The EMIC/Pc1 waves were 
generated at 22:05 UT, and then TIMED/SABER observed the ozone needle hole below the IPA at 23:36 UT 
during TIMED orbit 73,365. Thus, the ozone variation below the IPA can decrease by up to 17% more in 1.5 h 
after the generation of EMIC/Pc1 waves with respect to the surrounding region of the IPA.

The crucial role of EMIC-driven REP in decreasing mesospheric ozone is further shown in Fig. 3 for a dif-
ferent, non-storm event during 20:30 to 24:45 UT (14 to 18 MLT in the dusk sector), on August 11, 2014. The 
IPA arc was distributed with a narrow latitude range of 360 km and a wide longitudinal width of 70° (Fig. 3a 
and b). The equatorial transverse size of the EMIC wave-particle interaction region is 0.8 to 1.0 Re in the radial 
direction using an empirical geomagnetic field model41. The IPA and REP distributions at the magnetic equator 
were projected from the L = 4.7 to 5.7, MLT = 20 to 22 region. Figure 3 has the same format as Fig. 2, but the REP 
was measured with the E4 channel of the Medium Energy Proton/Electron Detector (MEPED)42 aboard the 
Polar-orbiting Operational Environmental Satellite (POES) constellation, and the related EMIC/Pc1 waves in the 
O + band (Fig. 3e) were observed on the ground station at Fort Churchill (FCHU, L = 7.2)43, Canada, which is a 
geomagnetic conjugate point for the IPA observed in Antarctica. After weak EMIC/Pc1 waves were generated at 
21:15 UT, POES 15 observed the related REP with a 40-degree wide longitudinal range at 21:24 UT, POES 18 at 
23:32 UT, and MetOP02 at 23:57 UT. TIMED/SABER observed the ozone loss during orbits 68,682 and 68,683, 
which crossed the IPA at different longitudes. A dense mesospheric ozone cloud is seen around altitudes from 
62 to 75 km, but a clear destruction of the ozone cloud is seen at event numbers 74 and 75 during the TIMED/
SABER orbit 68,683, when it crossed the IPA region (Fig. 3c). In Fig. 3d, the monthly mean of ozone near the 
IPA location is calculated from the SABER observations at magnetic latitudes from 65°S to 70°S and longitudes 
from 0°E to 45°E during 21:30 to 24:30 UT between July 11 and August 9, 2014. The ozone loss at altitudes 
from 64 to 72 km observed during event numbers 74, 75, and 78 of TIMED/SABER orbits 68,683 and 68,682 
decreased by 51% from the monthly mean value. The ozone loss in event numbers 74 and 75 of TIMED/SABER 
orbit 68,683 was 61% from the ozone measurements by event numbers 73 and 76 of the same orbit 68,683, but 
they are observed outside the IPA (see Supplementary Fig. S2). The ozone variation below the IPA is observed 
to more rapidly decrease ~ 1 h after the generation of EMIC/Pc1 waves compared with that in the surrounding 
region of the IPA. The clear spatial agreement between the IPA and the mesospheric ozone destruction strongly 
supports the idea that the EMIC-induced REP directly and rapidly affects the ozone decreases via direct ioniza-
tion in the mesosphere.
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EMIC‑driven REP.  The frequency bands of EMIC/Pc1 waves are characterized by related ion species (e.g., 
proton (H +), Helium (He +), and Oxygen (O +) etc.), and the frequency band is important for determining the 

Figure 2.   Localized ozone loss associated with the EMIC-driven IPA during a geomagnetic storm. (a) Global 
map of the mesospheric ozone (SABER, stars), REP (RMB-Z, triangles ≥ 90 counts), and aurora (superposition 
acquired from 19:44 to 25:46 UT by DMSP18 and 16/SSUSI). (b) Magnified map (aurora taken at 23:45 UT 
by DMSP16/SSUSI). Black arrows indicate the orbit direction of the ISS and TIMED satellite, with the orbit 
number and the time information in parentheses giving the measurement time for TIMED/SABER. The black 
dot indicates the location of Athabasca (ATH), Canada. Maps were generated by MATLAB R2020b, https://​
www.​mathw​orks.​com. (c) Tangent altitude profile of ozone during orbit 73,365 through the IPA. (d) Difference 
in the mesospheric ozone profiles. “Needle hole” region highlighted. (e) EMIC/Pc1 wave activity on June 
22, 2015, at ATH. The black dotted line is the O + gyrofrequency at the magnetic equator estimated from an 
empirical geomagnetic field model38. Red lines indicate the time each instrument passed the magnetic latitude of 
the IPA (~ 57°). Numbers in parentheses denote the orbit number of each satellite.

https://www.mathworks.com
https://www.mathworks.com
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resonance plasma energy25. EMIC/Pc1 waves along with the IPA are usually observed in the helium ion (He +) 
band20,21,30,31, but EMIC/Pc1 waves in both events studied were in the O + band. We evaluated the equatorial 

Figure 3.   Localized ozone loss associated with EMIC-driven IPA in the absence of a storm. (a) Global map 
of the mesospheric ozone (SABER, stars), REP (MEPED, triangles ≥ 4 counts), and aurora (superposition 
acquired from 22:18 to 27:32 UT by DMSP19/SSUSI). The black dot indicates the magnetic conjugate point 
of Fort Churchill (FCHU), Canada. (b) Magnified map (aurora taken at 24:07 UT by DMSP19/SSUSI). Black 
arrows indicate the orbit direction of the TIMED and POES satellites and the time information in parentheses 
is the measurement time for TIMED/SABER. Maps were generated by MATLAB R2020b, https://​www.​
mathw​orks.​com. (c) Tangent altitude profile of ozone by orbit 68,683 through the IPA. (d) Difference in the 
mesospheric ozone profiles. e EMIC/Pc1 wave activity on August 11, 2014, at FCHU. The black dotted line is the 
O + gyrofrequency at the magnetic equator estimated from an empirical geomagnetic field model41. Red lines 
indicate the time each instrument passed the same magnetic latitude of the IPA (~ 63°). Numbers in parentheses 
denote the orbit number of each satellite.

https://www.mathworks.com
https://www.mathworks.com
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pitch angle diffusion rates25 (see “Methods”) and the minimum resonant energy of electrons by the observed 
EMIC/Pc1 waves to confirm the validation of the EMIC-driven REP. The minimum resonant energy Emin of 
electrons interacting with EMIC waves is written as25

where �e is the electron gyrofrequency; ω is the angular frequency of EMIC waves; n is the refractive index of 
EMIC waves, which depends on the number density of each ion; and E0 is the rest mass energy of an electron 
(0.511 MeV). Figure 4 shows the equatorial pitch angle diffusion rate (panels a and b) and the minimum reso-
nant energy (panels c and d) for an EMIC wave packet. We used the global core plasma model (GCPM)44 2.2 for 
the electron and ion densities, and empirical geomagnetic field models38,41 with the observed date and location. 
We assumed parallel plane wave propagation of EMIC waves at the equator to simplify the calculation. Oblique 
propagation of EMIC waves can reduce the efficiency of REP, but the dependence on the wave normal angles is 
minor in the case of EMIC waves in the O + band45, so our assumption using parallel propagation is adequate. The 
equatorial diffusion rates under the observed conditions are given in an extremely high energy range > 10 MeV, 
but the diffusion rates in the case of a typical low geomagnetic field strength (170 nT and 110 nT for the 2015 and 
2014 events, respectively) and a high cold electron density (250 cm−3 and 100 cm−3) are given in ultra-relativistic 
energies > 2 MeV over a wide pitch angle range (see Fig. 4a, b). EMIC waves in the H + and He + bands cannot 
typically resonate with ultra-relativistic electrons in such a wide pitch angle range at the equator25. Such EMIC 
waves mainly affect the pitch angle scattering of a few MeV electrons25,46, but the O + band EMIC waves effectively 
enhance the loss of ultra-relativistic (> 2 MeV) electrons. The wave frequency46 and hot ion density47,48 are also 
quite important for the loss of radiation belt electrons. This essential pitch angle scattering of ultra-relativistic 
electrons by EMIC waves is similar to that reported in previous studies49,50. Furthermore, non-resonant elec-
trons at lower energies of up to ~ 100 keV, which are below the resonance cutoff of MeV energies in Fig. 4c and 
d, can still precipitate due to non-resonant interactions by EMIC wave packets with narrow edges51. The effects 
of non-resonant electrons are not taken into account the calculated diffusion rates, and such ~ 100 keV electron 
precipitation can still produce important atmospheric impacts because of a much larger population of ~ 100 keV 
electrons than that for ultra-relativistic electrons49,50.

Emin =

(
√

�2
e

ω2n2
+ 1− 1

)

E0,

Figure 4.   Equatorial pitch angle diffusion and the minimum resonant energy of electrons for observed 
conditions. (a, b) Equatorial pitch angle diffusion as a function of equatorial pitch angle. Each curve is plotted 
every 1 MeV. Solid curves are the calculation results using observed conditions and dotted curves are for a 
low geomagnetic field strength and a high electron density. (c, d) Minimum resonant energy as a function 
of the EMIC wave frequency normalized by the cyclotron frequency of O + ions �O+ . The yellow rectangle 
indicates the observed frequency range of the EMIC/Pc1 waves, where B0 is the geomagnetic field intensity at 
the magnetic equator and Ne is the electron density. Red bold curves are the calculation results using observed 
conditions. Black solid and dotted curves are for the typical values of B0 and Ne.
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Since the observed amplitudes of EMIC/Pc1 waves in both events are close to several % of the background 
geomagnetic field at the equator, the nonlinear pitch angle scattering26,52,53 can significantly contribute to the 
observed REP events. The typical values of the quasi-linear diffusion rates of the radiation belt electrons range 
from several hours to a day, but the nonlinear pitch angle scattering by large amplitude EMIC waves having 
rising-tone frequency structures can cause more rapid (< 1 min) precipitation26. In the nonlinear effects, the 
radiation belt electrons having high pitch angles are guided to lower pitch angles by nonlinear wave trapping 
from the large amplitude EMIC waves53, but it is not sufficient to push them into the loss cone. Then, strong 
radiation belt electron precipitation is caused by a nonlinear scattering process at low pitch angles by the EMIC 
waves without nonlinear wave trapping53. The combination between nonlinear wave trapping and the scattering 
at low pitch angle by nonlinear effects of large amplitude EMIC waves leads to effective and rapid precipitation 
of radiation belt electrons into the atmosphere, with a timescale on the order of seconds, like radiation belt elec-
tron microbursts53. Previous observational studies on the relativistic electron microbursts in a co-located IPA54 
and on 1-Hz IPA luminous modulations associated with rapid temporal variations of cosmic noise absorption55 
support the existence of fast REP on the order of seconds by nonlinear effects. Therefore, the nonlinear effects 
by large amplitude EMIC waves can strongly contribute to the rapid REP events.

Discussion
In this study, a clear spatial correspondence between mesospheric ozone loss and localized REP from the Earth’s 
radiation belt was identified using the IPA during both geomagnetic storm and non-storm conditions. The 
unprecedented clear correspondence between the EMIC-driven IPA location and the localized mesospheric 
ozone loss was locally shown on a narrow spatial scale of ~ 400 km in the latitudinal direction. The observed IPA 
shows a wide longitudinal range over 1000 km, with the effects of the mesospheric jet, up to 60 m s−1 in mainly an 
east to west direction56, too small to be important for transport of ozone in the studied events. The mesospheric 
ozone can quickly respond within 1 to 1.5 h after the EMIC-driven REP. Another candidate driver of REP is 
whistler mode chorus waves57,58, but chorus waves cannot scatter the energetic protons causing the IPA. The direct 
link between IPA and mesospheric ozone destruction is extremely useful for quantitatively understanding of 
the atmospheric impacts on the loss of the radiation belt electrons by EMIC waves without the effects of chorus 
waves. Precipitation of MeV electrons was observed by the MAXI and MEPED instruments during both events 
as a concentrated downpour of electrons, but the observed EMIC/Pc1 waves in the O + band can resonate with 
ultra-relativistic electrons beyond the observed range of a few mega-electron-volts. The observed REP events are 
expected to widely range from the energy covered by MAXI/RBM-Z and MEPED to ultra-relativistic energies. 
Ultra-relativistic electrons directly penetrate to the mesosphere and the upper stratosphere and create chemical 
changes in this altitude range9. On the other hand, the flux of ultra-relativistic electrons over 10 MeV would be 
extremely small compared to that of relativistic electrons49,50. We have two possibilities to interpret the observed 
mesospheric ozone destruction. One is the direct effect by the ultra-relativistic (> 2 MeV) electron precipitation, 
which can strongly interact with EMIC/Pc1 waves in the O + band as shown in Fig. 4. The stopping height of the 
ultra-relativistic electrons is in the stratosphere below the mesosphere9, but the ionization rate of the atmosphere 
up to the stopping altitude is almost the same as that for the relativistic electrons9. Thus, the observed mesospheric 
ozone destruction can be caused by the effects of the ionization by the ultra-relativistic electrons above the stop-
ping height. The other scenario is the direct effect by precipitating non-resonant electrons in the lower relativistic 
and/or ~ 100 keV energies51. These lower energy electrons as compared to the smaller numbers of ultra-relativistic 
electrons have a lower fractional scattering efficiency with the EMIC/Pc1 waves, but a much larger population. 
The lower fractional scattering of electrons of lower energy acting on a much larger population can produce a 
significant atmospheric impact. If the later scenario is the major reason, the rapid ozone destruction events would 
be observed during EMIC waves in other ion bands, not only for the O + band. On the other hand, a simulation 
study showed not only an effective REP, but also a nonlinear blocking of REP by large amplitude EMIC waves59. 
The precipitation blocking was effective at limited low pitch angles less than 10 deg. The precipitating flux of REP 
can be determined by a balance between the precipitation effects guiding particles into the loss cone in a wide 
pitch angle range and the precipitation blocking at low pitch angles. Our study should motivate future studies 
using combined wave and ozone data with incorporation with these precipitation and precipitation blocking 
effects through wave-particle interaction (quasi-linear, nonlinear, and non-resonance etc.) processes. Identifying 
the most important EMIC-driven precipitating electron energy to have the major atmospheric impacts remains 
an open question, so multi-coupled magnetosphere-ionosphere-atmosphere simulations using the quantitative 
flux measurements of radiation belt electrons into the IPA are also suggested so that further modeling and simula-
tions can investigate the conditions under which immediate ozone destruction processes are created by various 
wave-particle interaction processes and other atmospheric effects. A previous simulation study suggested a weak 
mesospheric ozone destruction up to ~ 10% caused by EMIC-driven REP60, while the present observations show 
a greater 10 to 60% ozone destruction, which could have an impact similar to that from other EPP phenomena 
(pulsating aurora16 and microbursts17). The accumulated impacts of needle holes in the ozone layer by the IPA 
cannot be ignored when considering overall ozone changes in the mesosphere.

The EMIC wave-particle interactions shed light on the direct chemical effects of relativistic electrons (REP) 
on the Earth’s atmospheric processes as an additional EPP source, along with other similar phenomena (e.g., 
solar proton events, pulsating aurora, and microbursts). Further study is needed to estimate the global effects 
of the EMIC-driven IPA from individual localized events. The type of IPA events shown here can be excited 
in different local time sectors at subauroral latitudes61. Unfortunately, satellite observations are limited due 
to orbit and viewing method. It remains unclear how the ozone loss by the IPA occurs in different local time 
sectors. If the continuous global distribution of IPAs is captured by a ground-based network (such as PWING 
(study of dynamical variation of Particles and Waves in the INner magnetosphere using Ground-based network 
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observations)40) and satellite constellation62 observations covering a whole longitudinal range at subauroral 
latitudes, then quantifying the localized processes of REP-driven chemical impacts in the mesosphere could con-
tribute to an improvement of global circulation models for the middle atmosphere63,64. EMIC waves in Jupiter’s 
magnetosphere similarly scatter energetic heavy ions (sulfur and oxygen) to its ionosphere in a similar manner 
to the case for Earth, causing similar IPA emissions in the Jovian polar regions65. The visualization (“when” and 
“where”) of the EMIC-driven EPP as IPA provides key insights for understanding the dynamical space weather 
effects on the atmospheres not only for Earth, but also for the Jovian planets.

Methods
Ozone measurements.  We used version Level 2A data of ozone from a 9.6 µm wavelength measurement 
by SABER35 on board the TIMED satellite orbiting at an altitude of 625 km with an orbital inclination of 74.1°. 
The Ozone measurement provides 35% precision in the mesosphere and the upper stratosphere66. The advan-
tages of limb sounding by SABER are a precise vertical resolution and a stable background, unlike the variable 
surface of the Earth. The effect of the low horizontal resolution is not a determinant to this study, because the IPA 
is seen over a wide (> 1000 km) longitudinal width in a narrow (hundreds of kilometers) latitude.

Auroral images.  To visualize the ionospheric footprint of REP from the Earth’s radiation belt, we used IPA 
events observed by the SSUSI34 aboard the DMSP satellites in an 840-km polar orbit. The Lyman α (121.6 nm) 
emission by SSUSI is enhanced in the region of the IPA. The signature of the Lyman α emission using a space-
based imager that is unaffected by lower atmosphere emissions contributes to identifying the localization of REP 
with a wide field of view. The auroral image is projected to an altitude of 110 km. The advantage of space-borne 
observations of auroral images is that the spatial coverage is wide, and observations are unaffected by weather 
conditions. The ultraviolet wavelength used is also visible when lighting conditions for optical emissions are not 
favorable. The duration of the IPA and REP is determined from the duration of the related EMIC/Pc1 waves.

REP measurements.  To confirm REP, we used data from the RBM of the MAXI36 aboard the ISS orbit-
ing at an altitude of ~ 400 km with an orbital inclination of 51.6°. The MAXI/RBM consists of two sets of PIN 
diode detectors with horizontal (H) and zenith (Z) directions. The RBM-H and RBM-Z detectors are sensitive to 
relativistic electrons above 0.3 MeV. In this study, we used RBM-Z data as a proxy for REP into the atmosphere.

The MEPED instrument on board the POES satellite constellation has several energy channels for electrons, 
but we used the E4 channel data (300 keV–2.5 MeV) from the 0° detector as a typical proxy for the REP42.

Ground‑based magnetometers.  We focused on EMIC/Pc1 geomagnetic pulsations detected by ground-
based magnetometers for identifying EMIC waves in the magnetosphere. The stations are located at Athabasca 
(ATH, 54.7°N, 246.7°E, L = 4.5)40 and Fort Churchill (FCHU, 58.8°N, 265.9°E, L = 7.2)43 in Canada. Sampling 
frequencies of induction magnetometers at ATH and FCHU are 64 Hz and 20 Hz, respectively. The Pc1 wave 
intensity was calculated from 

√
H2 + D2 , where H is the magnetic north–south component and D is the east–

west component. The short time Fourier transform was used for a 60-s waveform with an overlap of 95%.

Calculation of pitch angle diffusion rate.  When a Gaussian wave spectral density is assumed for an 
EMIC wave, the pitch angle diffusion rate of relativistic electrons by the EMIC wave is approximately written as25

where

�e is the electron cyclotron frequency, E =
Ek

mec2
 is the dimensionless electron kinetic energy of the electron 

energy Ek , me is the electron rest mass, c is the speed of light, R is the ratio of the magnetic field wave power 
density to the background magnetic field power density, ν =

√
π · erf(1) ≈ 1.49 , erf  is the error function, 

α∗
=

�2
e

ω2
pe

 , ωpe is the electron plasma frequency, and ε =
me
mp

 is the mass ratio between the electron rest mass me 
and the proton rest mass mp . The exponential function in Eq. (1) is derived from a Gaussian wave spectral density 
with

where �H+ is the proton cyclotron frequency, ωm is the center frequency of an EMIC wave, and δω is the band-
width of an EMIC wave. We define the density ratio of each ion as ηH+ =

nH+

ne
 , ηHe+ =

nHe+
ne

 , and ηO+ =
nO+
ne

 , 
where ne , nH+ , nHe+ , and nO+ are the number densities of the cold electrons, protons, He + ions, and O + ions, 
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respectively. We used the magnetic field wave power density of EMIC waves of 10 nT for a Gaussian spectrum 
with ωm = 0.1875 Hz and δω = 0.0625 Hz for the June 22, 2015, event, and the magnetic field wave power 
density of 1 nT with ωm = 0.1275 Hz and δω = 0.0575 Hz for the August 12, 2014, event in Fig. 4. The wave 
normal angle was simply assumed to be that of parallel plane wave propagation with respect to the background 
geomagnetic field line.

Data availability
TIMED SABER data are available from the website http://​saber.​gats-​inc.​com/​data.​php. DMSP SSUSI data used 
in this study are publicly available from https://​ssusi.​jhuapl.​edu/​data_​produ​cts. MAXI RBM data were obtained 
from https://​data.​darts.​isas.​jaxa.​jp/​pub/​maxi/​rbm/. POES MEPED data were obtained from https://​www.​ngdc.​
noaa.​gov/​stp/​satel​lite/​poes/​dataa​ccess.​html. EMIC/Pc1 wave data at ATH and FCHU were obtained from https://​
stdb2.​isee.​nagoya-​u.​ac.​jp/​magne/ and https://​www.​caris​ma.​ca/, respectively. The Dst index used in this study 
was provided by the WDC for Geomagnetism, Kyoto (http://​wdc.​kugi.​kyoto-u.​ac.​jp/​wdc/​Sec3.​html, https://​
isds-​datad​oi.​nict.​go.​jp/​wds/​10.​17593__​14515-​74000.​html).

Code availability
The geomagnetic map was drawn using the mapping package M_Map for MATLAB, available online at www.​
eoas.​ubc.​ca/​~rich/​map.​html.
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