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Abstract Several drivers cause precipitation of energetic electrons into the atmosphere. While some of
these drivers are accounted for in proxies of energetic electron precipitation (EEP) used in atmosphere and
climate models, it is unclear to what extent the proxies capture substorm-induced EEP. The energies of these
electrons allow them to reach altitudes between 55 and 95 km. EEP-driven enhanced ionization is known

to result in production of HO, and NO,, which catalytically destroy ozone. Substorm-driven ozone loss has
previously been simulated, but has not been observed before. We use mesospheric ozone observations from the
Microwave Limb Sounder and Global Ozone Monitoring by Occultation of Stars instruments, to investigate the
loss of ozone during substorms. Following substorm onset, we find reductions of polar mesospheric (~76 km)
ozone by up to 21% on average. This is the first observational evidence demonstrating the importance of
substorms on the ozone balance within the polar atmosphere.

Plain Language Summary Substorms are events in Earth's space environment that result in
electrons being pushed into the Earth's atmosphere. Here, we report the first satellite observations showing that
these events result in loss of polar mesospheric ozone, by up to 21%.

1. Introduction

Energetic particle precipitation (EPP) into the Earth's atmosphere can occur due to many different processes taking
place in the Sun and in Earth's magnetosphere. Solar Proton Events (SPEs) are a sporadic source of high fluxes of
energetic proton precipitation and are known to have a large impact on the atmosphere (Jackman et al., 2009). In
addition, the Earth's magnetosphere and radiation belts are an important source of energetic electron precipitation
(EEP) (Nesse Tyssgy et al., 2016; Turunen et al., 2009), contributing to the total EPP (SPE + EEP). EPP ionizes
the atmosphere, resulting in increased production of HO_ and NO, gases, both of which catalytically destroy
atmospheric ozone (Turunen et al., 2009). Andersson, Verronen, Rodger, Clilverd, and Seppéild (2014) have
reported up to 90% ozone depletion at mesospheric altitudes following EEP events, highlighting the importance
of improved understanding of both the sources of EEP, and their atmospheric impacts.

While there has been a growing interest in EEP, some sources of electron precipitation have thus far received
less focus than others. One such source of EEP are substorms. Substorms are disturbances occurring within the
magnetosphere which lead to conditions for electrons to be energized, scattered and then lost into the atmos-
phere (Forsyth et al., 2015; Rodger et al., 2016; Rodger, Clilverd, et al., 2022; Rodger, Hendry, et al., 2022).
There are three key sections to a substorm: reconnection of the magnetotail, current disruption in the near-Earth
magnetic field and auroral break up (Angelopoulos, 2008). These precise mechanisms and order of events within
the magnetosphere that trigger substorms remain under investigation (Angelopoulos, 2008; Cresswell-Moorcock
et al., 2013).

From the EEP perspective, substorms are likely to be important due to their occurrence rate: substorm
events are frequent, occurring hundreds, even thousands, of times each year (Gjerloev, 2012; Newell &
Gjerloev, 2011a, 2011b; Rodger et al., 2016). The frequency of substorms does follow the solar cycle, increas-
ing during solar maximum. The typical length of a substorm event is 1-3 hr (Akasofu, 1964; Angelopoulos
et al., 2020). While the range of electron flux and peak energy of substorms have been studied, the specific fluxes
of electrons entering the atmosphere and their peak energies for each individual substorm are not well known and
will likely vary between substorms.
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The energy of an electron that precipitates into the atmosphere determines how far down it can reach, and thus
the altitude at which the peak energy is deposited. The exact energy range at which substorms trigger electrons
to precipitate at is still unclear due to slightly differing sources. However, it is likely that precipitating electrons'
energy can range from tens of eV to as high as 1 MeV (Cresswell-Moorcock et al., 2013; Wing et al., 2013).
This suggests that substorm-driven electron precipitation could impact the atmosphere as far as 65 km (Turunen
et al., 2009), or even further to 50 km (Fang et al., 2008).

Simulations by Seppili et al. (2015) found that substorms could impact the polar mesospheric ozone concentra-
tion, with simulated ozone loss at altitudes 75-85 km ranging between 5% and 50%. Observational evidence for
this, however, has thus far not been presented and is the focus of the current work.

Within the mesosphere, the ozone reduction relating to particle precipitation is dominated by HO, (see e.g.,
Andersson, Verronen, Rodger, Clilverd, & Wang, 2014; Seppili et al., 2006; Sofieva et al., 2009). As HO,
has a lifetime of only a few hours, the depletion of mesospheric ozone is typically also short lived (Jackman
etal., 2001). NO, plays a smaller role in the depletion of ozone in the mesosphere, while dominating EPP driven
ozone loss below 60 km (Friederich et al., 2014; Prather, 1981; Sagi et al., 2017). There is a strong seasonal
dependence, since the presence of sunlight results in ample ozone production taking place, quickly replacing any
loss. Hence, the maximum impact on ozone from any form of EPP is typically found during polar winter (Seppéld
etal., 2015).

Ozone plays an important role in linking EPP to climate variability (Andersson, Verronen, Rodger, Clilverd,
& Seppild, 2014; Seppild et al., 2014). Due to a lack of EEP observations, proxies using Dst and Ap indi-
ces have been developed for inclusion of EPP in atmospheric and climate modeling (i.e., Matthes et al., 2017,
Nesse Tyssgy et al., 2022; van de Kamp et al., 2016). The inclusion of substorm induced precipitation into the
proxies is limited to few models (Nesse Tyssgy et al., 2022). As a result, their impact on mesospheric ozone levels
may be underestimated in long term simulation studies.

Following from the simulation results of Seppili et al. (2015), in this study we use satellite observations to look
for evidence of substorm precipitation impact on polar atmospheric ozone balance.

2. Data and Methods

To assess the impact of substorms on atmospheric ozone, and also provide additional confidence in the analysis,
we use ozone measurements from two independent satellite instruments. The first instrument is the Microwave
Limb Sounder (MLS) on-board the Aura-satellite, launched in 2004 (Schwartz et al., 2020). MLS ozone (volume
mixing ratio, vmr) observations (version 5.0) cover the vertical pressure range of 261-0.001 hPa (approximately
10-94 km), with a latitudinal range of 82°N—82°S. The vertical resolution in the mesosphere is between 3.5 and
5.5 km. The years of data used from the MLS instrument is 2004-2018.

Secondly, we use mesospheric nighttime ozone observations from the Global Ozone Monitoring by Occultation
of Stars (GOMOS) instrument on-board the Envisat satellite (Kyrola et al., 2004; Tamminen et al., 2010), oper-
ational from 2002 to 2012. GOMOS ozone observations (number density, molecules cm~3) cover the altitude
range of 15-100 km. The stellar occultation technique provides a different polar geographic coverage to that
of MLS, and GOMOS has a higher mesospheric vertical resolution at ~3 km. For this analysis, we have only
used stars with temperature >6000 K, as recommended by Tamminen et al. (2010). For nighttime conditions,
the solar zenith angle at the tangent point was restricted to >107°. GOMOS observations are used for the period
2003-2011, providing some overlap with MLS. Note that the GOMOS observations cover the peak and declining
phases of solar cycle 23, while MLS extends later in time to further cover the less active solar cycle 24.

We adjust both ozone data sets for seasonal trends by subtracting monthly means from the daily means following
the approach used by Denton et al. (2018).

In order to identify specific substorm onset times and dates, we use the Substorm Onsets and Phases from Indices
of the Electrojet (SOPHIE) substorm database, with 90% expansion percentile threshold (Forsyth et al., 2015).
The SOPHIE database covers the time period from 1969 to present day. Using the information provided within
the SOPHIE data set, the timing of the expansion phase (phase = 2) (Forsyth et al., 2015) is used for each
substorm within the analysis as the onset timing. The SOPHIE database specifically provides the exact times and
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1600 1 dates of substorm events, rather than an activity index which would need to
{4t be interpreted for identification of substorm events.
» 1200 We exclude any substorms in which the expansion phase occurs within the
g same day as the peak flux of an SPE, as SPE's are expected to have a large
E; Hh0o impact on the atmosphere (e.g., Funke et al., 2011).
“g B It is reasonable to assume that only substorms or substorm clusters that will
% 600 | result in a significant precipitating electron flux would result in a detectable
= 400 impact on the atmosphere (see e.g., Partamies et al., 2021). While there are no
long term electron flux observations that could be used here, and there are no
200 standard measures for the relative sizes of substorms that would tell us about
o the electron fluxes, geomagnetic activity indices have been successfully used
-10 -5 0

Time from event (days)

Figure 1. Number of substorm events with AE > 500 nT within the epoch

5 10 15 20 as a proxy for EEP levels in general (see e.g., Funke et al., 2014). Thus here,
we will use the hourly averaged geomagnetic Auroral Electrojet (AE) index
(Davis & Sugiura, 1966; Kauristie et al., 2017) as a proxy for the potential

period. Epoch Day 0 corresponds to the peak of 1,558 substorm events. Only EEP levels in combination with the SOPHIE substorm database. Newell and

substorms during the Northern Hemisphere and Southern Hemisphere polar Gjerloev (2011a) and Lockwood et al. (2019) have shown evidence pointing
winter seasons are considered. The histogram shows the number of substorms to the predictive ability of the AE index when it comes to the amount of elec-

per hour.

tron flux from substorms. Furthermore, Nesse Tyssgy et al. (2021) recently

showed that large daily averaged AE leads to higher daily averaged EEP. The

AE index has previously been used in atmospheric studies for example, by
Sinnhuber et al. (2016). The AE index is based on observations from the Northern Hemisphere (NH) at geomag-
netic latitudes 60°~70° and covers the time period from 1957 to 2018.

To identify which substorms are likely driving large electron fluxes into the atmosphere, we will apply an AE
threshold of 500 nT. Similar threshold (AE > 500 nT) has previously been used by Zhang et al. (2018) and Aryan
et al. (2016). As indicated by the statistical study of substorms of Partamies et al. (2013), the applied AE index
threshold will exclude small substorms, which typically are associated with much lower AE indices.

Times when the hourly AE index reaches or passes this threshold will be cross referenced with the SOPHIE
substorm database to see if a substorm has occurred within the same hour.

In order to investigate the substorm signal in the ozone observations, superposed epoch analysis (SEA, also
known as compositing) has been used. Similar technique has previously been applied in EPP atmospheric impact
studies for example, by Andersson, Verronen, Rodger, Clilverd, and Seppild (2014), Friederich et al. (2014), and
Denton et al. (2018). When a substorm within this time interval is identified, ozone data in the 10 days before the
onset, and in the following 20 days after the onset are analyzed. This is to ensure a quiet period before onset, as
well as a sufficient recovery period following the onset. The hour the substorm occurs on will be referred to as the
start of “Day 0” and the entire analysis period will be referred to as the “substorm interval.” All dates and times
where the hourly AE index meets a threshold, and a substorm event occurs during the winter season in either
polar region, were used in the following analysis. Winter season is defined as June, July, August for Southern
Hemisphere (SH) and December, January, February for NH. When horizontal distributions of ozone were inves-
tigated for the SH case, only the SH winter season was used. Cases where multiple substorms occurred within the
initially identified hour were counted as one epoch event. This is done in order to compile a list of times that will
be used to investigate atmospheric changes (with ozone data then analyzed over 24 hr daily averaging windows),
rather than compiling a complete list of substorms. Overall, when considering the winter season in both hemi-
spheres, 1,558 events when one or more substorms occurred at the start of Day 0 were found.

Due to the high occurrence frequency of substorms, when investigating one substorm event, other substorms
will likely occur within the 31-day substorm interval. Figure 1 shows the number of substorms occurring within
each hour in the overall 31-day substorm interval. The start of Day 0 highlights our 1,558 epoch events, but we
can see the increased number of substorms leading up to, and following this. It is clear the substorms are present
throughout the 31 day period, but the highest occurrence is associated with Day 0.

Substorm EEP is expected to be limited to geomagnetic L-shells of around L = 4-9.5, peaking between L of ~6-7
(Cresswell-Moorcock et al., 2013). To account for this, the geographic locations of the MLS and GOMOS ozone
observations were mapped to geomagnetic (IGRF) L-shells, using standard field-line integration procedures (e.g.,
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Figure 2. Mesospheric O, change from Microwave Limb Sounder observations based on 1,558 substorm epochs using
AE > 500 nT. The ozone data represents Northern Hemisphere and Southern Hemisphere winter seasons and has been
averaged (mean) for L shells 4-7 and seasonally adjusted (see text for details). Contour intervals are 0.01 ppmv. The black
dashed line indicates epoch day 0. Approximate vertical range in km is given on the right-hand y-axis.

Roederer, 1970). As there are much fewer satellite observations closer to the poles, the L-shell range of 4-7 has
been chosen.

To ensure that the atmospheric impact is not dominated by potential geomagnetic storms taking place simulta-
neously to substorms, we checked the Dst and Kp indices for the substorm onset times. Median Dst index for the
substorm events is —30 nT, with a lower quartile of —45 nT. Dst of —30 nT is known to correspond to typical
substorm conditions (Gonzalez et al., 1994) and the lower quartile does not meet the Dst <—50 nT threshold
for storm conditions (Gonzalez et al., 1994; Rodger, Hendry, et al., 2022). Overall, approximately 80% of the
substorm events analyzed have a corresponding Dst above the —50 nT threshold. The upper quartile for the Kp
index is 4.7 (with median Kp of 4.0), which is below the threshold for minor geomagnetic storm conditions
(Kp > 5). To further ensure the analysis was not contaminated by a potential small number of geomagnetic
storms, all data analysis was tested using mean and median averaging, with both methods providing consistent
results in magnitude and overall response. This gives further confidence that our results are not contaminated by
geomagnetic storms, but rather reflect the atmospheric response to substorm electron precipitation.

3. Results

First we examine MLS mean ozone observations averaged within L shells
4-7, for substorm events with an associated AE index > 500 nT. L shells
4-7 are used here, as the satellite data coverage is better over lower geomag-
5 netic latitudes, rather than extending to L = 9.5. The seasonally adjusted and
e L-shell averaged superposed epoch ozone results for polar winter months
are shown in Figure 2. We find a prominent ozone decrease signal around
Day 0, which is emphasized by the dashed black line. The peak reduction of
ozone reaches 0.13 ppmv corresponding to an approximately 11% reduction
(typical values are in the range of 1.1-1.3 ppmv), centered at 0.02 hPa level
(~76 km altitude), in comparison to the analysis using random epochs which
will be discussed shortly. The ozone loss between 60 and 80 km altitudes lasts

0 5 10 15 20
Time from event (days)

[
el
o

1
(4]

Figure 3. Slice through ozone data shown in Figure 2 at the 0.02 hPa pressure
level (=76 km), now focusing on the temporal evolution of the superposed
epoch analysis (SEA) at the peak ozone loss pressure level. Bootstrap
resampling of the Microwave Limb Sounder data was applied with 10,000
repetitions to estimate the 2 standard deviation error bars (red) for the SEA
method.

roughly until epoch day 5, after which the values return to background levels.
The ozone loss appears to start occurring before Day 0. This is consistent
with Figure 1, which shows that substorm activity starts increasing 1-2 days
before the peak at Day 0.

To test the statistical significance of the peak ozone loss seen in Figure 2,
bootstrap resampling of the MLS data was applied with 10,000 repetitions.
Figure 3 presents the results for the corresponding peak ozone loss pressure
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Altitude (km)

0.5 level of 0.02 hPa (~76 km) with a 2 standard deviation (2¢) bootstrapping
error estimate. Day 0 has an upper error band of —0.12 ppmv and a lower
error band of —0.14 ppmv. The ozone reduction on Day 0 of the substorm
interval is well beyond the 26 error estimates on days before and after Day
0. This suggests that the observed ozone loss is statistically significant. To
test the robustness of the ozone signal further, random 31 days intervals were
generated to test our results using the SEA method. Five hundred and forty
seven random epoch events were generated during the Arctic and Antarctic
polar winter seasons. No dates were excluded in this process. The random
epoch events were used were analyzed following the same method as was

o
Change from monthly average (ppmv)

done for Figure 2. As can be seen from Figure S1, while a small amount of

-10 -5 0 a
Time from event

1B 15 550 noise (<+ 0.05 ppmv) is present in the randomly generated epochs, no strong

(days) signals comparable to Figure 2 is present here. This gives further confidence
that the ozone loss signal in Figures 2 and 3 is linked to substorm-driven EEP.

Figure 4. Mesospheric O, change from Global Ozone Monitoring by
Occultation of Stars observations based on 1,080 substorm epochs using In addition to the winter season, we further analyzed MLS ozone observa-

AE > 500 nT. The ozone data represents winter season in each hemisphere and  tions for other seasons (not shown). During the Arctic and Antarctic autumn

has been averaged (median) for L shells 4-7 and seasonally adjusted. Contour

intervals are 0.03 ppmv. The black dashed
vertical range in km is given on the y-axis.

ana se seasons, we found an ozone loss signal that was qualitatively similar to that
line indicates epoch day 0. The seen during winter, but much weaker, at about half of the magnitude seen in
Figure 2. The signals during other seasons did not exceed the noise levels of
our random test (+0.05 ppmv). These results are in agreement with previ-
ous work on seasonal effects on EPP driven ozone loss (see e.g., Seppild

et al., 2015).

Figure 4 presents the SEA analysis of the GOMOS ozone observations. One thousand eighty epoch events were
found in the time interval covered by GOMOS observations (note that both temporal and spatial coverage of the
GOMOS data will differ from MLS). Here we see ozone loss around 75 km altitude taking place across the time
period, with varying magnitudes. This is likely a result of higher overall substorm activity in the time period
covered by GOMOS observations. Below 75 km altitude, mainly above 65 km ozone loss peaks following Epoch
day 0, reaching over 0.2 ppm average ozone loss. By Day 5 ozone has recovered to background variability levels.

Both MLS (Figure 2) and GOMOS show that the ozone loss signal is focused above 65 km altitude. The overall
onset and recover times of the peak ozone loss between 65 and 73 km are similar from the two satellite instru-
ments, with GOMOS showing lower ozone values (higher loss) and more variability around 75 km. The main
differences are likely a result of the difference in vertical resolution, and spatial and temporal coverage, of the two
instruments. However, the overall agreement suggest that both observe ozone loss relating to substorm activity.

In addition to the L-shell averages, we further analyzed the horizontal distribution of the MLS ozone signal in
the SH at 0.02 hPa (995 events). For each day in the substorm interval, the data was averaged (mean) into a 5°
by 10° latitude—longitude grid. Each map in Figure 5 depicts a single day within the substorm interval during SH
winter, with the epoch days indicated by the captions. The gray circles on the maps present L shells 4 (closest to
the equator), 5, 6, and 7 (closest to the pole). There is little change from the monthly average 5 days before the
zero epoch (Figure 5a). On Day 0 (Figure 5b) we see a clear pattern of ozone reduction, which remains present
on Day 3 (Figure 5e). By Day 5 (Figure 5f) ozone has returned back to background levels. Note that in compar-
ison to the L shell averages presented in Figure 2, here we observe larger regional ozone loss, peaking at nearly
up to ~0.3 ppmv. This corresponds to about 21% reduction from the background. The ozone loss pattern largely
follows the shape of L shells in the region poleward of 60°S. Equatorward of approximately 60°S this pattern is
not observed and ozone levels remain similar to pre-Day 0 levels. The magnitude and duration of the ozone loss
over the horizontal distribution is different to the L shell averages seen in Figure 2. The L shell average ozone
loss on Day 3 is under 0.05 ppmv, while the horizontal distribution reveals regions of loss over 0.1 ppmv. This
is consistent with what we can see in Figure 5: the ozone loss pattern is not present across all sectors of L shells
4-7, thus smaller overall reduction is observed when averaged over the whole L shell range.

The horizontal pattern in Figure 5 is consistent with Andersson, Verronen, Rodger, Clilverd, and Wang (2014),
who analyzed horizontal distributions of OH observations from the same instrument (MLS) and found that EEP
driven HO_ production peaked at high latitudes. Andersson, Verronen, Rodger, Clilverd, and Wang (2014) attrib-
uted the patterns partially to the presence of the South Atlantic Magnetic Anomaly, and partially to atmospheric
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Figure 5. Southern Hemisphere polar winter O, change at 0.02 hPa level from Microwave Limb Sounder observations, based on 995 substorm epoch event using
AE > 500 nT. Epoch days as shown in the captions. The ozone data was seasonally adjusted and adapted into a 5° by 10° latitude by longitude grid. Contour intervals
are 0.01 ppmv. Maps were smoothed using 2D convolution filter function. The gray circles show L shells 4, 5, 6, and 7.
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conditions, which favored HO, production in the high polar latitudes, rather than in the L shell region that extends
further toward the equator. As we expect the substorm driven ozone loss to be a result of initial HO, produc-
tion, the ozone loss patterns consistent with those of OH found by Andersson, Verronen, Rodger, Clilverd, and
Wang (2014) support the cause of the ozone loss patterns in Figure 5 to be that of EEP, in our case driven by
substorm activity. The results produced using ozone observations from the NH in winter, not included, resemble
those seen in the SH.

4. Conclusion

Here, we provide the first ever observational evidence of mesospheric ozone depletion driven by EPP from
magnetospheric substorms. The ozone loss is clearest during polar winter, a peak ozone loss of 9%—12% at
0.02 hPa pressure level (around 76 km altitude) is present in L shell averaged SEA. The loss lasts for around
5 days, before returning to background levels. When the horizontal ozone response is considered, we find up to
21% regional loss where the L shell band 4-7 corresponds to the highest (least illuminated) geographic latitudes
in the SH. At the corresponding vertical level, Seppili et al. (2015) simulated nighttime ozone loss of 20%-25%.
Overall the observed response follows the shape of the L shell band, but ozone loss remains limited to lati-
tudes poleward of 60°S. This is consistent with previous HO, results presented by Andersson, Verronen, Rodger,
Clilverd, and Wang (2014), which provides further evidence that the horizontal ozone loss pattern is a result of
EEP driven by substorm activity.

These results now conclusively confirm the earlier modeling results of Seppéld et al. (2015): substorms are
indeed an important source for ozone variability in the mesosphere. Representation of substorms in EEP proxies
used in atmospheric and climate simulations (Matthes et al., 2017; van de Kamp et al., 2016) should be evaluated
and a concerted effort to assure their inclusion is needed to provide realistic representation of atmospheric ozone
variability.

Data Availability Statement

All the data used in this study is freely available from the following sources. SOPHIE: https://supermag.
jhuapl.edu/substorms/, AE: https://wdc.kugi.kyoto-u.ac.jp/dstae/, Aura/MLS version 5 ozone observations:
(Schwartz et al., 2020), GOMOS (requires free registration): https://earth.esa.int/eogateway/catalog/envisat-go-
mos-level-2-atmospheric-constituents-profiles-gom_nl__2p-, and SPE list: https://umbra.nascom.nasa.gov/SEP/.
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