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Abstract12

Several drivers cause precipitation of energetic electrons into the atmosphere. While some13

of these drivers are accounted for in proxies of energetic electron precipitation (EEP) used14

in atmosphere and climate models, it is unclear to what extent the proxies capture substorm-15

induced EEP. The energies of these electrons allow them to reach altitudes between 55 km16

and 95 km. EEP-driven enhanced ionisation is known to result in production of HOx and17

NOx, which catalytically destroy ozone. Substorm-driven ozone loss has previously been18

simulated, but has not been observed before. We use mesospheric ozone observations from19

the Microwave Limb Sounder (MLS) and Global Ozone Monitoring by Occultation of20

Stars (GOMOS) instruments, to investigate the loss of ozone during substorms. Follow-21

ing substorm onset, we find reductions of polar mesospheric (∼76 km) ozone by up to22

21% on average. This is the first observational evidence demonstrating the importance23

of substorms on the ozone balance within the polar atmosphere.24

Plain Language Summary25

Substorms are events in Earth’s space environment that result in electrons being26

pushed into the Earth’s atmosphere. Here, we report the first satellite observations show-27

ing that these events result in loss of polar mesospheric ozone, by up to 21%.28

1 Introduction29

Energetic particle precipitation (EPP) into the Earth’s atmosphere can occur due30

to many different processes taking place in the Sun and in Earth’s magnetosphere. So-31

lar Proton Events (SPEs) are a sporadic source of high fluxes of energetic proton pre-32

cipitation and are known to have a large impact on the atmosphere (Jackman et al., 2009).33

In addition, the Earth’s magnetosphere and radiation belts are an important source of34

energetic electron precipitation (EEP) (Turunen et al., 2009; Nesse Tyssøy et al., 2016),35

contributing to the total EPP (SPE + EEP). EPP ionises the atmosphere, resulting in36

increased production of HOx and NOx gases, both of which catalytically destroy atmo-37

spheric ozone (Turunen et al., 2009). Andersson et al. (2014) have reported up to 90%38

ozone depletion at mesospheric altitudes following EEP events, highlighting the impor-39

tance of improved understanding of both the sources of EEP, and their atmospheric im-40

pacts.41

While there has been a growing interest in EEP, some sources of electron precip-42

itation have thus far received less focus than others. One such source of EEP are sub-43

storms. Substorms are disturbances occurring within the magnetosphere which lead to44

conditions for electrons to be energised, scattered and then lost into the atmosphere (Forsyth45

et al., 2015; Rodger et al., 2016; Rodger, Hendry, et al., 2022; Rodger, Clilverd, et al.,46

2022). There are three key sections to a substorm: reconnection of the magnetotail, cur-47

rent disruption in the near-Earth magnetic field and auroral break up (Angelopoulos,48

2008). These precise mechanisms and order of events within the magnetosphere that trig-49

ger substorms remain under investigation (Angelopoulos, 2008; Cresswell-Moorcock et50

al., 2013).51

From the EEP perspective, substorms are likely to be important due to their oc-52

currence rate: substorm events are frequent, occurring hundreds, even thousands, of times53

each year (Newell & Gjerloev, 2011a, 2011b; Gjerloev, 2012; Rodger et al., 2016). The54

frequency of substorms does follow the solar cycle, increasing during solar maximum. The55

typical length of a substorm event is 1-3 hours (Akasofu, 1964; Angelopoulos et al., 2020).56

While the range of electron flux and peak energy of substorms have been studied, the57

specific fluxes of electrons entering the atmosphere and their peak energies for each in-58

dividual substorm are not well known and will likely vary between substorms.59
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The energy of an electron that precipitates into the atmosphere determines how60

far down it can reach, and thus the altitude at which the peak energy is deposited. The61

exact energy range at which substorms trigger electrons to precipitate at is still unclear62

due to slightly differing sources. However, it is likely that precipitating electrons’ energy63

can range from tens of eV to as high as 1 MeV (Wing et al., 2013; Cresswell-Moorcock64

et al., 2013). This suggests that substorm-driven electron precipitation could impact the65

atmosphere as far as 65 km (Turunen et al., 2009), or even further to 50 km (Fang et66

al., 2008).67

Simulations by Seppälä et al. (2015) found that substorms could impact the po-68

lar mesospheric ozone concentration, with simulated ozone loss at altitudes 75 km to 85 km69

ranging between 5-50 %. Observational evidence for this, however, has thus far not been70

presented and is the focus of the current work.71

Within the mesosphere, the ozone reduction relating to particle precipitation is dom-72

inated by HOx (see e.g. Seppälä et al., 2006; Sofieva et al., 2009; Andersson et al., 2014).73

As HOx has a lifetime of only a few hours, the depletion of mesospheric ozone is typi-74

cally also short lived (Jackman et al., 2001). NOx plays a smaller role in the depletion75

of ozone in the mesosphere, while dominating EPP driven ozone loss below 60 km (Prather,76

1981; Friederich et al., 2014; Sagi et al., 2017). There is a strong seasonal dependence,77

since the presence of sunlight results in ample ozone production taking place, quickly re-78

placing any loss. Hence, the maximum impact on ozone from any form of EPP is typ-79

ically found during polar winter (Seppälä et al., 2015).80

Ozone plays an important role in linking EPP to climate variability (Andersson et81

al., 2014; Seppälä et al., 2014). Due to a lack of EEP observations, proxies using Dst and82

Ap indices have been developed for inclusion of EPP in atmospheric and climate mod-83

elling (i.e. van de Kamp et al., 2016; Matthes et al., 2017; Nesse Tyssøy et al., 2022).84

The inclusion of substorm induced precipitation into the proxies is limited to few mod-85

els (Nesse Tyssøy et al., 2022). As a result, their impact on mesospheric ozone levels may86

be underestimated in long term simulation studies.87

Following from the simulation results of Seppälä et al. (2015), in this study we use88

satellite observations to look for evidence of substorm precipitation impact on polar at-89

mospheric ozone balance.90

2 Data and methods91

To assess the impact of substorms on atmospheric ozone, and also provide addi-92

tional confidence in the analysis, we use ozone measurements from two independent satel-93

lite instruments. The first instrument is the Microwave Limb Sounder (MLS) on-board94

the Aura-satellite, launched in 2004 (Schwartz et al., 2020). MLS ozone (volume mix-95

ing ratio, vmr) observations (version 5.0) cover the vertical pressure range of 261−0.001 hPa96

(approximately 10−94 km), with a latitudinal range of 82◦N-82◦S. The vertical reso-97

lution in the mesosphere is between 3.5 km to 5.5 km. The years of data used from the98

MLS instrument is 2004-2018.99

Secondly, we use mesospheric nighttime ozone observations from the Global Ozone100

Monitoring by Occultation of Stars (GOMOS) instrument on-board the Envisat satel-101

lite (Kyrölä et al., 2004; Tamminen et al., 2010), operational from 2002 to 2012. GO-102

MOS ozone observations (number density, molecules cm−3) cover the altitude range of103

15 km to 100 km. The stellar occultation technique provides a different polar geographic104

coverage to that of MLS, and GOMOS has a higher mesospheric vertical resolution at105

∼3 km. For this analysis, we have only used stars with temperature ≥ 6000 K, as rec-106

ommended by Tamminen et al. (2010). For nighttime conditions, the solar zenith an-107

gle at the tangent point was restricted to > 107◦. GOMOS observations are used for108

the period 2003-2011, providing some overlap with MLS. Note that the GOMOS obser-109
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vations cover the peak and declining phases of solar cycle 23, while MLS extends later110

in time to further cover the less active solar cycle 24.111

We adjust both ozone datasets for seasonal trends by subtracting monthly means112

from the daily means following the approach used by Denton et al. (2018).113

In order to identify specific substorm onset times and dates, we use the Substorm114

Onsets and Phases from Indices of the Electrojet (SOPHIE) substorm database, with115

90% expansion percentile threshold (Forsyth et al., 2015). The SOPHIE database cov-116

ers the time period from 1969 to present day. Using the information provided within the117

SOPHIE dataset, the timing of the expansion phase (phase = 2) (Forsyth et al., 2015)118

is used for each substorm within the analysis as the onset timing. The SOPHIE database119

specifically provides the exact times and dates of substorm events, rather than an ac-120

tivity index which would need to be interpreted for identification of substorm events.121

We exclude any substorms in which the expansion phase occurs within the same122

day as the peak flux of an SPE, as SPE’s are expected to have a large impact on the at-123

mosphere (e.g., Funke et al., 2011).124

It is reasonable to assume that only substorms or substorm clusters that will re-125

sult in a significant precipitating electron flux would result in a detectable impact on the126

atmosphere (see e.g. Partamies et al., 2021). While there are no long term electron flux127

observations that could be used here, and there are no standard measures for the rel-128

ative sizes of substorms that would tell us about the electron fluxes, geomagnetic activ-129

ity indices have been successfully used as a proxy for EEP levels in general (see e.g. Funke130

et al., 2014). Thus here, we will use the hourly averaged geomagnetic Auroral Electro-131

jet (AE) index (Davis & Sugiura, 1966; Kauristie et al., 2017) as a proxy for the poten-132

tial EEP levels in combination with the SOPHIE substorm database. Newell and Gjer-133

loev (2011a) and Lockwood et al. (2019) have shown evidence pointing to the predictive134

ability of the AE index when it comes to the amount of electron flux from substorms.135

Furthermore, Nesse Tyssøy et al. (2021) recently showed that large daily averaged AE136

leads to higher daily averaged EEP. The AE index has previously been used in atmo-137

spheric studies e.g. by Sinnhuber et al. (2016). The AE index is based on observations138

from the Northern Hemisphere at geomagnetic latitudes 60◦–70◦ and covers the time pe-139

riod from 1957 to 2018.140

To identify which substorms are likely driving large electron fluxes into the atmo-141

sphere, we will apply an AE threshold of 500 nT. Similar threshold (AE > 500 nT) has142

previously been used by Zhang et al. (2018) and Aryan et al. (2016). As indicated by143

the statistical study of substorms of Partamies et al. (2013), the applied AE index thresh-144

old will exclude small substorms, which typically are associated with much lower AE in-145

dices.146

Times when the hourly AE index reaches or passes this threshold will be cross ref-147

erenced with the SOPHIE substorm database to see if a substorm has occurred within148

the same hour.149

In order to investigate the substorm signal in the ozone observations, superposed150

epoch analysis (SEA, also known as compositing) has been used. Similar technique has151

previously been applied in EPP atmospheric impact studies e.g. by Andersson et al. (2014);152

Friederich et al. (2014); Denton et al. (2018). When a substorm within this time inter-153

val is identified, ozone data in the 10 days before the onset, and in the following 20 days154

after the onset are analysed. This is to ensure a quiet period before onset, as well as a155

sufficient recovery period following the onset. The hour the substorm occurs on will be156

referred to as the start of “Day 0” and the entire analysis period will be referred to as157

the “substorm interval”. All dates and times where the hourly AE index meets a thresh-158

old, and a substorm event occurs during the winter season in either polar region, were159

used in the following analysis. Winter season is defined as June, July, August for South-160
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Figure 1: Number of substorm events with AE ≥ 500 nT within the epoch period. Epoch
Day 0 corresponds to the peak of 1558 substorm events. Only substorms during the NH
and SH polar winter seasons are considered. The histogram shows the number of sub-
storms per hour.

ern Hemisphere (SH), and December, January, February for Northern Hemisphere (NH).161

When horizontal distributions of ozone were investigated for the Southern Hemisphere162

case, only the SH winter season was used. Cases where multiple substorms occurred within163

the initially identified hour were counted as one epoch event. This is done in order to164

compile a list of times that will be used to investigate atmospheric changes (with ozone165

data then analysed over 24 hour daily averaging windows), rather than compiling a com-166

plete list of substorms. Overall, when considering the winter season in both hemispheres,167

1558 events when one or more substorms occurred at the start of Day 0 were found.168

Due to the high occurrence frequency of substorms, when investigating one sub-169

storm event, other substorms will likely occur within the 31 day substorm interval. Fig-170

ure 1 shows the number of substorms occurring within each hour in the overall 31 day171

substorm interval. The start of Day 0 highlights our 1558 epoch events, but we can see172

the increased number of substorms leading up to, and following this. It is clear the sub-173

storms are present throughout the 31 day period, but the highest occurrence is associ-174

ated with Day 0.175

Substorm EEP is expected to be limited to geomagnetic L-shells of around L =176

4 − 9.5, peaking between L of ∼ 6 − 7 (Cresswell-Moorcock et al., 2013). To account177

for this, the geographic locations of the MLS and GOMOS ozone observations were mapped178

to geomagnetic (IGRF) L-shells, using standard field-line integration procedures (e.g.,179

Roederer, 1970). As there are much fewer satellite observations closer to the poles, the180

L-shell range of 4-7 has been chosen.181

To ensure that the atmospheric impact is not dominated by potential geomagnetic182

storms taking place simultaneously to substorms, we checked the Dst and Kp indices for183
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Figure 2: Mesospheric O3 change from MLS observations based on 1558 substorm epochs
using AE ≥ 500 nT. The ozone data represents NH and SH 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 verti-
cal range in km is given on the right-hand y-axis.

the substorm onset times. Median Dst index for the substorm events is −30 nT, with184

a lower quartile of −45 nT. Dst of −30 nT is known to correspond to typical substorm185

conditions (Gonzalez et al., 1994) and the lower quartile does not meet the Dst ≤ −50 nT186

threshold for storm conditions (Gonzalez et al., 1994; Rodger, Hendry, et al., 2022). Over-187

all, approximately 80% of the substorm events analysed have a corresponding Dst above188

the −50 nT threshold. The upper quartile for the Kp index is 4.7 (with median Kp of189

4.0), which is below the threshold for minor geomagnetic storm conditions (Kp ≥ 5).190

To further ensure the analysis was not contaminated by a potential small number of ge-191

omagnetic storms, all data analysis was tested using mean and median averaging, with192

both methods providing consistent results in magnitude and overall response. This gives193

further confidence that our results are not contaminated by geomagnetic storms, but rather194

reflect the atmospheric response to substorm electron precipitation.195

3 Results196

First we examine MLS mean ozone observations averaged within L shells 4-7, for197

substorm events with an associated AE index ≥ 500 nT. L shells 4-7 are used here, as198

the satellite data coverage is better over lower geomagnetic latitudes, rather than extend-199

ing to L = 9.5. The seasonally adjusted and L-shell averaged superposed epoch ozone200

results for polar winter months are shown in Figure 2. We find a prominent ozone de-201

crease signal around Day 0, which is emphasized by the dashed black line. The peak re-202

duction of ozone reaches 0.13 ppmv corresponding to an approximately 11% reduction203

(typical values are in the range of 1.1-1.3 ppmv), centered at 0.02 hPa level (∼76 km al-204

titude), in comparison to the analysis using random epochs which will be discussed shortly.205

The ozone loss between 60–80 km altitudes lasts roughly until epoch day 5, after which206

the values return to background levels. The ozone loss appears to start occurring before207

Day 0. This is consistent with Fig. 1, which shows that substorm activity starts increas-208

ing 1-2 days before the peak at Day 0.209
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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 SEA at the peak ozone loss
pressure level. Bootstrap resampling of the MLS data was applied with 10, 000 repetitions
to estimate the 2 standard deviation error bars (red) for the SEA method.

To test the statistical significance of the peak ozone loss seen in Fig. 2, bootstrap210

resampling of the MLS data was applied with 10, 000 repetitions. Figure 3 presents the211

results for the corresponding peak ozone loss pressure level of 0.02 hPa (∼76 km) with212

a 2 standard deviation (2σ) bootstrapping error estimate. Day 0 has an upper error band213

of −0.12 ppmv and a lower error band of −0.14 ppmv. The ozone reduction on Day 0214

of the substorm interval is well beyond the 2σ error estimates on days before and after215

Day 0. This suggests that the observed ozone loss is statistically significant. To test the216

robustness of the ozone signal further, random 31 day intervals were generated to test217

our results using the SEA method. Five hundred and forty seven random epoch events218

were generated during the Arctic and Antarctic polar winter seasons. No dates were ex-219

cluded in this process. The random epoch events were used were analysed following the220

same method as was done for Figure 2. As can be seen from Supplement Figure S1, while221

a small amount of noise (< ±0.05 ppmv) is present in the randomly generated epochs,222

no strong signals comparable to Figure 2 is present here. This gives further confidence223

that that the ozone loss signal in Figures 2 and 3 is linked to substorm-driven EEP.224

In addition to the winter season, we further analysed MLS ozone observations for225

other seasons (not shown). During the Arctic and Antarctic autumn seasons, we found226

an ozone loss signal that was qualitatively similar to that seen during winter, but much227

weaker, at about half of the magnitude seen in Figure 2. The signals during other sea-228

sons did not exceed the noise levels of our random test (±0.05 ppmv). These results are229

in agreement with previous work on seasonal effects on EPP driven ozone loss (see e.g.230

Seppälä et al., 2015).231

Figure 4 presents the SEA analysis of the GOMOS ozone observations. 1080 epoch232

events were found in the time interval covered by GOMOS observations (note that both233

temporal and spatial coverage of the GOMOS data will differ from MLS). Here we see234

ozone loss around 75 km altitude taking place across the time period, with varying mag-235

nitudes. This is likely a result of higher overall substorm activity in the time period cov-236

ered by GOMOS observations. Below 75 km altitude, mainly above 65 km ozone loss peaks237

following Epoch day 0, reaching over 0.2 ppm average ozone loss. By Day 5 ozone has238

recovered to background variability levels.239
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Figure 4: Mesospheric O3 change from GOMOS observations based on 1080 substorm
epochs using AE ≥ 500 nT. The ozone data represents winter season in each hemisphere
and has been averaged (median) for L shells 4-7 and seasonally adjusted. Contour inter-
vals are 0.03 ppmv. The black dashed line indicates epoch day 0. The vertical range in
km is given on the y-axis.

Both MLS (Figure 2) and GOMOS show that the ozone loss signal is focused above240

65 km altitude. The overall onset and recover times of the peak ozone loss between 65-241

73 km are similar from the two satellite instruments, with GOMOS showing lower ozone242

values (higher loss) and more variability around 75 km. The main differences are likely243

a result of the difference in vertical resolution, and spatial and temporal coverage, of the244

two instruments. However, the overall agreement suggest that both observe ozone loss245

relating to substorm activity.246

In addition to the L-shell averages, we further analysed the horizontal distribution247

of the MLS ozone signal in the Southern Hemisphere at 0.02 hPa (995 events). For each248

day in the substorm interval, the data was averaged (mean) into a 5◦ by 10◦ latitude–249

longitude grid. Each map in Figure 5 depicts a single day within the substorm interval250

during SH winter, with the epoch days indicated by the captions. The grey circles on251

the maps present L shells 4 (closest to the equator), 5, 6, and 7 (closest to the pole). There252

is little change from the monthly average 5 days before the zero epoch (Figure 5(a)). On253

Day 0 (Figure 5(b)) we see a clear pattern of ozone reduction, which remains present on254

Day 3 (Figure 5(e)). By Day 5 (Figure 5(f)) ozone has returned back to background lev-255

els. Note that in comparison to the L shell averages presented in Figure 2, here we ob-256

serve larger regional ozone loss, peaking at nearly up to ∼ 0.3 ppmv. This corresponds257

to about 21% reduction from the background. The ozone loss pattern largely follows the258

shape of L shells in the region poleward of 60◦S. Equatorward of approximately 60◦S this259

pattern is not observed and ozone levels remain similar to pre-Day 0 levels. The mag-260

nitude and duration of the ozone loss over the horizontal distribution is different to the261

L shell averages seen in Figure 2. The L shell average ozone loss on Day 3 is under 0.05 ppmv,262

while the horizontal distribution reveals regions of loss over 0.1 ppmv. This is consistent263

with what we can see in Figure 5: the ozone loss pattern is not present across all sec-264

tors of L shells 4-7, thus smaller overall reduction is observed when averaged over the265

whole L shell range.266
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The horizontal pattern in Figure 5 is consistent with Andersson et al. (2014), who267

analysed horizontal distributions of OH observations from the same instrument (MLS)268

and found that EEP driven HOx production peaked at high latitudes. Andersson et al.269

(2014) attributed the patterns partially to the presence of the South Atlantic Magnetic270

Anomaly, and partially to atmospheric conditions, which favoured HOx production in271

the high polar latitudes, rather than in the L shell region that extends further towards272

the equator. As we expect the substorm driven ozone loss to be a result of initial HOx273

production, the ozone loss patterns consistent with those of OH found by Andersson et274

al. (2014) support the cause of the ozone loss patterns in Figure 5 to be that of EEP,275

in our case driven by substorm activity. The results produced using ozone observations276

from the NH in winter, not included, resemble those seen in the SH.277

4 Conclusion278

Here, we provide the first ever observational evidence of mesospheric ozone deple-279

tion driven by EPP from magnetospheric substorms. The ozone loss is clearest during280

polar winter, a peak ozone loss of 9-12 % at 0.02 hPa pressure level (around 76 km al-281

titude) is present in L shell averaged superposed epoch analysis. The loss lasts for around282

5 days, before returning to background levels. When the horizontal ozone response is con-283

sidered, we find up to 21 % regional loss where the L shell band 4-7 corresponds to the284

highest (least illuminated) geographic latitudes in the Southern Hemisphere. At the cor-285

responding vertical level, Seppälä et al. (2015) simulated nighttime ozone loss of 20−286

25%. Overall the observed response follows the shape of the L shell band, but ozone loss287

remains limited to latitudes poleward of 60◦S. This is consistent with previous HOx re-288

sults presented by Andersson et al. (2014), which provides further evidence that the hor-289

izontal ozone loss pattern is a result of EEP driven by substorm activity.290

These results now conclusively confirm the earlier modelling results of Seppälä et291

al. (2015): substorms are indeed an important source for ozone variability in the meso-292

sphere. Representation of substorms in EEP proxies used in atmospheric and climate293

simulations (van de Kamp et al., 2016; Matthes et al., 2017) should be evaluated and294

a concerted effort to assure their inclusion is needed to provide realistic representation295

of atmospheric ozone variability.296
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Figure 5: Southern Hemisphere polar winter O3 change at 0.02 hPa level from MLS ob-
servations, 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 grey circles show L shells 4, 5, 6, and 7.
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Seppälä, A., Clilverd, M. A., Beharrell, M. J., Rodger, C. J., Verronen, P. T., An-444

dersson, M. E., & Newnham, D. A. (2015). Substorm-induced energetic445

electron precipitation: Impact on atmospheric chemistry. Geophys. Res. Lett.,446

42 (19), 8172-8176. doi: 10.1002/2015GL065523447
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