
1. Introduction
Energetic electrons in the inner magnetosphere are distributed into two regions: the inner and the outer radiation 
belt. The outer radiation belt is strongly influenced by the varying solar wind and varies in both content and 
extent. In contrast, the inner radiation belt is relatively stable. The region separating the inner and outer radiation 
belt, typically devoid of energetic electrons, is termed the slot region. It results from a balance between inward 
radial transport due to ultra low frequency waves and atmospheric loss due to plasmaspheric hiss and lightning 
generated whistlers (Kim et al., 2011). The location of the slot region is energy dependent, but is typically found 
in an approximate range around L = 2–3 (Lyons & Thorne, 1973).

The equatorward boundary of the energetic electron precipitation (EEP) from the outer radiation belt is closely 
linked to the location of the plasmapause (Babu et al., 2022a; van de Kamp et al., 2016). As the electromag-
netic waves strongly depend on the medium they propagate in, the plasmapause marks an abrupt change in the 
characteristics of the wave-particle interaction (Li et al., 2016; Walton et al., 2021). Chorus and electromagnetic 
ion-cyclotron (EMIC) waves, which largely govern the EEP processes, tend to occur outside and near the outer 
edge of the plasmasphere, respectively (Carson et al., 2013; Lam et al., 2010; Whittaker, Rodger, et al., 2014; 
Whittaker, Clilverd, & Rodger, 2014). They are efficiently damped within the dense cold plasmasphere. Statisti-
cal mapping of the EEP region confirms the chorus driven wave pattern (Lam et al., 2010; Li et al., 2016). The 
plasmapause and the equatorward edge of the EEP is typically parameterized by geomagnetic indices (Babu 
et al., 2022a; Moldwin et al., 2002; van de Kamp et al., 2016, 2018) or more advanced machine learning algo-
rithms (Chen et al., 2023). There are, however, numerous reports where the energetic electrons cross these bound-
aries and fill the slot region with energetic electrons. Inside the plasmasphere, plasmaspheric hiss and lightning 
generated whistlers can scatter the electrons into the atmosphere long after the geomagnetic activity subsides 
(Babu et al., 2022a; Baker et al., 2004; Kavanagh et al., 2018; Reeves et al., 2016; Turner et al., 2017). These are 
features precluded in statistical mappings and simple models driven by geomagnetic indices.

Abstract The slot region marks the equatorward boundary of the energetic electron precipitation (EEP). 
There are, however, numerous reports where energetic electrons cross these boundaries and fill the slot region. 
The ensuing EEP will occur long after the geomagnetic activity subsides. This is a missing energy input 
in current EEP estimates scaled by geomagnetic indices. This study explores the occurrence rate, duration, 
and local time dependence of slot region filling events using observations from the National Oceanic and 
Atmospheric Administration/Polar Orbiting Environmental Satellites over a full solar cycle from 2004 to 
2014. The EEP flux estimates are based on the Medium Energy Proton Electron Detector 0° and 90° detectors 
and the theory of pitch angle diffusion by wave-particle interaction. The occurrence rates of >43, >114, and 
>292 keV events are found to be strongly energy and solar cycle dependent. Higher energy events are more 
likely to be associated with Coronal Mass Ejections and stronger geomagnetic deflections compared to lower 
energy events. Solar wind speed, Bz, and Ey reveal a calm period before the events, potentially important for 
preconditioning the ensuing magnetospheric mass convection. The slot region reforms more efficiently closer 
to the plasmapause, which creates a double EEP band throughout the recovery period. The slot region EEP 
maximizes around noon throughout the afternoon/evening sector, consistent with pitch angle scattering from 
plasmaspheric hiss and lightning induced whistler mode waves. Concurrent with slot region filling events, the 
Michelson Interferometer for Passive Atmospheric Sounding/Envisat nitric oxide density show an increase at 
<55° corrected geomagnetic latitudes. This demonstrates the importance of including slot region EEP when 
assessing the EEP impact on the atmosphere.

NESSE ET AL.

© 2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Energetic Electron Precipitation During Slot Region Filling 
Events
H. Nesse1  , E. M. Babu1  , J. A. Salice1  , and B. Funke2 

1Department of Physics and Technology, University of Bergen, Bergen, Norway, 2Instituto de Astrofísica de Andalucía, CSIC, 
Granada, Spain

Key Points:
•  Electron precipitation from slot region 

filling events increases mesospheric 
nitric oxide density at corrected 
geomagnetic latitudes well below 55°

•  The occurrence rate of >292 keV slot 
region filling events is about half of 
the >43 keV slot region filling events

•  Local time precipitation pattern is 
in line with pitch angle scattering 
by plasmaspheric hiss and 
lightning-generated whistler mode 
waves

Correspondence to:
H. Nesse,
hilde.nesse@uib.no

Citation:
Nesse, H., Babu, E. M., Salice, J. A., 
& Funke, B. (2023). Energetic electron 
precipitation during slot region filling 
events. Journal of Geophysical Research: 
Space Physics, 128, e2023JA031606. 
https://doi.org/10.1029/2023JA031606

Received 17 APR 2023
Accepted 15 SEP 2023

Author Contributions:
Formal analysis: E. M. Babu
Writing – original draft: E. M. Babu
Writing – review & editing: E. M. Babu, 
J. A. Salice, B. Funke

10.1029/2023JA031606
RESEARCH ARTICLE

1 of 21

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-4178-8717
https://orcid.org/0000-0003-1240-2536
https://orcid.org/0000-0001-8342-1457
https://orcid.org/0000-0003-0462-4702
https://doi.org/10.1029/2023JA031606
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA031606&domain=pdf&date_stamp=2023-10-03


Journal of Geophysical Research: Space Physics

NESSE ET AL.

10.1029/2023JA031606

2 of 21

During geomagnetic storms, in particular where the outer belt is severely distorted, the slot region can be filled 
with energetic electrons through a combination of local wave-particle acceleration and inward radial transport 
(Baker et al., 2004; Thorne et al., 2007). The occurrence rate of a slot region filling events is energy dependent, 
where lower energy electrons are more likely to penetrate the plasmapause and the slot region compared to higher 
energies (Reeves et al., 2016; Thorne et al., 2007).

The slot region will gradually reform by plasmaspheric hiss and whistler waves scattering electrons into the 
atmospheric loss cone (Meredith et al., 2009). The atmospheric loss process after a slot region filling event starts 
immediately (Reeves et al., 2016). The loss rate is both L-shell and energy dependent. At lower L shells in the 
slot region, the lifetime of an electron for a given energy is progressively longer (Meredith et al., 2009; Ripoll 
et al., 2015). In a superposed epoch analysis of 41 Corotating Interaction Region (CIR) driven storms, Ødegaard 
et al. (2017) revealed potential low latitude precipitation for electron energies of >43 and >114 keV estimated from 
the Medium Energy Proton Electron Detector (MEPED) onboard the National Oceanic and Atmospheric Admin-
istration (NOAA) Polar Orbiting Environmental Satellites (POES). In the High Energy Particle Precipitation in the 
Atmosphere (HEPPA) intercomparison project, Nesse Tyssøy et al. (2022) compared eight different EEP precipi-
tation estimates ≳30 keV based on MEPED. Large uncertainty in the latitudinal extent of the precipitation region 
as well as a potential low-latitude precipitation band was disclosed. The period of comparison co-exists with a slot 
region filling event as identified by Kavanagh et al. (2018). In fact, Kavanagh et al. (2018) and Babu et al. (2022a) 
show that for >∼30 keV electrons slot region filling events and the associated EEP are fairly frequent and long 
persistent. This represents a missing source of energy in current EEP estimates based on geomagnetic indices.

The ionization caused by EEP initiates a sequence of chemical reactions increasing the production rates of HOx 
(H, OH, HO2) and NOx (N, NO, NO2) radicals in the upper atmosphere (Sætre et  al.,  2004; Smith-Johnsen 
et  al.,  2017; Zawedde et  al.,  2016). HOx and NOx gasses reduce ozone in catalytic reactions (Sinnhuber 
et al., 2012; Zawedde et al., 2019). Ozone is important in the local thermal energy budget, which implies that 
a reduction may alter atmospheric temperature gradients and consequently the breaking of atmospheric waves 
(Rozanov et al., 2012; Seppälä et al., 2013; Zúñiga López et al., 2022). The latter has the potential of changing 
the upper stratospheric dynamics through complicated feedback processes, with a possible link to winter surface 
weather patterns (Maliniemi et al., 2016; Rozanov et al., 2012; Seppälä et al., 2009).

In this study, we quantify the EEP associated with the slot region filling events. In contrast to previous studies 
estimating the EEP characteristics based on MEPED 0° (Chen et al., 2023; Lam et al., 2010; Li et al., 2016; van de 
Kamp et al., 2016, 2018), we combine observations from both the MEPED 0° and 90° detectors together with theory 
of pitch angle diffusion by wave-particle interaction to quantify the EEP flux in the total bounce loss cone (BLC). 
The MEPED energy channels, >43, >114, and >292 keV, are treated independently to explore the associated energy 
dependence in terms of occurrence, duration, and latitude extent. The main objective is to identify its characteristics 
in order to increase the EEP modeling capability. Moreover, we explore to which extent the low latitude slot region 
EEP is observable in the NO density estimated from the Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) instrument on board the Envisat satellite in order to evaluate its potential impact on the atmosphere.

2. Data and Methods
2.1. Bounce Loss Cone Fluxes Estimated From MEPED

This study applies the second version of the Space Environment Monitor on-board the NOAA/POES and 
EUMETSAT/MetOp series over a full solar cycle from 2004 to 2014. In this period three to six POES and MetOp 
spacecrafts circle the Earth at around 800–850 km in a polar sun-synchronous orbit approximately every 100 min. 
These are POES 15–19 and MetOP-2 covering different parts of the MLT sectors as illustrated in Figure 1. We 
apply the MEPED instrument which consists of two solid state electron and proton detectors pointing nearly 
perpendicular to each other, commonly termed as the 0° and 90° detectors (Evans & Greer, 2004).

The field of view of the MEPED telescopes is 30° full width. The nominal energy limits are listed as >30, 
>100, and >300 keV (Evans & Greer, 2004). The real detector efficiency, however, will depend on the incoming 
energy spectrum (Yando et al., 2011). Ødegaard et al.  (2017) obtain new optimized effective integral energy 
limits >43, >114, and >292 keV and associated geometric factors based on a series of realistic power law and 
exponential spectra utilizing Yando et  al.  (2011)'s modelled detector response. Furthermore, the false counts 
due to contaminating protons are removed. The observed proton fluxes are first corrected for degradation due to 
radiation damage by applying correction factors derived by Sandanger et al. (2015) and Ødegaard et al. (2016). 

 21699402, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031606 by U
N

IV
E

R
SIT

Y
 O

F B
E

R
G

E
N

, W
iley O

nline L
ibrary on [01/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Space Physics

NESSE ET AL.

10.1029/2023JA031606

3 of 21

Subsequently, the proton flux in the energy intervals known to impact the respective electron channels (Evans & 
Greer, 2004), are then subtracted from the original measured electron fluxes (Nesse Tyssøy et al., 2016).

At middle and high geomagnetic latitudes the 0° telescope detects particles at pitch angles within the BLC, while 
the 90° telescope detects fluxes at pitch angles both within and outside BLC (Nesse Tyssøy et al., 2016; Rodger 
et al., 2010). The detectors only observe part of the pitch angle distribution, which makes them both a coarse estimate 
for the precipitating fluxes. In the common case of an anisotropic pitch angle distribution, the 0° detector will under-
estimate, while the 90° detector will overestimate the flux of precipitating electrons (Nesse Tyssøy et al., 2016, 2022). 
A more realistic estimate can be achieved by combining the observed fluxes from both telescopes together with 
theoretical electron pitch angle distributions calculated based on of wave-particle interactions in the inner magne-
tosphere. As described in detail in Nesse Tyssøy et al.  (2016), the Fokker-Planck equation for particle diffusion 
(Kennel & Petschek, 1966; Theodoridis & Paolini, 1967) is solved for a wide range of diffusion coefficients. The 
solutions are then transformed to the satellite altitude and organized in a lookup table. Taking into account the view-
ing directions of the telescopes relative to the magnetic field and the detector response-function for different viewing 
angles  through the detector collimator, the ratio between the fluxes detected by the 0° and 90° detector is used to 
identify the theoretical pitch angle distribution that best corresponds to the observations. Finally, the size of the BLC, 
predicted based on the International Geomagnetic Reference Field model, are applied to estimate the precipitating 
fluxes. At a specific latitude the size of the BLC changes with longitude due to the variation in the magnetic field 
strength. Over one drift period, the largest BLC will correspond to the drift loss cone. The BLC flux estimate is done 
separately for each energy channel as the level of particle diffusion will vary with energy. The daily resolved fluxes 
are sorted into eight MLT sectors (3-hr resolution) and 1° CGM (corrected geomagnetic) latitude. Note, however, the 
poor data coverage in the evening (18–21) and pre-midnight (21–24) MLT sector as illustrated in Figure 1.

In this study we will use the BLC flux estimate to indicate when a slot region filling event occurs, its duration, 
and latitudinal extent. The BLC fluxes will also enable an assessment of the MLT behaviour.

2.2. Identifying the Onset of Slot Region Filling Events

The POES 0° detector has previously been applied to identify slot region filling events. Kavanagh et al. (2018) 
used flux observations above the detector's noise level at L = 2.7 alongside an identifiable increase over a wide 

Figure 1. Left: The Polar Orbiting Environmental Satellites (POES) and MetOp satellite MLT coverage over a full day during March 25th in 2004, 2006, 2009, and 
2014. Right: The POES and MetOp satellite coverage over a full solar cycle from 2004 to 2014. The figure is a copy of Figure 1 in Babu et al. (2022a).
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range of low L-shells as criteria. The location of the inner edge of the outer radiation belt, however, varies strongly 
with geomagnetic activity. To separate the regular outer radiation belt distortion from the extraordinary slot region 
filling events, we wish to account for the expansion and shrinking of the radiation belt when identifying the events.

Babu et al. (2022a) identifies the Northern Hemisphere (NH) equatorward boundary for the EEP precipitation 
region for the full solar cycle from 2004 to 2014. The boundary is defined as the geomagnetic latitude where 
the flux rises above a threshold value with a poleward positive gradient. The threshold value corresponds to two 
standard deviations above the mean flux level at 50°–60° CGM latitude during ambient solar wind conditions. 
Babu et al. (2022a) frequently observed, local maxima at low latitudes after which the equatorward boundary 
had been very low. The slowly decaying low-latitude maxima appeared independent of the strongly varying solar 
wind properties and geomagnetic activity. These occurrences were assumed to be remnants after slot region fill-
ing events. In these cases Babu et al. (2022a) chose the second threshold crossing as the equatorward boundary. 
Moreover, the period preceding the double maxima was labelled ambiguous and not part of the data that formed 
the basis for the empirical model scaled by pressure corrected Dst. In this study, we include these ambiguous 
periods utilizing the full database of the identified equatorward boundary from Babu et al. (2022a).

We use energy channel >43 and >114 keV to identify possible events. As the inner edge of the outer radiation 
belt are normally expected to track the average location of the plasmapause, we compare the observed equator-
ward boundary to the expected movement of plasmapause using the model by Moldwin et al. (2002). The plas-
mapause model is scaled by Kp independent of MLT. We use fluxes from the post-midnight sector (0–3 MLT) 
as the injection takes place on the night side. Here, the plasmapause location modelled by Moldwin et al. (2002) 
are in line with more advanced dynamical plasmapause models such as for example, Liu et al. (2015). The mean 
differences between the equatorward latitude boundary of the EEP region as identified by Babu et al. (2022a) and 
the plasmapause location is found to be 3.7° and 4.3° for >43 and >114 keV electron fluxes, respectively. The 
associated standard deviations are 3.2° and 3.1°. We identify potential slot region filling events as periods where 
the equatorward boundary and the estimated plasmapause latitude are separated more than the mean plus one 
standard deviation for either or both >43 and >114 keV (Single days are automatically disregarded). The onset is 
chosen as the day where the Dst drop is the largest (This two step process is illustrated in Figure 2). This resulted 
in an initial pool of 106 potential events. However, 21 events were discarded as they were not associated with a 
drop in the Dst (ΔDst* > −6 nT) or occurred within 4 days of the previous event. Eighteen events that occurred 
in the same period as a solar proton event were discarded. Moreover, two events were discarded based on missing 
data at the start of the event. In total, this resulted in 65 > 43 keV events from 2004 till 2014 listed in Table 1. 
Fifty-five and 32 of these events were evident also in the >114 and >292 keV fluxes, respectively.

Note, that in contrast to Kavanagh et  al.  (2018) we do not have an explicit flux threshold requirement. It is, 
however, implicitly included as the equatorward boundary identification in Babu et al. (2022a) includes a thresh-
old value corresponding to two standard deviation above the mean flux level 50°–60° CGM latitude during 
ambient solar wind conditions.

2.3. Estimating the Duration of a Slot Region Filling Event

The frequency of the slot region filling events makes it hard to determine their duration. In the declining phase 
of the solar cycle, a new event often occurs before the previous one has ended. Therefore, to assess the duration, 
we wish to select isolated events or the events that is last in a sequence. An event is assumed to be isolated or the 
last of a sequence, if the daily Dst drop is less than −15 nT for 14 days following the event. Moreover, to evaluate 
potential energy dependency, the same event list is used for each energy channel. This implies that only events 
that are also evident in the >292 keV are selected. Fourteen events meet these criteria. We assume that the events 
have ended when the initial maximum flux below 57° CGM latitude is reduced by a factor of four. Selecting the 
maximum flux injected and precipitated below 57° CGM latitude, instead of the pre-event flux level, removes 
potential bias related to events occurring as the last of a sequence.

2.4. MIPAS NO Observations

The nitric oxide (NO) observations in this study have been obtained from the MIPAS instrument on board Euro-
pean Space Agency's Envisat satellite. The instrument has been operational during 2002–2012, measuring infra-
red (IR) emissions from the atmosphere in the wavelength range of 4.15–14.6 μm in limb viewing geometry 
(Fischer et al., 2008). We use the latest version of MIPAS 5.3 μm data from nominal measurement mode (NOM, 
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data version V8R_NO_261). This data set covers NO volume mixing ratio (VMR) measurements in the 5–70 km 
altitude range from 2005 to early 2012 (see Funke et al. (2022) for a complete description).

For this study, we average NO VMR measurements in the altitude range 60–70 km and bin them into CGM lati-
tude bins with daily resolution. The VMR of NO in the mid- and the high-latitude middle atmosphere is depend-
ent on the season due to NO destruction from photolysis and its associated daylight chemistry during sun-lit 
periods (Brasseur & Solomon, 2005; Smith-Johnsen et al., 2017). Therefore, the yearly NO VMR data will have 
a strong seasonal dependency. The climatology is based on the mean NO VMR during 2005–2011 applying a 
14-day moving average (illustrated in Figure 3) to dampen individual events. To investigate the NO response to 
slot region filling events, VMR changes with respect to the seasonal climatology (Figure 3) are considered. We 
achieve this by calculating the percentage increase in NO VMR from the following equation:

[NO]%increase =
[NO] − [NO]14Day

[NO]14Day

× 100, (1)

where [NO] is the NO VMR for each year during 2005–2011 and 𝐴𝐴 [NO]14𝐷𝐷𝐷𝐷𝐷𝐷 is calculated by taking a 14-day 
moving average of NO VMR for individual years and then averaging them.

3. Results
Figure 4 shows the superposed epoch analysis of 65, 55, and 32 identified slot region filling events for >43, >114, 
and >292 keV BLC fluxes, respectively. The onset day is characterized by deep continuous precipitation over a 

Figure 2. Illustration of process of identifying the slot region filling events. Step 1: We identify potential slot region filling events as periods where the equatorward 
boundary and the estimated plasmapause latitude are separated more than the mean plus one standard deviation for either or both >43 and >114 keV. Step 2: The onset 
is chosen as the day where the Dst drop is the largest. The illustrated event has zero epoch day 25 October 2011.
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wide range of latitudes extending below 50°N CGM latitude for all energies. 
The precipitating electrons >292 keV, however, achieve maximum intensity 
the succeeding day. In the following days the precipitation band becomes 
narrower. Moreover, a two-band structure emerges as the precipitation from 
the slot region displays a local maximum. The local maximum is found at 
lower latitudes for higher energies. The slot region re-forms faster close to 
the main precipitation region which is known to closely follow the plasma-
pause movement. Consistent with previous reports by for example, Reeves 
et al. (2016), Turner et al. (2017), Babu et al. (2022a) the occurrence rate of 
slot region filling events is expected to be higher for lower energies. Based 
on our slot region event identification criteria, >43 keV events has twice the 
occurrence rate than >292 keV events. The average Dst index (plotted as a 
red solid line on top of the color plot) shows that the Dst minima are less 
prominent for >43 keV events, compared to > 292 keV events. On the zero 
epoch day, the daily Dst is on average −43, −45 nT, and −52 nT for >43, 
>114, and >292 keV events, suggesting that stronger geomagnetic storms are 
required to drive slot region filling events for relativistic electrons.

Our identification of slot region filling events is based on the precipitating 
fluxes in the post-midnight sector as the injection takes place on the night 
side. Figure 5 displays how the identified events evolve in time at all MLTs. 
The thin bright yellow line marks the estimated plasmapause location scaled 
by Kp as modelled by Moldwin et al. (2002). At zero epoch day, the intensi-
fication of low latitude precipitation is evident at all MLTs. However, in the 
following days an MLT dependent precipitation pattern emerges at latitudes 
linked to both the radiation belt and the plasmasphere. The MLT depend-
ence is more prominent in the >43 keV compared to >292 keV EEP. In the 
main EEP band, poleward of the plasmapause, the >43 keV electron precip-
itation maximizes in the morning sector and minimizes in the afternoon 
sector, where >292 keV electron precipitation appears more homogeneous. 
In contrast, for both >43 and >292 keV weaker precipitation is found in the 
morning MLT sectors 3–6 and 6–9 at latitudes equatorward of the estimated 
plasmapause, while stronger precipitation occurs in the noon and afternoon/
evening sectors. This is highlighted in Figure 6 which shows the same data 
as Figure 5 for epoch days 6, 8, and 10 with a different color scale to empha-
size the EEP MLT pattern at low CGM latitudes. It clearly demonstrates that 
different pitch angle scattering processes are responsible for the precipitating 
electrons outside and inside the plasmasphere. Moreover, it is evident that 
the slot region reforms more efficiently closer to the plasmapause boundary 
as the precipitation display a local minimum here. This causes two bands of 
precipitation. The majority of precipitating electrons are linked to the outer 
radiation belt, whereas a weak drizzle of fairly steady flux levels origins from 
within the plasmasphere, until the slot region slowly reforms.

It is not straightforward to estimate how long it takes for the injected elec-
trons to be lost to the atmosphere and depleted from the slot region. Often 
a new event replenish the slot region before it is fully reformed. Hence, we 
target isolated events or events that are last in a sequence by ensuring that 

daily Dst change is larger than −15 nT for 14 days after the event onsets. Moreover, as wave-particle interactions 
are dependent on the electron energies, so might the reformation time. Hence, to compare the energy dependence 
of the electron lifetime, events that occur in all three energy channels, >43, 114, and >292 keV are selected. 
Only 14 events fill these requirements as shown in the superepoch analysis in Figure 7. We assume that the event 
ends when the initial maximum flux below 57° CGM latitude is reduced by a factor of four. This criteria gives a 
reformation time of 13, 14, and 17 days for the >43, 114, and >292 keV, respectively. Modifying the criteria in 
respect to daily Dst change or the period it is evaluated, changes the number of events, but there is a consistency 

Slot region filling events from 2004 to 2014

>43 keV >112 keV >292 keV >43 keV >112 keV >292 keV

1/22/04 Yes – 4/5/10 Yes Yes

2/11/04 Yes Yes 4/12/10 Yes Yes

3/10/04 Yes Yes 5/4/10 Yes Yes

3/28/04 – 5/29/10 Yes –

4/3/04 Yes Yes 8/4/10 Yes Yes

7/17/04 Yes – 4/12/11 Yes –

7/23/04 Yes Yes 4/30/11 Yes –

8/30/04 Yes Yes 5/28/11 Yes Yes

9/22/04 – 9/10/11 Yes –

1/8/05 Yes – 9/17/11 Yes Yes

2/7/05 Yes – 10/25/11 Yes Yes

3/6/05 Yes Yes 11/1/11 – –

4/5/05 Yes Yes 2/16/12 Yes –

4/12/05 Yes – 3/28/12 Yes –

5/8/05 Yes Yes 4/5/12 Yes –

5/30/05 Yes Yes 4/13/12 – –

6/13/05 Yes Yes 4/24/12 Yes Yes

7/9/05 Yes Yes 6/11/12 Yes –

8/10/05 Yes – 6/30/12 – –

8/31/05 Yes – 10/8/12 Yes Yes

4/5/06 Yes Yes 10/13/12 Yes Yes

4/14/06 Yes Yes 11/14/12 Yes Yes

4/22/06 Yes Yes 3/29/13 Yes Yes

6/6/06 Yes – 5/1/13 Yes Yes

7/28/06 – 6/1/13 Yes Yes

8/20/06 Yes Yes 6/7/13 Yes Yes

11/30/06 Yes Yes 7/6/13 Yes Yes

3/24/07 Yes – 7/10/13 Yes –

7/15/07 Yes – 8/28/13 – –

3/1/08 Yes – 11/9/13 – –

3/9/08 Yes – 2/19/14 Yes –

3/27/08 Yes – 5/8/14 – –

7/22/09 – – – –

Note. Events with concurrent Solar Proton Events were excluded.

Table 1 
List of Identified Slot Region Filling Events From 2004 to 2014 Based on 
Bounce Loss Cone Electron Estimates of >43, >114, and >292 keV
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Figure 3. Seasonal climatology plot of 14-day moving mean nitric oxide volume mixing ratio (in ppmv) during 2005–2011 
in the northern hemisphere.

Figure 4. Superposed epoch analysis of identified slot region filling events for >43, >114, and >292 keV fluxes based on the bounce loss cone fluxes for northern 
hemisphere in the period 2004–2014 displayed from top to bottom panels, respectively. Note that the flux values are given as logarithmic scale. The associated Dst and 
the time derivative of the Dst are displayed as a solid red and dashed black line, respectively. All data is shown with 1 day resolution.
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Figure 5. Superposed epoch analysis of identified slot region filling events for >43 keV (eight upper panels) and >292 keV (eight lower panels) based on the bounce 
loss cone fluxes for northern hemisphere in the period 2004 to 2014. Note that the flux values are given as logarithmic scale.
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of a slightly longer reformation period associated with higher energies. The same assessment holds for changing 
the relative reduction factor in respect to the zero epoch maximum.

3.1. Dependency on Solar Wind and Geomagnetic Activity

The yearly occurrence rate of the slot region filling events possess a strong solar cycle dependence as illustrated in 
Figure 8. For the years 2004–2014 the maximum number of events is found in 2005 for all energies. A strong drop 
in the occurrence rate is evident in the solar minimum years of 2007–2009. In this period, no slot region filling 
events are found at for the >292 keV fluxes. This is also the case for the unusual weak year of 2014.

Figure 6. Same as Figure 5 for epoch days 6, 8, and 10 with a different color scale to emphasize the energetic electron precipitation at low corrected geomagnetic 
latitudes. Note that the flux values are given as logarithmic scale.
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Moreover, Figure 9 examines the occurrence rate dependency on solar wind drivers. Richardson and Cane (2012) 
separates solar wind structures into three categories: Coronal Mass Ejections (CMEs), High Speed Solar (HSS) wind 
or Corotating Interaction Regions (CIRs), and slow ambient solar wind. The identification is based on solar wind 
parameters, geomagnetic indices retrieved from the NASA OMNIweb database, and observations of cosmic rays with 
energies between ∼0.1 and 1 GeV. In case, the solar wind driver is influenced by both a CME and HSS/CIR, it will 
label it as a CME. All of the identified slot region filling events are coincidental with a period of either CME or HSS/
CIR. For the >43 keV events 33 of 65 events occur in a period dominated by CMEs. For >114 keV 30 of 55 events 
are driven by CMEs. For >292 keV as many as 21 of 32, corresponding to 65% of the events, are driven by CMEs.

The superposed epoch analysis of the corresponding Dst, Kp, AE, solar wind speed, Interplanetary Magnetic 
Field (IMF) Bz, and IMF Ey is shown in Figure 10 for >43, >114, and >292 keV slot region filling events. Ey 
can be considered as a simple energy coupling parameter dependent on solar wind speed and IMF Bz. All param-
eters display a systematically stronger deflection on the zero epoch day associated with higher energy slot region 
filling events. The geomagnetic indices intensifies between ∼10%–20% for the >292 keV events compared to the 
>43 keV events. The IMF Ey increases by more than 30% which can mainly be ascribed to a more negative Bz 
component associated with the higher energy events. This is consistent with a larger fraction of the >292 keV 
events being driven by CMEs. The solar wind speed has a strong positive gradient reaching a maximum the follow-
ing day. Moreover, the days preceding the zero epoch appears to be characterized by slow solar wind with consist-

Figure 7. Superposed epoch analysis of 14 slot region filling events concurrent for >43, >114, and >292 keV fluxes displayed from top to bottom panels, respectively. 
Note that the flux values are given as logarithmic scale. The 14 events are either isolated or the last in a sequence of events, where the daily Dst change is larger than 
−15 nT. The associated Dst and the time derivative of the Dst is displayed as a solid red and dashed black line, respectively. All data is shown with 1 day resolution.
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ently weak solar wind speed for all events constituting the epoch analysis. This 
calm before the events alongside a gradual increase of the solar wind are more 
typical characteristics of CIR events compared to CMEs which often repre-
sent more shock like characteristics (Kataoka & Miyoshi, 2006). Shock-like 
features will, however, be averaged out on the daily scale applied in this study.

Similarly to Figures  10, Figure  11 shows the superposed epoch analysis 
geomagnetic indices, Dst, Kp, and AE, as well as the selected solar wind 
parameters, solar wind speed, v, IMF Bz, and Ey, but now divided according 
to the respective solar wind drivers. The maximum solar wind speed is on 
average ∼90, 100, 110 km/s higher in CIR/HSS events compared to CMEs 
for >43, >114 and >292 keV. Oppositely, the Bz has a stronger southward 
component in CME-driven compared to CIR-driven slot region events, which 
in total results in a stronger Ey value on the zero epoch day. Interestingly, the 
differences in the geomagnetic indices are less pronounced. In particular, Kp 
is on average nearly identical for the two solar wind drivers for all the slot 
region events independent of energy.

3.2. Atmospheric Effects of Slot Region Energetic Electron 
Precipitation

The sustained EEP supporting the reformation of the slot region has the 
potential of adding to reactive species like NOx and HOx that can reduce 
the ozone density throughout the mesosphere and upper stratosphere. It is, 
however, not straightforward to reveal a potential NO signature for the slot 
region EEP.  The MIPAS 5.3  μm NO VMR estimates from 2005 to early 
2012, overlap with 36 of the 65 identified >43 keV slot region filling events. 
The events occur during all four seasons, with a strong variability of the back-
ground NO level. Hence, we use all the data from 2005 until 2011 to create 
a climatology which enables us to examine the relative change of NO VMR.

The upper boundary of the nominal MIPAS 5.3μm NO observations is 
approximately 70  km. The maximum ionization rate corresponding to 
300 keV electrons is around 70 km (Xu et al., 2020), which implies that the 
>292 keV electron fluxes best correspond to the upper range of the MIPAS 
NO observations. Figure 12 includes two plots where the upper panels show 
the superposed epoch analysis of the >292 keV BLC fluxes as a function 
of time and latitude. The purple line gives the percentage change relative 
to the estimated climatology at 40–57° CGM latitude in the altitude range 
60–70 km. The lower panel shows the latitude distribution of the NO change. 
In order to evaluate a potential source of additional ionization by solar flares 
at mid and low latitudes, the purple line gives the corresponding solar flare 
index. The upper and lower plots divide the 36 events into 50 percentile high 
and low >292 keV fluxes below 55° CGM latitude on the zero epoch day 
(Note that the chosen color scale renders the 50 percentile low >292 keV 
fluxes dark blue 55°, but the events are still associated with weak low lati-
tude precipitation). For the high >292 keV fluxes, the NO density percentage 
change increases at all latitudes. In the interval below 57° the increase is 
>40% relative to the climatology on the zero epoch day and stays elevated 
>30% throughout the first 4 days of the slot region filling events. A poten-
tial second intensification is found around days six and seven prolonging the 
elevated flux level to around day 11. Similar increase is found on the zero 
epoch day also for the lower flux levels. However, the NO changes are small 
from day four and onward. In both cases the solar flare index peak after the 
initial zero epoch NO increase which makes the EEP the likely source of the 

Figure 8. Yearly distribution of the slot region filling events for >43 keV 
(black bars), >114 keV (red bars), and >292 keV (green bars) for bounce loss 
cone electron fluxes for the period 2004–2014.

Figure 9. Number of slot region filling events for the period 2004–2014 for 
>43, >114, and >114 keV (black bars) bounce loss cone electron fluxes. 
Number of coincidental Coronal Mass Ejection periods (yellow bars) as 
identified by Richardson and Cane (2012).
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observed NO increase at all latitudes. It is, however, difficult to assess how long the elevated NO density persists. 
In the case of high >292 keV fluxes, the NO density is slightly elevated before the zero epoch. This might be 
partly due to cases where a series of slot region filling events occur within a relatively short time frame.

Moreover, the events included in Figure 12 have a varying degree of exposure to photolysis which will impact 
the level of NO increase and the associated lifetime. Figure 13 shows that only 10 events occur in NH winter 
(October–March) and 26 occur in NH summer (April–September). It is readily evident that the winter events 
on average have weaker >292  keV fluxes compared to the summer events. Nevertheless, both groups show 
elevated NO levels >40% below 57° CGM latitude. The timing of the maximum is, however, delayed by 1 day 
during winter, possibly due to prolonged lifetimes and subsequent accumulation of NO molecules over time. The 

Figure 10. Superposed epoch analysis (black solid line) of the geomagnetic indices, Dst, Kp, and AE, as well as the selected solar wind parameters, solar wind 
speed, v, Interplanetary Magnetic Field Bz, and their product Ey. The right to left panels show the superposed epoch analysis for the >43, 114, and >292 keV events, 
respectively alongside the values for the individual events (thin coloured lines).

Figure 11. Superposed epoch analysis of the geomagnetic indices, Dst, Kp, and AE, as well as the selected solar wind parameters, solar wind speed, v, Interplanetary 
Magnetic Field Bz, and their product Ey associated with Coronal Mass Ejection (blue lines) and Corotating Interaction Region/High Speed Solar (red lines) drivers. The 
right to left panels show the superposed epoch analysis for the >43, 114, and >292 keV events, respectively.
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elevated NO density displays a long duration during winter, but it is difficult to link it solely to the slot region EEP 
of >292 keV fluxes. The solar flare index increases in the same period. Moreover, the longlived NO molecules 
can be transported from above by the residual winter circulation.

Figure 12. Two plots showing the superposed epoch analysis >292 keV bounce loss cone fluxes and the nitric oxide (NO) percentage change for 50 percentile low 
and high fluxes. The upper panel in each plots illustrates the flux intensity as function of epoch day and corrected geomagnetic (CGM) latitude. The percentage change 
in NO density in the region 40–57° CGM latitude relative to the climatology is plotted as a solid purple line. The lower plot shows the time-latitude distribution of the 
percentage NO change. The solar flare index is given as a solid purple line.
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Figure 13. Two plots showing the superposed epoch analysis >292 keV bounce loss cone fluxes and the nitric oxide (NO) percentage change for winter and summer 
events. The upper panel in each plots illustrates the flux intensity as function of epoch day and corrected geomagnetic (CGM) latitude. The percentage change in 
NO density in the region 40–57° CGM latitude relative to the climatology is plotted as a solid purple line. The lower plot shows the time-latitude distribution of the 
percentage NO change. The solar flare index is given as a solid purple line.
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4. Discussion
4.1. Solar Wind Drivers and Geomagnetic Activity

Sudden electron flux enhancements at low L shells have been shown to be a common feature of the inner magne-
tosphere dynamics (Babu et al., 2022a; Kavanagh et al., 2018; Reeves et al., 2016; Turner et al., 2015, 2017). 
Similarly to for example, Reeves et al. (2016) and Kavanagh et al. (2018) we find that flux enhancements in the 
slot region are fairly frequent for tens of keV electrons. Figure 3 in Reeves et al. (2016) shows that at least 12 
events cause flux enhancement at L = 2.5 for 46 keV electrons throughout 2013. We identify 12 potential slot 
region filling events at >43 keV in the same year where four were discarded based on potential contamination 
of SPEs. Reeves et  al.  (2016) shows that the occurrence rate drops monotonously for higher energies at all 
L-shells. They identify six enhancement events for 243 keV electron observations at L = 2.5. We count five slot 
region filling events for >292 keV electrons throughout the same year. Turner et al.  (2017) finds, however, a 
somewhat higher occurrence rate (2.5 per month at 200 keV) in the period 2012 to 2016, but confirms the strong 
energy dependence. The number of observed events decreases exponentially with increasing electron energy for 
>100 keV. Moreover, we find that there is a significant drop in the occurrence rate in the deep solar minimum 
from 2007 to 2009 as seen in Table 1 and Figure 8. Here no events are identified for >292 keV fluxes. The same 
applies to the unusual geomagnetic quiet year of 2014. The respective solar cycle dependence might imply a 
dependence on the solar wind structures. Figure 9 shows that the slot region filling events are equally distributed 
between CIR/HSS and CME for >43 keV electrons. However, >292 keV events are more likely to be associated 
with CMEs.

The superposed epoch analysis of the geomagnetic indices and solar wind parameters in Figure 10 reveals that the 
slot region filling events are associated with a calm before the storm, negative Bz, and a prominent but gradual 
solar wind speed increase. This is particularly pronounced for the >292 keV events. A calm period before a storm 
may be important for preconditioning the magnetosphere for the ensuing mass convection observed during the 
storm itself. During a quiet geomagnetic period of approximately 2 days or more, ionospheric outflows produce 
a dense and radially extended plasmasphere, which will lead to higher radiation belt electron precipitation during 
the initial storm phase due to loss cone scattering by a variety of plasma waves (Borovsky & Steinberg, 2006). As 
seen in Figure 4 the quiet interval co-exists with a decay of precipitating >43 keV fluxes at all latitudes, however, 
less prominent at higher energies >114 and >292 keV fluxes. Calm intervals tend to occur when uncompressed 
slow solar wind precedes the CIRs (Borovsky & Steinberg, 2006). Moreover, the gradual solar wind increase 
is also characteristic of CIR events, whereas CMEs are often characterized by more abrupt, shock-like features 
(Kataoka & Miyoshi, 2006). Shock-like features will, however, be averaged out on the daily scale applied in this 
study. Interestingly, Figure 10 shows that the differences in the geomagnetic indices are small when sorting the 
events by their solar wind drivers. The stronger solar winds associated with CIRs and the stronger southward 
component of the CMEs, results in similar geomagnetic disturbances. In particular, Kp is on average nearly 
identical for the two solar wind drivers for the >43, >114, and >292 keV slot region events. Kp is known to be 
strongly correlated with magnetospheric convection (Thomsen, 2004). This fuels the discussion on the cause and 
predictability of slot region filling events. It supports the hypothesis of for example, Zhao and Li (2013) that the 
flux enhancement in the inner belt and slot region is dependent on inward radial transport.

4.2. Filling and Reforming the Slot Region

Based on Van Allen Probes observations, Reeves et al. (2016) shows that the inner boundary of the outer radiation 
belt has an S-shaped profile as function of electron energy during quiet times, consistent with >292 keV reaching 
lower L-values compared to >43 keV as seen in Figure 5 prior to the slot filling event (Day -2). In the slot region 
filling phase, Days 0–2, however, >43 keV electrons show a strong intensification reaching lower CGM latitudes 
compared to >292 keV electrons. The rapid intensification might be associated with substorm injections. Turner 
et al. (2015) attributed the deep injection of electrons in a case study to a two-step process involving dispersion-
less substorm injections and further transport by fast magnetosonic wave at Pi2 frequencies. A more extensive 
analysis of the governing mechanism is, however, out of scope of the current analysis, as the data is not sufficient 
to form a conclusion.

The loss of electron fluxes after a slot region filling event starts immediately (Reeves et al., 2016). This is clearly 
evident in Figure 5. The most intense precipitation both inside and outside of the predicted plasmapause is found 
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at the zero and throughout the second epoch day for the >43 and >292 keV BLC fluxes, respectively. This is 
consistent with the increased intensification of wave-particle interactions of both the chorus whistler mode and 
plasmaspheric hiss in geomagnetic disturbed periods. For >292 keV the maximum precipitating fluxes is delayed 
a day or two, owing to the time it takes to accelerate the electrons to the respective energies (Nesse Tyssøy 
et al., 2021; Salice et al., 2023) suggesting that it is partly a product of accelerated seed particles tens of keV 
electrons. In the following days, both the precipitation from the main radiation belt and the slot region subside. 
The relative decrease is more prominent outside the plasmapause compared to inside the plasmasphere, where the 
latter appears as a near-steady drizzle until the slot region is again devoid of electrons.

A local precipitation minimum at latitudes equatorward of the modelled plasmapause emerges around day 
four. The local minimum occurs at lower latitudes/deeper into the plasmasphere for higher energies. Reeves 
et al. (2016) shows that at L = 4, the lifetime at 300 keV is shorter than at 40 keV. Moreover, at L = 3 the fluxes 
of 300 keV decrease more quickly than the fluxes of 40 keV, consistent with the slot region recovery seen in 
Figure 5 on Days >4. These energy- and latitude/L-shell dependent loss rates create the S-shaped outer belt 
boundary. The two-band structure is evident at all MLTs. However, for the >43 keV fluxes, the wave-particle 
scattering appears to be less efficient in the morning sector from ∼3–9 MLT, resulting in a minimum of EEP 
fluxes in the slot region. This pattern is opposite of the expected whistler mode chorus wave efficiency, which 
is clearly evident in the main precipitation region associated with the heart of the radiation belt. The maximum 
precipitation inside the plasmasphere occurs around noon and in the afternoon/midnight sector. The average wave 
intensity of plasmaspheric hiss is largest on the dayside in particular during low geomagnetic activity (Meredith 
et al., 2018) consistent with the recovery period in Figure 5. Moreover, the afternoon/evening intensification 
in the precipitation is in line with the generation and propagation of lightning-generated whistler mode waves 
(Záhlava et  al.,  2019). A potential contribution from electromagnetic ion-cyclotron (EMIC) waves cannot be 
ruled out based on the MLT pattern. EMIC waves tend to exist inside the plasmasphere with peak wave occur-
rence in the afternoon sector (∼13 < MLT <18) (Meredith et al., 2014; Usanova et al., 2012, 2013). However, as 
it is generated where an anisotropic ring current coexists with the cold plasmaspheric ions, it is likely to diminish 
in the recovery phase of the geomagnetic activity. Hence, based on the MLT dependence, the EEP from the slot 
region is likely to be caused by plasmaspheric hiss and lightning-generated whistler mode waves.

The MLT dependence in Figure 5 is more prominent than observed by the ground-based radar at Rothera in 
Antarctica by Kavanagh et al.  (2018). The ionization level estimated from the medium-frequency (MF) radar 
is, however, strongly affected by solar illumination. As such, although their analysis was restricted to low solar 
zenith angles, it might be hard to reveal relatively subtle MLT dependencies found in this study. Nevertheless, 
Kavanagh et al. (2018) concludes that the EEP from the slot region is likely to be caused by the plasmaspheric 
hiss in line with our assessment.

In terms of duration, we find that the maximum flux level below 57° CGM latitude (L < ∼3), was reduced to 25% 
of the level found at day zero after 13, 14, and 17 days for the >43, >114, and >292 keV BLC fluxes, respec-
tively. The corresponding e-folding decay rates are ∼9, 10, and 12 days. Similar decay rates are estimated from 
for example, Solar Anomalous and Magnetospheric Particle Explorer observations of electron energies >600 keV 
and calculation based on a simple drift-diffusion model inside the plasmasphere (Selesnick et al., 2003). Note, 
however, that the calculated lifetime may be due to a number of different loss mechanisms, for example, pitch 
angle diffusion, change in energy due to nonlinear effects, inward radial transport etc. Claudepierre et al. (2020) 
calculated the decay time for electrons over a wide range of energies and L-shells based on Van Allen Probes 
Observations. They show that the decay rate can be both longer and shorter as function of energy and L-shell. 
Our estimate is based on electron precipitation from CGM 50–55° corresponding to roughly L = 2.5–3. This 
appears like a transition region where the decay rates change from being consecutive longer to shorter as function 
of energy. Hence, the consecutive longer decay rates as function energy found in this study should be interpreted 
with caution.

The apparent energy-dependent decay rates are, however, not evident in Kavanagh et al. (2018). The change in 
signal-to-noise ratio observed by the MF-radar observation lasts for 11 days before approaching pre-event levels 
above 72.5 km. Below 66.5 km the change in the signal-to-noise ratio is prominent for only 5 days. It is, however, 
not certain that the respective slot region filling events will impact the lower altitude levels. As such, it is hard to 
evaluate if the short period of enhanced ionization at 66.5 km is contradictory to our result of an e-folding decay 
rate that increases from ∼9 to ∼12 days for >43 and >292 keV, respectively. Moreover, Figures 4, 5, and 7, show 
that the reformation of the slot region is dependent on both energy and CGM latitude. The gradually evolving 
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band, devoid of energetic electrons, is located deeper into the plasmasphere for higher energy electrons. This is 
consistent with the case study based on Van Allen Probes satellites by Reeves et al. (2016). Hence, the ionization 
rates confined to a specific geomagnetic latitude will be influenced by the relative distance to the plasmapause.

4.3. The Chemical Imprint of Precipitation From the Slot Region

Despite its frequent nature, EEP from slot region filling events are not included in current EEP parameterizations 
for chemistry climate models. In the solar forcing recommended for CMIP6 (Matthes et al., 2017), the >30 keV 
EEP is scaled by Ap (van de Kamp et al., 2016). They apply the plasmapause model by Moldwin et al. (2002) 
to determine the equatorward extent of the precipitation region. The respective ApEEP forcing was part of the 
HEPPA III intercomparison project Nesse Tyssøy et al. (2022) which compared eight different EEP estimates 
based on MEPED during a geomagnetic active period in April 2010. The study revealed that there is large uncer-
tainty in the latitudinal extent of the precipitation region as well as a potential low latitude precipitation band. 
The CMIP6 parameterization provided the most conservative estimate in both flux intensity and the equatorward 
extent of the precipitation region. The three EEP estimates based on both the 0° and 90°, however, predicted a 
much wider precipitation region. Especially, in the main phase of the storm, the deep equatorward precipitation 
is consistent with a slot region filling event. Afterwards, a noticeable local maximum at low latitudes creating 
a double oval was found in the EEP estimates based on both the 0° and 90°. In the recovery phase of a storm, 
the pitch angle scattering rates are expected to be relative weak compared to the main phase. This will result in 
a strong anisotropic pitch angle distribution within the loss cone, which might explain why the secondary EEP 
region is not evident in the ionization rates based on the 0° detector. On the other hand, a recent idealized model 
study by Selesnick et al. (2020) evaluated the angular response functions for POES MEPED electron fluxes. They 
point out that the sensitivity of the 0° detector outside the nominal field of view may cause the 0° detector to be 
dominated by quasi-trapped or trapped electrons during periods of weak pitch angle diffusion exaggerating the 
0° detector fluxes. The problem is expected to be less prominent at low L-shells due to the change in geometry 
between the telescopes and the magnetic field. However, to ensure that the estimated EEP from the slot region 
is not an artefact of the methods applied, Nesse Tyssøy et al. (2022) argues that independent observations are 
needed to validate the low latitude precipitation.

Kavanagh et al.  (2018) identifies 54 cases of slot region filling events, where 20 cases were also detected by 
an MF radar located at Rothera in Antarctica (L = 2.7). Changes in the signal-to-noise ratio, corresponding to 
increased ionization, persist for around 10 days on average. The impact was detected all the way down to about 
55 km. Similarly, we can use the chemical impact of EEP as a mean to validate the precipitation associated with 
slot region filling events. The quasi-continuous NO 5.3 μm nominal MIPAS observations from 2005 to 2012 
provide a global latitude coverage of the lower mesosphere up to 70 km. The observation overlaps with 36 of our 
identified slot region filling events. Despite the relatively high noise level in the NO data, there is on average a 
visible NO increase for about 4 days starting at zero epoch. The NO increase occurs before a rise in the solar flare 
index, which together with typically slow residual transport rates from above, provides strong evidence that the 
increased NO level at low latitudes corresponds to increased EEP >300 keV.

The challenge is, however, to evaluate the persistence of the increased NO production. The lifetime of the 
NO molecule is largely determined by photolysis, which implies a lifetime strongly dependent on the season. 
Hence, during winter the daily NO density is a product of the accumulated EEP over the preceding days. This is 
clearly evident in Figure 13 where weaker, shorter EEP slot region events during winter, gives a stronger more 
long-lasting NO change compared to summer. Here, the enhanced NO density persists on average for 10 days in 
line with increased EEP flux. However, the winter residual circulation will transport NO produced at altitudes 
above 70 km into the lower mesosphere. Hence, alongside an elevated solar flare index for the winter events, we 
are unable to conclude if the apparent increase beyond four-five days is truly a consequence of the EEP from the 
slot region. During summer the increased NO level is only apparent up to 4–5 days, despite a longer persistency 
of the estimated EEP fluxes. The NO production level is below the MIPAS sensitivity capability.

Moreover, during winter the NO density and its impact on the stratospheric ozone will be strongly affected 
by the proximity of EEP to the polar vortex. The vortex acts as a horizontal transport barrier containing the 
EEP-produced NO molecules to mid/polar latitude reducing the potential photolysis. The efficiency of the down-
ward transport to the ozone-rich stratosphere is also linked to the large-scale circulation associated with the vortex. 
As the polar vortex is oriented geographically and the slot region filling events is oriented geomagnetically, the 
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different hemispheric offsets between the two coordinate systems might affect the impact of slot regions filling 
events. As such, the contribution of slot region filling events to the atmospheric chemistry are likely to be most 
important in the Southern Hemisphere where a larger fraction of the associated EEP will overlap with the vortex 
(Kavanagh et al., 2018).

A recent study by Zúñiga López et  al.  (2022) based on the Whole Atmosphere Community Climate Model, 
demonstrates that EEP ionization rates (>30 keV) impact mesospheric OH and ozone mixing ratios, which leads 
to changes in mesospheric temperature, zonal wind and the residual circulation. The required fluxes of EEP to 
impose dynamical changes depend on the dynamical preconditions. During the Northern Hemispheric winter, 
even weak ionization rates can modulate the mesospheric signal of a sudden stratospheric warming event. Further 
analysis is required to determine the impact of slot region filling events on atmospheric chemistry. Hence, to 
fully evaluate the potential impact of the relatively weak fluxes of EEP from the slot region, further analysis is 
required.

5. Conclusion
BLC estimates based on both 0° and 90° telescopes of MEPED onboard NOAA/POES, allow us to study the EEP 
associated with slot region filling events. We identify 65, 56, and 32 >43, >114, and >292 keV events, respec-
tively. In line with previous studies, the occurrence rate is strongly energy dependent. Moreover, the occurrence 
rate drops during solar minimum, where it is zero for the >292 keV events. The solar wind drivers can be both 
CME and/or CIR/HSS. The >292 keV events are likely to be associated with CME.

Superposed epoch analysis reveals that the >292 keV events are associated with stronger geomagnetic deflec-
tions. Moreover, solar wind speed, IMF Bz, and Ey reveal a period of calm before the storm, which is potentially 
important for preconditioning the magnetosphere for the ensuing mass convection observed during the storm 
itself. Independent of the solar wind drivers, the geomagnetic indices are similar. This similarity is particularly 
evident in the Kp index, which is known to be strongly correlated with magnetospheric convection. However, no 
single mechanism can account for filling and recovery of the EEP slot region observations. It is likely that several 
different mechanisms are acting together both in the slot region filling phase as well as the slot region recovery 
phase.

The slot region reforms more efficiently closer to the plasmapause, which creates a double EEP band through-
out the recovery period. The maximum flux level below 57° CGM latitude (L < 3), was reduced to 25% of the 
level found at day zero after 13, 14 and 17 days for the >43, >114, and >292 keV BLC fluxes, respectively. The 
corresponding e-folding decay rates are approximately 9, 10, and 12 days consistent with previous studies. The 
slot region precipitation pattern maximizes around noon throughout the afternoon/evening sector, consistent 
with pitch angle scattering into the loss cone from plasmaspheric hiss and lightning-induced whistler mode 
waves.

It is evident that the NO density increases during both summer and winter at low latitudes associated with slot 
region filling events. The NO levels stay elevated for at least 4 days independent of season. The NO density will, 
however, depend on both the flux of EEP in the slot region as well as the level of photolysis. Potential NO trans-
port from above and additional ionization associated with solar flares make it challenging to evaluate to which 
degree the weak drizzle of electrons in the geomagnetic quiet period after the main storm period contributes to 
the NO density. More research on potential atmospheric impact is required.

Data Availability Statement
The NOAA/POES MEPED electron flux data used in this study are open access provided by the National 
Oceanic and Atmospheric Administration https://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.html. The 
data files on latitudinal extent of energetic electron precipitation are available at Babu et al. (2022b). The geomag-
netic indices and solar wind parameters were obtained from NASA Omniweb at https://omniweb.gsfc.nasa.
gov/form/dx1.html. The MIPAS NO data are open access provided by the IMK/IAA MIPAS data server under 
https://www.imk715asf.kit.edu/english/308.php.
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