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Abstract Energetic electron precipitation (EEP) during substorms significantly affects ionospheric
chemistry and lower-ionosphere (<100 km) conductance. Two mechanisms have been proposed to explain what
causes EEP: whistler-mode wave scattering, which dominates at low latitudes (mapping to the inner
magnetosphere), and magnetic field-line curvature scattering, which dominates poleward. In this case study, we
analyzed a substorm event demonstrating the dominance of curvature scattering. Using ELFIN, POES, and
THEMIS observations, we show that 501,000 keV EEP was driven by curvature scattering, initiated by an
intensification and subsequent earthward motion of the magnetotail current sheet. Using a combination of
Swarm, total electron content, and ELFIN measurements, we directly show the location of EEP with energies up
to ~1 MeV, which extended from the plasmapause to the near-Earth plasma sheet (PS). The impact of this strong
substorm EEP on ionospheric ionization is also estimated and compared with precipitation of PS (<30 keV)
electrons.

Plain Language Summary During magnetospheric substorms, energetic electrons in the Earth's
plasma sheet (PS), the night-side magnetosphere region filled by hot plasma, precipitate to the ionosphere.
Energetic electron precipitation (EEP) affects the density, temperature, and composition of the ionosphere.
However, the exact process that causes such precipitation is not well understood due to observational
constraints. The challenge lies in simultaneously measuring the EEP properties at the ionosphere and the plasma
and wave properties in the PS. We analyze a fortuitous satellite conjunction during a substorm, during which
EEP was simultaneously captured by ELFIN, Swarm, and POES at low altitudes, and THEMIS in the equatorial
PS. EEP was observed to extend across a broad equatorial domain, projecting into a wide ionospheric region and
encompassing the PS region and a significant portion of the inner magnetosphere. High-energy-resolution
measurements from ELFIN reveal that the main driver of precipitation is the scattering of energetic electrons by
strongly curved magnetic field lines in the PS, as opposed to the more commonly suggested scattering
mechanisms associated with wave-particle interactions. We also show that the EEP drastically altered the
ionization profile of the ionosphere.

1. Introduction

The magnetospheric substorm is a fundamental component of geomagnetic activity, resulting in rapid energi-
zation of charged particles in the near-Earth magnetotail (see reviews by Birn et al., 2021; Sitnov et al., 2019, and
references therein), followed by their subsequent injection into the inner magnetosphere (see reviews by Baker
et al., 1996; Gabrielse et al., 2022, and references therein). Energetic ions drift duskward, contributing to
magnetosphere-ionosphere coupling, through processes such as sub-auroral polarization streams (SAPS) (see
review Mishin & Streltsov, 2021, and references therein). Conversely, energetic electrons drift dawnward and
contribute, through their scattering and precipitation, to ionization and heating of the ionosphere (C. J. Rodger
et al., 2022; Thorne et al., 2010). Substorm injections are mesoscale and transient phenomena (e.g., Gabrielse
etal., 2014; Nakamura et al., 2002; Sorathia et al., 2021). While the importance of substorm injection energy input
into the ionosphere has been recognized and actively investigated (see review Gabrielse et al., 2022; Jordanova
et al., 2023; Yu et al., 2022, and references therein), quantifying it is challenging due to the transient nature of
injections (see discussions in Heelis & Maute, 2020; C. Huang, 2021).

A crucial element of substorm injections is the energetic electron precipitation (EEP) into the ionosphere (e.g.,
Gabrielse et al., 2019; Gkioulidou et al., 2012; Sergeev et al., 2020). Depending on their energy, precipitating
electrons can penetrate down to the E/D-layer (below 80 km, see Nikolaev et al., 2021; Oyama et al., 2017,
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Stepanov et al., 2021), where they can impact ionospheric chemistry (Mironova et al., 2019; Seppéli et al., 2015;
Verronen et al., 2021), lead to mesospheric ozone loss (Chapman-Smith et al., 2023), increase local conductance
(Yu et al., 2018), and contribute to large-scale ionosphere disturbances (Lyons et al., 2021; Nishimura
et al., 2021).

The spatial localization (in MLT) of substorm EEP in the post-midnight/dawn sector (C. J. Rodger et al., 2022)
suggests that these electrons are likely scattered into the ionosphere via resonant interactions by whistler-mode
waves (WW) (at lower L-shells) (Thorne et al., 2010; Yu et al., 2018) or via curvature scattering in the mag-
netotail current sheet (at higher L-shells) (Sivadas et al., 2017; Yahnin et al., 2016). Relativistic electron scattering
by electromagnetic ion cyclotron waves around midnight may also contribute to EEP (Capannolo et al., 2022;
Hendry et al., 2021; Yahnin et al., 2017). Due to the low-energy resolution of measurements from the POES
(NOAA/MetOp) satellite fleet (Evans & Greer, 2004; Green, 2013), which has been the predominant source of
EEP observations, and the large mapping uncertainties from low altitudes to the nightside magnetotail (see
discussions in Artemyev et al., 2022; Sergeev et al., 2011), the L-shell and primary drivers of substorm EEP are
still under investigation (see, e.g., discussions in Bland et al., 2021; Cresswell-Moorcock et al., 2013; Sivadas
et al., 2019).

In this study, we investigate substorm EEP by combining ELFIN CubeSats (Angelopoulos et al., 2020) mea-
surements with near-equatorial THEMIS (Angelopoulos, 2008) measurements, as well as low-altitude Swarm
(Olsen et al., 2013) and POES (Dichter et al., 2015) measurements. We demonstrate that the dominant mechanism
of EEP is likely curvature scattering. Through a combination of ELFIN measurements and the auroral (<30 keV)
electron precipitation model of OVATION prime (Newell et al., 2009), we show the pivotal role of curvature
scattering in influencing EEP impacts on the ionosphere at < 100 km altitude during prolonged intervals of
substorms.

2. Spacecraft Observations

Figure 1 shows an overview of the near-equatorial spacecraft observations for the event on 07 August 2021.
Geomagnetic activities remained consistently elevated from 00:00 to 05:00 UT, with AE index reaching a
maximum of 600 nT and remaining above 200 nT throughout. Sym-H index maintained the value of ~—30 nT
during the entire interval, indicative of a ring current ion population likely supplemented by new injections.
Indeed, THEMIS E in the post-midnight sector and GOES 16 in the pre-midnight sector detected several substorm
injections (around 00:15 UT, 01:00-02:00 UT, 03:00-04:00 UT, and 05:00 UT, see panels (f, g)), manifested as
increases in energetic electron fluxes (measured by the THEMIS solid state telescope; see Angelopoulos
et al., 2008) and energetic ion flux (measured by GOES space weather suite of instruments; see Boudouridis
et al., 2020; Dichter et al., 2015), respectively. During 00:00-05:00 UT, THEMIS E traversed around the equator
(panel (b) shows that B, measured by the fluxgate magnetometer, Auster et al., 2008, is around zero) from the PS
to lower L-shells, and finally crossed the plasmapause around 05:20UT (shown by the plasma density gradient in
panel (b) derived from the spacecraft potential; see methodology details in Bonnell et al., 2008; Nishimura
et al., 2013). The plasmapause was also associated with a strong gradient in PS electron fluxes (panel (d)) and an
energy dispersion in ion fluxes (panel (e)), as observed by the THEMIS electrostatic analyzer (see McFadden
et al., 2008). Closer to the plasmapause (04:00-05:00 UT), THEMIS E detected chorus waves, characterized by
narrow-band wave emissions bounded by the lower hybrid frequency, f,, and half the local electron gyrofre-
quency, f... These waves are commonly observed in the post-midnight sector during substorms (Agapitov
et al., 2013; Meredith et al., 2012) and drive electron precipitation (see, e.g., reviews by Shprits et al., 2008;
Thorne et al., 2021, and references therein).

To investigate EEP, we combine measurements from: (a) low-altitude (~450 km) ELFIN CubeSats (Angelo-
poulos et al., 2020) providing 1.5s-resolution precipitating (within the local loss cone, j,,,..) and locally trapped
(outside of the local loss cone, j,,,,) electron fluxes at 50-6000 keV, in 16 logarithmically distributed energy
channels, (b) low-altitude (~850 km) POES (NOAA/MetOp) satellites (Evans & Greer, 2004; Green, 2013)
providing 1s-resolution precipitating and trapped proton (30-80 keV) and electron (>30 keV) fluxes, (c) low-
altitude (~460-530 km) Swarm satellites (Olsen et al., 2013) providing electron density and temperature, and
ion drift velocity (Knudsen et al., 2017; Lomidze et al., 2018). Figure 2 shows ELFIN measurements during six
orbits alongside POES (NOAA/MetOp) and Swarm measurements around the same times; the data are shown as a
function of magnetic latitude.
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Let us illustrate the data format using the first orbit (1) from 00:40 to 00:46 UT, which falls within the quiet interval
before EEP observations. Panels (a) and (b) show Swarm measurements of electron density, temperature (in red),
and ion drift velocity. The density gradient around IMLAT| ~ 61° likely represents the low-altitude projection of the
plasmapause (see, e.g., Heilig et al., 2022), which approximately coincides with the projection of equatorial
plasmapause measurements from THEMIS (green dashed box). Poleward of this gradient, IMLAT| > 61°, Swarm
detected density and temperature fluctuations, with an enhanced electron temperature. This region encompasses the
outer radiation belt and near-Earth PS, with expected PS electron precipitation (likely providing ionosphere
heating, see Bekerat et al., 2007; Khazanov et al., 2020). The density depletion and temperature increase around |
MLATI~ 59° likely represent the extension of the duskside density depletion resulting from flow stagnation and/or
duskside SAPS (Aa et al., 2020; Pryse et al., 2006; A. Rodger, 2008). To show the EEP location relative to the
ionospheric density structure, we overlay all ELFIN and Swarm orbits onto a simultaneous total electron content
(TEC) map, which reveals the counterpart of the plasmapause, known as the mid-latitude ionospheric trough—a
localized minimum in TEC (see A. Rodger, 2008; Vo & Foster, 2001; Yizengaw & Moldwin, 2005). Figures
S1-S5 in Supporting Information S1 and bottom panel of Figure 2 consistently demonstrate that the EEP is located
just poleward of the plasmapause (TEC minimum).

Figure 2(1b) shows ion drifts revealing the formation of polarization streams, which are strong ionosphere plasma
flows driven by electric fields associated with plasma injections into the inner magnetosphere (see Califf
et al., 2022; Lejosne et al., 2018; Mishin & Streltsov, 2021). While the most extensively studied polarization
streams, such as SAPS including sub-auroral ion drifts (Foster & Vo, 2002; Galperin et al., 1973; Spiro
etal., 1978), are typically observed at the dusk flank (see statistics in He et al., 2014; Nishimura et al., 2022), there
are recent reports of dawnside auroral polarization streams (Liu et al., 2020) and classical SAPS extending to the
dawn flank during periods of high geomagnetic activity (e.g., magnetospheric storms, see Horvath &
Lovell, 2023; C.-S. Huang et al., 2021; Lin et al., 2022). Therefore, we use the ion drift velocity to detect the
formation of polarization streams during EEP events. For each ELFIN orbit, we use nearby measurements from
Swarm A or B, whichever is closest to ELFIN.

For each ELFIN orbit, we show observations from the POES (NOAA/MetOp) satellite (with the smallest time and
MLT separation from ELFIN) to infer the proton isotropy boundary (see details in Dubyagin et al., 2002; Sergeev
et al., 2015), the transition between isotropic fluxes (when the solid black line of locally trapped proton fluxes is
close to the upper edge of the gray region representing precipitating fluxes) presumbably from the PS and
anisotropic fluxes (when the solid black line is well above the upper edge of the gray region) presumably from the
inner magnetosphere. This transition defines the inner edge of the ion PS (Newell et al., 1998; Sergeev
et al., 2012; Yahnin et al., 1997). The red solid and dashed lines show locally trapped and precipitating electron
fluxes, respectively. They serve to examine the quality of the POES-ELFIN conjunction by ensuring the isotropy
boundary for ~30-100 keV electrons is seen at approximately the same magnetic latitude at the two spacecraft. In
Figure 2(1c), the ion and electron isotropy boundaries are at ~61° and ~63°, respectively.

Figure 2(1d,e) show ELFIN measurements of j,,,, and ji,,../j,, ratio. From left to right: (a) ELFIN traverses the
plasmasphere (from 55.5° to ~58.5°) with only trapped electrons and a low level of relativistic electron fluxes, (b)
ELFIN enters the outer radiation belt (from 58.5° to ~63°) characterized by strong trapped fluxes of relativistic
electrons and weak precipitation, likely resulting from electron scattering by WW, (¢) ELFIN reaches the PS
(>~63°) where only <300 keV fluxes are observed, with strong curvature scattering that fills the loss cone.
ELFIN detects the transition between weak and strong electron precipitation at ~63°, where both NOAA-19 and
ELFIN identify the electron isotropy boundary. The electron isotropy boundary can also be interpreted as the
inner boundary of curvature scattering, with EEP equatorward of this boundary facilitated by whistler-mode wave
scattering.

Subinterval (1) in Figure 2 shows a quiet period devoid of EEP activity. Panels (2) present observations from
Swarm A, NOAA-18, and ELFIN A at the onset of the active period, immediately following the first large

Figure 1. Overview of equatorial measurements (from THEMIS-E and GOES-16) during a sub-auroral polarization streams event on 07 August 2021: (a) AE and Sym-H
geomagnetic indexes, (b) two magnetic field components and plasma density inferred from THEMIS spacecraft potential, (c) wave electric field in the 304,000 Hz
frequency range (white horizontal traces from top to bottom show electron cyclotron frequency f,,, f.../2, and f;;,), omnidirectional (d) electron and (e) ion fluxes from
THEMIS ESA (<30 keV), (f) omnidirectional electron fluxes from THEMIS SST, (g) GOES-16 energetic proton fluxes, (h) projections of THEMIS E, GOES-16,

ELFIN A and B orbits to the equator.

ZOU ET AL.

4 of 13

d ‘vl “vT0T ‘LOOSYY61

:sdny wouy papeoy

ASULDIT suowwo)) dAnear) ajqesrjdde ayy £q pauroos are sa[onIE YO asn Jo sa[n 10y AIeIqiT aulju() A3[IA\ UO (SUOHIPUOI-PUE-SULIA) /WO K[ 1M ATeIqI[aul[uo//:sd)y) suonIpuoy) pue suud |, oy S ‘[$707/80/07] uo Kreiqry aurjuQ Lo[ipy ‘S0 ‘BIulojie) JO ANSIOAIUN £q £27601TOFI0T/6T01 01/10p/wod Kajim’ Areiqijaul]



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2024GL109227

Il SwarmB 01:36-01:46, ELFIN A 00:40-00:46

2) SwarmA 02:24-02:33, ELFIN A 02:12-02:1%3)

NOAA 18 03:35-03:45

Swarm B 03:12-03:20, ELFIN B 03:34-03:39

10° NOAA 19 01:00-01:1

(a)

10* M
MLT >~23
10° L

NOAA 18 01:45-01:50
7

A

(a)
|

(a)

5x10*

2x10° 4
100 ¢
5x10°

2x10°

TMLT >~05"

noaa 19

<MLT>~20

<M LT>;£V’-"

[MLAT]|, degree
SwarmA 03:56-04:06, ELFIN A 03:45-03:51
(4) NOAA 1904:15-04:35 (

[MLAT|, degree

MetOp 1 05:50-06:00

[MLAT|, degree

MetOp 1 08:30-08:40

107

rec/j trap

Jpr

107"

5) SwarmA 05:30-05:38, ELFIN A 05:18—05:216) SwarmA 08:36-08:46, ELFIN A 08:24-08:30

10°

W\v\.

[

(a)

a1

I\

5x10*
2x10° 4

<MLT >~1,

(b)

~ w-\‘—\m o @
} 5x10° 7
‘ ‘ AN 2x10°

<MLT>~3

<MLT>~0

/

<MLT>~2.5
N Y

1
<MLTH

1B

56 58 60 62 64 66
[MLAT|, degree

60 62 64 66

Figure 2.

=)

o o
o -]
(orocrap) "™

IS
~

o
)

°

ZOU ET AL.

5of 13

d ‘Y1 PT0T LO08YH61

:sdny woxy papeoy

2sULIIT suowwo)) dAnear) ajqearjdde ayy £q pauraos are sa[onIe YO asn Jo sa[nl 10j AIeIqiT aulju() A3[IA\ UO (SUOHIPUOI-PUE-SULI) /WO K[ 1M ATeIqI[aul[uo//:sd)y) sUOnIpuoy) pue suud |, oy 23S ‘[$707/80/07] uo Kreiqry autjuQ Lo[iAy ‘S0 ‘BIuIojie) JO ANSIOAIUN £q £27601TOFI0T/6T01 01/10p/wod Kafim'A.



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL.109227

injection detected by GOES-16 and THEMIS E (see Figure 1). NOAA-18 identified the ion isotropy boundary at
~61°, consistent with observations 90 min prior (compare (1c) and (2¢) in Figure 2). ELFIN A detected the
electron isotropy boundary at € [63, 64]°. In contrast to the previous orbit, the precipitating electron energy
increased to ~1 MeV (compare (le) and (2e) in Figure 2). Additionally, the PS region (poleward from ~65°)
exhibited higher fluxes and stronger precipitation (compare (1d,e) and (2d,e) in Figure 2).

The most geomagnetically active period occurred between 03:00UT and 05:30UT (see Figure 2(3-5)). During
the first two orbits (3 and 4), Swarm detected an ionosphere density gradient around IMLAT|~ 61-62°, close
to the projection of THEMIS E observed plasmapause (see Figure 2(3a—5a)), but this gradient is less
discernible during orbit (5). Poleward from the plasmapause, Swarm observed significant perturbations in
electron temperature (Panels 2(3a, 4a, 5a)), likely driven by PS (<1 keV; not measured by ELFIN) electron
precipitation (e.g., Bekerat et al., 2007; Khazanov et al., 2020). Swarm B also detected strong eastward ion
flows (1,000-2,000 km/s) with a very wide latitudinal extent, encompassing the plasmasphere and PS (see
Figure 2(3b,5b)). These flows can be attributed to dawnside SAPS (observed during geomagnetically active
times, e.g., storms; see Horvath & Lovell, 2023; C.-S. Huang et al., 2021). Indeed, the ion injection detected
by GOES-16 around 03:30 UT (see Figure 1g) could, if sufficiently strong, contribute to SAPS formation
post-midnight (see simulation results in Lin et al., 2022). Additionally, the poleward part of this enhanced
ionospheric flow may also be attributed to a SAPS, previously associated with fast flows in the near-Earth PS
(e.g., Liu et al., 2020).

Observations from NOAA-15, NOAA-19, and MetOp-1 reveal that both the ion and electron isotropy
boundaries have shifted equatorward to 60-62° and almost coincide with the plasmapause (see Figure 2(3c—
5¢)). ELFIN observations of the electron isotropy boundary confirm its location within 60-62° (see Panels 2
(3e, 4a, 5e)). Therefore, the inner edge of the ion and electron PS lies close to the plasmapause, completely
encompassing the outer radiation belt. Notably, this inner edge is expected to exhibit a very strong radial
gradient of the equatorial magnetic field B, (see discussions of the relation between the latitudinal extent of
the isotropy boundary and equatorial magnetic field profile in Sergeev et al., 2018), because the ion and
electron isotropy boundaries are separated by about one degree in latitude (see Panels 2(3c, 4c, 5c¢)) and
isotropy boundaries of 50 keV and 1 MeV electrons are separated by less than one degree in latitude (see
Panels 2(3e, 4e, 5¢)). Indeed, equatorial THEMIS E observations indicate an increase in B, from <10 nT to
~100 nT within ~1.5 Earth radii (03:00-04:30 UT), just before encountering the plasmapause. Poleward from
the electron isotropy boundary, ELFIN detected a region of EEP spanning several degrees in latitude (see
Figure 2(4d.e)). This is consistent with previous reports of the latitudinal extent of EEP (see Bland
et al., 2021, 2022; Yu et al., 2018). The upper energy range of EEP is ~1 MeV near the electron isotropy
boundary and goes down to 300 keV poleward. However, during the most intense EEP interval (see Figure 2
(4d.e)), the latitudinal range [61°, 67°] is filled with ~500 keV EEP. This upper energy limit of EEP at
~1 MeV exceeds the ~200-500 keV range reported by Miyoshi et al. (2015); Turunen et al. (2016); Oyama
et al. (2017), but agrees with the estimates from Tesema et al. (2020).

To verify the positions of the precipitation region, we project Swarm and ELFIN orbits onto TEC maps. The
Supporting Information shows such projections for all intervals from Figure 2 (see Figures S1-S5 in Sup-
porting Information S1), whereas the bottom panel of Figure 2 exemplifies the most intense EEP interval (4).
Swarm A and ELFIN A orbits closely align, and the electron isotropy boundary (IBe; seen at ELFIN as a

Figure 2. Six subintervals of Swarm A, B, ELFIN A, B, and NOAA/MetOp observations during the event presented in Figure 1. In each subinterval, we show the
following: (a) Swarm plasma density (black) and electron temperature (in Kelvin, red). (b) Ion horizontal drift velocity (black). Note that if Swarm A lacks reliable ion
drift measurements, we show Swarm B data from the nearest orbit (but density and velocity are in gray, instead), (c) NOAA/MetOp measurements of 30-80 keV
precipitating (gray shaded area) and trapped (black line) proton fluxes, and >30 keV precipitating (dashed red) and trapped (solid red) electron fluxes. (d) ELFIN spectra
of locally trapped electrons and (e) of electron precipitating-to-trapped flux ratio. Blue dashed boxes in each subinterval show the location of proton isotropy boundary
inferred from NOAA/MetOp measurements. Green dashed boxes in each subinterval show the projection of the equatorial location of the plasmapause traversed by
THEMIS E around 05:10UT. Typical patterns of electron precipitation are indicted: curvature scattering within the plasma sheet, electron isotropy boundary (IBe),
relativistic electron precipitation driven by electromagnetic ion cyclotron waves (EMIC), and energetic electron precipitation driven by whistler-mode waves. For each
satellite, the average MLT is tabulated in the respective panels, while the UT is listed at the top. The bottom panel shows projections of ELFIN-A and Swarm-A orbits
onto the total electron content (TEC) map for interval (4). Diamonds and asterisks mark the start and end times of the trajectories, crosses represent 1-min tickmarks, and
the line is color-coded by j,,.o/j;, of 100 keV electrons for ELFIN and by ionosphere density N, for Swarm. Location of the electron isotropy boundary (IBe) is
indicated by a black arrow. TEC data gaps, resulting from a lack of Global Navigation Satellite System ground receivers, are shown as white. Similar projections for
other intervals can be found in the Supporting Information (Figures S1-S5 in Supporting Information S1).
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sharp change in the precipitating-to-trapped flux ratio, indicated by color along the orbit) almost coincides
with the sharp change in the ionosphere density measured by Swarm (shown by color along the orbit). This
density gradient likely corresponds to the ionosphere projection of the plasmapause. East side from Swarm
and ELFIN orbits, TEC shows the typical dusk-side pattern with the mid-latitude ionospheric trough-a
localized minimum in TEC associated with the plasmapause projection to low altitudes (see A.
Rodger, 2008; Vo & Foster, 2001; Yizengaw & Moldwin, 2005). Conversely, on the dawn side (where ELFIN
observed EEP), the TEC minimum is broad and extends to high latitudes, with a localized enhancement
polerward from IBe. Therefore, IBe and the density gradient detected by Swarm lie at the poleward edge of
the dusk-side continuation of the mid-latitude ionospheric trough (this broadly aligns statistical results indi-
cating that the plasmapause is located polerward from the TEC minimum on the dawn side, see Shinbori
et al., 2021).

Figure 2(3-5) illustrate a prolonged (at least ~2 hr), latitudinally extended (up to AMLAT ~ 7°) EEP event,
exhibiting relativistic energies. The entire region of enhanced precipitation-ratio associated with this EEP interval
lies poleward of the electron isotropy boundary and exhibits higher precipitation-ratio at >500 keV than at
~100 keV (see Figure 2(4), at IMLAT| > 62°). This precipitation cannot be attributed to WW because whistler-
mode wave driven precipitation would be expected to occur equatorward of the isotropy boundary and to exhibit
stronger precipitating-to-trapped ratios at lower energies than at higher energies (see details in Gan et al., 2023;
Tsai et al., 2022). Weaker precipitation events due to WW, marked as WW, are observed equatorward from the
isotropy boundary. An important feature of strong EEP polerward from the isotropy boundary is the increase in
the precipitating-to-trapped flux ratio with energy, which can be clearly seen in, for example, ~63.5° in (3e),
~65.5° in (4e), ~66.2° in (5e) (see also Figure S12 in Supporting Information S1, where individual spectra of
precipitating-to-trapped flux ratio are shown). Such dispersive precipitation, starting from relatively low energies
(~50 keV, well below the range of precipitation attributed to electromagnetic ion cyclotron waves (Summers &
Thorne, 2003)), is consistent with field-line curvature scattering, which is expected to occur poleward of the
isotropy boundary at all energies where sufficient equatorial fluxes are available. The fundamental property of
this scattering mechanism is its strong dependence on the ratio of the curvature radius of magnetic field lines to the
particle gyroradius, that is, larger gyroradius (corresponding to higher energy) results in stronger scattering (see,
e.g., model in Young et al., 2002, and references therein). These EEP characteristics, epitomize the dominant role
of curvature scattering in electron precipitation during substorm times, compared to whistler-mode wave scat-
tering. Figure 2(6) shows post-substorm quiet-time ELFIN observations, where EEP from the PS returns to the
pre-substorm level seen around 00:40-02:10UT during the first two ELFIN orbits.

We now investigate the impact of the observed EEP during 03:30-05:30 UT (refer to Figure 2(3-5)) on
Earth's ionosphere. To determine the entire precipitation spectrum, we combine ELFIN measurements
(>50 keV) with the OVATION prime model (Newell et al., 2002, 2014) providing <30 keV flux pa-
rameters for OMNI database input (King & Papitashvili, 2005). For each ELFIN orbit from Figure 2 we
obtain a kappa (power-law) distribution function for <30 keV precipitating electrons (see Khazanov
et al., 2018, 2021) and fit this distribution and the ELFIN spectra by a single kappa function to cover the
gap [30,50]keV. We also obtain Maxwelling distribution from OVATION model. Details of the fitting
process and results are available in Supporting Information, Figures S6-S11 in Supporting Information S1.
We obtained these distributions for two intervals of AMLAT = 1° during each ELFIN orbit: one around the
electron isotropy boundary and one slightly poleward of it. Panels (a, b) in Figure 3(1-6) show the
OVATION-only derived Maxwellian (black) and kappa (red/magenta) distributions at energies <30 keV,
and the actual ELFIN electron precipitation measurements at >50 keV (solid red or magenta lines, for the
two time-intervals respectively). Additionally, the same panels show the combined OVATION-ELFIN fits
(dashed lines) covering the entire spectrum of precipitating electrons of interest, between [107!, 10%] keV.
Using that we estimate the vertical profile of the ionization rate due to EEP (see Supporting Information
and Fang et al. (2010)) using the Maxwellian fits only as inputs (black dashed lines in Figure 3(3c—5c¢)) and
using the kappa fits to the combined OVATION prime parameters and the ELFIN spectra data (red and
magenta lines, for the two times, respectively, in Figure 3(3c—5c)). The first two ELFIN orbits and the last
orbit from Figure 2, when EEPs were weak, do not exhibit significant impacts of ELFIN-measured,
>50 keV fluxes on the ionization rate profile: red and magenta curves show similar intensities and altitudes
of the ionization peak around ~110-120 km, whereas the ionization below this peak due to >50 keV
electrons quickly decreases with altitude (see Figure 3(1,2,6)). However, subintervals (3-5) of Figure 2
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Figure 3. Overview of the ionization rate profiles due to EEP during the six subintervals of Figure 2. For each subinterval, we show two examples of precipitating spectra
(two top panels) and four examples of ionization rate altitude profiles (bottom single panel). In the energy spectra (two top panels), OVATION-only model spectra are
depicted as Maxwellian fits to OVATION parameters (dashed black curves) and as power-law (kappa function) fits to the same parameters (solid lines, red and magenta
for the two times, respectively). In the same panels, EEP spectra measured by ELFIN (>50 keV, solid lines, red and magenta for the two times respectively) are shown
with error bars, depicting the standard deviation of the fluxes within AMLAT = 1°. Fits to both OVATION-model parameter and ELFIN spectra (dotted lines, red and
magenta for the two times, respectively) also shown. The ionization rate altitude profiles (bottom single panel) derived from the above spectra as inputs are shown for
Maxwellian fits (dashed black lines for the two times) and combined OVATION-ELFIN data fits (dashed lines, red and magenta for the two times, respectively). Figures
S6-S11 in Supporting Information S1 further expand on the fitting procedure. Note although the Maxwellian fit is based on <30 keV electron flux from OVATION
model, we extrapolate it to 1 MeV to compare with measurements from ELFIN. Due to the rapid flux decrease with energy in this fit, there barely is any impact of
>30 keV electrons on the ionization rate.

show a very different behavior. As shown in Figure 3(3c—5c), strong EEPs with energies reaching 1 MeV
significantly alter the ionization profile: the ionization peak in red/magenta curves (full fits) are stronger by
a factor of X3 and ~10 km lower in altitude than the peaks of the black curves. The ionization rates below
the peak, in the range [60,100] km (due to > 50 keV precipitation) decreases much more slowly with
decreasing altitude during the substorm, that at times before and after.
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3. Conclusions

In this study, we analyzed a roughly 2-hr long EEP event observed by ELFIN in the post-midnight sector.
During this event, electron precipitation extends to relativistic energies, reaching up to approximately ~1 MeV,
which can contribute to ionization down to the 60 km altitude. The latitudinal extent of the relativistic EEP
spans ~7° in magnetic latitudes, covering a broad region from the plasmapause to the near-Earth PS. High-
energy-resolution measurements from ELFIN reveal that the dominant mechanism for EEP is curvature scat-
tering. This is evident from the distinct energy dispersion of the EEP boundary, coinciding with the electron
isotropy boundary. Moreover, the ratio of precipitating-to-trapped flux increases with the energy increase, with
stronger precipitation at higher energies, as shown in Figure 2(4). This, in turn, suggests two things: (a) the
current sheet, the primary region of curvature scattering, has shifted earthward, nearing the plasmapause,
thereby providing strong precipitation of relativistic electrons previously residing in the outer radiation belt; (b)
EEP from the PS is considerably weaker that from the inner magnetosphere, as is especially evident in sub-
intervals (3,5) from Figure 2, indicating a localized latitudinal (radial) extent of the EEP region. These effects,
driven by the current sheet's earthward motion and the localized nature of curvature scattering-induced EEP,
demonstrate a novel mechanism for intense EEP during substorms, distance from wave-particle resonant in-
teractions. Future investigations with comprehensive spacecraft coverage of the near-Earth PS region are
warranted to further explore these phenomena.

The comparison of ionization rate altitude profiles arising from auroral electron precipitation (<30 keV) and from
the entire precipitation spectrum (up to ~1 MeV) highlights the importance of relativistic EEP in shaping the
ionization profile. The fine structure of EEP, both in terms of energy and latitudinal extent, suggests that the
current POES-based EEP parameterization (e.g., Z. Chen et al., 2023; H. Chen et al., 2023) could benefit
significantly from including high-resolution differential energy flux measurements obtained from ELFIN.
Furthermore, ELFIN observations of substorm EEP offer valuable opportunities to validate existing EEP models
(Beharrell et al., 2015; Mukhopadhyay et al., 2022).

Data Availability Statement

Fluxes measured by ELFIN are available in ELFIN data archive https://data.elfin.ucla.edu/ in CDF format. Total
electron content maps are provided by MIT Haystack via the Madrigal database http://cedar.openmadrigal.org;
see Rideout and Coster (2006); Coster et al. (2013); Vierinen et al. (2015). Fluxes measured by POES/MetOp
satellites are available in NOAA data archive https://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.html in
CDF format. Magnetic field, plasma density, and ion drift speed measured by Swarm satellites are available in
ESA data archive https://swarm-diss.eo.esa.int/. Data analysis was done using SPEDAS V4.1 (Angelopoulos
et al., 2019). The software can be downloaded from http://spedas.org/wiki/index.php?titte=Downloads_and_
Installation.
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