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Abstract Energetic electron precipitation from the equatorial magnetosphere into the atmosphere plays

an important role in magnetosphere-ionosphere coupling: precipitating electrons alter ionospheric properties,
whereas ionospheric outflows modify equatorial plasma conditions affecting electromagnetic wave generation
and energetic electron scattering. However, ionospheric measurements cannot be directly related to wave

and energetic electron properties measured by high-altitude, near-equatorial spacecraft, due to large mapping
uncertainties. We aim to resolve this by projecting low-altitude measurements of energetic electron precipitation
by ELFIN CubeSats onto total electron content (TEC) maps serving as a proxy for ionospheric density
structures. We examine three types of precipitation on the nightside: precipitation of <200 keV electrons in the
plasma sheet, bursty precipitation of <500 keV electrons by whistler-mode waves, and relativistic (>500 keV)
electron precipitation by EMIC waves. All three types of precipitation show distinct features in TEC horizontal
gradients, and we discuss possible implications of these features.

Plain Language Summary Bursty precipitation of energetic electrons, via pitch-angle scattering
by whistler-mode waves from the magnetosphere to the ionosphere, is an important factor in the global
magnetosphere-ionosphere coupling. It induces local modifications of ionospheric density and chemical
composition. A recurrent problem in the investigation of this process is the presence of large uncertainties in
the field-line mapping between ionospheric density structures and high altitude satellites measuring electron
fluxes in the magnetosphere. In the present study, such uncertainties are significantly reduced by making use of
precipitating electron fluxes recorded by ELFIN CubeSats at low altitudes (450 km) just above the ionosphere
and comparing them with maps of the corresponding ionospheric density structures. We identify three different
types of electron precipitation on the nightside, corresponding to low, moderate, and high energy precipitating
electrons. We show that each type of the precipitation is characterized by particular plasma density gradients in
the ionosphere, suggesting a key role of wave ducting by plasma density gradients in fostering the precipitation
of 300-500 keV electrons by whistler-mode waves, and the potential importance of midnight plasma injections
in generating EMIC waves that can further precipitate 0.5-2 MeV electrons far away from the plasmasphere.

1. Introduction

Energy and mass exchanges between the hot, rarefied magnetospheric plasma and cold, collisional ionospheric
plasma is largely contributed by energetic electron precipitation driven by near-equatorial wave-particle inter-
actions (Khazanov et al., 2018; Mukhopadhyay et al., 2022; Ni et al., 2016; Nishimura et al., 2020; Thorne
et al., 2010). In response to this precipitation, secondary electrons flow out of the ionosphere (Khazanov
et al., 2014) and may radically change hot electron distributions near the equator (Khazanov et al., 2015, 2019;
Nishimura et al., 2015). Such a two-way coupled picture assumes certain correlations between ionospheric prop-
erties and energetic electron precipitation: precipitating electrons change the ionosphere density (e.g., Glukhov
et al., 1992; Sivadas et al., 2017; Sanchez et al., 2022; Ma et al., 2022, and references therein), whereas iono-
spheric outflows alter the equatorial wave generation, propagation, and efficiency of energetic electron scattering
and precipitation (e.g., Artemyev et al., 2020; Khazanov et al., 2015).

The main observational evidence for energetic electron precipitation affecting ionosphere characteristics has
been shown by conjugate wave measurements from near-equatorial spacecraft and ionosphere properties from
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incoherent scatter radars (Ma et al., 2022; Miyoshi et al., 2021; Sanchez et al., 2022), where models of ionization
in response to precipitating particles further support the energetic electron impact on ionospheric properties
(Fang et al., 2008; Pettit et al., 2023; Xu et al., 2020). This approach is based on the well developed models of
energetic electron scattering by near-equatorial plasma waves (see reviews by Shprits et al., 2008; Ni et al., 2016;
Thorne et al., 2021), but suffers from magnetic mapping uncertainties between the equator and low altitudes
(Ma et al., 2022). An alternative approach is to compare low-altitude measurements of electron precipitation
with ionospheric characteristics, which has been well developed for the plasma sheet electron precipitation
(<30 keV) from multiple satellites of Defense Meteorological Satellite Program (Lyons et al., 2021; Mishin
& Streltsov, 2021). Statistical measurements of energetic (>30 keV) electron fluxes at low altitudes, however,
had long been limited to Polar Operational Environmental Satellites (POES) and Meteorological Operational
(MetOp) satellites. POES/MetOp only provides energetic electron fluxes for a few integral channels (Evans
& Greer, 2004; Green, 2013), and thus requires conjugate, near-equatorial wave measurements to identify the
precipitation drivers (e.g., Capannolo et al., 2018, 2019; Li et al., 2013).

In this study, we introduce a new data set that enables investigations of ionosphere-magnetosphere coupling via
energetic electron precipitation: low-altitude ELFIN CubeSat measurements (Angelopoulos et al., 2020). Because
of their full pitch-angle resolution, ELFIN measurements enable us to separate precipitation enhancements driven
by the near-equatorial electron scattering from those due to adiabatic increases of the equatorial flux. In the
meantime, the good energy resolution further allows ELFIN to distinguish the three most representative types of
electron precipitation patterns in the night-side inner magnetosphere: precipitation of <200 keV electrons from
the plasma sheet caused by curvature scattering, bursty precipitation of <500 keV electrons by whistler-mode
waves in the plasma injection region, and relativistic (>500 keV) electron precipitation by EMIC waves. Each
of these precipitation types has very distinct features in the ELFIN precipitating-to-trapped flux data set, and
thus can be identified without conjugate equatorial measurements. Conjugate measurements have been used
to verify this identification procedure for precipitation patterns driven by different wave modes and curvature
scattering (L. Chen et al., 2022; Shi et al., 2022; Grach et al., 2022; An et al., 2022; Zhang et al., 2022; Artemyev
et al., 2022). We show here that each of these precipitation types can be associated with a specific structure
in total electron content (TEC). As TEC variations/structures are proxies for ionospheric density variations/
structures, the coupling between TEC and ELFIN measurements confirms that energetic electron precipitation
significantly contributes to spatial (horizontal) gradients in the ionosphere density, especially for those electron
precipitation due to curvature scattering. Moreover, gradients in the horizontal TEC, representative of ionosphere
density, are known to be strongly associated with the plasma density gradients at the equatorial magnetosphere
(Heilig et al., 2022; Shinbori et al., 2021; Yizengaw & Moldwin, 2005) and, thus, our results also suggest that
energetic electron precipitation may be organized by the magnetosphere density gradients, especially for electron
precipitation driven by whistler-mode waves. Finally, the localization of precipitation events relative to horizontal
TEC gradients enables one to locate the near-equatorial region, where electrons are scattered into the loss cone
by wave-particle resonant interactions or by magnetic field line curvature, relative to magnetospheric plasma
boundaries, for example, particularly important for EMIC-driven precipitation.

2. Data Sets

In this study we will use two data sets: low-altitude ELFIN measurements of precipitating and locally trapped
(outside the bounce loss cone) energetic electrons during the 2020 tail (nightside) season (between April and
September), and total electron content (TEC) maps conjugate to the ELFIN observed precipitation. ELFIN ener-
getic particle detector measures 50-6,000 keV electrons with 16 energy channels and 8 pitch-angle channels
(Angelopoulos et al., 2020, 2023), which covers the entire 180° over one half spin (~1.5s). We average ELFIN
measurements within and outside the local bounce loss cone separately to obtain the energy spectra of precipi-
tating flux j, . and trapped flux j, . TEC data trace well plasma density variations in the ionosphere (Belehaki
et al., 2004; Heise et al., 2002; Lee et al., 2013), including enhanced density structures like plasmaspheric plumes
(Foster et al., 2002; Walsh et al., 2014). Thus, the horizontal gradients in TEC may be interpreted as iono-
sphere density gradients with possible equatorial sources, for example, ion and electron precipitation, and as
counterparts of equatorial density gradients (e.g., of plasmapause gradient; see Yizengaw & Moldwin, 2005;
Shinbori et al., 2021; Heilig et al., 2022). Here we have used horizontal TEC maps from the Madrigal database
provided by the Massachusetts Institute of Technology Haystack (http://cedar.openmadrigal.org; see Rideout and
Coster (2006); Coster et al. (2013); Vierinen et al. (2015)). We use TEC measurements at 5-min resolution and
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Figure 1. Three typical precipitation events observed by ELFIN, and the corresponding TEC profiles along the ELFIN track. Left, center, and right columns show
precipitation driven by whistler-mode waves, plasma sheet inner boundary (isotropy boundary), and EMIC waves, respectively. Panels (a,b,e,f,i,j) show the locally
trapped electron fluxes and j,, /j,,,, flux ratio from ELFIN observations, as a function of electron energy; L-shell of ELFIN projection with the T96 (Tsyganenko, 1995)
model is shown below. Panels (c,g,k) show the average TEC profile along ELFIN's track at different times close to ELFIN observations; the red line shows the average
TEC profile. Panels (d,h,l) show 2D TEC maps, with the projected ELFIN trajectory color-coded by Jprelirap for 100 keV (left and center columns) and 1 MeV (right
column) electrons. Diamonds and asterisks mark the start and end times of the trajectories; crosses are 1 min tickmarks. The overlaid red dotted line marks the magnetic
local midnight (magnetic local time near zero). The vertical dashed line in panels (a—c) highlights one burst of whistler-mode wave driven electron precipitation at

100-500 keV.

1 X 1° spatial resolution. We further average them within +2° in latitude and longitude around the ELFIN orbit
to obtain the corresponding 1D TEC profile.

Our ELFIN data set includes three subsets of night-side observations. The main criterion for event selection is a
good TEC coverage in the magnetic local time (MLT) and L-shell sector of ELFIN observations. This criterion
significantly reduces the corresponding data set of ELFIN measurements: events constituting each subset repre-
sent only ~10% of all events of such types measured by ELFIN in 2020.

The first subset consists of 27 events (56 bursts of precipitation) with typical features of whistler-mode driven
precipitation: large j, /j,,, flux ratio at low energies (~50-100 keV) and decreasing j,,/j,,, toward higher
energy, with almost no precipitating flux above 1 MeV; the full list of events can be found in Table S1 in Support-
ing Information S1. These events were identified based on previous investigations of ELFIN measurements in
conjunction with wave detection near the equator (e.g., Tsai et al., 2022; Zhang et al., 2023). These 27 events,
selected based on the simultaneous TEC coverage, are similar to usual ELFIN observations of whistler-mode
wave driven precipitation. Figures 1a—1d shows a typical example of such events observed in the heart of the outer
radiation belt (~01:50:15UT), as marked by the vertical dashed line, earthward from the plasma sheet; the plasma
sheet is observed at low altitudes (before ~01:49:30UT) as a prolonged region filled by <200 keV, isotropic (j,,.../

Juap ~ 1) precipitation driven by curvature scattering (Artemyev et al., 2022; Wilkins et al., 2023).

The second subset consists of 16 events with a precipitation pattern typical of the plasma sheet; the full list of
events can be found in Table S2 in Supporting Information S1. The equatorial (inner) edge of such precipitation
is the so-called isotropy boundary (Imhof et al., 1977; Sergeev et al., 1983; Sergeev & Tsyganenko, 1982) where
a combination of curvature scattering around the equatorial current sheet and high fluxes of relativistic electrons
at the outer edge of the radiation belt provides a very distinct, localized (a fraction of a degree in latitude) burst
of isotropic (j,,/j.,,, ~ 1) electron precipitation often up to MeV (Artemyev et al., 2022; Wilkins et al., 2023);
note that these 16 events, selected based on TEC coverage, are similar to usual ELFIN observations of the isot-
ropy boundary. A typical example of the isotropy boundary observed by ELFIN is shown in Figure 1 (center
column), where this boundary (at ~04:09:45UT) separates the outer radiation belt, with transient precipitation
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bursts of sub-MeV electrons scattered by whistler-mode waves, and the plasma sheet, with isotropic precipitation
of <200 keV electrons.

The third subset consists of five events with EMIC wave-driven precipitation: very small j,  /j,.,, at low ener-
gies ~50-300 keV, increasing j,,/j,,, toward higher energy, approaching j,/j,,, ~ 1 at ~1 MeV, the typical
minimum electron energy for cyclotron resonance with EMIC waves (see discussions of such events with ELFIN
observations in conjunction with equatorial wave measurements in Grach et al., 2022; An et al., 2022). Note that
these events, selected based on TEC coverage, are not different from typical events of EMIC wave-driven precip-
itation observed by ELFIN (see Angelopoulos et al., 2023). Figures 1i—11 shows one such EMIC-driven precip-
itation event in the pre-midnight sector, where EMIC waves can be generated along the drifting path of injected
hot ions. The precipitation lasts for several spins (tens of seconds). This is much longer than whistler-mode wave
driven precipitation bursts, which usually last only a couple of spins. This difference is likely due to the different
spatial scales of the whistler-mode and EMIC wave source regions near the equator (see, e.g., Blum et al., 2016;
Blum et al., 2017; Agapitov et al., 2017).

Panels (d,h,]) in Figure 1 project ELFIN orbits onto the 2D TEC distributions averaged 10 min around the precipi-
tation. During all three events, the TEC distribution exhibits a similar pattern on the night-side: a large TEC at high
latitudes due to plasma sheet precipitation and at low latitudes inside the plasmasphere (Weygand et al., 2021;
Yizengaw & Moldwin, 2005), with a TEC minimum at middle latitudes. This TEC minimum corresponds to the
so-called mid-latitude ionospheric trough (Carpenter & Lemaire, 2004; Vo & Foster, 2001), associated with ring
current ion precipitation and the enhanced azimuthal plasma convection (Aa et al., 2020; Heise et al., 2002). The
equatorial edge of this trough, where the TEC reaches a minimum, is statistically conjugate to the equatorial
plasmapause location (Heilig et al., 2022; Shinbori et al., 2021; Yizengaw & Moldwin, 2005).

Panels (c, g, k) show TEC profiles along ELFIN's track within +10 min from ELFIN measurements; the aver-
age profile is shown in red. The TEC usually decreases from the plasma sheet (at high latitudes) to a minimum
value around the projection of the plasmapause (within the mid-latitude ionospheric trough), and then increases
equatorward from the plasmapause. Panel (c) shows that the selected whistler-mode wave driven precipitation
burst (shown by a vertical dashed line) is observed near a local maximum in TEC. Panel (g) shows that the TEC
profile is relatively flat poleward of the isotropy boundary, but exhibits a strong horizontal gradient earthward
from this boundary, in the outer radiation belt. Panel (k) shows that EMIC wave-driven precipitation is observed
just earthward from the plasma sheet and still relatively far from the TEC minimum (at ~00:05 UT) associated
with the plasmapause. In the next section, we statistically examine and discuss these different features of TEC in
relation with energetic electron precipitation patterns.

3. Statistical Analysis of TEC Horizontal Gradients Related to Specific Patterns of
Energetic Electron Precipitation

3.1. Whistler-Mode Wave Driven Precipitation Bursts

Figure 2 shows superposed epoch profiles of j ,/j,,(AMLAT) and TEC(AMLAT) (normalized to values at
the magnetic latitude of the precipitation burst, MLAT,), where AMLAT = MLAT — MLAT, < 0 on the inner
magnetosphere side and AMLAT > 0 on the plasma sheet side. The flux ratio, j,,/j,,,» exhibits a clear peak at
AMLAT = 0, and remains large up to several hundreds of keV. These events are separated into three different cate-
gories, corresponding to the presence of either (a) a horizontal TEC gradient (51%), (b) a TEC minimum (20%),
or (¢) a TEC maximum (29%), each recorded within +0.5° of the magnetic latitude where a whistler wave-driven
electron precipitation spike is detected by ELFIN (this +0.5° latitude range approximately corresponds to the
uncertainty in the projection of ELFIN orbit onto the TEC map). For each category, we show in Figures 2a, 2e,
and 2i the average normalized TEC/TEC, profile, respectively centered at the middle of the maximum horizontal
TEC gradient, minimum of TEC, or maximum of TEC.

In Figures 2a, 2e, and 2i, the normalized TEC shows a local minimum or maximum around the precipitation burst
during half of the precipitation events, and a steeper gradient near the precipitation burst than away from it during
the other events. Horizontal TEC gradients may be interpreted as ionosphere density gradients with counterparts
as equatorial radial gradients of plasma density in the magnetosphere (Heilig et al., 2022; Shinbori et al., 2021;
Yizengaw & Moldwin, 2005). Thus, the coexistence of whistler-mode wave driven precipitation bursts with
significant horizontal TEC gradients potentially indicates wave ducting by equatorial density gradients. Such
ducting would explain the presence of intense electron precipitation up to 500 keV. The night-side equatorial
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Figure 2. Superposed epoch analysis of the three different types of TEC profiles (black) observed during precipitation
events detected by ELFIN. (a) Superposed epoch analysis of the maximum horizontal TEC gradient recorded along ELFIN
trajectory within +0.5° of the magnetic latitude of the whistler wave-driven electron precipitation burst, in the absence of a
minimum/maximum of TEC there. () Same as (a) for minima of TEC within +0.5° of the magnetic latitude of the electron
precipitation burst. (i) Same as (a) for maxima of TEC. The TEC is normalized to TEC,,, the TEC level at the middle of the
maximum horizontal TEC gradient, minimum of TEC, or maximum of TEC, respectively. Corresponding median distribution
of the (b,f,j) locally trapped electron flux, (c,g,k) precipitating electron fluxes, and (d,h,l) precipitating-to-trapped flux ratio,
plotted versus magnetic latitudes centered at the precipitation burst (see text for details).

magnetosphere in the outer radiation belt is filled by suprathermal electrons (Li et al., 2010), which can quickly
damp whistler-mode waves via Landau resonance (Bortnik et al., 2007) when they become oblique while prop-
agating away from the equator (Breuillard et al., 2012; L. Chen et al., 2013; Watt et al., 2013; Katoh, 2014). As
a result, statistical observations have shown that whistler-mode waves are well confined around the equatorial
plane (Agapitov et al., 2013; Meredith et al., 2012). However, near-equatorial waves cannot scatter >100 keV
electrons (Artemyev et al., 2021; Gan et al., 2023), and thus observations of precipitating electrons up to 500 keV
indicate the presence of another population of waves at middle latitudes on the night-side. These are likely
ducted waves, which are trapped by equatorial plasma density gradients (Hanzelka & Santolik, 2019; Streltsov &
Bengtson, 2020; Woodroffe & Streltsov, 2013) and can propagate to middle latitudes in the field-aligned mode
with minimum Landau damping (e.g., Shen et al., 2021; R. Chen, Gao, Lu, Chen, et al., 2021; R. Chen, Gao, Lu,
Tsurutani, & Wang, 2021; Ke et al., 2021). Figure 2 supports this scenario of relativistic electron bursts associ-
ated with wave ducting by equatorial plasma density gradients, as implied by the horizontal TEC gradients. An
alternative, or supplementary, explanation is that energetic electron precipitation driven by whistler-mode waves
can heat the ionospheric plasma and contribute to local ionosphere density variations, which may further lead to
horizontal TEC gradients (Sheng et al., 2019, 2020). Such whistler-driven electron precipitation should be most
intense around the minimum resonant energy, that is ~5-10 keV for whistler-mode chorus waves.

3.2. Electron Isotropy Boundary

Figure 3 shows results from the superposed epoch analysis during plasma sheet (isotropy) boundary events.
ELFIN measurements clearly show a peak of j  /j,,,,, around AMLAT =0, and j, , /j,.,,, remains ~1 for <200 keV
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Figure 3. Superposed epoch analysis of plasma sheet electron precipitation

and TEC distributions: (a) median profiles

10° 2D TEC maps, and events in the second group do not show a clear TEC
10’ s minimum. Figure 3a shows TEC profiles for the first group (red), second
1005 é’ group (blue), and for the entire data set (black), while Figure 3b shows the
10° Ng ATEC/AMLAT gradient for these two groups of events, estimated from sepa-
10° g rate linear fits to TEC profiles at AMLAT > 0 and AMLAT < 0. Figures 3a
107 9 2 and 3b show that the TEC horizontal gradient is weak in the plasma sheet
100 2 for both groups of events. However, the TEC horizontal gradient signifi-
10° cantly increases in the inner magnetosphere for the first group of events,
1.0 whereas it remains weak but changes sign for the second group of events.
:,g These features should be related to the different mechanisms responsible for

g TEC horizontal gradients in the (electron) plasma sheet and inner magne-

01 ” tosphere. Poleward from the isotropy boundary (within the electron plasma
0 1 2 sheet), the TEC horizontal gradient is due to the equatorial radial variation

of precipitating plasma sheet electron fluxes (predominantly at <10 keV)
(see also Sivadas et al., 2019). Equatorward from this boundary (within the
the normalized TEC along ELFIN inner magnetosphere), energetic electron precipitation from the plasma sheet

trajectories: events with clear signatures of a mid-latitude ionospheric trough is largely reduced and the main contributions to TEC variations come from
(red), events without signatures of mid-latitude ionospheric trough (blue), precipitation of ring current ions and ionosphere plasma transport due to
and for the entire data set (black), (b) ATEC/AMLAT gradient for the two electric drifts (e.g., Rodger, 2008, and references therein). Differences in

groups of events, median distribution of the (c) locally trapped electron flux,
(d) precipitating electron fluxes, and (e) precipitating-to-trapped flux ratio.
Results are plotted versus magnetic latitudes centered at the boundary between

equatorial radial gradients of plasma sheet electron fluxes and ring current
ion fluxes may be responsible for the different horizontal TEC gradients

the plasma sheet and the inner magnetosphere; TEC is normalized to the value ~ poleward and equatorward from the electron isotropy boundary. Figure 3

at this boundary (see text for details).

demonstrates that TEC horizontal gradients can be used to infer the equato-
rial location of the electron isotropy boundary, the inner edge of the electron
plasma sheet.

3.3. EMIC Wave-Driven Precipitation Events

Figure 4 shows four additional events of EMIC-driven relativistic electron precipitation, which share similar
properties as the event from Figure 1 (right column). Relativistic electrons penetrate deep into the ionosphere
down to the F-layer (Fang et al., 2008; Pettit et al., 2023; Xu et al., 2020), but their fluxes are likely too moderate
to significantly alter the TEC (Miyoshi et al., 2021). Therefore, comparisons of EMIC wave-driven precipitation
events with TEC horizontal gradients mainly reveal the position of the equatorial source of such precipitation
relative to the plasmapause, as the plasmapause is indicated by the local TEC minimum within the mid-latitude
ionospheric trough (Heilig et al., 2022; Shinbori et al., 2021; Yizengaw & Moldwin, 2005).

During all these events from Figure 4, the relativistic electron precipitation is mapped quite far from the plas-
mapause, but just equatorward from the inner edge of the plasma sheet, within the flow breaking region where
plasma sheet injections stop (Dubyagin et al., 2011; Nakamura et al., 2009). EMIC wave-driven precipitation
events projected onto TEC maps in Figures 1i—11 and Figure 4 seem to indicate a contradicting location from
the EMIC wave preferred generation region in the noon/dusk plasmasphere (Jun et al., 2019, 2021), where a
high-density plasma of plasmaspheric origin decreases both the resonant energy of ions (increasing the resonant
ion fluxes available for EMIC generation, see Thorne & Kennel, 1971; L. Chen et al., 2009, 2011) and electrons
(leading to <1 MeV electron precipitation, see Summers & Thorne, 2003; Drozdov et al., 2017). Therefore, the
present comparison of TEC horizontal gradients with ELFIN observations reveals the presence of a new mecha-
nism of <1 MeV electron precipitation in the night side (Angelopoulos et al., 2023; Capannolo et al., 2022; Kim
et al., 2021).
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Figure 4. Four EMIC wave-driven precipitation events: ELFIN observations of (a,e,i,m) locally trapped, (b,f,j,n) precipitating electron fluxes, and (c,g.k,0)
precipitating-to-trapped flux ratio. (d,h,1,p) Projection of ELFIN observations onto 2D TEC maps in the northern hemisphere; ELFIN trajectories are color-coded by
the flux ratio (j,,/j,,) of 1 MeV electrons; diamonds and asterisks mark the start and end times of the trajectories; crosses are 1 min tickmarks. The overlaid red dotted

line marks the magnetic local midnight (magnetic local time is around zero).
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4. Conclusions

In this study, we have combined night-side observations of energetic electron precipitations by low-altitude
ELFIN CubeSats and TEC horizontal gradient measurements to examine three types of precipitation events rela-
tive to ionosphere plasma boundaries. The main conclusions can be summarized as follows:

e Bursts of whistler-mode wave-driven electron precipitation are associated with TEC horizontal gradients.
Such gradients being mapped to the equatorial magnetosphere region may indicate the presence of plasma
density gradients that allow wave ducting (Streltsov & Bengtson, 2020; Woodroffe & Streltsov, 2013). This
ducting can guide whistler-mode waves, allowing them to propagate without strong Landau damping up to
middle latitudes (R. Chen, Gao, Lu, Chen, et al., 2021; R. Chen, Gao, Lu, Tsurutani, & Wang, 2021) where
waves can scatter and precipitate several hundreds of keV electrons into the atmosphere (see discussions in L.
Chen et al., 2022). This scenario of magnetosphere-ionosphere coupling may explain the association of TEC
horizontal gradients with ELFIN observations of energetic electron precipitation.

¢ The inner edge of the electron plasma sheet (the electron isotropy boundary) coincides with a sudden change
of TEC latitudinal (horizontal) gradients, with a notably stronger TEC gradient in the inner magnetosphere
when signatures of a mid-latitude ionospheric trough are present. This feature clearly demonstrates the impor-
tance of electron curvature scattering, the main mechanism of electron precipitation from the magnetotail,
in coupling the plasma sheet to the ionosphere (see also Sivadas et al., 2019), which enables us to locate the
electron plasma sheet inner edge (isotropy boundary) from TEC horizontal gradients.

¢ Long-lasting EMIC wave-driven relativistic electron precipitation occurs far from the night-side plasmapause,
right within the plasma injection region, slightly equatorward from the inner edge of the electron plasma sheet.
Such strong losses of relativistic electrons at the outer radiation belt boundary may compete with the magne-
topause shadowing mechanism (e.g., Turner et al., 2012) in depleting the radiation belt.

These examples demonstrate the high potential of using TEC data sets to investigate the localization and rela-
tive importance of energetic electron precipitation (Pettit et al., 2023), but also indicate the nonlinearity of
magnetosphere-ionosphere energy and mass exchange, with ionosphere feedback to energetic electron precip-
itation. Such nonlinearity significantly complicates the modeling of magnetosphere-ionosphere coupling
(Huang, 2021), which requires incorporating wave-induced precipitation and dynamics of cold plasma structures
self-consistently in future models of wave propagation and wave-particle resonant interaction.

Data Availability Statement

ELFIN measurements are available in ELFIN data archive in CDF format (ELFIN, 2023). Data of total elec-
tron content (TEC) are provided by Massachusetts Institute of Technology Haystack via the Madrigal database
(TEC, 2023); see details in Rideout and Coster (2006); Coster et al. (2013); Vierinen et al. (2015). Data analysis
was done using SPEDAS V4.1 (Angelopoulos et al., 2019), which can be downloaded from (SPEDAS, 2023).
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