
1.  Introduction
Substorms, one of the most energetic phenomena in the Earth's magnetosphere, starts with the growth phase, 
characterized by the formation of a thin elongated magnetotail current sheet (e.g., Angelopoulos, McFadden, 
et al., 2008; Baker et al., 1996; Sitnov et al., 2019, and references therein), that is, the so-called current sheet thin-
ning (see review by Runov et al., 2021, and references therein). Such current sheet thinning ends with a current 
sheet instability on ion (see, e.g., Coppi et al., 1966; Schindler, 1974; Galeev & Zelenyǐ, 1977; Sitnov et al., 2013) 
or electron (see, e.g., Pellat et al., 1991; Pritchett, 2005; Pritchett et al., 1991; Liu et al., 2014; Lu et al., 2020) 
scales, resulting in the magnetic field line reconnection (and subsequent reconfiguration, i. e., the so-called dipo-
larization) that mark the substorm onset (see discussion of various onset scenarios in Sitnov et al., 2013, 2017). 
The reconnection process and the efficiency of magnetic field energy conversion to particle kinetic energy are 
highly dependent upon the pre-reconnection thin current sheet configuration (see discussion in An et al., 2022; 
Lu, Artemyev, Angelopoulos, Pritchett, & Runov, 2019; Pritchett & Coroniti, 2011; Pritchett et al., 1997; Sitnov, 
Motoba, & Swisdak, 2021; Sitnov et al., 2002; Zelenyi et al., 2008). Therefore, investigation of the growth-phase 
current sheet thinning and configuration is important for understanding the dynamics the magnetotail prior to 
and during substorm onset.

The main signatures of the current sheet thinning are a decrease of the equatorial magnetic field Bz (herein-
after Geocentric Solar Magnetospheric (GSM) coordinates are used), an increase of the equatorial current 
density jy, and a less-pronounced increase of the lobe magnetic field BL (see, e.g., Birn et al., 1998; Schindler 
& Birn, 1982, 1993). These signatures are quite repeatable and well-documented by a number of authors using 
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past single and more recent multi-spacecraft missions (Artemyev, Angelopoulos, Runov, & Petrukovich, 2016; 
Petrukovich et al., 2007; Sergeev et al., 2011; Snekvik et al., 2012; Yushkov et al., 2021). Simulations using 
magnetohydrodynamical (MHD) analytical models (e.g., Birn et al., 2004), numerical 3D MHD (e.g., Gordeev 
et al., 2017; Hsieh & Otto, 2015), hybrid (Lu, Artemyev, Angelopoulos, Lin, et al., 2019; Lu et al., 2016) and 
particle-in-cell (e.g., Lu et al., 2018) approaches also reproduce these signatures rather faithfully. Thus, the thin-
ning process during the substorm growth phase has been well established based on recent near-equatorial space-
craft observations and numerical simulations (see reviews by Runov et al., 2021; Sitnov et al., 2019). However, 
spatial scales of the current sheet reconfiguration are less understood. Equatorial spacecraft observations have 
unveiled the local thinning and the following depolarization (magnetotail reconfiguration) processes, but cannot 
address typical scales of the thin current sheet along the magnetotail (along GSM x). This thin current sheet can 
be formed locally within the near-Earth magnetotail (see simulation results in Gordeev et al., 2017; Hsieh & 
Otto, 2015) or can continue from the near-Earth tail to the lunar orbit (see discussion in Angelopoulos et al., 2013; 
Artemyev et al., 2019). One useful approach for simultaneous probing of the magnetotail current sheet config-
uration over a large x-range is the remote sensing of the magnetotail via low-altitude measurements of energetic 
particle fluxes.

In the near-Earth magnetotail, energy and pitch-angle distributions of equatorial particles strongly vary with the 
radial distance. Low-altitude measurements, therefore, can provide a good estimate on the radial distance where 
magnetic field changes its configuration (see examples in Dubyagin et al., 2002; Newell et al., 1998; Sergeev, 
Malkov, & Mursula, 1993; Sergeev et al., 1983). The most developed technique is to examine the anisotropy 
of supra-thermal plasma sheet (PS) ions (∼10–30  keV), because the latitude of isotropy for a given energy 
(i.e., the latitude where the ratio of precipitating to trapped fluxes at low altitudes approaches unity) reveals the 
equatorial magnetic field curvature and thus the magnetic field configuration that can pitch-angle scatter these 
ions toward isotropy (e.g., Dubyagin et al., 2021; Sergeev et al., 2018). On the other hand, electrons at similar 
energies can be predominantly pitch-angle scattered and precipitate to the ionosphere by various wave-particle 
interactions (see reviews Khazanov et al., 2017; Ni et al., 2016; Nishimura et al., 2020); more energetic electrons 
(>50 keV), however, are also suitable to infer the isotropy boundary, similar to 10–30 keV ions (e.g., Sergeev 
et al., 2012, 2018; Yahnin et al., 1997), because they are expected to be isotropized by curvature scattering in the 
PS and their low-altitude fluxes should be comparable to the equatorial fluxes in the PS. The isotropy boundary 
location is closely related to the location of the near-Earth edge of the thin current sheet, but this boundary is 
energy dependent. The integral fluxes for a couple of energy ranges (typically available at Polar Operational 
Environmental Sattelite (POES) spacecraft and widely used for probing the magnetotail at low altitudes; see, 
e.g., Dubyagin et al. (2018); Sergeev et al. (2015)) localize the inotropy boundary, but are insufficient to unravel 
the entire magnetotail reconfiguration from near Earth to the lunar orbit. Therefore, in this study we utilize the 
new data set of differential electron fluxes from low-altitude Electron Losses and Fields Investigation (ELFIN) 
CubeSats (Angelopoulos et al., 2020). We aim to

•	 �demonstrate that ELFIN measurements can be used to probe the magnetotail magnetic field configuration with 
many more details than it was available with POES data set. For this reason we combine measurements from 
near-equatorial Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft 
(Angelopoulos, 2008) and from ELFIN to compare their energetic electron flux magnitudes and energy spec-
tra (flux v. s. energy profiles) during the current sheet thinning. Similarity of the equatorial and low-altitude 
energy spectra in the near-Earth magnetotail indicates a conjunction between THEMIS and ELFIN in this 
region.

•	 �demonstrate that the magnetic reconfiguration during the current sheet thinning may occur over a large 
radial distances, down to the lunar orbit. For this reason we combine measurements from ELFIN, near-Earth 
THEMIS, middle tail (∼20 − 30RE) Magnetospheric Multiscale Mission (MMS) (Burch et al., 2016), and 
lunar distant Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon's Interaction with the 
Sun (ARTEMIS) (Angelopoulos, 2011).

•	 �demonstrate that magnetic field reconfiguration during the current sheet thinning shrinks the PS projection 
(for [50, 300] keV electrons) to a couple of degrees (in latitudes) at low altitudes.

Most results from this study have been proposed and demonstrated via analysis of POES measurements and vari-
ous numerical and empirical modeling of the magnetotail. Therefore, our study is mainly confirm these results 
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about magnetotail reconfiguration with the new data set from ELFIN, which for the first time enables a direct 
comparison of low-altitude and equatorial energy spectra of electrons.

The paper consists of five sections. In Section 2 we describe the available datasets, spacecraft instruments and 
measurements. Overview figures for all the collected events can be found in Supporting Information  S1. In 
Section 3 we analyze a few events in detail. Section 3.1 describes the typical evolution of equatorial distributions 
of energetic electrons versus radial distance as inferred from low-altitude during current sheet thinning. Compar-
ison of ELFIN and THEMIS measurements shows repeatable patterns of association between low-altitude 
and equatorial energetic electron fluxes, and reveals the temporal evolution of the current sheet configuration. 
Section 3.2 extends the comparison of low-altitude and equatorial fluxes to distances >13RE by including MMS 
and ARTEMIS observations. Section 3.3 focuses on the time-scale of the magnetic field reconfiguration as traced 
by energetic electrons around substorm onset. In Section 4 we describe the results of a statistical analysis of the 
THEMIS—ELFIN conjunction database of current sheet thinning and dipolarization intervals. In Section 5 we 
summarize our results.

2.  Instruments and Data Sets
We use both ELFIN (Angelopoulos et al., 2020) CubeSats (ELFIN A and B) to examine the low-altitude energetic 
(>50 keV) electrons from the PS. ELFIN moves in a polar, near circular orbit at ∼450 km altitude, with an orbital 
period of ∼1.5 hr. Its energetic particle detector measures electron fluxes from ∼50 keV to ∼7 MeV with a 22.5° 
pitch-angle resolution and 1.5 s (half-spin) time resolution. A typical example of electron fluxes during an ELFIN 
trajectory is shown in Figure 1. The projection of ELFIN to the equatorial plane (Panel (c)) exhibits only a small 
magnetic local time (MLT) variation, as expected from ELFIN's high-latitude polar orbit. The Earth-interior only 
field (based on the International Geophysical Reference System (IGRF)) has been used to estimate the equatorial 

Figure 1.  Overview of Electron Losses and Fields Investigation (ELFIN)-B observations during one example trajectory on 
2 June 2021. (a) Omni-directional electron fluxes, (b) the ratio of precipitating (within the bounce loss cone) and trapped 
(outside of the bounce loss cone) fluxes, and (c) ELFIN L-shell and magnetic local time. Labels on the top mark different 
regions of the magnetosphere: inner radiation belt (IRB), plasmasphere (PSp), outer radiation belt (ORB), plasma sheet (PS).
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projection of ELFIN in RE (its L-shell) and it is shown in solid line in the same panel. In addition, the same 
projection was computed from the T89 (Tsyganenko, 1989) magnetic field model, that includes external currents 
(such as the magnetopause and ring currents), and is shown in dashed line. The former (IGRF projection) is good 
in the inner magnetosphere (L < 6–9), but its mapping uncertainty becomes too large, beyond that distance and 
we rely on the latter (T89 projections) in the PS (L > 9). We use these models only to provisionally separate 
inner magnetosphere and PS observations. We then independently refine those regions and their separation using 
electron energy spectra. The omni-directional electron fluxes in Panel (a) and the ratio of precipitating to trapped 
electron fluxes Panel (b) clearly display signatures typical of different regions in the magnetosphere:

•	 �At L > 6, when fluxes above 10 3#/cm 2/s/sr/MeV are of low energy (<200 keV), isotropic, and have no signif-
icant variation with L, they denote PS (after 15:11:25 UT).

•	 �A strong increase of energies (from <200 to >200 keV) corresponding to flux level >10 3#/cm 2/s/sr/MeV 
at decreasing L values defines the interface region between PSPS and the inner magnetosphere (around 
15:11:00-15:11:15UT). This interface region has a finite width and may include the so-called isotropy bound-
ary where equatorial fluxes at low pitch angles, reaching ELFIN, increase with decreasing L, see Imhof 
et al. (1977); Sergeev and Tsyganenko (1982).

•	 �The outer radiation belt (15:09:45-15:11:00 UT) is observed at lower L from the interface region and is char-
acterized by L-dependent fluxes of relativistic electrons (flux level is above 10 3#/cm 2/s/sr/MeV for >500 keV) 
with strong flux anisotropy: precipitating fluxes are generally much lower than trapped fluxes, except tran-
sient precipitation bursts driven by wave-particle interactions (see details in Mourenas et al., 2021).

•	 �The plasmasphere (15:08:45-15:09:45) is observed at lower L from the outer radiation belt and is charac-
terized by strong decrease of <500 keV fluxes of trapped electrons (in comparison with the outer radiation 
belt) and near absence of precipitation fluxes (strong flux anisotropy). This is due to the strong pitch-angle 
anisotropy of sub-relativistic (<500 keV) electrons and the quite weak scattering of relativistic (>500 keV) 
electrons by whistler-mode hiss waves (e.g., Ma et al., 2016; Mourenas et al., 2017).

•	 �The inner radiation belt (before 15:08:30) is observed at lower L from the plasmasphere and is characterized 
by presence of only <300 keV trapped fluxes above 10 3#/cm 2/s/sr/MeV.

In the following, we focus on the PS electron fluxes and compare their time-profiles (which are ionospheric 
projections of radial profiles of equatorial current sheet fluxes) at different stages of the current sheet thinning. 
Therefore, we are not concerned with separating the different regions within the inner magnetosphere (inner radi-
ation belt, plasmasphere, outer radiation belt), but only to determine the PS as the region with isotropic fluxes at 
higher-L from its interface with the inner magnetosphere.

Although ELFIN routinely measures pitch-angle resolved electron distributions, in our analysis we only use 
omni-directional fluxes, because energetic electrons are well isotropized in the PS anyway. For each event we 
determine the interface region satisfying the following criteria:

•	 �Isotropic fluxes with the magnitude >10 3#/cm 2/s/sr/MeV for energies >200 keV
•	 �Increase of energies corresponding to >10 3#/cm 2/s/sr/MeV fluxes with L-shell decrease
•	 �Located between the plasmasheet (isotropic >10 3#/cm 2/s/sr/MeV fluxes for <200 keV) and the outer radia-

tion belt (anisotropic fluxes with >10 3#/cm 2/s/sr/MeV for >200 keV)

The accuracy of interface determination does not affect conclusions derived for individual events, because for each 
event we show actual fluxes measured by ELFIN. Figure 2 shows a comparison of such omni-directional ELFIN 
fluxes, which have been averaged over the region of L > 10 (with an upper limit between 12 and 18 depending 
on the crossing) during several ELFIN orbits and near-equatorial THEMIS fluxes from the Solid State Telescope 
(SST, see Angelopoulos, Sibeck, et al., 2008) measurements. THEMIS SST measures pitch-angle resolved elec-
tron fluxes between 30 and 700 keV energy at a 3 s time resolution; similar to the ELFIN measurements, we use 
omni-directional SST fluxes. In Figure 2, THEMIS fluxes are averaged over 1 hr intervals, centered at the L-shell 
and MLT denoted along the track. There is a relatively stable flux level in the near-Earth PS, at L > 10 (THEMIS 
A, D, and E apogees are at ∼13RE). Most of the THEMIS electron flux variations at L > 10 (in the PS) are due 
to magnetotail transients (e.g., PS injections, see Gabrielse et al., 2014, 2017; Nakamura et al., 2009, 2013). 
Orbit-averaged (for L > 10) ELFIN fluxes are plotted in this figure versus time, and the average MLT during each 
orbit is depicted as annotation. There are about ∼5–10 PS crossings measured at the nightside for each ELFIN 
satellite per day. In the PS, ELFIN fluxes are quite similar to THEMIS fluxes, because electrons are isotropized in 
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this region. ELFIN can even trace transient variations of electron fluxes observed by THEMIS (e.g., the local flux 
increase around 15:00UT). In contrast to the inner magnetosphere, where ELFIN fluxes vary strongly with MLT 
(see details and discussion in Mourenas et al., 2021), there is no comparably strong dependence of ELFIN fluxes 
on MLT in the PS, that is, the energetic electron flux gradient along the dawn-dusk direction (e.g., Sarafopoulos 
et al., 2001) is small enough in the near-Earth PS that we can ignore the MLT dependence in orbit-averaged fluxes 
at ELFIN. Thus, we will compare measurements from ELFIN and THEMIS without requiring a very strict MLT 
conjunction between them: we only require that the equatorial projections of ELFIN be within 2 hr of MLT from 
THEMIS.

Between June–September 2021, ELFIN and THEMIS were at the night-side PS, and the main criteria for our 
event selection for this study (using data from this period) are:

•	 �THEMIS should observe signatures of the current sheet thinning: Bz decreases, |Bx| increases at the 
off-equatorial spacecraft (indication of the equatorial current density increase, see Artemyev, Angelopoulos, 
Runov, and Petrukovich (2016)). This should be followed by a dipolarization, as evidenced by |Bx| going down 
(PS expansion) and Bz going up (a signature of one or more dipolarization fronts, see Runov et al. (2009)).

•	 �At least one ELFIN spacecraft should traverse the PS within 2 hr before the thinning signatures at THEMIS 
start, two such traversals by ELFIN should occur during the thinning, and one traversal should take place 
within 2 hr after the dipolarization onset. Each event should include at least five ELFIN orbits in total.

We collect 30 such intervals (events). Another four events exist with only three ELFIN orbits (instead of five), 
but are complemented by MMS and/or ARTEMIS observations. MMS and/or ARTEMIS observations are also 
available during 6 of the 30 events with five ELFIN orbits. ARTEMIS spacecraft have the same set of meas-
urements as THEMIS, but are located at ∼−60RE downtail (see examples of current sheet thinning observed by 
THEMIS and ARTEMIS in Artemyev et al., 2019). The MMS spacecraft (Burch et al., 2016) provide magnetic 
field data (with a resolution of 1/64 s, see Russell et al., 2016) and energetic electron fluxes measured by the 

Figure 2.  Omni-directional electron fluxes from Time History of Events and Macroscale Interactions during Substorms (THEMIS) SST and Electron Losses and 
Fields Investigation (ELFIN) energetic particle detector for three different energies. THEMIS fluxes, averaged over ∼1 hr time increments, are shown in black, with 
L-shell/magnetic local time (MLT) denoted (three curves for THEMIS A, D, and E, respectively). The shaded regions mark THEMIS fluxes for L < 9 where no 
comparison with ELFIN plasma sheet fluxes is possible. ELFIN fluxes, averaged over each orbit at L > 10, are shown in red (ELFIN A) and blue (ELFIN B), with the 
average MLT denoted.
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Fly's Eye Energetic Particle Spectrometer (FEEPS; with a resolution of 4s, 
see Blake et  al., 2016) at radial distances ∈  [ −15, −30]RE, which extend 
near-Earth THEMIS measurements beyond L = 13 in the period of interest. 
Table 1 shows the entire list of events, whereas in Supporting Information S1 
contains overview figures for all.

3.  Typical Events
In this section we show six typical events from Table 1: the first two, discussed 
in Section 3.1, serve to demonstrate the general characteristics of the dynam-
ics and evolution of energetic electron fluxes at ELFIN and THEMIS in the 
near-Earth PS; the next two, in Section 3.2, show similar dynamics using 
ELFIN, MMS and ARTEMIS at PS distances L > 13, and the last two events, 
in Section 3.3, show PS signatures at times of fast magnetic field reconfigu-
ration, around the time of dipolarization.

3.1.  THEMIS and ELFIN Observations: Flux Dynamics During 
Current Sheet Thinning and Dipolarization

Figure 3 shows THEMIS and ELFIN observations during the current sheet 
thinning. The THEMIS spacecraft moved tailward from low to high L, (from 
08:00 to 11:00 UT, Bz decrease, in Panel (a), because of this THEMIS motion). 
At around 11:00 UT Bz reached its typical magnitude at the near-Earth PS. 
After ∼11:00 UT, THEMIS measured slow Bz decreases and |Bx| increases 
(better seen at ThA located farther from the equatorial plane). These are 
typical signatures of current sheet thinning (see similar observations from 
THEMIS in Artemyev, Angelopoulos, Runov, & Petrukovich, 2016; Sergeev 
et al., 2011; Sun et al., 2017). At ∼14:30 UT, the current sheet thinning ended 
with a magnetic field dipolarization (rapid Bz increase, which we interpret as 
a dipolarization front, accompanied by PS expansion as evidenced by a |Bx| 
decrease, see Runov et al. (2009), (2011). After 14:30 UT, THEMIS observed 
a dipolarized magnetotail with large Bz (>|Bx|). Current sheet thinning was 
associated with the current density increase (Petrukovich et al., 2007) and 
magnetic field reconfiguration, so the THEMIS spacecraft ended up at field 
lines crossing the equatorial plane farther downtail. This explains the decrease 
of the energetic electron fluxes from 11:00 to ∼14:00 UT (see Panel (b)). The 
dipolarization brought new energetic fluxes from the reconnection region and 
also reconfigured the magnetotail magnetic field (which effectively moved 
THEMIS toward the equator) (Gabrielse et al., 2014, 2019). This explains 
the significant increase of the energetic electron fluxes after 14:00-14:30 UT.

During the interval shown in Figures 3a and 3b, ELFIN A and B collected 
data on the PS field lines in the ionosphere 5  times while at approximately 
the same MLT sector as THEMIS. The first two ELFIN orbits at ∼09:00 UT 
and ∼09:30 UT show clear signatures of the PS electron fluxes (Panels (c#1, 
#2)); note that due to gaps in ELFIN measurements we do not determine 
the PS—outer radiation belt interface for these orbits). At around 08:56 UT 
(for ELFIN B) and 09:37 UT (for ELFIN A), the ELFIN spacecraft were 
outside the outer radiation belt (manifested by the absence of strong elec-
tron fluxes at >200 keV) at L > 10. ELFIN measurements show energetic 
electrons at <200 keV, with a flux of ∼10 4 #/cm 2/s/sr/MeV at 63 keV. This 
flux magnitude is slightly below the minimum flux measured by THEMIS 

D during the current sheet thinning, at ∼13:15 UT (large |Bx| implies a THEMIS D projection downtail), see 
Panel (f#1). Therefore, before the current sheet thinning, ELFIN measured fluxes comparable to the fluxes in the 
near-Earth tail. The third and fourth available ELFIN data collections at ∼12:45 UT and ∼14:20 UT occurred 

# Date Time Equatorial spacecraft

1 02-06-2021 08:00–16:00 THEMIS

2 11-06-2021 01:00–05:30 THEMIS

3 18-06-2021 08:00–15:00 THEMIS

4 20-06-2021 15:40–23:00 THEMIS

5 22-06-2021 02:00–08:00 THEMIS

6 24-06-2021 08:30–15:30 THEMIS

7* 25-06-2021 04:00–10:30 THEMIS, ARTEMIS

8 07&08-07-2021 21:00–03:00 THEMIS

9 30-06-2021 08:30–15:30 THEMIS

10 03-07-2021 01:30–09:30 THEMIS

11 05-07-2021 07:00–15:00 THEMIS

12 07-07-2021 13:30–19:30 THEMIS

13 09&10-07-2021 22:00–03:30 THEMIS

14 10-07-2021 12:00–19:30 THEMIS, MMS

15 12-07-2021 13:30–20:30 THEMIS

16 14-07-2021 18:00–22:00 THEMIS, MMS

17 15-07-2021 00:30–08:00 THEMIS, MMS

18 15-07-2021 16:30–23:30 THEMIS

19 16-07-2021 00:00–08:30 THEMIS

20 19-07-2021 13:30–20:30 THEMIS

21 24-07-2021 05:30–10:30 THEMIS

22 24-07-2021 19:00–23:00 THEMIS, MMS, ARTEMIS

23 27-07-2021 09:40–20:00 THEMIS

24 28-07-2021 01:00–08:00 THEMIS, MMS

25* 28-07-2021 16:00–19:00 THEMIS, MMS

26* 31-07-2021 14:00–21:00 THEMIS, MMS

27 07-08-2021 11:00–15:30 THEMIS

28 06-09-2021 18:30–22:30 THEMIS

29 07-09-2021 18:00–23:30 THEMIS

30 08-09-2021 09:30–18:30 THEMIS

31 15-09-2021 17:00–24:00 THEMIS, MMS

32 16&17-09-2021 19:00–01:00 THEMIS

33* 20-09-2021 00:30–05:00 THEMIS, ARTEMIS

34 22-09-2021 09:00–17:30 THEMIS

Note. Stars (*) show events with only three ELFIN orbits. ARTEMIS, 
Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon's 
Interaction with the Sun; ELFIN, Electron Losses and Fields Investigation; 
MMS, Magnetospheric Multiscale Mission; THEMIS, Time History of 
Events and Macroscale Interactions during Substorms.

Table 1 
List of Events With ELFIN and THEMIS Observations of Energetic Electron 
Fluxes During the Current Sheet Thinning
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Figure 3.  Overview of event #1 from Table 1. Panel (a) shows magnetic field (Bz in solid lines and Bx in dashed lines) 
for three Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft. Panel (b) shows 
THEMIS Solid State Telescope electron fluxes at ThD. Panels (c#1, 2), (d#1, 2), and (e#1), show Electron Losses and Fields 
Investigation (ELFIN) energetic particle detector fluxes during five orbits (International Geophysical Reference System L 
is shown in dotted lines and T89 L in solid lines). The gray color in Panels (b), (c#1, 2), (d#1, 2), and (e#1) denotes absence 
of measurements (times with low count rates can be distinguished from those with lack of measurements by the presence 
of noise-level counts at >1 MeV). Black boxes in (c#2, d#2, and e#1) show the PS—outer radiation belt interface region. 
Projections of THEMIS D and ELFIN A, B orbits to the (L, magnetic local time (MLT)) plane are shown in the bottom right 
Panel. Panels (f#1–3) compare fluxes from THEMIS and ELFIN during different sub-intervals. Error bars mark the flux 
dispersion during intervals denoted in the legends.
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during current sheet thinning (Panels (d#1, #2)). During these orbits, ELFIN shows the same fluxes in the outer 
radiation belt (around 12:44 UT and 14:18 UT for ELFIN A) as before 11:00 UT, but a different distribution of 
energetic electron fluxes at the PS (tailward from the interface region determined for d#2). Around 12:46 UT and 
14:20 UT ELFIN A is conjugate to the PS (only <200 keV electron fluxes are measured). ELFIN A measured 
<200 keV fluxes at about ∼10 3 − 10 4 #/cm 2/s/sr/MeV right after crossing the outer radiation belt boundary 
(before ∼12:45:30 UT and ∼14:20 UT, respectively), with almost no fluxes afterward (i.e., in the PS). Compar-
ison of Panels (c#1, #2) and Panels (d#1,# 2), and Panels (f#1) and (f#2) shows that almost the entire PS shrinks 
to lower Ls (closer to the outer radiation belt). Note that Panel (f#2) does not show ELFIN A fluxes in the PS 
around 12:46 UT, because the magnitude drops even lower than fluxes around 14:20 UT. After dipolarization, at 
15:10 UT, ELFIN B crossed the fully recovered PS with high electron fluxes, ∼10 5 #/cm 2/s/sr/MeV at 63 keV, 
with detectable fluxes at energies reaching 300 keV (see Panel (e#1), tailward from the interface region). Such 
high electron fluxes are almost identical to THEMIS D observations in the post-dipolarized PS (∼15:00 UT in 
Panel (b)), that is, ∼70 − 200 keV electrons are well isotropized in the PS and their fluxes are the same around the 
equator as at low altitudes (see comparison of ELFIN and THEMIS flux distributions in Panel (f#3)).

Figure 4 shows another example of THEMIS and ELFIN observations of the current sheet thinning. The first 
ELFIN A orbit at ∼16:00 UT shows <200 keV electrons in the PS (see Panel (c#1), tailward from the interface 
region), and the measured flux of ∼10 4 #/cm 2/s/sr/MeV at ∼63 keV is quite comparable with flux levels meas-
ured at THEMIS, ∼10 4 − 10 5 #/cm 2/s/sr/MeV (even so at ∼16:00 UT, when THEMIS E is at some distance 
from the equator with Bz ∼ |Bx|). Panel (f#1) compares ELFIN A and THEMIS E fluxes: at 15:59 UT ELFIN A 
is projected to the PS around THEMIS E location at 16:20 UT (energy spectra measured by both spacecraft are 
quite close), and at 15:59:20 UT ELFIN A is projected downtail from THEMIS E (ELFIN fluxes are lower than 
the minimum flux measured at THEMIS E). The current sheet thinning started from ∼18:00 UT when THEMIS 
E was in the PS and started observing a slow Bz decrease without L change (Bz decreases with time before ∼18:00 
UT because THEMIS moves to higher L). During the current sheet thinning, ELFIN A crossed the PS twice, at 
∼19:05 UT and ∼20:39 UT (Panels (c#2, d#1), tailward from the interface region). During both crossings, the PS 
projects to an extremely narrow region at low altitudes: 10 and 3 s respectively, corresponding to 70 and 20 km 
respectively, or <1° in latitude; beyond this latitudinally narrow region, no energetic electron fluxes were seen. 
This may be due to the PS being extremely narrow, or extremely cold (such that 50 keV fluxes are negligible) or 
both. In contrast, ELFIN A and B orbits after the dipolarization (observed at THEMIS at ∼22:00 UT) showed 
a clear PS filled by energetic electrons (Panels (d#2, e#1), tailward from the interface region). At ∼22:12:40 
UT, ELFIN A crossed the PS and measured a flux of ∼10 5 #/cm 2/s/sr/MeV at ∼63 keV, with the energy spec-
trum very close to the energy spectrum measured by THEMIS E around 22:05 UT (see Panel (f#2), which also 
shows the range of THEMIS E and ELFIN A flux measurements around the dipolarization). Around ∼23:35 UT 
ELFIN B crossed the PS and measured even higher fluxes at ∼63 keV, up to ∼10 6 #/cm 2/s/sr/MeV, and ELFIN 
energy spectra are again consistent with THEMIS E observations (see Panel (f#3) and compare (b) with (e#1)). 
Note that variations of energy spectra measured by ELFIN in the PS should be interpreted as a variation of the 
radial distance of ELFIN projection, whereas the variation of energy spectra measured by THEMIS are due to 
a combined effect of flux dynamics (correlated with Bz change) and THEMIS projections (correlated with |Bx| 
change) (see discussions in Gabrielse et al., 2019).

Comparison of near-equatorial (THEMIS) and low-altitude (ELFIN) measurements of energetic electron fluxes, 
as in Figures 3 and 4, shows the following clear patterns, confirming the previously proposed scenario of the 
current sheet thinning:

•	 �Prior to current sheet thinning ELFIN observes a distinct PS (extending over several L-shells) having flux 
levels of <200 keV electrons comparable to the near-equatorial fluxes at THEMIS.

•	 �During the current sheet thinning ELFIN shows a latitudinally narrow PS with almost no electron fluxes 
beyond the outer radiation belt (see the sketch in Figure 5). THEMIS is often far enough from the equator 
(close to, or even inside the lobe) with barely any electron fluxes, consistent with an extremely thin PS. When-
ever THEMIS is at the equator, THEMIS energetic electron flux levels match that of ELFIN at the PS-outer 
radiation belt interface.

•	 �After dipolarization both ELFIN and THEMIS observe increased fluxes at <200 keV, with comparable levels 
at the equator and at the low altitudes.
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Figure 4.  Overview of event #4 from Table 1. Panel (a) shows magnetic field (Bz in solid lines and Bx in dashed lines) for 
three Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft. Panel (b) shows THEMIS 
SST electron fluxes at ThE. Panels (c#1, 2), (d#1, 2), and (e#1), show Electron Losses and Fields Investigation (ELFIN) 
energetic particle detector fluxes during five orbits (International Geophysical Reference System L is shown in dotted lines 
and T89 L in solid lines). The gray color in Panels (b), (c#1, 2), (d#1, 2), and (e#1) denotes absence of measurements (times 
with low count rates can be distinguished from those with lack of data by the presence of noise-level counts at > 1 MeV). 
Black boxes in (c#1, 2, d#1, 2, and e#1) show the PS—outer radiation belt interface region. Projections of THEMIS E and 
ELFIN A, B orbits to the (L, magnetic local time (MLT)) plane are shown in the bottom right Panel. Panels (f#1–3) compare 
fluxes from THEMIS and ELFIN during different sub-intervals. Error bars mark the flux dispersion during intervals denoted 
in the legends.
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The same pattern of ELFIN/THEMIS energetic electron flux dynam-
ics can be found for all 34 events from Table  1 (see Figures in Support-
ing Information  S1). Similar features for thermal electron (and proton) 
precipitation during the substorm growth phase have been reported using 
ground-based observa tions. Voronkov et  al.  (1999) demonstrated the 
narrowing of the latitudinal width of the electron precipitation region, and 
Wanliss et  al.  (2000)  demonstrated earthward motion of the edge of the 
PS and proton precipitation region. Such an  earthward motion and intensi-
fication of PS electron precipitation are often interpreted as signatures of 
thin current sheet formation near the outer radiation belt edge, that is, at the 
geostationary orbit (e.g., Kozelova & Kozelov, 2013; Samson et al., 1992). 
Indeed near-equatorial measurements and simulations have confirm such 
a combination of stretched magnetic field lines in the middle tail (dBz/dx 
decreases at radial distances >15RE downtail, see Petrukovich et al. (2013); 
Yue et al. (2015)) and a shrinking in the near-Earth tail (dBz/dx increases for 

radial distances <15RE, see Hsieh and Otto (2015); Artemyev, Angelopoulos, Runov, and Petrukovich (2016)). 
Formation of thin current sheets have been reported at quite-close radial distances, around 6 − 11RE (Mitchell 
et al., 1990; Sanny et al., 1994; Sergeev, Mitchell, et al., 1993). Thermal electron (<10 keV) precipitation during 
the growth phase, however, is largely affected by the presence of field-aligned electrostatic potential drops (e.g., 
Lessard et al., 2007), whereas our results, based on energetic (>50 keV) electron precipitation, confirm previous 
ground-based observations at energies that are unaffected by such electrostatic potentials.

3.2.  THEMIS, ARTEMIS, MMS, and ELFIN Observations: Radial Distribution of Energetic Fluxes

Figure 6 shows THEMIS, ARTEMIS, and ELFIN observations of the current sheet thinning. The main feature 
here is that the near-equatorial ARTEMIS P2 satellite (THEMIS C, ThC) shows energetic electron fluxes during 
the entire interval (Panels (c and d)), and thus we can compare ELFIN's PS flux measurements at the ionosphere 
with the flux in the mid-tail, ∼−60RE. The current sheet thinning started around 06:00 UT, with the |Bx| increase 
and Bz decrease at THEMIS (see Panel (a)). The dipolarization interrupting this thinning is associated with a 
substorm onset (as shown in AE index) and appears around 08:20 UT. The manifestation of the same dipolari-
zation (Bz fluctuations and tailward plasma flows of ∼−500 km/s; not shown) is seen by ARTEMIS P2 (ThC) 
around 08:20-08:40 UT (Panel (c)). THEMIS E and ARTEMIS P2 were near midnight during the entire event: 
THEMIS E X ∈  [−10, −12]RE, Y ∈  [−1, −4]RE and ARTEMIS P2 X ∼−59RE, Y ∈  [−6, −9]RE. During the 
current sheet thinning THEMIS E was around the PS boundary (|Bx| ∼ 20 nT) and measured an electron flux of 
∼10 5 #/cm 2/s/sr/MeV at ∼70 keV, whereas after dipolarization ∼70 keV electron fluxes reached ∼10 6 #/cm 2/s/
sr/MeV (see Panel (b)). During the entire interval, ARTEMIS P2 around the equator measured electron fluxes 
of ∼3 ⋅ 10 3 #/cm 2/s/sr/MeV at ∼70 keV (see Panel (d)). Therefore, at X ∈ [ − 12, −60RE]RE fluxes of ∼70 keV 
electrons are distributed between 5 ⋅ 10 3 and ∼10 6 #/cm 2/s/sr/MeV. The same flux level (between THEMIS and 
ARTEMIS flux magnitudes) is seen at ELFIN A and B in the PS before the current sheet thinning (after 04:44 UT 
in Panel (e#1)) and after the dipolarization (09:47 UT in Panel (e#3)): fluxes of 63 keV electrons are the 10 4–10 5 
#/cm 2/s/sr/MeV (in Panel (e#1)) and reached ∼10 6 #/cm 2/s/sr/MeV after dipolarization (in Panel (e#3)). Panel 
(f#1) shows that ELFIN energy spectra are slightly below the THEMIS energy spectra before the thinning (i.e., 
ELFIN is projected slightly downtail from the THEMIS E location), whereas Panel (f#3) shows that ELFIN and 
THEMIS energy spectra almost coincide after the dipolarization. Therefore, ELFIN measurements in the PS are 
generally consistent with near-equatorial THEMIS E and ARTEMIS P2 measurements before the thinning and 
after dipolarization.

ELFIN A measurements during the current sheet thinning are shown in Figure 6e (#2). There is a very sharp 
boundary at the interface region with no fluxes of energetic electrons after 07:48:20 UT. This interface region, 
corresponding to the entire PS encounter by ELFIN-A is ∼9 s long (∼60 km or ∼0.5° in latitude). The PS flux 
levels measured during these three spins are ∼5 ⋅ 10 3 #/cm 2/s/sr/MeV, consistent with levels measured by ARTE-
MIS P2. Panel (f#2) shows two ELFIN A energy spectra separated by 20 s: the profile at 07:48:10 UT shows 
that ELFIN is projected earthward from THEMIS, and the profile at 07:48:30 UT shows that ELFIN is projected 
downtail from ARTEMIS. As both THEMIS E and ARTEMIS P2 measured significant energetic electron fluxes 
in the magnetotail during the thinning, ELFIN measurements should be interpreted in the context of a magnetic 

Figure 5.  Current sheet reconfiguration during thinning: orange, blue, and 
black lines show open magnetic field lines, magnetic field lines crossing 
the PS (yellow), and magnetic field lines of the inner magnetosphere (gray) 
respectively. Top figure shows quiet time current sheet and bottom figure 
shows the current sheet at the late thinning stage.
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Figure 6.  Overview of event #7 from Table 1. Panel (a) shows magnetic field (Bz, solid line; Bx, dashed line) for ThE, and the 
Time History of Events and Macroscale Interactions during Substorms (THEMIS) AE index (derived from THEMIS ground 
based and ancillary magnetometers around the world). Panel (b) shows SST electron fluxes at THEMIS E. Panel (c) shows 
magnetic field (Bz in solid line and Bx in dashed line) for Acceleration, Reconnection, Turbulence and Electrodynamics of 
the Moon's Interaction with the Sun (ARTEMIS) P2 (THEMIS C). Panel (d) shows ARTEMIS SST electron fluxes for P2 
(ThC). Panels (e#1–3) show Electron Losses and Fields Investigation (ELFIN) energetic particle detector fluxes during three 
orbits (IGFR L is shown in dotted lines and T89 L in solid lines). The gray color in Panels (b), (e#1–3) denotes absence of 
measurements, whereas black boxes show the PS—outer radiation belt interface region. Panels (f#1–3) compare fluxes from 
THEMIS, ARTEMIS, and ELFIN during different sub-intervals. Error bars mark the flux dispersion during intervals denoted 
in the legends.
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field reconfiguration. The current sheet thinning stretches magnetic field lines crossing the PS, but groups them 
into a dense bunch at the inner edge of the PS. So the entire PS from its transition region all the way to the lunar 
orbit at ∼60RE is mapped to only a couple of degrees in magnetic latitude traversed by ELFIN right after the 
outer radiation belt during a few spins (at or adjacent to the interface region). The entire PS is seen by ELFIN A 
between 07:48:10-07:48:20 UT. Indeed, the contrast between Panels (e#1, 3) and Panel (e#2) is well seen: there 
is no large-scale (spanning more than several magnetic latitude degrees) PS at low altitudes during the current 
sheet thinning.

Figure 7 shows THEMIS, MMS, and ELFIN observations of the current sheet thinning, that is, the situation is 
similar to that of Figure 6, but instead of X ≈ − 60RE ARTEMIS measurements we use X ≈ −27RE MMS meas-
urements. The current sheet thinning starts around 02:30 UT, with |Bx| increase and Bz decrease seen by both 
THEMIS E and MMS (see Panels (a and d)). There are several small-scale injections before the substorm onset 
and dipolarization around 05:50 UT (best seen in THEMIS E Bz and AE index; Panel (a)). Before the current 
sheet thinning, around 02:00 UT, THEMIS E and MMS measure an electron flux of ∼10 5 − 10 6 #/cm 2/s/sr/MeV 
at ∼70 keV, with MMS fluxes smaller than THEMIS fluxes due to their difference in radial distances. The current 
sheet thinning is associated with THEMIS E and MMS apparent motion toward the PS boundary (we interpret 
the observed |Bx| increase as current sheet thinning and associated reduction in current sheet thickness, LCS, hence 
an increase in the relative distance, z/LCS, of the satellite from the neutral sheet) and ∼70 keV electron fluxes go 
to ∼10 4 #/cm 2/s/sr/MeV at THEMIS E around 03:30 UT and on MMS around 04:00 UT. The flux increase at 
the dipolarization is better seen at THEMIS where ∼70 keV electron fluxes exceed ∼10 7 #/cm 2/s/sr/MeV around 
05:50UT. Therefore, the range of ∼70 keV electron flux variations (between [−10, −30]RE) during the entire 
interval is from ∼3 ⋅ 10 3 #/cm 2/s/sr/MeV (note that THEMIS E and MMS |Bx| indicate that this flux magnitude 
maps to the middle/deep magnetotail) to ∼10 6 #/cm 2/s/sr/MeV.

Before the current sheet thinning and after dipolarization, ELFIN A (Panel (e#1)) and B (Panel (e#5)) made a 
prolonged traversal of the PS with ≤10 5 #/cm 2/s/sr/MeV fluxes of ∼63 keV electrons tailward of the interface 
region; comparable to MMS measurements. ELFIN A, B measure even ∼10 7 #/cm 2/s/sr/MeV fluxes around 
the outer radiation belt boundary (∼01:12:10 UT in Panel (e#1) and ∼07:00:10 UT in Panel (e#5)). Therefore, 
THEMIS E (at near Earth) and MMS (at middle tail) flux measurements are in agreement with ELFIN A, B 
fluxes in the PS region.

During the current sheet thinning ELFIN B measurements (see Panels (e#3, 4)) show the formation of a sharp 
boundary at the interface region right at the outer radiation belt edge. An interesting difference with events 
shown in Figures 3–6 is that detectable fluxes of ∼63 keV electrons (and even ∼100 keV electrons) occupy a 
wide latitudinal range associated with the PS. The substrom thinning process did not reconfigure the current 
sheet sufficiently to shrink it to a few degrees around the outer radiation belt edge at low altitudes, but PS fluxes 
outside a narrow interface region decreased significantly. Fluxes of ∼63 keV electrons in the PS (e.g., before 
03:54 UT in Panel (e#3) and before 05:27 UT in Panel (e#4); note that time is reversed for these Panels to show 
the PS to the right) are well below 10 4 #/cm 2/s/sr/MeV, that is, below THEMIS and MMS fluxes. Thus, outside 
a few ELFIN spins within the interface region, ELFIN is projected to radial distances much larger than MMS 
location, and almost the entire PS seen by THEMIS E and MMS (between − 10RE and −30RE) shrinks to these 
few ELFIN spins.

Figure  8 compares energy spectra from five ELFIN orbits and from THEMIS, MMS during the event from 
Figure 7. Panel (a) shows ELFIN A measurements before the current sheet thinning: at 01:10:45 UT, ELFIN A 
is projected to the equatorial region around MMS and THEMIS measurements (note THEMIS |Bx| > 20 nT and 
thus THEMIS measured electron fluxes coming from the downtail region). At 1:10:00 UT ELFIN A is projected 
earthward from the THEMIS and MMS location, and electron fluxes at ELFIN are higher than fluxes measured by 
the near-equatorial spacecraft. Panel (b) shows ELFIN B measurements during the current sheet thinning: ELFIN 
B fluxes at 02:19:45 UT are below MMS fluxes (i.e., ELFIN is projected downtail from MMS location), fluxes at 
02:20:30 UT are comparable to MMS fluxes, and fluxed at 02:20:50 UT are slightly below THEMIS fluxes. Such 
strong variations of ELFIN B fluxes is typical for the current sheet thinning interval, when the entire PS shrinks 
significantly. Panel (c) further confirms such shrinking: at 03:53:25 UT ELFIN B measured fluxes almost identi-
cal to near-Earth PS fluxes from THEMIS E, whereas at 03:53:10 UT ELFIN B measured fluxes very similar to 
the smallest MMS fluxes (note that MMS at this moment captures |Bx| > 10 nT and thus MMS measured electron 
fluxes further downtail from its equatorial position, i.e., at radial distance above 30RE). Therefore, within 15 s, 
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Figure 7.  Overview of event #17 from Table 1. Panel (a) shows magnetic field (Bz in the solid line and Bx in the dashed 
line) for ThE, and Time History of Events and Macroscale Interactions during Substorms (THEMIS) AE index. Panel (b) 
shows SST electron fluxes for THEMIS E. Panel (c) shows magnetic field (Bz in the solid line and Bx in the dashed line) for 
Magnetospheric Multiscale Mission (MMS)#1. Panel (d) MMS #1 Fly's Eye Energetic Particle Spectrometer electron fluxes. 
Panels (e#1–5) show Electron Losses and Fields Investigation (ELFIN) energetic particle detector fluxes during five orbits 
(International Geophysical Reference System L is shown in dotted lines and T89 L in solid lines). Black boxes in (e#1–5) 
show the PS—outer radiation belt interface region. Projections of THEMIS E, MMS#1 and ELFIN A, B orbits in the (L, 
magnetic local time (MLT)) plane are shown in the bottom right Panel.
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ELFIN crossed field lines projected from 10RE to >30RE. Right before the substrom onset (at 05:30 UT), ELFIN 
B crossed the thinnest current sheet. Panel (d) shows that ELFIN B fluxes right after the transition region (at 
05:26:40 UT) are very close to MMS fluxes measured at ∼30RE, whereas 15 s before (at 05:26:25 UT) ELFIN B 
measured fluxes much lower than the MMS flux magnitude, that is, ELFIN B is projected downtail from MMS 
location. Panel (e) shows ELFIN B measurements after dipolarization (after the substorm onset): ELFIN fluxes 
are distributed between near-Earth THEMIS E measurements (at 05:25 UT, before THEMIS E approached the 
Earth) and MMS fluxes measured at 07:00 UT. Therefore Figure 8 demonstrates how ELFIN projections to the 
equatorial PS changes during the entire substorm cycle.

Comparison of Figures 6 and 7 shows that strong PS flux variations during the current sheet thinning do not 
always result in the PS shrinking to a few ELFIN spins at low-altitude measurements. Although the near-Earth 
PS does shrink to the narrow interface region in both events, in Figure 7 ELFIN still measured energetic electron 
fluxes from the deep tail (further downtail from MMS) outside this narrow layer. Our database (see Supporting 
Information S1) has been collected without any restrictions on ELFIN flux measurements, but only with the 
requirement of THEMIS observations of current sheet thinning. Therefore, this data set contains events with vari-
ous levels of low latitude electron fluxes in the PS during the current sheet thinning. However, for all events we 
observe the same trend of strong decrease of these fluxes outside a narrow interface region (a few ELFIN spins) 
attached to the outer radiation belt boundary. Comparison of ELFIN fluxes with ARTEMIS and MMS fluxes 
shows that only a few spins away from the radiation belt boundary ELFIN may measure fluxes from the deep 
magnetotail (beyond the ARTEMIS orbit) or even cross open magnetic field lines without energetic electrons, 
that is, ELFIN projection right outside the radiation belt boundary may trace the near-Earth PS (before the current 
sheet thinning or after dipolarization) and deep magnetotail (during the current sheet thinning). These results are 
well seen in Figures 6 and 7 and can be derived for events #14, 16, 22, 24–26, 31, 33 from Table 1 (see figures 
for these events in Supporting Information S1).

Figure 8.  Fluxes from Time History of Events and Macroscale Interactions during Substorms, Magnetospheric Multiscale Mission (MMS), and Electron Losses and 
Fields Investigation during the event shown in Figure 7. Error bars mark the flux dispersion during intervals denoted in the legends.
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3.3.  THEMIS and ELFIN Observations: Time-Scale of CS Reconfiguration

Figure 9 shows a typical event of THEMIS and ELFIN observations of the current sheet thinning, but constrast 
to events from Figures 3–6 PS electron fluxes at low altitudes do not decrease to zero and remain very small, but 
finite during the current sheet thinning (like in event from Figure 7). An interesting feature of this event is that 

Figure 9.  Overview of event #13 from the table in the main text. Panel (a) shows magnetic field (Bz in solid lines and Bx 
in dashed lines) for three Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft. 
Panel (b) shows SST electron fluxes for THEMIS E. Panels (c#1, 2), (d#1, 2), and (e#1), show Electron Losses and Fields 
Investigation (ELFIN) energetic particle detector fluxes during five orbits (International Geophysical Reference System L 
is shown in dotted lines and T89 L in solid lines). Black boxes in (c#1,2, d#1,2, and e#1) show the PS—outer radiation belt 
interface region. Projections of THEMIS E and ELFIN A, B orbits to the (L, magnetic local time (MLT)) plane are shown in 
the bottom right Panel. Panels (f#1–3) compare fluxes from THEMIS and ELFIN during different sub-intervals. Error bars 
mark the flux dispersion during intervals denoted in the legends.
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two ELFIN orbits before and after dioporization are separated by only 25 min. The current sheet thinning started 
around 00:00 UT and ended by a dipolarization at 01:30 UT (see Panel (a)). There are very clear signatures of fast 
formation of thin current sheet (|Bx| increases from 20 to 40 nT within 1 hr), and this thinning moves the spacecraft 
to the PS boundary with the ∼70 keV electron flux decreasing from 10 7 #/cm 2/s/sr/MeV around 00:00 UT down 
to the noise level <10 4 #/cm 2/s/sr/MeV around 01:20 UT. ELFIN A and B crossings of the PS show that before  the 
current sheet thinning ∼63 keV electron fluxes are ∼10 4 #/cm 2/s/sr/MeV (see Panels (c#1) around 22:27:30 UT 
and (c#2) around 23:34:30 UT, tailward from the interface region). During the current sheet thinning ELFIN B 
observed the formation of a very sharp boundary with the interface region (around 01:07:55 UT in Panel (d#1)), 
whereas tailward from the interface region the PS fluxes of ∼63 keV electrons decreased below ∼10 3 #/cm 2/s/sr/
MeV (but remains finite). Panel (f#1) shows that ELFIN B energy spectrum at 01:07:45 UT coincides with the 
THEMIS E energy spectrum before the thinning, whereas at 01:07:30 UT ELFIN B energy spectrum is below the 
minimum THEMIS E fluxes at 01:05 UT (note THEMIS |Bx|∼ 40 nT at this moment and hence is projected to an 
equatorial position well downtail). The next ELFIN A orbit crossed the PS right during the dipolarization, around 
01:34UT. ELFIN A observed significant increase of the ∼63 keV electron fluxes reaching 10 6 #/cm 2/s/sr/MeV 
and expansion of the energy range of the PS electrons up to 1 MeV (see Panel (d#2), poleward from the inter-
face region). These observations are consistent with THEMIS E observations around 01:30-01:40 UT, when |Bx| 
decreased to almost zero, Bz significantly increased and was oscillating, while ∼70 keV electron fluxes reached 
∼10 6 − 10 7 #/cm 2/s/sr/MeV. Panels (f#2,3) confirm that ELFIN A energy spectra after the dipolarization are very 
close to THEMIS E energy spectrameasured in the near-Earth PS. Therefore, a near-equatorial reconfiguration 
of the magnetotail PS within ∼15 min of the dipolarization was observed at ELFIN's energetic electron fluxes.

Figure 10 shows an event with the current sheet thinning and dipolarization observed by ELFIN A and B orbits 
with only a 10-min separation. The current sheet thinning starts around 21:30 UT and ends by a dipolarization 
around 22:40 UT. There is an additional dipolarization latter, around 00:00 UT, but we restrict our analysis to 
19:00-23:00 UT. Before the current sheet thinning, around 19:40 UT, THEMIS D and ELFIN A observed the 
PS with ∼70 keV electron fluxes of ∼10 4 #/cm 2/s/sr/MeV at THEMIS (see Panel (b)) and ∼10 3 − 10 4 #/cm 2/s/
sr/MeV at ELFIN A (see Panel (c#1), 19:42 UT, tailward from the interface region). Panel (f#1) confirms that 
ELFIN A and THEMIS D energy spectra are quite close to each other during ELFIN's crossing of the interface 
region, whereas ELFIN A fluxes are much smaller then THEMIS D fluxes when ELFIN A is projected downtail 
from THEMIS D. The current sheet thinning moves THEMIS D to the boundary of the PS without energetic 
electrons (around 21:45 UT), but a small injection at ∼21:55 UT changes the PS configuration (as seen from the 
Bx change) and returns THEMIS D closer to the equator. Thus, before the main injection at 22:45 UT, THEMIS 
D observed ∼70 keV electron fluxes of ∼10 5 #/cm 2/s/sr/MeV, and these fluxes increased to ∼10 6 #/cm 2/s/sr/MeV 
after the injection. Note that during the entire interval the THEMIS spacecraft were quite close to the Earth, at 
L < 10. Comparison of ELFIN A and B orbits around the injection (Panels (c#1) and (d#1)) shows a dramatic 
change of the PS electron fluxes within a few minutes. Around 22:47:30 UT ELFIN A did not see an extended 
PS and all electron fluxes in the PS were observed within the interface region of a few ELFIN spins (between 
22:46:40 UT and 22:46:55 UT), that is, the PS projection to low altitudes shrunk and moved to the outer radiation 
belt edge. Around 22:56 UT, however, ELFIN B observed a prolonged PS filled by energetic (<300 keV) elec-
trons with fluxes comparable to the equatorial THEMIS D measurements, that is, ∼63 keV electron flux around 
22:56:30 UT reaches ∼10 6 #/cm 2/s/sr/MeV. As shown in Panels (f#2, 3), right before the dipolarization and after 
dipolarization ELFIN A,B energy spectra nearby of the interface region are very close to the THEMIS D energy 
spectra, whereas before the dipolarization Panel (c#2) shows no fluxes at ELFIN A beyond the narrow layer 
around the interface region. Compassion of panels (f#2, 3) and (c#2, d#1) underlines significant changes of the 
PS projection to low altitudes during ∼10 min, with an almost unchanged projection of the narrow layer around 
the interface between the PS and inner magnetosphere.

Figures 9 and 10 demonstrate that the magnetic field reconfiguration during the dipolarization in the equatorial 
magnetotail takes less than 20 min, and within this interval the latitudinal extent of the low-altitude projection 
of the PS (or equivalently the L-shell extent) may rapidly change. These observations supplement results about 
ELFIN observations of the PS shrinking during the equatorial current sheet thinning.
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4.  Statistics
To statistically compare THEMIS and ELFIN flux measurements, we combine all ELFIN orbits during events 
in Table 1. Figures 11a and 11b shows the distribution of measurements (number of spins with valid electron 
measurements) in the (MLT, L) space. Note that the results in Figure 11 are based on all ELFIN and THEMIS 

Figure 10.  Overview of event #32 from the table in the main text. Panel (a) shows magnetic field (Bz in solid lines and Bx 
in dashed lines) for three Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft. 
Panel (b) shows SST electron fluxes for THEMIS D. Panels (c#1, 2), (d#1, 2), and (e#1), show Electron Losses and Fields 
Investigation (ELFIN) energetic particle detector fluxes during five orbits (International Geophysical Reference System L 
is shown in dotted lines and T89 L in solid lines). Black boxes in (c#1, 2, d#1,2, and e#1) show the PS—outer radiation belt 
interface region. Projections of THEMIS D and ELFIN A orbits to the (L, magnetic local time (MLT)) plane are shown in the 
bottom right Panel. Panels (f#1–3) compare fluxes from THEMIS and ELFIN during different sub-intervals. Error bars mark 
the flux dispersion during intervals denoted in the legends.
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measurements in conjunction, independent of timing relative to the dipolarization. For the time interval with 
conjugate THEMIS and ELFIN measurements (June–September 2021), most of ELFIN measurements are within 
MLT ∈ [23, 04] and most of THEMIS measurements are within MLT ∈ [20, 03]. THEMIS spacecraft cover the 
radial distance (evaluated with T89 model (Tsyganenko, 1989)) down to 13RE, whereas ELFIN IGRF L-shell is 
not so meaningful due to uncertainties of field-line projections outside the inner magnetosphere. Comparison of 
ELFIN and THEMIS fluxes (Figures 11c–11h) shows two main trends:

•	 �There is a peak of ELFIN fluxes around the outer radiation belt, L ∈ [5, 8] (clearly seen in the 238 keV chan-
nel); in the PS (L > 9), fluxes do not depend on L because of large uncertainties of L in the PS. These PS 
ELFIN fluxes are about the same as THEMIS equatorial fluxes in the near-Earth PS, r ∈ [10, 12]RE. There-
fore, we confirm that statistically the fluxes of energetic electrons measured by ELFIN and THEMIS in the 
PS are quite similar, that is, these electron populations are well isotropized.

•	 �A transition between isotropic (having similar magnitudes on THEMIS and ELFIN) and strongly anisotropic 
(having much larger magnitudes at THEMIS than on ELFIN) fluxes occurs around r ∼ 9RE: for r < 9RE 

Figure 11.  Statistics of Time History of Events and Macroscale Interactions during Substorms (THEMIS) and Electron 
Losses and Fields Investigation (ELFIN) measurements for all events in Table 1. Panel (a) shows number of spins (number 
of electron spectra) measured by ELFIN in the (magnetic local time (MLT), L) plane. Panel (b) shows the same spin number 
distribution for THEMIS in the (MLT, r/RE) plane. Panels (c–h) show the average ELFIN and THEMIS fluxes for three 
typical energies of energetic PS electrons.
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equatorial electron fluxes are much larger than ELFIN fluxes in the radiation belts. Therefore, we should 
expect to observe the radiation belt—PS interface at the edge of the outer radiation belt, ∼9RE.

•	 �The radial distance below which THEMIS fluxes exceed those at ELFIN decreases from 10RE to 8RE as 
the energy increases from ∼63  keV to ∼250  keV. This can be understood in terms of isotropization due 
to field-line scattering: larger energies may be scattered by stronger equatorial field and larger equatorial 
curvature radius (Delcourt et al., 1994, 1996; Sergeev et al., 1983), which occurs closer to Earth. Field-line 
scattering at larger distances is therefore consistent with the observed pitch-angle isotropization of the elec-
trons leading to similar trapped fluxes observed at ELFIN (corresponding to low equatorial pitch-angles) and 
THEMIS (dominated by large equatorial pitch angles).

Next, we combine all ELFIN measurements during the 34 events in Supporting Information S1 and bin them 
into three groups (using simultaneous THEMIS measurements in the PS): pre-thinning (before the current sheet 
thinning), the growth phase (during the current sheet thinning), and the expansion phase (after dipolarization 
observed by THEMIS). For each ELFIN orbit we determine the moment t0 at middle of the interface region, and 
use the interface region width of ±6s (i.e., two spins) from t0. We also determine the moment (tL) of crossing 
a lower L boundary, as a boundary between the outer radiation belt and the plasmasphere (the region filled by 
>500 keV electrons with a gap in <500 keV electron fluxes on ELFIN). The moment (tM) of crossing a larger L 
boundary is determined by the end of ELFIN measurements on the PS side. Then we shift the time for each orbit 
as t − t0. Intervals tL − t0 and tM − t0 are normalized to their duration. Thus, for each orbit we have a new time 
from −1 to 0 (the outer radiation belt region), and from 0 to + 1 (the PS region). Figure 12 (Panels (a and b)) 
shows such ELFIN measurements with rescaled times that are further categorized into three epoch analysis (time, 
energy) distributions. There are clear differences of electron fluxes in the PS (epoch time >0) for the three data 
subsets. This difference is seen even better in Panels (c) plotted versus magnetic latitude MLat (centered to the 
time moment t0, but without MLat rescaling).

To confirm the categorization of ELFIN orbits into three groups, we also calculate magnetic field components 
measured by THEMIS spacecrafts in the PS (only measurements at r > 9RE are used) during ELFIN crossings of 

the PS (±10 min). The bottom Panel in Figure 12 shows distributions of 𝐴𝐴 ⟨𝐵𝐵𝑥𝑥𝑥𝑥⟩ =
√

⟨𝐵𝐵𝑥𝑥⟩2 + ⟨𝐵𝐵𝑦𝑦⟩2 , 〈Bz〉 during 
three groups of ELFIN orbits. For the pre-thinning group, THEMIS Bz is about ∈ [5, 20]nT, typical of a quiet, 
near-Earth PS (see, e.g., Artemyev et al., 2013). The magnitude of Bxy ∈ [10, 40] nT depends on the distance of 
THEMIS from the current sheet center (Bx, By reversals at the equator); for the pre-thinning group we have Bxy/
Bz ∈ [1, 10], which are also quite typical values of the magnetic field ratio in the near-Earth current sheet (e.g., 
Artemyev, Angelopoulos, & Runov, 2016). For the growth phase group, the Bz distribution shows an expected Bz 
decrease to the range ∈ [3, 10]nT. Due to the current sheet thinning THEMIS spacecraft appear at the PS bound-
ary with larger Bxy ∈ [20, 50] nT. For the expansion phase group, Bz increases due to dipolarization up to ∈ [5, 
20]nT, and the PS expansion (the thin current sheet destruction) results in smaller Bxy at THEMIS, Bxy ∈ [5, 40]
nT (there are much more observations with Bz/Bxy ∼ 1 during the expansion phase in comparison with the growth 
phase).

The top Panels of Figure 12 show a significant drop of energetic electron fluxes in the PS (epoch time >0 and 
ΔMLat > 0) during the growth phase, compared to the pre-thinning. Moreover, there are fewer measurements 
above the noise level at all electron energies in the PS during the growth phase (see middle Panels of Figure 12). 
The expansion phase is characterized by very high fluxes and higher electron energies in the PS.

Therefore, Figure 12 statistically confirms the main results from the above case studies: during the current sheet 
thinning, almost the entire PS at low altitudes (as shown by energetic electrons) shrinks to a small interface region 
adjacent to the outer radiation belt edge. This is purely an effect of the magnetic field line projection during the 
substorm growth phase, because near-equatorial THEMIS, MMS, and even ARTEMIS spacecraft still observe 
energetic (∼63 keV and above) electrons around the Bx reversal (i.e., near the equator) during the current sheet 
thinning at levels detectable by ELFIN (see Figures 3–10 and Supporting Information S1). Moreover, Figure 12 
(c) further shows that during the current sheet thinning the flux magnitudes similar to the pre-thinning level can 
be measured within the interface region of |MLat| < 2° (for >50% of observations, see panel (b)), that is, this 
statistical picture confirms the scenario of the PS shrinking into a very narrow interface region.
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5.  Discussion and Conclusions
In this study we examine the dynamics of the PS as traced by energetic electrons at low altitudes. Electrons of 
energy ∈[50, 200] keV move very quickly and low-altitude measurements can be used as snapshots of the PS 
radial profile of such electron fluxes. Using simultaneous measurements at ELFIN (at ∼450 km altitude) and 

Figure 12.  Superposed epoch analysis of Electron Losses and Fields Investigation (ELFIN) flux measurements during the 34 events presented in Supporting 
Information S1. Panels (a) show electron fluxes with rescaled epoch time, where t = 0 is the mid-point of the radiation belt (t < 0)—PS (t > 0) interface; see text for 
details. Panels (b) show percentage of number of spins with ELFIN flux measurements above the noise level. Panels (c) show electron fluxes versus centered magnetic 
latitude, where MLat = 0 means the boundary between the outer radiation belt (ΔMLat < 0) and PS (ΔMLat > 0). Panels (d) show distributions of magnetic fields 
measured by Time History of Events and Macroscale Interactions during Substorms during ±10 min around ELFIN orbits (see text for details).
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at the equatorial THEMIS, MMS, and ARTEMIS spacecraft during the current sheet thinning process we have 
shown:

1.	 �In the quiet PS, the equatorial and low-altitude fluxes of [50, 200] keV electrons are very similar both in 
magnitudes and energy spectra, that is, equatorial energetic electron fluxes are isotropic. The PS occupies a 
large range of latitudes (large range of radial distances) at low altitudes. The current sheet thinning (associated 
with the substorm growth phase as determined by THEMIS observations of a Bz decrease and |Bx| increase) is 
characterized by a significant shrinking of the PS mapped to low altitudes: ELFIN measurements of energetic 
electron fluxes outside the outer radiation belt are limited to a few seconds (a couple of magnetic latitude 
degrees). We interpret these observations as magnetic field reconfiguration during the current sheet thinning. 
Stretching of magnetic field lines results in significant bunching of all field lines crossing the equatorial PS to 
only a few degrees (in magnetic latitudes) at low altitudes.

2.	 �Comparison of MMS, ARTEMIS, and ELFIN measurements of energetic electrons during current sheet 
thinning shows that the middle tail (MMS) and lunar orbit (ARTEMIS) PS is projected to almost the same 
magnetic latitudes around the edge of the outer radiation belt: there are less than 20s (less than a couple of 
degrees in magnetic latitude) of ELFIN observations of electron flux decreases mapping to the region from 
the near-Earth (THEMIS) to the lunar orbit (ARTEMIS).

3.	 �The magnetic field reconfiguration with the field-line stretching during the current sheet thinning lasts from 
tens of minutes to a few hours, whereas the reconfiguration back to the quiet-time (or dipolarized) magnetotail 
occurs within ∼10 min. ELFIN measurements of electron fluxes right before and right after dipolarization 
(as determined by magnetic field dynamics at the equatorial THEMIS) show very different latitudinal (radial) 
distributions, that is, the thin current sheet destruction by the fast plasma flow quickly (within ∼10 min) 
changes the magnetic field line configuration.

These results demonstrate that magnetic field line mapping from low altitudes (or/and from the ground) to the 
equator is very challenging during the substorm growth phase. Mapping uncertainties may be one of the reasons 
for debates on the substorm onset location in the magnetotail from the ground-based observation point of view 
(see discussion in Donovan et al., 2008; Gabrielse et al., 2009; Lyons et al., 2013; Mende et al., 2007, 2009; Rae 
et al., 2009; Sergeev et al., 2012). Although a new generation of magnetic field models which include substorm 
dynamics (Sitnov, Stephens, et al., 2021; Stephens et al., 2019; Stephens & Sitnov, 2021; Tsyganenko et al., 2021) 
describes the formation of the thin current sheet and the corresponding field-line reconfiguration, uncertainties 
of magnetic field line mappings in such models remain unknown. ELFIN/THEMIS measurements show that the 
low-altitude projection of the entire PS (from the near-Earth region to the lunar orbit) shrinks to a small interface 
region attached to the outer radiation belt edge at low altitudes. This should significantly increase the uncertainty 
of any mappings, thus casting doubt on any attempt to probe the reconnection onset solely from ground-based 
observations. More systematic investigations of conjunctions between ground-based and equatorial signatures of 
current sheet thinning and dipolarization, supplemented by future experiments (see, e.g., Borovsky et al., 2020), 
are needed to establish ground-based signatures of the pre-onset substrom dynamics (see discussion in, e.g., 
Runov et al., 2021).

Data Availability Statement
ELFIN data is available at https://plots.elfin.ucla.edu/summary.php, THEMIS and ARTEMIS data is available at 
http://themis.ssl.berkeley.edu/, MMS data is available at https://lasp.colorado.edu/mms. Data access and process-
ing was done using SPEDAS V4.1, see Angelopoulos et al. (2019).
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