
1.  Introduction
Energetic electrons in Earth's magnetosphere are highly dynamic, governed by a complex interplay of many 
source and loss mechanisms (e.g., Ripoll et al., 2020, and references therein). One important loss mechanism 
is the interaction between electrons and plasma waves, resulting in precipitation of electrons into Earth's 
upper atmosphere (e.g., Breneman et al., 2017; Lorentzen, Looper, & Blake, 2001; Thorne et al., 2005).

These precipitating electrons can cause various types of auroral displays including pulsating aurora, a form 
of diffuse aurora characterized by a diverse variation of irregular shapes, sizes, and pulsating frequencies 
(Grono & Donovan, 2020; Johnstone, 1978; Lessard, 2012; Royrvik & Davis, 1977). An individual pulsating 
aurora patch is typically 10–200 km across, while the entire pulsating aurora region can extend over at least 
10 h of magnetic local time (Johnstone, 1978; Jones et al., 2013). In the literature, pulsating aurora frequen-
cies are often studied in two categories: the on-off pulsations that last 2–20 s (e.g., Johnstone, 1978) and the 
faster, ≈3 Hz modulations that are superposed on the on-off pulsations (Hoffman & Evans, 1968; Nishiyama 
et al., 2012; Royrvik & Davis, 1977). Moreover, even higher frequency modulations of 54 Hz have been ob-
served by a high-speed camera (Kataoka et al., 2012).

Quantifying the energy of the precipitating electrons is important for understanding the drivers and dy-
namics of pulsating aurora. Observations of pulsating aurora, together with atmospheric models or satellite 
observations, are some of the ways used to estimate the precipitating electron energies. Brown et al. (1976) 
used triangulation to estimate the emission altitude of pulsating aurora. The authors found the mean low-
er-bound altitude of pulsating aurora of 92 km, with a range of 82–105 km, concluding that the electrons ca-
pable of penetrating that deep into the atmosphere have 10–60 keV energies. Samara et al. (2015) presented 
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measurements from low Earth orbiting satellites, made in conjunction with All-Sky Imagers (ASIs), and 
found that pulsating aurora electrons typically have 3–20 keV energies, and at times up to 30 keV. None-
theless, pulsating aurora can have even higher electron energies. A Substorm-GEOS rocket that launched 
into pulsating aurora in 1979 directly observed pulsating aurora electrons in the >140 keV integral energy 
channel (Sandahl et al., 1980). More recently, Miyoshi et al. (2015) estimated the upper energy bound of 
pulsating aurora using an ASI and a very high frequency radar at Tromsø, Norway; pulsating aurora was 
observed by the ASI, while the radar observed a substantial electron density enhancement at altitudes as 
low as 68 km, corresponding to 200 keV electrons (e.g., Fang et al., 2010). These authors concluded that the 
keV pulsating aurora can be associated with subrelativistic and relativistic electron precipitation. Together, 
these observations suggest that the electrons that produce pulsating aurora likely represent only a portion 
of the precipitating electron spectra (Tesema et al., 2020). Thus, the upper energy bound is still unknown.

Several driving mechanisms of the electron precipitation responsible for pulsating auroras have been eval-
uated. The drivers are still under intense debate, but the two primary candidates are: electrostatic cyclo-
tron harmonic (ECH) and whistler-mode chorus waves (Fukizawa et al., 2018; Horne et al., 2005; Sum-
mers, 2005). Whistler-mode chorus, subsequently referred to as chorus, are commonly characterized by 
their rising or falling tone elements (Omura & Nunn, 2011; Tsurutani & Lakhina, 1997). Chorus waves are 
typically right-hand circularly polarized, with frequencies in between 0.1 1 of the electron gyrofrequency, 

cef . In frequency, chorus waves are further split up into upper and lower bands with a break at 0.5 cef  (Li 
et al., 2019). Upper-band chorus is typically effective at scattering <3 keV electrons, while lower-band cho-
rus is effective at scattering >10 keV electrons (Thorne et al., 2010).

Recent modeling and conjunction observations favor chorus waves scattering electrons (Miyoshi et al., 2015; 
Nishimura et  al.,  2010; Thorne et  al.,  2010) near the magnetic equator (Jaynes et  al.,  2013; Kasahara 
et al., 2018). Nonetheless, the relation between chorus and pulsating aurora remains an important topic 
of study, notably due to the relation between chorus waves and radiation belt dynamics and the range of 
electron energies spanning these observations, from several keV to multiple MeV. Furthermore, at these 
high energies, precipitating electrons can strongly affect atmospheric chemistry (Duderstadt et al., 2021).

Prior studies have also reported another form of electron precipitation in this energy range (10s KeV–MeV) 
called electron microbursts. Microbursts are typically defined as a subsecond intense increase of energetic 
electron precipitation into Earth's atmosphere and are also believed to be scattered by chorus waves (Brene-
man et al., 2017; Crew et al., 2016; Lorentzen, Blake, et al., 2001; O’Brien et al., 2004; Tsurutani et al., 2013). 
Microbursts were first coined by Anderson and Milton (1964), who used high-altitude ballon data to charac-
terize the subsecond enhancements of >25 keV X-rays, emitted by precipitating electrons. Microbursts were 
observed in isolation as well as in groups of three or more microbursts in rapid succession called micro-
burst trains. Since then, keV–MeV microbursts were directly and indirectly observed by balloons, sounding 
rockets and satellites (e.g., Blum et al., 2015; Datta et al., 1997; Douma et al., 2017; Millan & Thorne, 2007; 
Woodger et al., 2015).

Similar to pulsating aurora, the observational link between chorus and microbursts is widely accepted. 
Oliven and Gurnett  (1968) found that >40 keV microbursts were always accompanied by chorus waves. 
However, a one-to-one correspondence was not found. More recently, Breneman et al. (2017) studied a con-
junction where chorus rising tone elements likely scattered 100s keV microbursts because they had a similar 
repetition rate and duration. Together with statistical studies (e.g., Lorentzen, Blake, et al., 2001; O’Brien 
et al., 2003), this body of work has established a compelling relation between chorus waves and microburst 
electron precipitation.

With the aforementioned chorus-pulsating aurora and chorus-microburst relationships, pulsating aurora 
and microbursts, especially relativistic microbursts, are often studied independently, and only occasion-
ally their relationship is considered. An exception is Hofmann and Greene (1972). The authors used data 
from a balloon that carried a photometer and a scintillator that showed correlation between violet light 
and >20 keV X-ray modulation on both the on-off and modulation time scales. The upper energy of the 
precipitation was 50 keV as the >50 keV scintillator channel did not respond. Hofmann and Greene (1972) 
classified the subsecond >20 keV X-ray modulations as microbursts.
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The link between pulsating aurora and relativistic microbursts is observationally elusive, but has been theo-
retically proposed. Recent test-particle simulations by Chen et al. (2020) and Miyoshi et al. (2020) show that 
whistler-mode chorus rising tone elements can scatter keV–MeV microburst electrons. Miyoshi et al. (2020) 
went on to hypothesize that relativistic microbursts are the high-energy tail of pulsating aurora. However, 
the observational association of MeV electron microbursts with pulsating aurora is unreported. This is likely 
due to several factors including difficulties finding good conjunctions between satellites and ground-based 
imagers capable of observing both phenomena, and the small size of individual pulsating aurora patches 
and microbursts (Blake et al., 1996; Grono & Donovan, 2020; Johnstone, 1978; Shumko et al., 2020).

In this letter, we present observational evidence supporting a link between pulsating aurora and relativistic 
(>1 MeV) microburst electron precipitation. We showcase a conjunction between a Time History of Events 
and Macroscale Interactions during Substorms (THEMIS) ASI at Gillam, Canada and the Solar Anomalous 
and Magnetospheric Particle Explorer (SAMPEX) at 11 UT on January 16, 2008. During the conjunction, 
relativistic electron microbursts were highly correlated with patchy aurora (PA), a type of pulsating aurora, 
that was emitted below.

2.  Instrumentation
2.1.  SAMPEX

The SAMPEX satellite was launched in July 1992 into a 520 760 km altitude, 82  inclination low Earth 
orbit (D. N. Baker et al., 1993; D. Baker et al., 2012). In general, SAMPEX had two pointing modes: spin and 
orbit rate rotation (zenith pointing) (Tsai et al., 2008). On the day of the conjunction, SAMPEX orbited at 

425 502 km altitudes and spun at one revolution per minute, sampling both drifting and precipitating 
electrons.

SAMPEX's attitude was estimated at a 6-s cadence, and the pitch angle and magnetic coordinates were es-
timated using the International Geomagnetic Reference Field (Thébault et al., 2015, IGRF) magnetic field 
model.

For this study, we use the >1 MeV electron count data, taken by the Heavy Ion Large Telescope (HILT) 
(Klecker et al., 1993). HILT consisted of a large rectangular chamber with the aperture on one end, and 16 
solid state detectors on the other. During this conjunction, the electron counts were accumulated from all 
of the solid state detectors at a 20 ms cadence. As described in Klecker et al. (1993), HILT had a 260 cm sr 
geometric factor, and a   68 68  view angle, making it very sensitive to MeV electrons.

2.2.  THEMIS ASI

The THEMIS all-sky imagers (ASIs) are a system of white light charged-coupled device (CCD) auroral 
cameras spread across Canada and Alaska (Harris et al., 2009; Mende et al., 2009). Each imager contains 
a fisheye lens that expands the camera's field of view to 170 , corresponding to latitudinal coverage of  9  
and longitudinal coverage of 1 h magnetic local time (MLT) (Donovan et al., 2006; Mende et al., 2009).

The 256 256 pixel images are taken at a 3-s cadence: a 1-s exposure followed by 2-s to process the image. 
To accurately compare the SAMPEX and THEMIS ASI time stamps, we highlight that the ASI times are 
recorded at the start of each exposure. To analyze the white light images, we used the THEMIS ASI skymap 
calibration data provided by the University of Calgary. The calibration data contain, among other things, 
arrays that map each pixel to an elevation and azimuth.

In this case study, we used the THEMIS ASI camera stationed in Gillam, Canada, henceforth simply re-
ferred to as Gillam. It was deployed in May 2006 to ( 56.354 N, 94.656 W).

2.3.  Meridian Scanning Photometer

The meridian scanning photometer (MSP) at Gillam was designed to measure the latitudinal location and 
brightness of aurora as it passes through the meridian. The photometer contains a scanning multi-channel 
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filterwheel, from which we use three channels: 470.9 nm blue-line, 557.7 nm green-line, and 630 nm red-
line (MPA: Meridian Photometer Array, 2005). Projected to the emission altitude, the MSP spatial resolu-
tion in magnetic latitude varies between   0.03 0.4 . The photometer scans the meridian in 30 s. For a 
full description on the operation and calibration of meridian scanning photometers in general, see Unick 
et al. (2017).

3.  Methodology
In essence, our analysis involves locating SAMPEX's footprint in each auroral image, estimating auroral 
intensity at this footprint, and comparing this auroral intensity with the 1 MeV electron counts observed 
by SAMPEX. We did this with the following four steps.

Step one: we interpolated the 6-s SAMPEX (latitude, longitude, and altitude) coordinates to the 3-s Gillam 
time stamps. This is important because when SAMPEX was at high elevations in the Gillam images, it rap-
idly traversed the field of view, thus resulting in large uncertainties in the estimated auroral intensity at the 
footprint.

Step two: we calculated SAMPEX footprint's location in each image. The SAMPEX position at 400 km 
altitude was magnetically mapped to the approximate pulsating auroral emission altitude of 90 km (we also 
experimented with 80–120 km mapping) using the IRBEM-Lib magnetic field library (Boscher et al., 2012) 
and the IGRF magnetic field model. The 90 km SAMPEX footprints, in (latitude, longitude) coordinates, 
were then mapped to Gillam's (azimuth, elevation) coordinates using the ASI's skymap calibration data and 
Python's pymap3d library (Hirsch, 2016), called by the analysis functions in aurora-asi-lib (Shumko, 2021).

Step three: we detrended the HILT count time series to reduce the effects of the SAMPEX spin. This was 
necessary in order to correlate only the precipitating 1 MeV microburst electrons with the aurora. We iso-
lated the precipitating microburst electrons from other electrons that were either drifting or precipitating 
with a centered running median over 5 s. A similar method has been successfully used in prior studies 
including O’Brien et al. (2004), Blum et al. (2015), and Douma et al. (2019).

Step four: for each image, we calculated the mean auroral intensity in a 10 10 km box around the SAMPEX 
footprint. We then compared the auroral intensity to the detrended HILT count time series with the Pearson 
correlation coefficient. Since the sampling of the two instruments is different, the detrended HILT counts 
were averaged over the 1-s ASI exposures.

4.  Results
The conjunction between SAMPEX and Gillam occurred on January 16, 2008 at 11:00 UT, during the re-
covery phase of a geomagnetic substorm that happened at about 10:36 UT according to the SuperMAG 
substorm list (Newell & Gjerloev, 2011). At this time, the Disturbance storm time (Dst) index was −17 nT, 
and Figure 1a shows that the Auroral Electrojet (AE) index was 568 nT. The magnitude of AE and the lower 
auroral electrojet index (AL) for this pulsating aurora event are consistent with those obtained by Partamies 
et al. (2017).

Figure 1b shows a 40-min long keogram at Gillam, and a 20-min-long Movie S1 shows the fisheye lens view 
of the observed pulsating aurora. Gillam observed both the amorphous pulsating aurora and PA (Grono & 
Donovan, 2020). Movie S1 and Figure 1b show that the PA persisted for minutes at a time while it changed 
shape and drifted to the East. The patchy aurora does not appear to be pulsating, but that could be due to 
instrumental effect that will be discussed later. Consequently, patchy aurora is classified as a type of pul-
sating aurora but is bewilderingly distinct from patchy pulsating aurora. Grono and Donovan (2020) argue 
that patchy aurora and patchy pulsating aurora are “closely related in terms of the underlying scattering 
mechanism responsible for the precipitation.”

The SAMPEX footprint path, shown in Figure 1b by the red line, passed through the PA between   64 66  
magnetic latitude; the PA was also observed in the MSP data shown in Figures 1c–1e. The MSP showed 
strong luminosity enhancements in the green and blue channels during the SAMPEX pass overhead. How-
ever, enhanced luminosity was not clearly observed in the red channel.
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Now we will take a closer look around 11 UT. Movie S2 shows the SAMPEX footprint passing through two 
PA patches close to zenith, at 6 6.5 L-Shell and 4.5 h magnetic local time. Figure 2 shows a frame-by-frame 
45-s montage as SAMPEX traversed Gillam's field of view. Figures 2a–2o show the Gillam frames with the 
superposed SAMPEX trajectory, while Figures 2p and 2q show the time series of the auroral intensity and 
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Figure 1.  Ground-based observations during the conjunction on January 16, 2008. Panel (a) shows the Auroral 
Electrojet (AE) and AL indices (AU was close to 0 and not shown). Panel (b) shows a Gillam ASI keogram along the 
Solar Anomalous and Magnetospheric Particle Explorer (SAMPEX) 90 km footprint that is shown by the red line 
centered at 11 UT. Panels (c–e) show the meridian scanning photometer data from the 558, 471, and 630 nm channels, 
also taken at Gillam. Panel (b) shows that SAMPEX passed through patches of aurora as the meridian scanning 
photometer (MSP) observed intensified luminosity. The luminosity enhancements in the 558 and 470 nm channels, and 
not in the 630 nm channel, is indicative of aurora emission by 10s of keV electrons.
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HILT counts. Figure 2p shows the original HILT counts in black and Figure 2q shows the detrended HILT 
counts in red. In both panels, the ASI intensity time series was averaged in a 10 10 km box around the 
SAMPEX footprint (Figures 2a–2o) and shown by the green rectangles.

During the conjunction, SAMPEX was magnetically connected to two partially connected PA patches, 
part of a larger PA structure that was elongated in latitude. Concurrently, HILT measured two microburst 
trains. The first train at 11:00:05 consisted of about a dozen intense microbursts, while the second train at 
11:00:15 consisted of a handful of relatively weak microbursts. During the first microburst train, SAMPEX 
was pointed at   30  pitch angles, well inside the     60 70  loss cone. The lull at 11:00:10 in the HILT 
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Figure 2.  A 45-s conjunction montage. Panels (a–o) show the frame-by-frame dynamics of the pulsating aurora during a 45-s interval. North is toward the top 
and East is to the right of each frame. The 90-km altitude Solar Anomalous and Magnetospheric Particle Explorer (SAMPEX) footprint trajectory is shown by 
the dotted-red line, and the instantaneous SAMPEX footprint is shown by the large red circle. Panel (p) shows the original Heavy Ion Large Telescope (HILT) 
counts and the mean All-Sky Imager (ASI) counts at the SAMPEX footprint. The HILT count time series is shown by the black line and the running average 
background is shown by the dashed blue line. The green rectangles represent the mean ASI intensity with their height, and exposure duration with their width. 
Lastly, panel (q) is identical to panel p with the exception that it shows the detrended HILT counts. (MLT = magnetic local time, MLAT = magnetic latitude, 
and  = pitch angle).
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counts corresponded to SAMPEX passing between the two PA patches. 
For the 45-s time interval shown in Figure 2, the correlation between the 
detrended HILT counts and the ASI intensity is 0.8.

To check that this correlation is a unique signature and not a coincidence, 
we conduct a test using the above methodology with one change: we off-
set (i.e., lagged) the ASI frames in time. Put simply, this test quantifies 
how well the microbursts observed by HILT correlate with the aurora 
observed at a different time, but along the same footprint path. Figure 3 
shows the test result for ASI frame lags between 10 min. The HILT time 
series correlated well only for the PA that drifted through the SAMPEX 
footprint for 5 minutes (correlation was 0 6.  for 2 min during that time 
interval).

For the final check, we investigated the effect of different mapping alti-
tudes. We repeated the above analysis with varying auroral emission alti-
tudes spanning 80–120 km. We found that 100 km altitude maximized the 
correlation at 0.81, and correlation remained high from 90 120 km, the 
typical range of pulsating aurora emission altitudes (Brown et al., 1976).

5.  Discussion and Conclusions
We found a significant correlation of 0.8 between precipitating 1 MeV 
electron microbursts and patchy aurora. This correlation is robust to the 
uncertainties in the mapping altitude and timing: the correlation is sig-

nificant for the typical aurora emission altitudes of 80–120 km, and the correlation is significant for only 
that PA and no other aurora observed within 10 min. Thus, this correlation is unlikely due to chance.

Now we infer the lower energy bound of the precipitating electrons using the MSP data. Panels (c) and (d) in 
Figure 1 show that the green and blue channel luminosity, but not the red channel luminosity, was elevated 
near zenith at 11 UT. In principle, the three MSP channels respond uniquely to precipitating electrons: blue-
line intensity is roughly proportional to the total precipitating electron energy flux and is thus more biased 
to the higher-energy portion of the precipitation, the green-line intensity is most responsive to electrons in 
the keV range, and the red-line intensity is most responsive to soft electron precipitation (1 keV) (Grubbs 
et al., 2018).

The MSP data show strong blue-line emissions for the auroral patches of interest, yet faint or even indistin-
guishable red-line luminosity enhancements. This suggests that the patchy aurora were emitted by energet-
ic electron precipitation with energies 1 keV. More quantitatively, we evaluate and show the green-to-blue 
line intensity ratios of the patchy auroras in Figure S1. The ratios unambiguously point to electron precip-
itation with mean energy 10 keV. This is similar to the event described by Samara et al. (2015) in Section 
3.1.2, where the Reimei satellite was conjugate to pulsating aurora and did not observe a corresponding 
enhancement of electrons in 10 eV–12 keV energies (12 keV is the instrument's upper energy limit). In our 
case, observations imply that the 10s keV pulsating aurora electrons were concurrent with 1 MeV elec-
trons, differing by two orders of magnitude in energy.

Kurita et al. (2015) presented a conjunction with a similar association of diffuse aurora with HILT counts. 
However, no microburst precipitation was observed during their conjunction, notably when the SAMPEX 
footprint passed through pulsating aurora. A more recent study by Miyoshi et al. (2021) reported an asso-
ciation between pulsating aurora and atmospheric ionization to altitudes as low as 65 km, likely caused by 
MeV electrons. The handful of studies showing correlation between the pulsating aurora and 1 MeV elec-
trons suggest that the conditions to scatter MeV electrons are more stringent than the conditions to scatter 
keV electrons, and thus are harder to find (Lee et al., 2012; Summers, 2005). Future statistical studies will 
investigate the association of MeV microburst electrons with diffuse aurora.

No results are without limitation and our results are no different. For this study, Gillam's 1-s exposure is 
one limitation worth elaborating on. Due to THEMIS ASI's 1-s exposure and 2-s processing time, we can 
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Figure 3.  Heavy Ion Large Telescope (HILT)-Gillam coincidence test. The 
purple curve shows the cross-correlation between the detrended HILT time 
series and the All-Sky Imagers (ASIs) footprint intensity as a function ASI 
time lag. The 5-min wide peak corresponds to how long the patchy aurora 
convected through the Solar Anomalous and Magnetospheric Particle 
Explorer (SAMPEX) path.
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only confidently correlate THEMIS ASI images to a series of microbursts in quick succession (a microburst 
train). Correlating an individual, 100 ms duration, relativistic microburst is difficult with most camera 
systems. Moreover, the exposure limits us on accurately quantifying the frequency of the pulsating aurora: 
1 Hz modulations are integrated over by the exposure, and 1 Hz pulsations are difficult to quantify due to 
the discontinuous time sampling. One possibility is that the aurora that we classified as patchy aurora could 
have modulated at 1 Hz frequencies with individual modulations corresponding to individual microbursts 
(Kataoka et al., 2012; Nishiyama et al., 2012). Nevertheless, we can confidently say that some of the aurora 
toggled on and off between sequential frames in Movies S1 and S2, so at least some of the aurora was aliased 
to a 6-s period.

We stress that the correlation between pulsating aurora and MeV electrons does not imply that the visible 
pulsating aurora light is emitted by MeV electrons. But this result does imply that in the pulsating aurora 
phenomenon, aurora-producing keV electrons are sometimes accompanied by MeV electron microbursts, 
both likely scattered by a similar mechanism. In energy, the simplest, yet observationally unconfirmed, 
energy spectrum has a continuously and exponentially decaying form for electrons spanning keV–MeV 
energies. This conclusion is theoretically supported by Miyoshi et al. (2020), who predicted that relativistic 
microbursts are the high-energy tail of the pulsating aurora.

Now, we speculate on the scattering mechanism. Our biggest assumption is that these electrons were scat-
tered by chorus waves. Under this assumption, the long-lasting PA's light was emitted by the scattered an-
isotropic keV electrons that were responsible for the chorus wave instability in the chorus active region 
(Hikishima et al., 2010; Omura & Nunn, 2011). Under the right conditions, these chorus waves are able to 
interact via the cyclotron resonance with MeV electrons at  30  magnetic latitudes, or alternatively reso-
nating via a higher harmonic near the magnetic equator (Lorentzen, Blake, et al., 2001; Miyoshi et al., 2015; 
Saito et al., 2012). These waves, together with sufficient radiation belt electron flux, result in the generation 
of MeV microbursts.

In conclusion, we found a high correlation of 0.8 between patchy aurora and 1 MeV electron microbursts. 
The simplest conjecture is that the scattering mechanism responsible for pulsating aurora scatters both keV 
and MeV electrons, a two orders of magnitude energy difference. The precipitating keV electrons generate 
the visible pulsating aurora, while the associated MeV electrons penetrate deeper into the atmosphere and 
produce X-rays that are unobservable from the ground. This correlation, if later proved to be causation, has 
important implications for magnetosphere-ionosphere coupling. Furthermore, auroral observations would 
allow for a spatially comprehensive understanding of the effects that rapid loss of relativistic radiation belt 
electrons has on the atmosphere. Future work will expand this case study to multiple events, to determine 
under what conditions is pulsating aurora accompanied by relativistic microbursts.

Data Availability Statement
The SAMPEX HILT and attitude data are available from http://www.srl.caltech.edu/sampex/DataCenter/
data.html and the THEMIS ASI and MSP data are available from https://data.phys.ucalgary.ca/. The auro-
ra-asi-lib library is available at https://doi.org/10.5281/zenodo.4746446.
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