
1. Introduction
Substorm auroral onset is characterized by an initial brightening along an auroral arc in the equatorward portion 
of the nightside auroral oval, and the initial brightening involves ray structures during the first few minutes after 
the onset (Akasofu, 1964). The rays are also called beads, and they are considered to be the auroral manifesta-
tion of wave instability in the near-Earth plasma sheet at substorm onset (Donovan et al., 2006). Case studies 
(Chang & Cheng, 2015; Gallardo-Lacourt et al., 2014; Henderson, 2009; Liang et al., 2008; Motoba et al., 2012; 
Rae et al., 2010; Sakaguchi et al., 2009) and statistical analyses (Kalmoni et al., 2018; Nishimura et al., 2016) 
have documented key properties of beads: Beads commonly occur associated with substorm auroral onset, and 

Abstract We present observations during two substorms using simultaneous Time History of Events and 
Macroscale Interactions During Substorms satellites and all-sky imagers to determine plasma sheet dynamics 
associated with substorm auroral onset beads. The multi-satellite observations showed that the cross-tail current 
decreased and the field-aligned currents increased at the substorm auroral onset, indicating that the satellites 
detected an initiation of the currents being deflected to the ionosphere. For duskward-propagating beads, 
the electric field was tailward, and ions were accumulated closer to the Earth than electrons. The mapped 
bead propagation speed was close to energetic ion drift speed. The � � × � and electron drift speeds increased 
duskward and reduced the cross-tail current at the onset. For dawnward-propagating beads, the electric field 
was equatorward/earthward, and electrons were inferred to accumulate earthward of ions. The mapped bead 
propagation speed was comparable to the dawnward � � × � and electron drift speeds. The duskward ion drift 
and tail current were reduced, and electrons became the dominant current carrier. We suggest that the plasma 
species that is responsible for the bead propagation changes with the electric field configuration and that the tail 
current reduction by the enhanced � � × � drift at onset destabilizes the plasma sheet. Ion and electron outflows 
substantially increased low-energy plasma density and may have increased the role of � � × � drifts. The bead 
wavelength was comparable to ion gyroradius and thus ion kinetic effects are important for determining the 
wavelength. In the dawnward-propagating event, the mode of oscillation in the plasma sheet was suggested to 
be the sausage-mode flapping oscillations.

Plain Language Summary Aurora in the night sky often begins with a sudden intensification called 
substorms, and the auroral intensification shows a wave-like display (beads). It is critical to understand the 
origin of beads for revealing the mechanism of the sudden auroral intensifications, but it has been extremely 
difficult to find satellite observations in space to explore the magnetospheric source region of substorms. We 
identified two simultaneous observations of auroral beads at the beginning substorm auroral intensification 
by all-sky imagers and related plasma dynamics by the Time History of Events and Macroscale Interactions 
During Substorms satellites in the plasma sheet. We found that the bead structure and propagation are related 
to charge accumulation and fast plasma streams in the plasma sheet. The plasma flow speed coincided with the 
bead speed, and the charge distribution and plasma stream direction reversed when the auroral beads moved to 
an opposite direction, giving strong evidence of the connection between the observations at the two locations. 
The plasma streams reduced the electric currents in the plasma sheet, and we suggest that the current reduction 
destabilizes the plasma sheet and initiates the substorm auroral intensification.
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auroral intensity of beads grows exponentially. The wavelength along the onset arc is typically 50–130 km in 
the ionosphere, and beads propagate along the arc at a few km/s. The propagation direction of beads, however, 
is not always the same. Dawnward (eastward) propagation is most frequently observed, but beads can also prop-
agate duskward (westward) or in both directions. The wave period at a fixed location is a few tens of seconds, 
and ground magnetometers near onset arcs show magnetic field fluctuations at a similar period. Beads are also 
associated with ionospheric flow shears that indicate alternating upward and downward field-aligned currents.

Beads are distinguished from pre-onset auroral waves that are sometimes present along substorm growth-phase 
arcs (Uritsky et al., 2009). Pre-onset waves are much fainter than beads, and their amplitude does not increase 
over time. At substorm auroral onset, pre-onset waves intensify suddenly and become beads, indicating that 
pre-onset waves are a precursor of onset beads (Nishimura et al., 2014). The magnetotail counterpart of pre-onset 
waves can be characterized by oscillations of the magnetic field and radial electron velocity, and they are sug-
gested to be caused by kinetic ballooning/interchange instability (BICI) (Panov et al., 2012). Bead-like auroral 
structures can also occur during other types of auroral intensifications, and they have also been attributed to BICI 
(Panov et al., 2019).

In contrast, in-situ observations associated with substorm onset beads have not been reported to date, because it 
is extremely rare to have satellite observations in the plasma sheet in the possible onset region during the short 
lifetime of beads that are measured by auroral imagers. Observationally, it is not understood what plasma sheet 
structures are associated with the beads, and what determines the direction and speed of beads. A number of satel-
lite observations have revealed the presence of quasi-periodic oscillations of the magnetic field in the near-Earth 
plasma sheet associated with substorms (Le Contel et al., 2000; Lui, 1996; Pu et al., 1997; Ohtani et al., 1998; 
Roux et al., 1991; Saito et al., 2008; Shiokawa et al., 2005). However, it has been difficult to identify whether and 
how they are related to substorm onset and auroral beads because it is difficult to confirm that substorm auroral 
onset and beads were detected simultaneously with the satellite observations. Without observations of beads, it is 
not possible to identify whether the observed features correspond to beads or arise from other types of activities 
during substorms. In addition, similarities and differences between ion and electron dynamics at substorm onset 
have rarely been investigated. Examination of kinetic features is important to address the substorm onset beads 
problems because the bead wavelength mapped to the plasma sheet is comparable to the ion gyroradius. The 
duskward and dawnward bead propagations also suggest that the propagation is not solely governed by a drift of 
a single plasma species, but that electric field structures or the key plasma species change between substorms.

The purpose of the present study is to determine what structures in the near-Earth plasma sheet are associated 
with substorm onset beads. Particularly, we will identify what are the magnetotail counterpart of the duskward 
and dawnward propagation of beads. We selected two substorm events that were detected by the Time History of 
Events and Macroscale Interactions During Substorms (THEMIS) all-sky imagers (ASIs) (Mende et al., 2008) in 
conjunction with the THEMIS satellites (Angelopoulos, 2008) in the plasma sheet. The substorm auroral onset 
was identified as a sudden auroral brightening that occurred in the equatorward portion of the auroral oval with-
in one of the ASI fields-of-view (FOV), followed by poleward expansion (Akasofu, 1964). In order to remove 
pseudo-breakup, we required that the H-component of the ground magnetic field near the substorm onset loca-
tion decreased by more than 200 nT. We did not require that the substorm be isolated but required that there was 
no auroral intensification or electrojet enhancement for 30 min prior to the substorm onset. At least one of the 
THEMIS satellites should be located in the central plasma sheet (� � > 1), and its footprint (calculated by the T96; 
Tsyganenko, [1995]; magnetic field model) should be within the magnetic local time (MLT) range of the substom 
auroral onset beads. Because the precise mapping location is not known, the criteria on the satellite location only 
identify potential conjunctions. The presence of plasma and magnetic field variations at substorm onset at the 
satellite location is used to evaluate whether the satellite is in the region of substorm onset in the plasma sheet.

2. Results
2.1. Duskward Propagation

2.1.1. Ground-Based and Multi-Satellite Observations

Figure 1a shows an auroral keogram at Yellow Knife (YKNF) in the pre-midnight sector for a substorm on 29 
March 2008. The auroral oval slowly moved equatorward before ∼06:50 UT, and then a sudden auroral bright-
ening started in the equatorward portion of the auroral oval at ∼06:50 UT. This brightening was followed by 
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a prolonged poleward expansion that reached beyond the preceding auroral poleward boundary latitude. The 
H-component of the ground magnetic field at Fort Smith (FSMI) near the arc decreased by ∼200 nT associated 
with the arc brightening (Figure 1b), which is a typical signature of the substorm auroral electrojet. Thus the 
initiation of the auroral brightening is a substorm auroral onset, and the poleward expansion corresponds to the 
substorm expansion phase (Akasofu, 1964). The equatorward motion of the auroral oval before the onset is the 
growth phase, and the auroral oval was quiet for more than an hour prior to the onset.

As shown in the ASI snapshot right after the onset at 06:52 UT (Figure 1c), the auroral onset was fully cov-
ered by the THEMIS ASI FOV near the zenith of the FSMI and Fort Simpson (FSIM) ASIs, and the onset arc 
showed a wave-like luminosity modulation (beads; hereinafter referred to as onset waves). The T96 footprints of 
THEMIS-B, C, D, and E were located within the MLT range of the onset waves. The THEMIS satellites were 
located to the dusk of the brightest location of the onset arc. However, this shift does not affect the comparison 
of the two events in our work, because the THEMIS satellites in the second event were also to the dusk of the 
emission peak. The footprints were slightly poleward of the onset arc latitude, but footprint latitudes are sensitive 
to the degree of the magnetic field stretching in the model, which tends to have large uncertainties. Thus we did 
not require that the satellite footprints were located on the onset arc.

Figures 1d and 1e present a north-south keogram across the onset arc and an east-west keogram along the onset 
arc in the FSMI ASI at 06:40-06:56 UT. The line plot in Figure 1f depicts auroral luminosity on the onset arc 
in the western portion of the FSMI ASI FOV (68° magnetic latitude (MLAT) and −60° magnetic longitude 
(MLON)). The growth-phase arc was located at 68° MLAT, and the arc had faint pre-onset waves that propagat-
ed duskward (weak luminosity structures moving toward higher longitudes in Figure 1e). Then the luminosity 
increased exponentially starting at 06:49:30 UT (auroral onset). In the early expansion phase, the onset arc was 

Figure 1. The left column shows (a) a north-south keogram near the central meridian of the Yellow Knife (YKNF) Time 
History of Events and Macroscale Interactions During Substorms (THEMIS) all-sky imagers (ASI), (b) ground magnetometer 
data at Fort Smith (FSMI), and (c) THEMIS ASI snapshot at 06:52 UT during the substorm on 29 March 2008. The THEMIS 
satellite footprints using the T96 field model are shown as the colored dots. The right column shows (d) the north-south 
keogram near the central meridian of the FSMI ASI, (e) east-west keogram along the onset arc (68.0° magnetic latitude) 
from the FSMI ASI, (f) auroral intensity on the onset arc at −60° magnetic longitude, (g) duskward cross-tail current density 
and (h) field aligned centres magnitude calculated from THEMIS B, C, D, and E, and (i) sunward and (j) duskward pressure 
gradients (red: ion, blue: electron) from THEMIS C, D, and E. The vertical line marks the substorm auroral onset time.
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dominated by auroral onset waves that propagated duskward with a period of a few tens of seconds (based on the 
luminosity at a fixed longitude in Figure 1e).

The rest of the panels in Figure 1 shows data products that were derived from the multiple THEMIS satellites. The 
curlometer technique (Artemyev, Angelopoulos, Runov, & Petrokovich, 2016; Dunlop et al., 2002) using magnet-
ic field observations by THEMIS-B, C, D, and E provided the tail current (Figure 1g) and field-aligned current 
(FAC, Figure 1h) that flowed through the region surrounded by the four satellites. The earthward (Figure 1i) and 
duskward (Figure 1j) pressure gradients (red: ion, blue: electron) were calculated from the equatorial pressure at 
THEMIS-C, D, and E (Artemyev et al., 2019). The magnetic field, pressure, and location of each satellite are giv-
en in Figure S1 in Supporting Information S1. Note that the currents and pressure gradients are only considered as 
representative values at the scale of the satellite separations. The currents and pressure gradients may have struc-
tures smaller than the satellite separations, but these methods cannot resolve such structures. The large spacecraft 
separation and non-ideal four spacecraft configuration (see discussion in Artemyev et al. [2019]) did not allow 
precise calculation of current density magnitude, but current variations would be reliable. |∇ ⋅ �|∕|∇ × �| was 
generally less than one (not shown).

The duskward cross-tail current, FAC, and earthward ion pressure gradient slowly increased during the growth 
phase until ∼06:47 UT. The cross-tail current enhancements indicate a thinning of the plasma sheet, which is 
a typical signature of the growth phase (Artemyev, Angelopoulos, Runov, & Petrokovich,  2016; Petrukovich 
et al., 2013; Sergeev et al., 2011). The earthward ion pressure gradient is generally expected in the plasma sheet 
(e.g., Yue et al., 2015). The duskward ion pressure gradient in Figure 1j indicates that the satellites were located 
dawnward of an ion pressure peak, where upward FACs mapping to the growth phase arc were expected (Yang 
et al., 2013). The earthward ion pressure gradient became steady and the currents decreased at 06:47-06:49:30 
UT. The increase and subsequent decrease in the FAC at the THEMIS observation region is analogous to the 
luminosity change of the growth phase arc (Figure 1f), although the peak time has a ∼2-min difference. The 
magnetic field at THEMIS-C, D, and E had quasi-periodic oscillations of a few tens of seconds (Figures S1 in 
Supporting Information S1), and they correspond to quasi-periodic modulation of the cross-tail current and FAC. 
The quasi-periodic oscillations would correspond to the pre-onset auroral waves along the growth phase arc. 
These similarities indicate that the THEMIS satellites were located in a region that maps to the growth phase 
arc. At the substorm onset, the cross-tail current suddenly decreased and the FAC slightly increased. The reduced 
tail current, enhanced FAC, and auroral intensification at the substorm onset suggests that part of the tail current 
closed through the ionosphere as expected from the wedge-type current system (e.g., Boström, 1964) and that 
the satellites covered the region of substorm onset. The earthward ion pressure gradient decreased further a few 
minutes after the onset, and it coincided with the beginning of the larger auroral intensification and poleward 
expansion. The FAC increase was small, and the FAC after the onset was less than the largest FAC in the growth 
phase. This could be because the FAC was localized and could not be resolved well by the curlometer technique.

Interestingly, the electron pressure gradient was directed tailward and dawnward, which was opposite to the ion 
pressure gradient (Figures 1i and 1j). It means that the ions and electrons did not have the same pressure dis-
tributions but followed different transport processes, likely because ions are not fully magnetized but electrons 
are mostly magnetized in the thin current sheet (Pritchett & Coroniti, 2013). Considering the quasi-neutrality 
of the magnetotail plasma, differences in ion and electron pressure distributions should be attributed mainly to 
differences in temperature distribution (Artemyev, Angelopoulos, Runov, & Zelenyi, 2016). Similarities and dif-
ferences between ions and electrons as well as their implications to the substorm onset processes are investigated 
further in the later sections.

2.1.2. THEMIS-D Observations: Moments

THEMIS-D was closest to the neutral sheet and thus we present THEMIS-D observations in detail. Figures 2c
and 2d show that � �� is much larger than |��|, and plasma � � was very high (27.5 at the auroral onset). Thus the 
satellite was well within the central plasma sheet. After the auroral onset, THEMIS-D detected enhancements 
of � ��, � �� (Figures 2e and 2f, more noticeably in electrons than ions), and energetic ion and electron fluxes (Fig-
ures 2g and 2h). Those are typical signatures of dipolarization flux bundles (DFBs) (Liu et al., 2014), and thus 
the satellite was in the longitude range of enhanced earthward transport during the substorm expansion phase. 
The magnetic field and velocities also had quasi-periodic oscillations. THEMIS-E was located just to the west of 
THEMIS-D and detected nearly identical features.
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Figure  3c compares the dawn-dusk component of the ion (red), electron 
(blue), and � � × � (black) velocities. The 3-day electric field vectors (Fig-
ure 3b) were obtained from the two measured components on the satellite 
spin plane from the Electric Field Instrument and the spin-axis electric field 
using � � ⋅ � = 0, which is a reasonable assumption in the plasma sheet for 
DC electric field. Before the substorm auroral onset, the ion velocity was 
duskward and increased further toward the auroral onset time, while the 

� � × � velocity fluctuated around zero. The electron velocity was slightly 
dawnward. The difference between the ion and � � × � velocities indicates 
that the duskward ion velocity corresponds to ion diamagnetic drift as ex-
pected from the earthward ion pressure gradient. After the substorm onset, 
the electron velocity increased to ∼200–300 km/s and remained close to the 

� � × � speed, while the ion velocity only increased to ∼120 km/s. Because 
the earthward ion pressure gradient decreased after the onset (Figure 1i), the 
velocity increase does not simply reflect changes in the diamagnetic drift 
speed. The velocity increase likely involves ion energization after the onset 
(Figure 2g), where energetic ion fluxes increased and low-energy ion fluxes 
decreased. As shown later, the duskward speed of energetic ions increased 
after the onset. A combination of the magnetic drift of energetic ions and a 
small contribution of � � × � drift of low-energy ions would explain the ion 
velocity enhancement that is smaller than the � � × � speed.

Interestingly, the electrons drifted duskward after the onset in this event, as 
opposed to the dawnward magnetic drift direction. The duskward � � × � drift 
was associated with a tailward electric field (Figure 3b). The tailward electric 
field was initially weak and then became large as the dipolarization front 
developed. The presence of the tailward electric field suggests that ions were 
accumulated closer to the Earth than electrons, and a small charge separation 
creates the polarization electron field. Such a tailward electric field is known 
as Hall electric field and is typical in the near-Earth current sheet (Artemyev, 
Angelopoulos, Runov, & Zelenyi, 2016).

The large duskward electron velocity has a significant impact on modifying 
the cross-tail current because the duskward-drifting electrons carry a dawn-
ward current that reduces the cross-tail current. Figure 3d shows the cross-tail 
current densities carried by ions (red, � �����,�) and electrons (blue, − �����,�). 
The net current density (gray, sum of the ion and electron currents) and its 
1-min running average (black) are shown in Figure 3e. This method has been 
shown to provide reasonable currents when the bulk of the plasma population 
is detected (Artemyev et  al.,  2017). Before the onset, the electron current 
oscillated near zero, and the ion current was duskward. Thus the duskward 

cross-tail current during the growth phase was mostly carried by the ions. Around the time of the onset, the 
dawnward electron current increased to ∼2 nA/m2, while the duskward ion current only slightly increased. As 
a consequence, the net cross-tail current nearly vanished. This cross-tail current reduction is consistent with 
the current reduction obtained by the curlometer technique (Figure 1g), and provides an explanation that the 
duskward drifting electrons by � � × � reduced the current. The reduction of the cross-tail current would weaken 
the magnetic field stretching in the magnetotail and may contribute to destabilize the plasma sheet including the 
formation of the dipolarization (Figure 2c) in the beginning of the substorm expansion phase.

In the quasi-steady plasma sheet, the duskward drift of plasma sheet ions is related to the diamagnetic drift (Wang 
et al., 2004), while the electron drift is related to the � � × � drift by the equatorward (and earthward) electric field 
(Hesse et al., 1998; Lu et al., 2018; Zelenyi et al., 2010). The dawnward diamagnetic drift speed of electrons is 
much smaller (∼20%) than the duskward ion diamagnetic drift speed (Miyashita et al., 2020). While this event 
is overall consistent with their findings, a major difference is that the electric field was directed tailward (or 
poleward at off-equatorial locations) and the � � × � drift was duskward. The duskward electron drift substantially 

Figure 2. (a) The north-south keogram from the Fort Smith (FSMI) all-sky 
imagers (ASI), (b) east-west keogram along the onset arc from the FSMI ASI, 
and Time History of Events and Macroscale Interactions During Substorms 
-D satellite observations of (c) the magnetic field, (d) � �, (e) � ��⟂, (f) � ��⟂, (g) ion 
energy flux, and (h) electron energy flux. The moments combine data from the 
electrostatic analyzer and solid state telescope instruments. � � includes both ion 
and electron pressures (Baumjohann et al., 1990). Data over a wider time span 
and additional parameters (density, temperature, and pressure) are shown in 
Figure S2 in Supporting Information S1.
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reduced the cross-tail current. The reduced current could contribute to dis-
turbing the force balance in the near-Earth magnetotail and could enhance the 
substorm instability.

Figure 4 shows the east-west keogram, the high-pass filtered auroral intensi-
ty at −56.5° MLON, dawn-dusk velocities, and high-pass filtered magnetic 
field and pressures. The high-pass filtering used a 60-s cut-off period to ex-
tract modulations that are comparable to the onset wave period (a few tens of 
seconds). Figures 4d and 4e show the dawn-dusk ion and electron velocity 
moments (from Figure 3c) as black lines, and partial velocity moments for 
the plasma sheet (magenta) and low-energy (cyan) populations. The partial 
velocity moments in this event were only available every 96 s, and they are 
not suitable to investigate rapid temporal variations. They are, however, use-
ful for evaluating the energy dependence of the drift speeds. The duskward 
drift speed of the low-energy ion velocity (cyan in Figure 4d) increased and 
stayed close to the total velocity moment. The duskward velocity of the plas-
ma sheet ions (magenta in Figure 4d) also increased and was larger than the 
total velocity moment throughout this time interval. None of the ion veloc-
ities closely followed the � � × � velocity likely because the ions were not 
fully magnetized. Both plasma sheet and low-energy electrons followed the 
electron bulk flow velocity (close to the � � × � velocity). These comparisons 
support the suggestion that the electrons followed the � � × � drift, while the 
plasma sheet ions were affected by both diamagnetic and � � × � drifts.

We traced each luminosity enhancement of the onset waves as shown by 
dashed lines in Figure  4a, and calculated that the duskward propagation 
speed was in a range of 7.1–10.6 km/s (0.17–0.25 deg/s) in the ionosphere 
at 110 km altitude, which is a typical mapping altitude for several keV elec-
tron precipitations. This range of speed corresponds to 170–240 km/s at the 
THEMIS-D location based on the T96 model, although the calculation using 
the model magnetic field should be considered as a rough estimate at best. 
This range of speed is shown as gray lines in Figures 4c–4e.

While none of the velocity moments perfectly matched the duskward velocity 
of the auroral onset waves mapped to the THEMIS-D location, the plasma 
sheet ion velocity was overall the closest to the mapped onset wave velocity. 
The plasma sheet ion velocity was slightly slower than the mapped onset 
wave velocity until ∼06:52 UT and then it became slightly larger than the 
mapped onset wave velocity. The � � × � and electron drift velocities also be-

came comparable to the mapped onset wave velocity after ∼06:52 UT, but those velocities were nearly zero until 
∼06:52 UT and cannot explain the onset wave velocity during the first few minutes. This observation supports 
the kinetic simulation by Pritchett and Coroniti (2013), where the duskward wave propagation is related to the 
duskward ion drift speed. The velocities at THEMIS-E were comparable to those at THEMIS-D (not shown). The 
velocity enhancements at THEMIS-E occurred within a few tens of seconds from THEMIS-D, and the time lag 
is consistent with westward signal propagation at a few hundred km/s speed.

The velocities had quasi-periodic oscillations, and the velocity oscillations had a similar period to the auroral in-
tensity at a fixed location (Figure 4b). The real magnetic footprint location is not known and would not be fixed to 
a longitude. Thus, we do not expect that the auroral intensity correlates perfectly with the parameters measured by 
the satellites. However, the presence of the oscillations in aurora and in-situ velocities supports that the satellites 
in the near-Earth plasma sheet were magnetically connected to the onset waves and that the velocity modulation 
was related to the onset waves. The magnetic field also had quasi-periodic oscillations (Figure 4f), indicating 
that modulation of the current density perturbed the magnetic field. Total pressure variations were dominated by 
the ion pressure term until ∼06:50 UT, and then the electron and magnetic pressure terms contributed more to 
the total pressure variations (Figure 4g). The pressure observations also support that electron dynamics became 

Figure 3. (a) The east-west keogram along the onset arc from the Forth 
Smith all sky imagers, (b) electric field, (c) duskward velocities (red: ion, 
blue: electron, black: � � × �), (d) duskward current densities (red: ion, blue: 
electron), and (e) net duskward current density (gray: unfiltered, black: 60-s 
smoothed).
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important after the onset. The pressure variations, however, had somewhat 
longer periods than that of the onset waves and were not correlated with the 
electron velocity or auroral intensity.

The azimuthal wavelength of the onset waves during the first few minutes 
after the onset is ∼70–120 km (1.7◦–2.9◦ MLON) in the ionosphere (Fig-
ure 4a), and this range roughly maps to ∼2,000–3,600 km in the magnetotail 
(the size of each auroral intensity enhancement is half the wavelength). This 
range corresponds to the gyroradii of ∼5–15 keV ions in the 5 nT magnetic 
fields, which are near the energy with the peak ion energy flux (Figure 2g). 
Although the electron drift was suggested to play a key role in this substorm 
onset, its coupling to the ion-scale processes is necessary to explain the wave-
length of the onset waves.

2.1.3. THEMIS-D Observations: Distribution Functions

The directions of the ion and electron bulk velocities and energies of drifting 
populations can be confirmed by angle-resolved energy distributions shown 
in Figure  5. The 3-day distribution functions in this event were recorded 
every 96 s (except that the Solid State Detectors [SST] recorded ions every 
3 s). Figures 5b–5d show ion dawn-dusk anisotropy. The ions above several 
keV were weakly directed duskward until ∼7 UT, and they correspond to the 
duskward ion velocity moment (Figure 4d). The duskward ion anisotropy was 
overall duskward and increased with energy, supporting that the duskward 
drift was related to the energy-dependent magnetic drift.

In Figures 5i–5k, the electron dawn-dusk anisotropy was variable, consistent 
with the small electron velocity moment in Figure  4e. When the electron 
velocity moment increased duskward around 06:53 UT, the plasma sheet 
electrons above several hundred keV had duskward anisotropy, confirming 
that the duskward velocity moment represents duskward drift of electrons.

Figures 5e–5g show the pitch angle anisotropy of the ions and electrons. Ions 
below a few keV and at tens of keV had field-aligned distributions before 
and soon after the onset. The field-aligned population largely contributes to 
the density moment at <1 keV (Figure 5a). Both low-energy (<1 keV) and 
plasma sheet (>1 keV) densities increased as the growth phase progressed. 
Throughout the time interval, the low-energy density remained comparable 
to the plasma sheet density, indicating that low-energy ions and plasma sheet 
ions had a nearly equal contribution to the plasma sheet density. Large contri-
butions of low-energy ions during the growth phase have also been reported 
by Runov et al. (2021).

In Figure 5l–m, low-energy electrons were strongly field-aligned at most times, and the low-energy population 
can be seen as the enhanced fluxes in Figure 5l. Tens of keV electrons were also field-aligned during the growth 
phase, although their fluxes were low. Plasma sheet electrons at ∼1–10  keV energy were also weakly field-
aligned initially, but then the perpendicular flux became larger prior to the onset at 06:40-06:50 UT. The electron 
density increased during the growth phase, and the low-energy electrons accounted for much of the density 
increase (Figure 5h), while the plasma sheet electron density was nearly constant during the growth phase. The 
contribution of the low-energy electron density to the total density increased from ∼40% at 06:00 UT to ∼70% 
soon before the onset. After the onset, the electrons mostly had field-aligned distributions, and the contribution 
of the low-energy density dropped substantially.

Figure 4. (a) The east-west keogram along the onset arc from the Forth Smith 
all-sky imager, (b) a line plot of the detrended auroral intensity at −56.5° 
magnetic longitude, and Time History of Events and Macroscale Interactions 
During Substorms -D satellite observations of (c) duskward � � × � speed, (d) 

� ��⟂,�, and (e) � ��⟂,�, (f) the detrended magnetic field, (g) detrended pressures 
(red: ion, blue: electron, green: magnetic, black: total). The magenta and cyan 
lines in Panels d–e show partial velocity moments for plasma above and below 
10 (ion) and 1 (electron) keV when distribution function data are available. 
The detrending used a 60-s cut-off period. The dashed lines in Panel a trace 
major onset waves. The gray lines in Panel c–e show the upper and lower 
velocities of onset waves mapped to the plasma sheet.
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2.2. Eastward Propagation

2.2.1. Ground-Based and Multi-Satellite Observations

Figure 6 shows the second substorm event, which occurred on 20 November 2014. The preceding substorm was 
initiated at ∼07:30 UT and moderate auroral activity above 65° MLAT continued until ∼09:14 UT (Figure 6a). 
The auroral oval condition was nearly steady after ∼08:20 UT without further electrojet enhancements. The 
equatorward portion of the auroral oval (<∼65° MLAT) was quiet for more than 30 min before ∼09:14 UT. 
Then a sudden auroral intensification occurred at 64° MLAT followed by a poleward expansion that reached the 
poleward boundary of the auroral oval. The auroral intensification was associated with a drop in the H-compo-
nent of the ground magnetic field by ∼270 nT (Figure 6b). The substantial poleward expansion and electrojet 
enhancements show that this is a substorm event. The substorm auroral onset was associated with clear auroral 
beads (onset waves) along the onset arc in the pre-midnight sector within the Fort Yukon (FYKN) imager FOV 
(Figure 6c). The footprints of THEMIS-A and E were within the MLT range of the onset waves, to the dusk of the 
emission peak of the onset arc. THEMIS-D was ∼0.5 hr MLT duskward of THEMIS-E, and GOES-15 was at ge-
osynchronous orbit ∼2 hr MLT dawnward of THEMIS-A. The east-west keogram along the onset arc (Figure 6e) 
clearly shows that the auroral onset waves mainly propagated dawnward along the poleward-expanding bulge, in 
contrast to the duskward propagation in the first event. Weak pre-onset waves were seen to propagate duskward 
at 09:12-09:13:21 UT (small luminosity rise soon before the vertical line in Figure 6f), and then they were taken 
over by the onset waves. By referring to the longitude outside the pre-onset waves (blue line in Figure 6f), the 
auroral onset time was 09:13:21 UT, when the onset arc intensity started to increase exponentially.

Figures 6g and 6h show the cross-tail current and FAC that were derived from THEMIS-A, D, E, and GOES-15. 
The data from the individual satellites are shown in Figure S1 in Supporting Information S1. The currents peaked 
at 09:07 and 09:11 UT, and the growth phase arc intensity at −95.5° MLON (black line in Figure 6f) also peaked 
around the same times, indicating that the satellites and the growth phase arc were in the same current system. 

Figure 5. Density moments of (a) ions and (h) electrons. Energy spectrograms of (b) duskward ion fluxes (� �����), (c) 
dawnward ion fluxes (� �����), (d) dawn-dusk anisotropy ((� ����� − �����)/(� ����� + �����)), (e) field-aligned ion fluxes (� �||), (f) 
perpendicular (� �⟂) ion fluxes, and (g) pitch angle anisotropy ((� �|| − �⟂)/(� �|| + �⟂)) for Time History of Events and Macroscale 
Interactions During Substorms -D. Panels (i–n) are the same as Panels (b)–(g) except for electrons.
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After the auroral onset, the cross-tail current decreased and FAC increased. These changes are in agreement with 
the substorm current system, where a portion of the tail currents closes through the ionosphere as the auroral 
electrojet.

Similar to the previous event in Figure 1, the ion pressure gradient from THEMIS-A, D, and E was directed 
earthward and duskward, and it increased as the growth phase progressed. The ion pressure continued to increase 
until a few minutes after the substorm auroral onset and then decreased over time. Contrasting with the previous 
event in Figure 1, the electron pressure gradient was nearly parallel to the ion pressure gradient (earthward and 
duskward). The electron pressure was nearly steady during the growth phase and then slightly increased after 
the onset. The opposite direction of the electron pressure gradient to the previous event suggests that the role of 
electrons in this substorm was different from the previous event.

2.2.2. THEMIS-A Observations: Moments

We mainly examine observations by THEMIS-A, which was closest to the neutral sheet. THEMIS-A was in the 
central plasma sheet (� � = 2.1 at 09:14 UT, Figure 7d) and crossed the neutral sheet soon after the substorm onset 
at 09:17-09:19 UT (� �� reversal in Figure 7c). � � during the neutral sheet crossing (∼20) was comparable to � � in 
the previous event. � �� became negative for the first 2 min after the onset, and then started to increase (dipolariza-
tions) after ∼09:16 UT. Earthward BBFs were detected from 09:17 UT. After the onset, � �� and plasma velocities 
showed quasi-periodic oscillations of a ∼30–60 s period, which was close to the period of the auroral onset waves 
(Figure 6b). The concurrent oscillations in both the ionosphere and plasma sheet suggest that the satellite was 
near the substorm onset region in the plasma sheet. The energy gap in the ion flux observations was large in this 
event (25–69 keV), and the ion thermal pressure and velocity moments lack contributions of the high-energy part 
of the plasma sheet population. Nevertheless, the total pressure during the growth phase was larger than that in the 

Figure 6. The left column shows (a) a north-south keogram from the Fort Yukon (FYKN) Time History of Events and 
Macroscale Interactions During Substorms (THEMIS) all sky imager (ASI), (b) ground magnetometer data at Poker Flat 
(POKR), (c) THEMIS ASI snapshot at 09:14:30 UT during the substorm on 20 November 2014. The right column shows 
(d) the north-south keogram from the FYKN ASI, (e) east-west keogram along the onset arc from the FYKN ASI (64.0° 
magnetic latitude), (f) line plots of auroral intensity on the onset arc (black: −95.5◦ and blue: −97.0° magnetic longitude), (g) 
duskward cross-tail tail current density and (h) field-aligned current density using the curlometer technique from THEMIS A, 
D, E, and GOES-15, and (i) sunward and (j) duskward pressure gradients (red: ion, blue: electron) from THEMIS A, D, and 
E.
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previous event (Figure S2 in Supporting Information S1). The electron densi-
ty and ion temperature were also larger in this event despite that the satellite 
was away from the neutral sheet during the growth phase. These differences 
indicate that the loading in this event was stronger than that in the previous 
event, even though the two events had a similar level of the auroral electrojet 
strength during the expansion phase.

Another notable feature in Figure 7 is that � �� became temporarily negative at 
∼09:15 UT. This is not necessarily tailward plasma transport because � �� was 
also strongly negative. Considering positive � �� and negative � �� at this time, 
this plasma flow direction indicates equatorward plasma transport, which 
corresponds to earthward transport at the equator. The ion plasma flow dur-
ing the neutral sheet crossing (09:17-09:19 UT) was indeed earthward.

A major difference from the previous event is the direction of the dawn-dusk 
plasma velocities. Figure 8c shows that the ion velocity before the onset was 
weakly duskward, and then it became nearly stagnant soon after the onset fol-
lowed by a dawnward drift. The electron velocity was initially weakly dawn-
ward, and then it increased dawnward after the onset. The dawnward electron 
velocity was comparable to the � � × � velocity throughout this time interval. 
Thus the dawnward electron drift was due to the � � × � drift. The dawnward 
ion drift was also likely affected by the � � × � drift because magnetic drifts 
of ions were generally duskward. The dawnward � � × � drift was associated 
with the equatorward electric field, where � �� was negative to the north of 
the neutral sheet (� �� > 0 before ∼09:17 UT in Figure 7b) and positive to 
the south of the neutral sheet (� �� < 0 after ∼09:17 UT). Equatorward � �� in 
the off-equatorial plasma sheet maps to earthward � ��� ��� �  at the neutral sheet. 
Earthward � ��� ��� �  was indeed observed during the neutral sheet crossing after 
09:16 UT.

During the growth phase, both ion and electron currents were directed 
duskward, and the ion currents had a larger contribution to the net cross-
tail current (Figure 8d). After 09:13:00 UT, the ion current decreased and 
then turned dawnward, while the electron current remained duskward with 
variable magnitudes. The electrons became the main carrier of the cross-
tail current after the onset. This is a characteristic feature of the middle-tail 

current sheet (Lu et al., 2019; Runov et al., 2006). The strength of the net cross-tail current during the expansion 
phase was variable, but on average it became weaker than the current during the growth phase. The reduction of 
the cross-tail current at onset is consistent with the curlometer result in Figures 6g and 8 indicates that the current 
reduction is due to the reduction of the duskward ion drift under the equatorward (or earthward) electric field.

Figure 9 shows the ASI and satellite data in the same format as Figure 4. A 3-day distribution function data at 
THEMIS-A in this event do not have a sufficiently high time resolution to identify energy dependence of the 
drift speeds, and thus we evaluate the energy dependence using THEMIS-D data in the right column of Figure 9. 
THEMIS-D was 1 RE earthward and 0.7 hr MLT duskward of THEMIS-A. � � was ∼0.2 and thus this satellite was 
farther away from the neutral sheet.

The dawnward ion and electron velocities, magnetic field, and pressures had quasi-periodic oscillations at ∼30–
60 s period at both satellites after ∼09:13 UT. The auroral intensity along the onset arc also modulated at a similar 
period (Figure 9b), although the auroral waves did not have a one-to-one correspondence with the in-situ oscilla-
tions. The lack of one-to-one correspondence could be because of the difficulty of finding the mapping location 
under the time-varying magnetic field configuration. However, the simultaneous occurrence of the auroral and 
in-situ velocity oscillations suggests that the satellite detected in-situ signatures of the onset waves. The total 
pressure variations were dominated by the magnetic pressure oscillations, and the magnetic and plasma pressures 
were not balanced. The lack of the pressure balance may indicate that the oscillation involves substantial Bz oscil-
lations on the equatorial plane as hinted by some Bz variations in Figure 9f. While Bx is generally balanced with 

Figure 7. Same as Figure 2 but for Fort Yukon and Time History of Events 
and Macroscale Interactions During Substorms -A on 20 November 2014.
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the thermal pressure in the z-direction, Bz does not contribute to this force 
balance and could change the total pressure. The ion and electron pressure 
variations were in-phase and had almost the same magnitudes.

The partial velocity moments from the distribution function data at 
THEMIS-D show that the velocities of the plasma sheet (>keV) and low-en-
ergy (<keV) populations were comparable to the total velocity moments. 
Both plasma sheet and low-energy ions drifted duskward during the growth 
phase, and then the velocities decreased and turned dawnward. The energy 
gap in the ion instruments was narrower than at THEMIS-A (Section 2.2.3), 
and the moments at THEMIS-D partially includes the high-energy part of 
the plasma-sheet ions. The electron velocities were nearly zero during the 
growth phase and then became overall dawnward after the onset. THEMIS-D 
also detected quasi-periodic oscillations of the electron velocity, magnetic 
field, and pressures. The pressure variations were dominated by the magnetic 
pressure, and the thermal pressure variations were anti-correlated with the 
magnetic pressure variations.

By tracing the structures of the onset waves in Figure 9a, the dawnward prop-
agation velocity at 09:14-09:16 UT was found to be 2.5–8.6 km/s (0.05–0.18 
deg/s) in the ionosphere. The velocity was not constant but increased over 
time (i.e., the slope of the onset wave in Figure 9a became steeper), giving the 
wide range of the velocity. This velocity range corresponded to 70–250 km/s 
dawnward velocity at the THEMIS location in the plasma sheet. This ve-
locity range was comparable to both measured dawnward ion and electron 
velocities, but the electron velocity fell within the mapped velocity range 
for a longer time than the ion velocity. The ion velocity was still duskward 
in the first ∼1.5  min from the onset. At THEMIS-D, the ion velocity did 
not reach the mapped velocity range, while the electron velocity reached the 
mapped velocity range. This comparison suggests that the dawnward propa-
gation of the beads is likely related to the dawnward electron � � × � drift. The 
wavelength in the ionosphere was ∼39–54 km in the ionosphere or ∼1,100–
1,500 km in the plasma sheet.

Figure  10 examines phase relations of the quasi-periodic oscillations that 
were measured by THEMIS-A. The magnetic field and velocity in Figure 7

were smoothed over a 60-s window (Figures 10a and 10b). The smoothed data confirm that the neutral sheet 
crossing occurred at 09:18-09:19 UT, and that the velocity was mainly duskward. Band-pass filtered magnetic 
field and velocity in a 15–60 s window are shown in Figures 10c and 10d. The magnetic field quasi-periodic 
oscillation was predominantly in the � �� component, which is known as a flapping motion of the magnetotail (Ser-
geev et al., 2004). Kubyshkina et al. (2014) showed that kink and sausage modes in flapping oscillations can be 
distinguished by the sense of rotation of the plasma flow on the Y-Z plane. Figure 10e presents the phase angle of 
the ion velocity on the Y-Z plane. The phase angle tends to decrease in the northern hemisphere, while the angle 
tends to increase in the southern hemisphere. By referring to Figure 3 of Kubyshkina et al. (2014), these rotations 
in the dawnward velocity agree with the sausage mode (the kink mode has the opposite sense of rotation). In 
fact, the total pressure during the oscillations was not conserved but also modulated quasi-periodically. Thus the 
quasi-periodic oscillations can be considered as sausage-type flapping oscillations with periodic modulations of 
the total pressure, current sheet thickness, and plasma flows that propagated dawnward.

2.2.3. THEMIS-D Observations: Distribution Functions

Angle-resolved distribution functions by THEMIS-D are shown in Figure 11. The electron data have a gap of 
around 9 UT because of an operation mode change. The duskward ion fluxes were overall larger than the dawn-
ward ion fluxes during the growth phase, while the dawnward ion fluxes became larger after the onset (Fig-
ures 11b–11d). Interestingly, plasma sheet ions at almost all energies drifted dawnward at ∼09:18-09:23 UT. The 
ion dawnward drift across the wide energy range soon after the onset suggests that the duskward diamagnetic drift 
was not the most dominant component but the dawnward � � × � drift likely became important for the ion drift 

Figure 8. Same as Figure 3 except for Fort Yokun and Time History of Events 
and Macroscale Interactions During Substorms -A on 20 November 2014.
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motion. For electrons (Figures 11i–11k), the low-energy population below a few hundred eV predominantly drift-
ed dawnward during the growth phase and early expansion phase until ∼09:20 UT. The dawn-dusk anisotropy of 
the plasma sheet electrons at THEMIS-D was small and did not show a clear change at the onset.

The ions below ∼1 keV and electrons below ∼100 eV were highly field-aligned during the growth phase and soon 
after the onset (Figures 11e–11g and 11l–n). The presence of the field-aligned low-energy population is similar 
to the previous event and reiterates that outflowing plasma from the ionosphere substantially contributes to the 
plasma sheet density at substorm onset. The contribution of the low-energy plasma was smaller than in the previ-
ous event (<keV ions and <keV electrons had ∼35 and ∼45% of the total densities) but was not negligibly small.

3. Discussion
The present study focuses on examining the observed characteristics associated with the substorm onset waves, 
and we do not aim at determining the type of instability. Nevertheless, it is useful to discuss how the observed 
characteristics compare to existing theories. BICI (Pritchett & Coroniti, 2013) has been shown to reproduce ob-
served wavelength and propagation velocity of onset waves (Nishimura et al., 2016). The duskward-propagation 
event in Section 2.1 also agrees with the BICI scenario, and thus BICI remains as a possible instability mode 
to create the onset waves. In the BICI mechanism, the dawnward wave propagation is caused by the dawnward 

� � × � drift in the negatively charged current sheet. The negatively charged current sheet has been predicted 
theoretically (Hesse et al., 1998) and shown to form self-consistently (Lu et al., 2016, 2018; Pritchett & Coroni-
ti, 1995). When the tail current sheet becomes thinner than that for the duskward-propagating bead event, ions 
are partially demagnetized and electrons are still magnetized. Such an ion-electron decoupling results in plasma 
polarization and formation of an electron-dominated current sheet with thin electron current layer embedded into 
thicker plasma density profile (Artemyev et al., 2009; Birn et al., 2004; Sitnov et al., 2006). The charge separation 
creates an equatorward and earthward electric field, where electrons drift dawnward by the � � × � drift. In such a 

Figure 9. Same as Figure 4 except for the Fort Yokun all sky imager and (left) Time History of Events and Macroscale 
Interactions During Substorms (THEMIS)-A and (right) THEMIS-D on 20 November 2014. The 3-day distribution functions 
at THEMIS-A do not have sufficiently high time resolution. The � � × � velocity at THEMIS-D is not available because the 
magnetic field is nearly on the spin plane.
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current sheet, the plasma flow is dominated by the � � × � drift, whereas the 
spatial scale is still controlled by the ion Larmor radius scale. It is likely the 
scenario for the dawnward-propagation event in Section 2.2.

The analytical expression of the kinetic ballooning mode (Eq. 54 of 
Cheng [2004]) also showed that the ballooning mode depends not only on ions 
but also on electron drifts and electrostatic potential distribution. The present 
study provides observational evidence that the dawnward drifts of electrons 
(and low-energy ions) are indeed present during the dawnward-propagating 
onset waves. Cheng  (2004) further discussed the role of electrons moving 
parallel to the magnetic field. The distribution function observations support 
that field-aligned distributions of electrons exist at low energies and their 
density is comparable to plasma sheet electrons.

Recently, global magnetohydrodynamic (MHD) simulations have been used 
to reproduce the bead structure (Raeder et al., 2010; Sorathia et al., 2020; 
Zhu & Raeder, 2014). Raeder et al., (2010) showed that the simulated waves 
have a ∼0.5 RE (∼3,200 km) wavelength, which is within the range of the 
bead wavelength mapped to the equator (∼1,100–3,600 km). Although Raed-
er et al. did not find a clear connection between the ballooning waves and 
substorm onset, the later work by Zhu and Raeder (2014) demonstrated its 
evolution to reconnection. Sorathia et al., (2020) also did not identify a con-
nection between the MHD ballooning mode and substorm onset. The half 
size of their wave is ∼4,000 km (i.e., ∼8,000 km wavelength), and their wave-
length is ∼2–7 times larger than the beads. By closely examining the auroral 
observations on 15 February 2008 that Sorathia et al. (2008) investigated, the 
'bead' structure is not associated with a substorm onset but a small intensifi-
cation during a series of auroral activities. The MHD ballooning mode at a 
large wavelength may not represent waves at substorm onset but may be more 
applicable to other waves such as the ones during the growth phase (Panov 
et al., 2012).

In addition, the present observations have stressed the importance of the dif-
ferential motion between ions and electrons for the development of the beads. 
Kinetic physics may be needed to cascade energy in the MHD ballooning 
scale down to the wavelengths comparable to the beads (∼2,000–3,600 km). 
The MHD ballooning mode requires that the wave frequency is much lower 
than the ion gyrofrequency and that the wavelength is much longer than the 
ion gyroradius. Substorm onset beads do not satisfy these conditions because 
the wave frequency (∼0.05 Hz) is close to the ion gyrofrequency (∼0.1 Hz) 

and the wavelength (∼2,000–3,600 km) is comparable to the ion gyroradius (∼1,000 km). The drift ballooning 
instability (Pu et al., 1997) improves the treatment by considering diamagnetic and curvature drifts in anisotropic 
plasma, but the low-frequency and large-wavenumber assumptions are still required. The shear flow balloon-
ing instability (Voronkov et al., 1997) considers an azimuthal flow at ∼100 km/s, which is comparable to the 
observed � � × � drift speed. While it is difficult to estimate the scale size of the flow shear observationally, the 
inclusion of the flow may explain the drift speed and direction of the instability.

The cross-field current instability (CCI) has been compared to observed bead properties and shown to reproduce 
the bead wavelength, period, and growth rate (Lui, 2020). In CCI, the wave propagation speed is duskward with 
respect to the electron drift speed. The waves propagate duskward when the electron drift speed is small, while 
the waves propagate dawnward in the inertial frame when the dawnward electron drift speed exceeds the wave 
propagation speed. The magnetic field, density, and temperature that were used in the instability analysis are 
comparable to the observations in our events (Figure S2 in Supporting Information S1), although their magnetic 
field and density are somewhat higher than the observations. CCI predicts a right-handed polarization, and it 
is consistent with the polarization seen in Figure 10 (the phase rotating from +�� to +�� axes in the northern 
hemisphere; from +�� to +�� axes in the southern hemisphere). One discrepancy, however, is the relative drift 

Figure 10. (a) Magnetic field and (b) � ��⟂ smoothed over 60 s. (c) Magnetic 
field and (d) � ��⟂ filtered in the 15–60 s window. (e) atan(Δ��⟂,�∕Δ��⟂,�) for the 
Time History of Events and Macroscale Interactions During Substorms -A 
data on 20 November 2014.
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between ions and electrons (� ��). In Figures 6 and 7 of Lui (2020), � �� is required to be 0.02–0.04 � �� or 0.4–1.0 
� ��, where � �� is the electron thermal speed. With ∼1 keV electron temperature (Figure S2 in Supporting Informa-

tion S1), � �� = 270–530 or 5,300–13,000 km/s. In Figures 3 and 8, the observed ion-electron velocity differences 
are ∼50 km/s before the onset and ∼0–200 km/s within a few minutes after the onset. Thus the observed speed 
difference is smaller than the relative drift speed required by CCI.

The current driven electromagnetic ion cyclotron instability (Perraut et al., 2000) predicts that onset waves are 
left-handed polarized, but it is inconsistent with the right-handed polarization of the observed polarization. More-
over, the fast magnetosonic mode expects that the magnetic and plasma pressure variations are in-phase, but the 
observations show the anti-phase relation (Figure 9) or did not show a clear phase relation (Figure 4).

4. Conclusion
We have examined plasma dynamics in the near-Earth plasma sheet that is associated with substorm onset beads 
using two substorm events with simultaneous THEMIS satellite and ASI observations. A particular emphasis was 

placed on identifying what plasma sheet features determine the duskward and 
dawnward propagating beads. The multi-satellite observations showed that 
the cross-tail current decreased and the FAC increased right at the substorm 
auroral onset. This current evolution at onset is consistent with the tail cur-
rent diverting to the ionosphere and closing through the auroral electrojet. 
The earthward ion pressure gradient increased during the late growth phase 
and then decreased during the expansion phase, while the electron pressure 
gradient was nearly unchanged in the late growth phase.

The key magnetotail features for the duskward and dawnward bead events are 
summarized in Figure 12. In the duskward-propagating bead event, the elec-
tron pressure gradient was anti-parallel (tailward and dawnward) to the ion 

Figure 11. Same as Figure 5 except for Time History of Events and Macroscale Interactions During Substorms -D on 20 
November 2014.
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Figure 12. Schematic illustration of the magnetotail plasma, drift, current and 
electric field structures associated with the (a) duskward and (b) dawnward 
auroral beads.
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pressure gradient (earthward and duskward). The electric field was outward (tailward and poleward), indicating 
that ions were accumulated to inner L-shells, while electrons were accumulated to outer L-shells. The tailward 
electric field corresponds to the duskward � � × � drift, which was comparable to the duskward drift speed of 
electrons and was somewhat larger than the <10 keV ions. These drift speeds were small until a few minutes after 
the auroral onset, while the >10 keV ions drifted duskward throughout the event. The cross-tail current before the 
onset was carried by ions, but the cross-tail current became nearly zero in the first few minutes after the onset due 
to the increased speed of duskward drifting electrons. The reduction of the cross-tail current would weaken the 
magnetic field stretching in the magnetotail and may contribute to destabilizing the plasma sheet as an initiation 
of the substorm expansion phase.

In the dawnward-propagating bead event, the electric field was earthward (or equatorward at off-equatorial loca-
tions). The earthward electric field suggests that the electron current sheet is embedded to a thicker ion current 
sheet as predicted by kinetic simulations (Lu et al., 2018; Pritchett & Coroniti, 1995). The corresponding � � × �

drift was dawnward, and it was comparable to the dawnward electron drift speed. The ion drift was directed dusk-
ward in the growth phase and then turned dawnward after the onset. The electrons became the main carrier of the 
cross-tail current and the net current decreased soon after the onset, again indicating that the tail force balance 
changes at the onset. Lu et al. showed that the dawnward � � × � drift enhances the thinning of the plasma sheet in 
the pre-midnight sector by removing the magnetic flux, while unmagnetized ions stay in the pre-midnight plasma 
sheet. The THEMIS data in this event provide an observational indication that the charged current sheet forms at 
substorm onset and plays a critical role in substorm onset instability. � �� briefly became negative at the satellite 
location after the onset. It is unclear if it is causally related to the onset process or not, but the negative � �� could 
be an indication of equatorial minimum-B and a magnetic field hump (Sitnov & Merkin, 2016).

The different orientations of the electric field in the two events suggest that the ion and electron distributions in 
the two substorms are substantially different, and that the differences in the electric field orientations distinguish 
the duskward and dawnward propagating onset waves. The two substorm events had a similar strength of the 
auroral electrojet, but the second event had a higher total pressure and ion temperature during the growth phase. 
The stronger magnetosphere driving in the second event would have contributed to form a thinner electron current 
sheet and the different electric field structure.

In the duskward-propagating bead event, the bead propagation speed (170–240 km/s in the tail) was close to the 
plasma sheet ion drift speed. The � � × � and electron drift speeds also increased but not until a few minutes after 
the onset. In the dawnward-propagating bead event, the � � × � and electron drift speeds were closer to the bead 
propagation speed (70–250 km in the tail) than the ion drift speeds. Thus we suggest that the plasma species that 
is responsible for the bead propagation changes with the electric field configuration in the magnetotail. The bead 
wavelength (2,000–3,600 and 1,100–1,500 km) was comparable to the gyroradii of plasma sheet ions, and thus 
ion kinetic effects are important for determining the wavelength. In the dawnward-propagating event, the mode of 
oscillation in the plasma sheet was suggested to be the sausage mode flapping oscillations.

Another important finding is the presence of the dense low-energy ions and electrons in the late growth phase. 
Their pitch angle distributions were mostly field-aligned, suggesting that a significant amount of plasma outflow 
from the ionosphere contributes to the plasma sheet density during the growth phase. The duskward � � × � drift 
of electrons and the reduction of the cross-tail current at the substorm onset are largely contributed by the low-en-
ergy electrons. The dynamics of low-energy plasma should be considered in the plasma sheet force balance and 
substorm onset processes.

The present study emphasizes the importance of kinetic effects in the near-Earth plasma sheet for the substorm 
onset and auroral beads, and may provide crucial information for constraining the potential substorm onset mech-
anism. However, the results are based only on two conjunction events, and it is difficult to evaluate the results 
statistically because ideal conjunction events are extremely limited. Our work calls for further investigations of 
the near-Earth transition region from MHD to kinetic scales to fully understand the energy conversion process 
during substorms.
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Data Availability Statement
The THEMIS data were obtained through themis.ssl.berkeley.edu. Data processing used SPEDAS-V3.1 (Ange-
lopoulos et al., 2019).
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