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Abstract Magnetospheric substorms are a complex phenomenon. During the initial stages of a substorm a
variety of important processes occur in near-Earth space within a span of several minutes. The relative timing
and links between these processes are critical to understanding how, where and when substorms may occur. One
of the first observed signatures at substorm onset is the exponential increase in ULF (Ultra-Low Frequency)
wave power in the near-Earth magnetotail (e.g., —7.5 < X4 < —12.5 R;). We use the Time History of Events
and Macroscale Interactions during Substorms spacecraft to examine the conditions in the magnetotail plasma
sheet before, during and after local ULF wave growth. Prior to the ULF wave growth, the magnetotail stretches
with convectional flows dominating. We then find strong earthward and azimuthal flows that peak at a similar
time to the peak ULF wave power. These flows are found to be faster in the mid-tail (=10 < X\, < —-12.5 R))
than the near-tail (=7.5 < X5 < —10 R;). Examining the local plasma energy density (magnetic, thermal and
kinetic), we find no statistical decrease that could explain the exponentially growing ULF waves, in fact the
local energy density is found to increase. This suggests that there may be an injection of energy from elsewhere
in the magnetotail. Following the peak ULF wave power the tail is seen to dipolarize, and the local energy
density is enhanced.

Plain Language Summary Substorm onset is an explosive process most often linked with the
sudden, dramatic brightening of the aurora. Often within the brightening auroral there are regular, periodic
bright structures known as auroral beads. While they are nearly ubiquitous, the origin of these auroral beads is
poorly understood. However, they have been linked to local, fast growing fluctuations in the magnetic field that
can be observed at the same time and at the same location as the beads. These fluctuations have been found to
be generated in the plasma environment of near-Earth space before traveling to the ground. Here, we investigate
what is happening in the near-Earth source region as these magnetic fluctuations are growing. We find that the
magnetic fluctuations grow during highly dynamic conditions in the magnetotail, with fast plasma flows that
peak at the same time as the most intense magnetic fluctuations. We investigate, testing whether there is a local
source of energy that can explain the growing magnetic perturbations, instead finding that there may be an
external source of energy.

1. Introduction

Magnetospheric substorms are cycles of energy storage and release, driven through the interaction of the Earth's
magnetic field with the Interplanetary Magnetic Field (IMF) that is associated with the solar wind. In the initial
growth phase, reconnection between the IMF and the Earth's magnetic field “opens” the magnetospheric field,
such that one end is connected to the Earth and the other is connected to the Sun. The open field convects with the
solar wind flow across the polar regions of the Earth, before residing in the magnetotail lobes on the nightside of
the planet (McPherron, 1970). This process accumulates energy in the magnetotail, causing changes in the field
geometry and plasma properties (e.g., Runov et al., 2021 and references therein) before the start of the next phase:
the expansion phase (Akasofu, 1964).

The start of the expansion phase is sometimes known as substorm onset. During this phase, a series of processes
occur on the nightside of the Earth, with consequences that can be observed on the ground (e.g., Murphy
et al., 2022). In the near-Earth magnetotail (~10 R from the Earth, 1 R, = 6,371 km), the cross-tail current is
diverted into the ionosphere in a newly formed current system known as the Substorm Current Wedge (SCW;
e.g., Murphy et al., 2013; Kepko et al., 2015, and references therein). Further from the planet (~20 R, from
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the Earth), magnetic reconnection produces strong planetward flows known as Bursty Bulk Flows (BBFs;
Angelopoulos et al., 1992; Baumjohann et al., 1990; Hones et al., 1984) as well as complex magnetic struc-
tures (Eastwood & Kiehas, 2015; Slavin et al., 1989, 1995; and references therein). The reconnection process
closes “open” magnetic field, such that the field is now once again connected at both ends to the Earth (Hones
et al., 1984). Activations in both these regions have been associated with expansion phase onset, but how the
physical processes at each location are connected remains unclear to this day (e.g., Angelopoulos et al., 2008;
Donovan et al., 2008; Murphy et al., 2014; Rae, Mann, Angelopoulos, et al., 2009; Runov et al., 2008; Sergeev
et al., 2008, 2012).

On the ground, the expansion phase can be seen to begin with the brightening of an auroral arc
(Akasofu, 1977). Within the brightening arc azimuthal structure, known as auroral beads, can often be
observed (Henderson, 1994; Kalmoni et al., 2017; Rae, Mann, Murphy, et al., 2009). Such structure can some-
times be seen for ~10-20 min before auroral breakup (Uritsky et al., 2009). Auroral beads have spatial scales
of between ~30 and ~150 km (Chang & Cheng, 2015; Friedrich et al., 2001; Sakaguchi et al., 2009), while
detailed Fourier analysis of the brightening arc has demonstrated that the brightness of these unstable spatial
scales grow exponentially (Kalmoni et al., 2015; Rae et al., 2010). Further high cadence analytical studies of
the structuring has revealed that it is consistent with generation by shear Alfén waves of short perpendicular
scale (Kalmoni et al., 2018), propagating into the ionosphere from near-Earth space (Smith, Rae, Forsyth,
Watt, Murphy, & Mann, 2020). Moreover, auroral beads have been found to be nearly ubiquitous at substorm
onset (Kalmoni et al., 2017), suggesting that the processes responsible may be related to key physics at the
start of the expansion phase.

Providing a further clue as to their origin, auroral beads have been linked to coincident and exponentially grow-
ing Ultra-Low Frequency (ULF) wave power (Rae et al., 2012; Smith, Rae, Forsyth, Watt, & Murphy, 2020;
Voronkov et al., 2003). While individual wavepackets may present with a dominant ULF period, the period is
found to vary between events such that the statistical power spectrum can be best represented by a power law
(Murphy et al., 2011). Nonetheless, the dominant wave periods have been found to be within the approximate
period range 24-96s (Rae et al., 2011, 2017), termed the Pil-2 band. The exponentially growing wave power
has also been found to spread from an epicenter (Milling et al., 2008; Smith, Rae, Forsyth, Watt, Murphy, &
Mann, 2020), a location that is also associated with the first global auroral brightening (Murphy et al., 2009),
further highlighting the significance of the location at which the processes are occurring.

Mapping the ULF waves and associated auroral beads back into the magnetosphere would suggest a source
region in the near-Earth magnetotail, between 8 and 12 R, from the Earth (Donovan et al., 2008; Kalmoni
et al., 2018), in a similar region to that in which the SCW has been inferred to form (Kepko et al., 2015 and
references therein). Such a source region is also supported by the observations of conjugate auroral bead struc-
tures in both hemispheres (Motoba et al., 2012), and the observations that the auroral bead properties may be
related to the configuration of the plasma sheet (Nishimura et al., 2016). Recently, Smith, Rae, Forsyth, Watt, and
Murphy (2020) surveyed this approximate region at substorm onset, finding consistent observations of exponen-
tial ULF wave growth that on average lead the ground by 1-2 min. Further, Smith, Rae, Forsyth, Watt, Murphy,
and Mann (2020) compared the ground and space-based ULF wave observations as a function of wave period,
providing further evidence that the propagation of these ULF waves to the ground is consistent with the properties
of shear Alfvén waves.

However, the precise phenomenon responsible is not yet clear. There have been several candidate plasma insta-
bilities proposed to generate such ULF waves in the near-Earth magnetotail (A. Lui, 2004). These include but
are not limited to: the cross-field current instability (A. T. Y. Lui et al., 1991); ballooning instabilities such as
the shear flow (Voronkov et al., 1997), pressure anisotropy (Oberhagemann & Mann, 2020) and kinetic vari-
ants (Cheng, 2004; Panov et al., 2012); the current-driven Alfvénic instability (Perraut et al., 2000); or other
non-magnetohydrodynamic (non-MHD) processes (Haerendel & Frey, 2021; Nishimura et al., 2022). However,
ULF waves in the period band of interest may also be generated by convective flows in the magnetotail (e.g.,
Horvath & Lovell, 2019; Keiling & Takahashi, 2011; Kim et al., 2007; Ream et al., 2015). With this work, we
provide insight and observational constraints on the processes active close to the source region of the ULF wave
onset. We examine the conditions before, during and after the ULF wave activations, potentially related to an
instability in the near-Earth magnetotail.
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2. Data and Method

In this work, we utilize data from the Time History of Events and Macroscale Interactions during Substorms
(THEMIS) mission (Angelopoulos, 2008). Three THEMIS spacecraft (THEMIS A, D, and E) surveyed the
near-Earth plasma sheet in the first half of 2009 with a separation of only around 1 R,. We use data from the
fluxgate magnetometers (Auster et al., 2009), and moments calculated from the combined Electrostatic Analyzer
and Solid State Telescope observations (McFadden et al., 2009), both at 4 Hz. We predominantly use data in
the Geocentric-Solar-Magnetospheric (GSM) coordinate system; where the X-axis outlines the Earth-Sun line,
the Z is aligned with the projection of the Earth's dipole axis into the plane perpendicular to X, while the Y axis
completes the right handed system.

We limit our investigation to those intervals of time around expansion phase onsets. To do this, we use the
Substorm Onsets and Phases from Indices of the Electrojet (SOPHIE) technique (Forsyth et al., 2015), selecting
those onsets above the 90th percentile (Expansion Percentile Threshold, EPT = 90). While the 75th percentile
(EPT = 75) has been shown to give good agreement with independent auroral-based onset catalogs, we presume
that the use of the higher percentile limit will minimize the inclusion of large pseudo-breakups. As we wish to
examine the changes in the near-Earth magnetotail before onset, we remove any onsets that are preceded by less
than 90 min of quiet, that is, compound substorm events.

We use the period of time from 15th January to 30 April 2009, when the THEMIS spacecraft regularly passed
through the near-Earth plasma sheet. This period of time was previously studied by Smith, Rae, Forsyth, Watt,
and Murphy (2020), who compared the ULF waves observed by the THEMIS spacecraft at substorm onset with
those recorded at conjugate locations on the ground. A total of 506 expansion phase onsets (using EPT = 90) were
observed in this time period, of which 335 were determined to be “isolated” according to our 90 min criterion.
We then down-selected based on spacecraft location, requiring that at least one of the THEMIS spacecraft was
approximately within the near-Earth plasma sheet:

« —125< Xy <-T.5R,
e S5ZYsm <SR,
* 5<Zsm<5R;

This limits our study to a maximum of 471 intervals of spacecraft observations within the appropriate region
during substorm onset. We then calculated the wave power in the magnetic field observations using a bandpass
filter for periods between 10 and 100 s. The wave power in the three components were then combined by summa-
tion in quadrature. Using the same method, Smith, Rae, Forsyth, Watt, and Murphy (2020) found 175 examples of
exponential magnetic wave power increases in the magnetotail that were mirrored by similar observations at their
conjugate location on the ground. These magnetic ULF wave activations are henceforth assumed to be the in-situ
magnetic signature of a near-Earth plasma sheet process (cf., Smith, Rae, Forsyth, Watt, Murphy, & Mann, 2020),
active at substorm onset (Forsyth et al., 2015), that is occurring close to the THEMIS spacecraft. These magnetic
ULF wave power increases therefore provide a suitable timing benchmark from which to evaluate the evolution
of plasma sheet conditions in the near-Earth magnetotail at substorm onset. For our analysis we further require:

¢ The exponential increase in magnetic wave power to be greater than one order of magnitude.

e The average ion plasma f to be greater than 1.

¢ A 30 min of quiet (e.g., by eye consistently low wave power representing an approximate noise floor) prior to
the exponential increase in wave power.

e Combined plasma moments to be available from 30 min prior to the wave power increase until 15 min
afterward.

These requirements ensure: that significant magnetic ULF wave power has been observed and the spacecraft
is close to the “onset location” (cf., Smith, Rae, Forsyth, Watt, Murphy, & Mann, 2020); the spacecraft are
consistently located within the magnetotail plasma sheet; that pre-onset changes are not related to changes in the
spacecraft's magnetospheric location (e.g., through the plasma sheet boundary layer) or previous magnetospheric
activity; that sufficient data are available for the analysis to proceed. These criteria were fulfilled by a total 68
intervals of data, which form the basis of our statistical study. Though this is a substantial reduction from the
original 175 intervals, these represent a pristine data set with which we can examine the conditions surrounding
wave power excitation at substorm onset.
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Figure 1. An example interval observed by Time History of Events and Macroscale Interactions during Substorms-D on the 19 March 2009 showing: the magnetic
field in the Geocentric-Solar-Magnetospheric (GSM) system (a), the wave power (b), and the plasma /3 (c). The vertical dashed black line indicates substorm onset as
determined from ground based magnetometers (Forsyth et al., 2015).

Figure 1 shows an example of one interval that fulfilled the criteria above. Notably, we see magnetic wave power

increase by approximately three orders of magnitude in the minutes prior to substorm onset as determined from

ground based magnetometers, that is, using the SOPHIE technique (Forsyth et al., 2015).

3. Results

In this work, we use Superposed Epoch Analyses (SEAs) to evaluate the evolution of the near-Earth plasma sheet

around substorm onset. To align these intervals to a consistent epoch, we manually identify the start and the end

of the exponential growth of magnetic ULF wave power (in the 10 — 100 s period band). This provides a timing

of substorm onset that is local to the spacecraft. This is in contrast to the use of an auroral index to determine

substorm onset, which provides a global onset time that is generally within +15-20 min of onset determined

through auroral images (Forsyth et al., 2015). As we will show, the local timing allows us to clearly distinguish

pre- and post-onset conditions at the spacecraft location.

We will examine the observations before, during and after the intervals of exponential magnetic wave growth.

To enable comparison between events and reduce aliasing effects, we modify the time series such that all events
have the same wave growth interval. We stretch or shrink the observed wave power growth interval and resample
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Figure 2. Superposed Epoch Analyses of the plasma velocity perpendicular to the magnetic field that was observed by the Time History of Events and Macroscale
Interactions during Substorms spacecraft during 68 intervals around substorm onset, from 30 min prior to the start of the wave growth, until 15 min afterward. The
left panels (a, c, e) show the perpendicular plasma velocities in the Geocentric-Solar-Magnetospheric (GSM) system, while the right panels (b, d, f) show the absolute
velocities in the same coordinate system. The blue line shows the median of the intervals, while the orange shading represents the 25th and 75th percentiles (i.e., the
lower and upper quartiles). 7, here is defined as the start of the Ultra-Low Frequency (ULF) wave power growth, while the black dashed lines indicate the start and
peak of the ULF wave growth; the epochs to which the intervals are aligned.

as required (e.g., Murphy et al., 2018; Walach & Grocott, 2019). The start of the exponential wave growth is
then assigned as 7 = 0, while the peak of the wave growth is fixed to the mean of the growth time, in this case
4 min and 50 s. Before and after this interval the time series is unaltered. The distribution of exponential ULF
wave growth intervals is shown in Figure Al.

3.1. Flows

We first examine the plasma flows in the magnetotail in the period around the magnetic ULF wave growth.
Figure 2 shows SEAs of the plasma velocity perpendicular to the magnetic field, with the time defined: 7= 0 at
the start of the exponential ULF wave power growth, 7' = 4.84 min at the peak wave power. The perpendicular
plasma flow is utilized in order to remove any impact from field aligned plasma flows that may be present during
this time. Figures 2a, 2¢ and 2e show SEAs of the perpendicular plasma velocity, while Figures 2b, 2d and 2f
show the absolute perpendicular plasma velocity.

Prior to the ULF wave growth we see small flows, predominantly in the positive ¥, direction, with a magnitude
approximately 20 kms~!. Then, at start of the ULF wave growth, we see evidence for increasing flows in all three
directions. In the X, direction we see planetward flows that rise over the few minutes of wave power growth,
peaking at the same time as the ULF wave power (i.e., at ~4 min and 50 s). This flow then drops off quickly

SMITH ET AL. Sof 16

85UB017 SUOWIWIOD @A 11D 8|qedtjdde ay) Aq peusenob ae ssjoiie YO ‘8N 4O Sa|ni oy AkeiqiT8uljuO A8|IAM UO (SUOTPUOD-PUR-SLLBY/WI0D A8 [IM"ARR1q 1 UIIUO//SANY) SUOHIPUOD PUe SWB | 38U} &8s *[£202/T0/xZ] uo Ariqiaulluo A8|IM ‘seoinRs Ariqi 70N uopuoabe|jod AiseAIUN A TEF0E0VEZZ02/620T OT/10p/LI0d A8 | im Areiq 1 pul|uo'sqndnfey/sdiy wo.y pepeojumoq ‘T ‘€202 ‘20v669T2



I Y ed N | . .
NI Journal of Geophysical Research: Space Physics 10.1029/2022JA030491
ADVANCING EARTH
AND SPACE SCIENCE
01 a) i i
1 1
1 o
-5 1 k 8
= M\JW g
&< 101 ! £
Q 1 =
1 =
1 0
15 | &
I
[}
_20 7 T 3 'r T
c) i {
0 ; 8
! 2
i T
Ox.
Q P 2
—a ] i 5
| 1 O
| } Q
6 1 ;
T T ll T
2001 € i 3.0 1) 1 i
| 1
17.5 A { ° ‘ i
II g 2.5 1 | :
< 15.0 1 ‘FEU !
1 1
B 12.5 1 = 2.0 A i 1
a . 2 |
10.0 1 i i & 151 ]
| &
5.0 1 1 1 1.0 A d !
T T | . T T . T T T | | T
-30 -10 -5 0 5 10 15 -30 -25 -20 -15 ~-10 -5 0 5 10 15
Time relative to To/ minutes Time relative to To/ minutes

Figure 3. Superposed Epoch Analyses of the magnetic field observed by the Time History of Events and Macroscale Interactions during Substorms spacecraft, in a
similar format to Figure 2. The left panels (a, c, €) show the three Geocentric-Solar-Magnetospheric (GSM) components of the magnetic field, while the right panels (b,
d, f) show these same intervals normalized to the value of the magnetic field at 7= 0.

after the peak, potentially exhibiting some oscillatory behavior. In Figure 2b, in the Y, direction we see that
the quartiles increase during the wave growth interval, though the median remains constant. On the right, in the
absolute velocity, we see strong growth in |Vf§M| during the wave growth. This combination of observations
suggests that there are approximately equal examples of increasing positive and negative VLG;M during the wave
growth. Meanwhile, in V"5 we see a similar pattern to that in V%™, though the magnitudes are smaller by a
factor of approximately three. This suggests growing velocities in Vf;M, again with roughly the same number of
positive and negative examples.

3.2. Field Geometry

Next, we examine the changing magnetic field geometry in the interval around substorm onset. Figure 3 shows
SEAs of the magnetic field in a similar format to Figure 2. Figures 3a, 3c and 3e show the observed magnetic
field. There is a fairly large spread of magnetic field values in each panel, indicated by the breadth of the orange
quartiles. This spread could be due to the relative locations of the spacecraft and the current sheet, and also due
to the location of the spacecraft within the magnetotail during each event. Therefore, Figures 3b, 3d and 3f show
the same intervals but normalized to the value of the magnetic field observed at 7 = 0. This permits a better
comparison between the 68 intervals, and allows examination of the changes around the time in which the wave
power begins to increase.

Figures 3b and 3f show that in the 30 min prior to the wave power growth we see an increase in B)G(SM and a
reduction in BSSM. These changes are gradual, but amount to a change of approximately 20% in both magnitudes.
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In contrast, the changes in BSSM are relatively small prior to the wave power growth. During the period in which
the wave power is growing, that is, T = 0-4.8 min, we see a marked decrease in BJ™™ and increases in B¢M and
BESM. The median field in this time period shows changes of between 20% and 50%. Following the peak of the
wave power, that is, after 7= 4.8 min, BE{SM continues to decrease while BgSM increases. Meanwhile, B)G,SM grad-
ually returns toward its original values. All three components of the field appear more variable in this interval,
contrasting with the character of the field in the 30 min prior to the increase in wave power.

3.3. Local Energy Density

We now examine the local energy density in the near-Earth magnetotail at substorm onset to further our under-
standing as to where the energy we ultimately observe as ULF waves may originate. Local energy should be
conserved according to:

0 WTotal

V-S=0
e M

where W, ., is the total local energy and S is the flow of energy into the region (a combination of Poynting and
advected energy flux). From the data it is not possible to calculate V - S, but nonetheless Equation 1 provides a
useful framework with which to understand the observed local energy density. We define the total energy density

(UTotal) as.

Utotal = UFiela + Z US e + 2 U3 ot + Uwaes 2)
S S

where the plasma kinetic and thermal terms are summed over the species (S). Specifically, the species considered
in this work are protons and electrons. Due to measurement limitations we do not consider the contribution of
heavier ions. The energy density of the field is defined as:
B 2
Unas = 21 )
2/40
where p,, is the permeability of free space. The separate components of the field are combined by summation in
quadrature. To ensure that we do not double count the contribution of any ULF waves present in the magnetic
field measurements we low pass filter the magnetic field (for periods greater than 100 s). We then define the
plasma kinetic energy density as:
us =1 3 4
Kinetic — znsmsus C))
where ng, mg, and ug are the number density, mass and flow speed of the species S, when calculating the total
energy density the velocity is low pass filtered (again to prevent double counting of the wave perturbations).
Meanwhile, the thermal energy is defined as:
1
Ubhema = 5 5ka (T8, + T8, + T 5)

Thermal = 2

where kj is the Boltzmann constant and T, T,

and parallel to the magnetic field. Then, from Stix (1992) the energy density of the waves can be defined as:

and T”S are the temperatures of the species S, perpendicular

B[
U _ 1 Waves E 5 Ex 2 6
Waves — Z T + €0 %(weij) + AUy e ( )
where Bl
permittivity and permeability of free space, ¢; is the Hermitian part of the permittivity tensor, and uy,. is the

waves 18 the field associated with the wave perturbation, E is the wave electric field, €, and p,, are the
velocity associated with the waves. Due to measurement limitations (and the relative mass difference) we only
consider the velocity perturbation associated with ions, neglecting the electron contribution. For low frequency
waves (o < Q,, where Q, is the ion gyrofrequency) we can write Equation 6 as:

|B |%Vaves 2 (7)

Uwayes ~ 2—”0 + nmuy, .
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Figure 4. Superposed Epoch Analyses of the local energy density in a similar format to Figures 2 and 3. The top panel (a) shows the total energy density as well as that
recorded for the field and thermal plasma. The right panel (b) shows the median change relative to 7| of the parameters in panel (a). No quartiles are shown to improve
the clarity of the panel. The lower panel (c) shows the energy densities of the electromagnetic and ion kinetic wave and bulk ion kinetic, now on a logarithmic scale.

where the two terms on the right now represent the electromagnetic and kinetic components of the wave energy
density. We calculate [Bly,, ., and uy,, . using a bandpass filter between 10 and 100 s for each component, before
combining them by summation in quadrature. Figure 4 then shows SEAs of the local energy density and its
components in the time around the exponential growth in wave power. Figure 4a shows SEAs of the bulk param-
eters, while Figure 4b shows the median changes in the bulk parameters relative to 7 = 0 to provide a more direct
comparison. Figure 4c then displays SEAs of the flow and wave related parameters (in which the electromagnetic
and kinetic terms have been shown separately), which vary over several orders of magnitude. We note that the
bandpass filtering was performed prior to the time warping of the interval of wave growth and that the plotted ion
kinetic energy is the total ion kinetic energy and therefore includes the contribution of the waves for comparative
purposes (though the total energy does not double count the wave ion kinetic energy).

The energy densities are relatively steady leading up to the interval in which the electromagnetic and kinetic wave
power grows. This is likely a result of the selection criteria in Section 2: we are only considering those substorms
that are preceded by quiet conditions in the magnetotail. From Figure 4b, the total, ion thermal and electron ther-
mal energies show small (~5%—20%) decreases during this time. Meanwhile, the consistent levels of the wave
electromagnetic and kinetic energy densities in Figure 4c likely represent the noise floor of these measurements,
and suggest that this is lower for the magnetic field measurements.

During the clear electromagnetic wave power growth interval (7 = 0—4.8 min), we see a strong increase in the
electromagnetic energy density of around three orders of magnitude. The wave kinetic ion energy density (in red)
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Figure 5. Superposed Epoch Analyses split by downtail distance in a similar format to Figures 2 and 3. The left panels (a, c, e) show the absolute perpendicular
plasma flow velocities in the Geocentric-Solar-Magnetospheric (GSM) system, while the right panels (b, d, f) show the three GSM components of the magnetic
field, normalized to the value at 7= 0. The “Near Tail” (blue) here is defined as between —7.5 < X\ < —10 R, while the “Mid Tail” (orange) is between

—10 < Xgoq < —12.5R;.

also increases in this interval, from its slightly higher noise floor. This indicates that we resolve the MHD waves
in both the magnetic field and in the plasma flows. Also during this time interval we see an increase in the bulk
ion kinetic energy density, that is around a factor of 2-3 greater than that in the wave ion kinetic energy density.
This suggests that while some of the observed flows are related to the growing waves, there are also significant
bulk motions of the plasma that increase during this time. Significantly, we also see that the total energy density
increases during this period of wave growth, but that it cannot be explained purely by the growing wave or flow
energies.

3.4. Spatial Differences

The intervals studied so far have been observed between —7.5 R and —12.5 R, from the Earth, a fairly large
spread in a region of the tail that shows large spatial variations and gradients. We now break down the obser-
vations into two main categories, those observed either side of —10 R; terming those closer to the planet as
occurring in the “Near Tail,” and those beyond as being observed in the “Mid Tail.” Figure 5 shows SEAs for
the two categories of events in blue and orange respectively. The left of Figure 5 shows SEAs for the absolute
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perpendicular plasma velocity observed in the GSM coordinate system. In these panels, we can see that the
shapes of the velocity profiles are similar in both the near and far-tail. However, the magnitude of the peak veloc-
ities are about twice as large in the mid-tail.

Regarding the field geometry, the right of Figure 5 shows the magnetic field normalized to the field observed at
T =0, once more split by the distance downtail. While the trends in ¥ and V%M are similar in both regions
of the tail, the timing of the increase in BﬁSM appears to depend on where in the tail it is observed. In the mid-tail
we see the increase in B)G(SM roughly 10-20 min before the wave power begins to increase. In contrast, in the near-
tail we only see the increase in B)G(SM about 10 min prior to the wave power increase.

4. Discussion

In this study, we have used SEAs to examine the changes in the near-Earth magnetotail around intervals of expo-
nential ULF wave growth at substorm onset. We identified the start and end of the observed ULF wave growth,
and used these as fixed epochs to normalize the time series. While this is excellent at resolving changes around
the identified times, this processing will result in some aliasing effects. Within the wave growth interval it means
we are unlikely to resolve wave-like fluctuations, both due to the lack of a consistent dominant period (e.g.,
Murphy et al., 2011), and the dynamic time normalization employed. Moreover, if changes occur significantly
before or after the identified epochs then they will not be resolved. Below, we discuss the dynamics of the magne-
totail prior to, during and after the increase in ULF wave power, as well as the implications of these dynamics in
the evolution of the magnetotail during the substorm cycle.

4.1. Observations Prior to the Wave Power Increase

First, we will discuss the conditions in the 30 min before the exponential 10-100 s wave power increase. The
plasma flows observed in this time are relatively small, predominantly in Vf?M. Given the pre-midnight pref-
erence for these events (Smith, Rae, Forsyth, Watt, & Murphy, 2020), the observation of small, positive VfﬁM
flows likely represents enhanced convectional flows during the substorm growth phase, directed azimuthally, and
ultimately toward the dayside (e.g., Sun et al., 2017).

Interestingly, we do not see evidence in this time before the wave growth of an increase in plasma sheet pressure.
Canonically, it is expected that during the substorm growth phase open magnetic flux is stored within the magne-
totail lobes (Baker et al., 1985; Caan et al., 1978). This causes the tail to flare, increasing the solar wind ram
pressure on the tail, and thereby increasing the lobe energy density (Baker et al., 1997; Caan et al., 1975; Coxon
et al., 2018), and equivalently pressure. This increased lobe pressure must be balanced by larger pressure within
the magnetotail plasma sheet (Forsyth et al., 2014; Wang et al., 2004; Yue et al., 2015). On the other hand, some
studies have noted little or no increase in plasma sheet pressure during the growth phase (Kistler et al., 1993;
Snekvik et al., 2012). A recent study using THEMIS data found that plasma pressure decreased in the plasma
sheet before 40% of the substorms studied (Sun et al., 2017). This was inferred to be a result of the enhanced
transport of magnetic flux from the near-tail region to the dayside magnetosphere, termed Magnetic Flux Deple-
tion (M. Hsieh & Otto, 2015; M.-S. Hsieh & Otto, 2014).

In the magnetic field, we see consistent evidence of the stretching of the magnetic field, with reduction in the
BSM and increase in the BJ™ components of the magnetic field. However, we do not see statistical evidence of
consistent tail flaring (i.e., increasing BSSM) during these intervals, perhaps as we are sampling regions relatively
close to the center of the magnetotail. We find that the timing of the tail stretching, inferred primarily through
the increase in B§SM, appears to occur about 10 min earlier in the mid-tail (=10 < Xgq, < —12.5 Ry), than in the
near-tail (=7.5 < X, < —10 Ry). This difference in timing could suggest that regions of the plasma sheet more
distant from the Earth stretch more easily, and that this process takes time to penetrate closer toward the Earth.
However, once the inner plasma sheet has stretched then the inner region rapidly destabilizes.

4.2. Observations During the Wave Power Increase

We see evidence of strong peaks in the observed perpendicular plasma velocity at the time of peak wave power.
This is true for all three components of the velocity, though notably we see a peak in Vf)S(M with a median of
around 80 kms~!, indicating strong Earthward flows at this time. The median peak flow in |VLG§M| is comparable
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at approximately 80-90 kms~!, while the median peak flow in Zg,, is much smaller at ~40 kms~!. We find
that the magnitude of the flow is dependent upon location within the magnetotail, with the peak flows being
up to 100% faster in the mid-tail (—10 < Xgsm < —12.5 R) than in the near-tail (=7.5 < X5y < =10 Rp). A
similar result was reported by Fukui et al. (2019) in their survey of the near-Earth magnetotail during the growth
phase of substorms. Fukui et al. (2019) attributed these flows and observations to either near-Earth magnetic
reconnection (e.g., Angelopoulos et al., 2008), or the relaxation of the current sheet toward the Earth around
substorm onset (e.g., Machida et al., 2009, 2014). Assuming an Earthward velocity of 80 kms~!, any flow result-
ing from reconnection at ~20 R, would require 13—14 min to travel 10 R/, to the location of the spacecraft. This,
combined with the relatively slow increase in velocity during the growth of ULF wave power (cf., dipolarization
fronts, Runov et al., 2009; Schmid et al., 2016) make this unlikely to be the direct result of reconnection from
Xgsm ~ 20 R,.. Nonetheless, previous works have strongly associated “flow bursts” and ULF waves (e.g., Keiling
& Takahashi, 2011; Kim et al., 2007). Interestingly, when we compared the energy density related to the bulk
motions of the plasma with that associated with growing 10-100 s MHD waves (Figure 4b), we can see that a
sizable portion of the kinetic energy of the flows is associated with the waves, and not just bulk motions of the
plasma.

The flows in VfﬁM were noticeably symmetric, with an approximately even split between positive and negative
flow observations. This caused the initial SEA analysis to return no median flow (e.g., Figure 2c), though when
the absolute value of the velocity was taken the significant median flow of ~100 kms~! was revealed. This
could be due to the location of the spacecraft relative to substorm onset, for example, displaced east or west.
We can examine the scale size of the flows in Vf)S,M using examples when two of the THEMIS spacecraft both
observed the ULF wave growth during the same substorm onset. We find a total of 12 substorms for which these
multi-point observations were possible. During these intervals the THEMIS D and E spacecraft were typically
separated (primarily in azimuth) by approximately 1 R;. In 5 out of 12 (~40%) of these substorms the flows in
Y,om Were in different directions, and divergent. These observations indicate that the significant Vf,')S,M flows are
not in a single global direction, and provides length scales that may be compared with predictions of instabil-
ities in the magnetotail (cf., Oberhagemann & Mann, 2020; Panov et al., 2020, 2022; Vifias & Madden, 1986;
Voronkov et al., 1997).

When considering the local energy density in the interval it is striking that the median total energy density
increases by ~15% during the period of wave power growth. If the waves had a local source, for example, from an
electron temperature anisotropy (Walsh et al., 2011), then we might expect to see this reflected in the data, with
a decrease in one of the other measures of energy density (e.g., the electron thermal energy density), in order to
balance the increase in wave energy density. As we do not see a clear decrease in any of the bulk energy densities,
we do not see clear evidence for a local energy source. Further, from the standpoint of the conservation of energy
(cf., Equation 1) this local increase in energy density leaves two possibilities. The first is that the volume of the

region has reduced in space—that is, while Uy, has increased the plasma sheet is thinner such that the total

otal
energy (Wr,,) of the region is constant. The second possibility is that energy has been added to the region from
an external source (i.e., V - S is negative in Equation 1). We note that neither of these possibilities necessarily

excludes the other.

Figure 4b shows that the total energy density increase cannot be attributed to increases in wave (electromagnetic
or kinetic) or bulk ion kinetic energy density, which are approximately an order of magnitude too small to account
for the change in the total energy density. However, we see ~10%—20% increases in the local ion and electron
thermal energy density. Closer inspection (not shown) reveals this to be due to increasing plasma temperature,
and not plasma density. As the density has not appreciably increased then the first suggestion above—that the
local “region” has reduced in size (conserving energy given a larger local energy density)—would not be favored.
Therefore, we suggest that it is likely that the energy has come from elsewhere in the magnetotail, for example,
through advection (i.e., V - S is negative in Equation 1). The temperature increases appear isotopic, with no clear
pitch angle dependence.

We might assume that the exponentially growing MHD waves are driven by an instability in the near-Earth
magnetotail, consistent with previous works that have provided strong observational evidence (e.g., Kalmoni
et al., 2018; Rae et al., 2010, 2012). As these waves grow, we find evidence for an increase in total energy
density at the spacecraft. Though we lack the spacecraft coverage to probe the detailed nature of gradients in the
near-Earth magnetotail, a gradient driven instability would manifest to reduce the gradient that created it, either
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through plasma mixing or heating. Thus these observations may broadly support the notion of a temperature or
pressure gradient driven instability (e.g., Cheng, 2004; Lee et al., 1998; Oberhagemann & Mann, 2020; Vifias &
Madden, 1986; Voronkov et al., 1997; Zhu et al., 2004).

4.3. Observations After the Wave Power Increase

After the peak wave power (i.e., after 7= 4.8 min), we see further changes in the near-Earth magnetotail. Signif-
icantly, the tail becomes more dipolar, as evidenced by the reducing values of B)?SM and increasing BgSM. This
likely corresponds to the dipolarization of the magnetotail at onset, however the broad spread (represented by
the quartile ranges in Figures 3b and 3f) suggests there may be significant time aliasing in the dipolarization. If
true, this would suggest that the dipolarization of the near-Earth tail occurs independently (in time) of the ULF
wave process, and not at a fixed interval following the peak ULF wave power. Future work should investigate the
absolute timing offset between near-Earth ULF wave processes and the dipolarization of the magnetotail. We note
that there does not appear to be a time offset between the near-tail and mid-tail when considering BgSM, while
there may be a faster change in the mid-tail when considering BgSM.

The strong earthward flows (in Vléf(M) observed appear to subside in an oscillatory manner, with periods of
the order of ~5 min. Similar observations were also made by Fukui et al. (2019), and could represent the
bouncing of the earthward flows (e.g., Ohtani et al., 2009; Panov et al., 2010). While the mid-tail observations
(=10 £ Xggu < —12.5 R;) showed stronger flows, we also see that these subside more slowly and show greater
variability. If the spacecraft were to observe incoming BBFs from the mid-tail (Angelopoulos et al., 1992), then
they would likely be aliased in this interval, and present the observed broadly increased Vf)S(M. The larger velocity
in the mid-tail (=10 < X;qy < —12.5 R};), might also be explained by BBFs, fewer of which may be expected to
penetrate as close to the Earth, or that they would slow as the gradients in the magnetotail increase closer to the
planet.

The local energy density is enhanced by approximately 20% in the time period following the ULF wave peak,
and we find that this is mostly attributable to increases in magnetic field and ion and electron thermal energy
densities. This likely represents the more dipolar and hotter magnetospheric configuration following the substorm
onset.

5. Summary

In this work, we have analyzed THEMIS observations of the near-Earth magnetotail at substorm onset. We have
aligned the intervals using local observations of exponential magnetic ULF wave power increase (with periods
between 10-100 s), which have been found to be one of the first phenomena observed at substorm onset. Ordering
the intervals by the start and peak of the wave power increase has shown that these times denote points of inflec-
tion in a number of the parameters of the near-Earth magnetotail.

In the 30 min prior to the exponential growth of ULF waves, the magnetic field in the near-Earth magnetotail is
found to stretch, with increases in BgSM and reductions in BgSM. In this time convectional and predominately
azimuthal plasma flows dominate. No statistical increase in plasma sheet energy density or magnetotail flaring
is observed.

We then observe exponential increases in electromagnetic ULF wave power, with a mean duration of 4.84 min.
During this time, the median electromagnetic wave energy density increases by approximately three orders of
magnitude. We see strong increases in perpendicular plasma flow velocity (and energy density) during this time,
peaking at a similar time to the ULF wave power. Around a third to half of the ion kinetic energy density is found
to be attributable to the growing waves, while the remainder is associated with bulk motions of the plasma. The
ion flow is predominantly found to be in the earthward and azimuthal directions. The flows are found to be
faster in the mid-tail (—10 < X, < —12.5 R}) than in the near-tail (=7.5 < X4, < —10 R;). When multiple
spacecraft are compared (spaced by ~1 R,) the flows may be in the same direction, or diverge, depending on
the event considered—evidencing the relatively small-scale size of these flows. The local energy density is found
to increase while the ULF waves are growing, suggesting either external energy source or a reduction in volume
of the near-Earth plasma sheet. This increase is primarily attributable to an increase in the plasma temperature,
perhaps indicating enhanced plasma heating or mixing. These observations provide empirical constraints that can
be compared to theoretical expectations of the processes active in the unstable magnetotail at substorm onset.
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Following the increase in wave power we see the dipolarization of the magnetotail, and the subsidence of plasma
flow. The local energy density is enhanced by approximately 20% compared to before; primarily due to enhanced
magnetic field and plasma thermal energy densities.
Appendix A: Durations of Wave Power Growth
The wavepower growth intervals are normalized such that they have the same duration (discussed in Section 3),
chosen to be the mean duration. The original distribution of wave power growth durations is shown in Figure A1,
and can be seen to range from one to 14 min, with a mean of 4.84 min.
N: 68
Mean: 4.84 minutes
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Data Availability Statement

THEMIS data are available at http://themis.ssl.berkeley.edu/data/themis/. The SuperMAG geomagnetic indices
can be found at http://supermag.jhuapl.edu. The analysis in this paper was performed using python, includ-
ing the pandas (McKinney, 2010), NumPy (Walt et al., 2011), SciPy (Virtanen et al., 2020), and Matplotlib
(Hunter, 2007) libraries.
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