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Diagnosing the Time-Dependent Nature of
Magnetosphere-Ionosphere Coupling via
ULF Waves at Substorm Onset

A. W. Smith'
and I. R. Mann®

, L. J. Rae'? (), C. Forsyth' (), C. E. J. Watt>* (), K. R. Murphy* (2,

"Mullard Space Science Laboratory, University College London, Dorking, UK, ?Department of Mathematics, Physics and
Electrical Engineering, Northumbria University, Newcastle upon Tyne, UK, 3Department of Meteorology, University of
Reading, Reading, UK, 4Department of Astronomy, University of Maryland, College Park, MD, USA, 5Department of
Physics, University of Alberta, Edmonton, Alberta, Canada

Abstract Azimuthal structuring is usually observed within the brightening auroral substorm onset arc;
such structure has been linked to the exponential growth of electromagnetic ultralow-frequency (ULF)
waves. We present a case study investigating the timing and frequency dependence of such ULF waves on
the ground and in the near-Earth magnetotail. In the magnetotail, we observe an increase in broadband
wave power across the 10- to 100-s period range. On the ground, the arrival times spread from an epicenter.
The onset of longer period waves occurs first and propagates fastest in latitude and longitude, while shorter
periods appear to be more confined to the onset arc. The travel time from the spacecraft to the ground is
inferred to be approximately 1-2 min for ULF wave periods between 15 and 60 s, with transit times of 60 s
or less for longer period waves. This difference might be attributed to preferential damping of the shorter
period waves, as their amplitude would take longer to rise above background levels. These results have
important consequences for constraining the physics of substorm onset processes in the near-Earth
magnetotail and their communication to the ground.

Plain Language Summary Bead-like structures are often observed within the brightening aurora
that denotes the start of the explosive auroral substorm. These beads have been linked to magnetic field
fluctuations, whose origin is in near-Earth space. We have studied these fluctuations using an array of
magnetometers across the North American continent, as well as several spacecraft. The spacecraft
observations have been used to characterize the fluctuations at their source in near-Earth space and rule
out several physical mechanisms that could cause these fluctuations. On the ground, we find that the longest
period fluctuations spread the fastest. Meanwhile, shorter period fluctuations are observed in a more
limited region near the brightening aurora. We also investigate the travel time for the disturbances to go
from space to the ground, finding it takes ~1-2 min for the information of magnetic fluctuations to be
communicated from near-Earth space to the ground.

1. Introduction

Magnetospheric substorms are typically described by a series of three phases: the growth, expansion, and
recovery phases (Akasofu, 1964; McPherron, 1970). During the growth phase, magnetospheric flux is opened
through dayside reconnection with the interplanetary magnetic field (IMF) carried by the solar wind. The
open flux convects through the magnetotail lobes and is stored on the nightside of the Earth. This open mag-
netospheric flux is closed by reconnection in the magnetotail current sheet in the expansion phase
(Hones, 1976).

During the expansion phase, a series of phenomenon occur in the near- and mid-magnetotail within an
interval of a few minutes (e.g., Baker et al., 1996; Lui, 1996; Ohtani, 2004). In the mid-tail (~200-25 R down-
tail), magnetic reconnection occurs which generates strong Earthward flows (Hones et al., 1984), known as
bursty bulk flows (BBFs) (Angelopoulos et al., 1992; Baumjohann et al., 1990), as well as complex magnetic
structures (e.g., Imber et al., 2011; Slavin et al., 1989, 1995). Meanwhile, closer to Earth (~10 R downtail),
the cross-tail current is diverted into the ionosphere, forming the substorm current wedge (SCW)
(Atkinson, 1967; Kepko et al., 2015; McPherron et al., 1973). Two popular paradigms explaining the
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sequence of these processes are the “outside-in” and “inside-out” models, although others have been pro-
posed in more recent years (e.g., Nishimura et al., 2010). In the near-Earth neutral line (NENL) model (“out-
side-in”), magnetic reconnection in the mid-tail initiates the expansion phase (Baker et al., 1996). The
subsequent earthward flows slow as they approach the dipolar field lines closer to Earth, disrupting the
cross-tail current system and forming the SCW (Nagai et al, 1997; Shiokawa et al., 1997, 1998).
Alternatively, in the current disruption (CD) model (“inside-out”) a plasma instability near the inner edge
of the plasma sheet leads to a divergence of the cross-tail current, the SCW (Lui, 1996). Then, rarefaction
waves propagate downtail to trigger reconnection in the mid-tail (Lui et al., 1991; Roux et al., 1991).
Several case studies have been presented that favor the outside-in NENL model (Angelopoulos et al., 2008;
Kepko et al., 2009), the inside-out CD model (Rae, Mann, Angelopoulos, et al., 2009), or the possibility of both
paradigms operating independently (Murphy et al., 2014). The precise sequence of events is unclear to this
day, with the large spatial volume and relative sparsity of data coverage in the magnetotail preventing clarity.

In the ionosphere, the start of the expansion phase is traditionally identified from a rapidly brightening aur-
oral arc (Akasofu, 1977). The brightening arc is temporally coincident with the strong growth of
ultralow-frequency (ULF) wave power on the ground. These ULF waves are mostly associated with the
Pil and Pi2 bands, with periods of 1-40 and 40-150 s, respectively (Jacobs et al., 1964). Pi2 waves have tra-
ditionally been associated with the initial magnetospheric disturbance at expansion phase onset, as well as
the establishment of the SCW (Atkinson, 1967; Lester et al., 1983; Olson, 1999). After substorm onset, Pi2s
have also been inferred to be a result of flows (Kepko & Kivelson, 1999; Murphy, Rae, Mann, Walsh,
et al., 2011), caused by magnetic reconnection in the mid-tail (Keiling et al., 2006). Meanwhile, Pil band
waves have been observed in a more localized region close to onset and have been related to filamentary cur-
rent structures (Arnoldy et al., 1987; Bosinger & Yahnin, 1987; Wing et al., 2013). Previous studies have
shown that while any given event may have a dominant frequency, there is no evidence that a single domi-
nant frequency exists from event to event. The frequency changes, and thus statistically, the power spectra
are a power law (Murphy, Rae, Mann, & Milling, 2011). With this in mind, recent work that has focused spe-
cifically on substorm onset has often used a combination of the two period bands, denoted Pil-2 and span-
ning the approximate period range 24-96 s (Milling et al., 2008; Murphy et al., 2009; Murphy, Rae, Mann, &
Milling, 2011; Rae et al., 2011). Recently, Rae et al. (2017) investigated the relative timing of Pil, Pil-2, and
Pi2 band waves, finding that Pil-2s are the first to arrive at the ground followed by Pi2s. Lastly, the shorter
period Pils arrive.

Nosé et al. (1998) first developed an algorithm to recognize substorm onset by identifying when Pi2 pulsa-
tions rose above background levels, using wavelet-based analysis methods. This work was later extended
by Milling et al. (2008), who found that ULF waves with periods of tens of seconds were first to rise above
a noise threshold; i.e., Pi1-2 waves. Additionally, when applied to a wide array of magnetometers, the onset
of Pil-2 waves was found to spread from a coherent epicenter, which defined the location where the SCW
subsequently formed. Murphy et al. (2009) have since shown that this epicenter is co-located with the loca-
tion at which the first global auroral intensification occurs and also that the ULF wave onset precedes global
auroral breakup by several minutes.

The onset location and epicenter of Pil-2 ULF waves have been found to be spatially and temporally coinci-
dent with azimuthal structures that develop in the brightening auroral arc (Rae, Mann, Angelopoulos,
et al., 2009; Rae & Watt, 2016; Rae, Mann, Murphy, et al., 2009; Rae et al., 2017), often termed auroral beads
(Henderson, 1994). Similar auroral beads have been observed in conjugate hemispheres (Motoba et al., 2012),
suggesting that they share a magnetospheric source. Mapping auroral beads into the magnetotail suggests
that they originate between 8-12 R downtail (Donovan et al., 2008; Kalmoni et al., 2015, 2018). Numerous
studies have shown ULF wave activity in this region close to the time of substorm onset (e.g., Chang &
Cheng, 2015; Chaston et al., 2012; Ergun et al., 2015; Keiling, 2012; Lui et al., 2008; Motoba et al., 2015;
Panov et al., 2012; Saito et al., 2008; Uritsky et al., 2009; Uozumi et al., 2020; Walsh et al., 2010). Most recently,
Smith et al. (2020) showed excellent statistical correspondence between ground- and space-based observa-
tions of increasing Pil-2 wave power around substorm onset, demonstrating that there is a consistent source
region in the magnetotail.

Despite these earlier works, there remain significant uncertainties about the sequence of events surround-
ing magnetospheric substorm onset. In this study, we analyze the relative timing and period dependence of
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Pil-2 (10-100s) waves prior to substorm onset using a large array of ground magnetometers and
space-based observations. We compare and contrast the space- and ground-based observations and calcu-
late the expected travel time of the disturbances from the magnetotail to the ground. Our results reveal not
only how ULF waves can be used to probe onset processes, but that the combination of continent-scale
ground magnetometer coverage with multisatellite in situ measurements reveals details of the magneto-
spheric source and nature of magnetosphere-ionosphere coupling.

2. Data and Method

This study uses a combination of data from ground- and space-based observatories. In space, we use data
from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission
(Angelopoulos, 2008). Three spacecraft (the A, D, and E THEMIS probes) provided passes through the
near-Earth plasma sheet in early 2009. During the interval of study here, the spacecraft also mapped to
the North American continent, a region covered with a dense network of ground magnetic observatories.
From the spacecraft, we use data from the onboard magnetometers (Auster et al., 2009), supplemented with
data from the electrostatic analyzers (McFadden et al., 2009). On the ground, we use data provided by the
Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) (Mann et al., 2008),
THEMIS (Russell et al., 2008), Canadian Magnetic Observatory System (CANMOS), Geophysical Institute
Magnetometer Array (GIMA), and Midcontinent Magnetoseismic Chain (McMAC) magnetometer arrays.

In this study, we utilize the horizontal component of the ground magnetic field by combining the
north-south and east-west components by summation in quadrature. For the space-based data, the perpen-
dicular components are calculated from a mean field aligned (MFA) coordinate system, with a window of
200 s used to calculate the background field orientation. The perpendicular components are then combined
by summation in quadrature. We have selected the horizontal ground and perpendicular space components
as they should be directly comparable between the ground and space, as both are perpendicular to the back-
ground field. This choice also means that our results are directly comparable to previous works on this topic
(e.g., Milling et al., 2008; Murphy et al., 2009), which did not want to make assumptions as to the polariza-
tion of the waves (c.f., Lester et al., 1983). Meanwhile, the 200-s window was selected so as to be twice the
length of the maximum period wave of interest (i.e., twice 100 s). The horizontal/perpendicular field is then
broadly bandpass filtered between 5 and 200 s to isolate the periods of interest (i.e., the Pi1-2 regime).

In contrast to the orthogonal Meyer wavelet (Meyer, 1990) and discrete wavelet transform (DWT) employed
by Nosé et al. (1998), Milling et al. (2008), and Murphy et al. (2009), we use a nonorthogonal Morlet wavelet
(Morlet et al., 1982) and continuous wavelet transform (CWT) to quantify ULF wave power at substorm
onset as a function of time and wave period. The use of a nonorthogonal wavelet and CWT means that
we are not restricted as to the scales (effectively periods) we can test (Farge, 1992), therefore effectively
allowing us a higher resolution (depending on the selected wavelet). The use of a wavelet transform removes
the necessity to select time windows, such as would be required for a similar windowed Fourier analysis
(e.g., Kaiser & Hudgins, 1995), and allows consistent analysis over different period bands. For full details
of the CWT method employed, the interested reader is directed to Torrence et al. (1998).

The Morlet wavelet has been selected as to provide a good balance between frequency and time resolution.
Wavelets with higher time resolution were found to greatly, and undesirably, broaden the wavelet period
uncertainty (e.g., the Paul wavelet; Torrence et al., 1998), negating the benefit of the CWT. In this study,
the calculated wavelet power spectra have also been rectified to account for a scale-dependent factor, as sug-
gested by Liu et al. (2007). Finally, we evaluate the statistical significance of the signals in the power spec-
trum by comparing them to a univariate lag-1 autoregressive noise model (c.f., Torrence et al., 1998). This
noise model is defined using an interval of data obtained 90 min prior to substorm onset. Following the work
of Murphy et al. (2009), we define the point at which each period band rises above the 2o significance level to
be the onset of ULF activity, meaning that the signal is significant at the 95% level.

3. Results

We present a case study from the onset of a substorm that started at 06:06 UT on 23 March 2009. The sub-
storm was identified using the Substorm Onsets and Phases from Indices of the Electrojet (SOPHIE) techni-
que (Forsyth et al., 2015). The SOPHIE method identifies the start of the expansion phase by selecting when
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Figure 1. THEMIS A, D, and E observations for a 20-min interval around substorm onset on 23 March 2009 at 06:06 UT. The three columns (a, b, and c) represent
the observations of each of the three spacecraft (A, D, and E). The rows display: (i) the perpendicular wave power between 10 and 100, (ii) the magnetic

field in GSM coordinates, (iii) the ion velocity in GSM coordinates, (iv) the ion density, and (v) the ion 3. The black vertical dashed line indicates the substorm
onset as identified from the rate of change of the SML index (Forsyth et al., 2015); the SML and SMU indices are shown in Panel d. The vertical red dashed
lines indicate the approximate start and end of the exponential increases in perpendicular wave power between 10 and 100s.

the auroral SML index begins decreasing at a significant rate. This time therefore corresponds to the
formation of the large scale SCW. This substorm was selected as it presents as an isolated onset, with no
other significant substorm activity within the preceding 90 min. Meanwhile, as will be shown, all three
THEMIS spacecraft were located close to the onset location.

3.1. Space and Ground Observations

Figure 1 shows THEMIS A, D, and E spacecraft observations (Figures 1a-1c, respectively) for a 20-min inter-
val centered on the SOPHIE defined substorm onset at 06:06 UT, which itself is indicated with a vertical
dashed black line. From Figure 1d, showing the SML and SMU indices recorded during this interval, the
SOPHIE method can be seen to have identified the start of a substantial decrease in SML, signifying the for-
mation of the SCW. Prior to 06:02 UT, all three spacecraft saw little variability in the magnetic field or ion
velocities (Figure 1, ii and iii), confirming that the interval was relatively quiet prior to onset. THEMIS A
was located near the edge of the plasma sheet, as indicated by IBxl ~ 20 nT, an ion density of ~0.2cm™>
and a plasma beta of ~0.2 (Figure 1a). Meanwhile, THEMIS D and E were located within the plasma sheet,
with By < 15 nT, ion densities exceeding 0.2 cm >, and with values of the plasma 8 greater than 1 (Figures 1b
and 1c) (e.g., Angelopoulos et al., 1994; Sergeev et al., 2015).

SMITH ET AL.

40f 17



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028573

23-03-2009 06:03:00 23-03-2009 06:05:00

Figure 2. Combined THEMIS ASI observations from the FSMI, RANK, and SNKQ ground stations for (a-d) four selected
time intervals around the onset of the substorm on 23 March 2009 at 06:06 UT. The three THEMIS spacecraft (A, D, and E)
are mapped to the ground using the model of Tsyganenko and Sitnov (2005) and are included as colored circles.

Just after 06:02 UT, all three spacecraft observed clear increases in the 10- to 100-s filtered perpendicular
wave power of over three orders of magnitude, outlined with red dashed lines (Figures 1a-1c, i). The elevated
wave power at all three spacecraft persists through the SOPHIE-defined substorm onset which occurs
~70-120s after the wave power is fully developed. Following SOPHIE onset, THEMIS A and E observe
strong earthward flows of at least 400 km(Figures 1a and 1b, iii), likely BBFs related to reconnection occur-
ring tailward of the spacecraft.

Moving to the ground, Figure 2 shows optical observations of the aurora at 2-min intervals around substorm
onset. The mapped locations of the THEMIS spacecraft have been calculated using the model of Tsyganenko
and Sitnov (2005). Between 06:03 and 06:05 (Figures 2a and 2b), the aurora can be seen to brighten signifi-
cantly either sides of the mapped spacecraft locations. Azimuthal structure characteristic of auroral beads is
also apparent in the brightening arc, particularly east of the mapped spacecraft locations. Following onset,
the arc can be seen to brighten significantly and move poleward (Figures 2c and 2d). Figure 2 provides strong
evidence that the THEMIS spacecraft may be located close to phenomena associated with auroral beads. The
GILL ground station, almost co-located with the mapped spacecraft locations and likely auroral onset, has
not been included in Figure 2 as it is unfortunately contaminated by cloud cover in this interval. This has
the unfortunate effect that more quantitative analysis of the azimuthal auroral structure is not possible for
this event (c.f., Kalmoni et al., 2015, 2017).

Figure 3 further investigates the growth in space-based wave power, once more presenting the 20-min inter-
val around SOPHIE-defined onset. Figure 3a shows the increase in 10- to 100-s filtered perpendicular wave
power, previously highlighted in Figure 1. During this interval, the THEMIS spacecraft were all located
pre-midnight and around 11 Ry downtail (Figures 3e and 3f). Notably, THEMIS D is longitudinally offset
from the other two spacecraft, perhaps explaining the lack of strong earthward flows that were observed
by THEMIS A and E in Figure 1.
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Figure 3. THEMIS A, D, and E observations for a 20-min interval around substorm onset on 23 March 2009 at 06:06 UT.
The figure presents the following: (a) the filtered perpendicular wave power in MFA coordinates between 10 and
100, (b—d) the CWTs of the perpendicular field for THEMIS A, D, and E, and (e and f) the locations of the spacecraft in
the X-Y and X-Z plane. The white, orange, and red solid lines indicate the 1, 2, and 3o significance contours, respectively.
The dotted white line at around 06:00 on the CWTs (b-d) represents the increasing uncertainty in the wavelet

timing with increasing period, plotted for a signal of each period at 06:00. The white outlined circles highlight the

20 significance contour, showing the time at which each period band rose above 2o. The red vertical dashed line indicates
the substorm onset as identified from the rate of change of the SML index (Forsyth et al., 2015).

Figures 3b-3d show CWTs of the perpendicular magnetic field at each of the spacecraft, with the color bar
showing wave power as a function of period and time. Around 06:00 UT, wave power in all bands and at all
spacecraft is below ~107>nT*Hz ", as indicated by the blue shading. Following this, the exponential
increase in wave power just prior to 06:05 UT can be seen in the spectrograms, with all period bands rapidly
rising several orders of magnitude through the significance levels to ~10~" to 10™>nT> Hz . The spectro-
grams also show that long period wave power appears to increase first. However, we know that the timing
uncertainty of the longer period bands is greater than the shorter period bands. To address this concern
and determine if the result is purely caused by the wavelet method, we can analytically calculate the timing
uncertainty expected at each period as a result of the Morlet wavelet. The relative uncertainty is plotted (sub-
tracted from 06:00 UT) as a white dotted line in Figures 4b-4d. The inference being that if the rise in wave
power (or significance contour) follows a trend parallel to the dotted line, then it would be consistent with a
simultaneous increase in wave power in all bands, and the difference in timing between the long and short
periods would be attributable to the method and not the observations themselves. In general, we see that in
Figures 4b-4d, the difference in the timings of the wave bands exceeding the 2o level closely follows this line,
therefore suggesting that the true timings of the increase in power were very similar.

Figure 4 shows the response of six ground stations during the same interval. Figure 4a shows a map of North
America, on which the ground stations used in the study are plotted as black crosses or colored squares.
Figures 4b-4g show CWTs for the six ground stations indicated with colored squares in Figure 4a. These sta-
tions have been selected as examples that are either close to the mapped locations of the spacecraft, at a
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(a) A map of the ground stations included in the study is provided, where the stations are indicated with crosses, while (b-g) CWTs for a subset of the stations
(indicated on the map with colored crosses) are also shown. The complete set of ground stations included in this study are indicated in black. The mapped
locations of the THEMIS spacecraft are presented with colored circles. The CWTs (b-g) are presented as in Figure 3.

lower latitude, or are displaced in longitude along the auroral zone. The mapped locations of the THEMIS
spacecraft, calculated using the model of Tsyganenko and Sitnov (2005), are included as colored circles.

The stations close to the mapped spacecraft locations, in Figures 4b and 4c (FCHU and GILL, respectively),
show similar signatures to the spacecraft in Figure 3, though the shortest periods appear to show weaker
power and are slightly delayed. This is also the case for the station to the west of the spacecraft, in
Figure 4d (FSMI), where the lower periods are clearly more delayed, rising above 2o after the SOPHIE onset.
Additionally, at FSMI, significant wave activity does not appear to be present in the lowest period band
shown. Similar observations are made at NAIN to the east (Figure 4f). Meanwhile, the station located at
lower latitudes (OSAK), in Figure 4e, does not show ULF wave activity above 2o significance below a period
of ~40 s. Likewise, the westernmost station (INUV), in Figure 4g, shows a weaker but significant ULF wave
signature that is truncated at low periods.

These stations highlight the variable timing at which observations of ULF wave power exceed the 2o signif-
icance level. Additionally, not all stations observe significant wave power at all periods, and we therefore
now investigate the spread and timing of wave power in different period bands using the full array of mag-
netometer stations.

3.2. Period-Dependent Onset Maps

Combining the information from all of the stations shown in Figure 4a allows maps to be created showing
the relative timing of ULF wave onset as a function of wave period. At each station, the onset time of ULF
wave activity in each of the spectrogram period bands is taken as the time at which the wavelet power
exceeds 20 of the background (e.g., Murphy et al., 2009). Figure 5 shows maps of the relative delays of each
period band, with white contours placed every 60 s. This spacing has been chosen to approximately corre-
spond to the timing uncertainty of the Morlet wavelet for the longest period (63-s uncertainty in the 93.5-s
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Figure 5. Maps showing the relative delays at which each ground station observed ULF wave activity above 2o of background. The delay is calculated relative to
the first observation of significant ULF activity, at any station or period: for this event this is the GILL station at 06:01:54 in the 93.5-s period band. Each panel
shows a period band, with the period increasing in subsequent panels. Stations for which no elevated ULF wave activity were observed in that period band are
indicated with black crosses, while the color of the other stations denotes the relative delay of ULF onset. A 2D linear interpolation of the stations is shown

in the background, discretized at 60-s intervals. The footprints of the THEMIS spacecraft, mapped with the model of Tsyganenko and Sitnov (2005), are indicated
with red crosses. The gold cross in each panel indicates the location of substorm onset, as determined by the SOPHIE technique (Forsyth et al., 2015).

band) and is consistent between panels. The delays are calculated relative to the first time any band at any
station exceeded 20 of the background. For this event, the GILL station, located a few degrees south of the
mapped spacecraft, was the first to see significant (>20) ULF wave activity at 06:01:54 UT in the 93.5-s
band. The maps are created using a 2D linear interpolation scheme from the sparse ground station data.
Specifically, the griddata function from the Python Scipy interpolate module has been used.

Most notably from Figure 5, a clear epicenter is observed at almost all ULF wave periods presented; this epi-
center is approximately co-located in all bands and is slightly equatorward and westward of the mapped
spacecraft locations. The substorm onset location determined through the SOPHIE technique is located mar-
ginally eastward and northward of this ULF wave epicenter. Significant ULF wave activity at lower periods
(e.g., 11.7 and 16.5, Figures 5a and 5b) appears to be much more localized than at longer periods. The longer
ULF periods (66.1 and 93.5 s, Figures 5f and 5g) can be seen to be the first to rise above the background at
more stations, i.e., with the smallest relative delay. It is also apparent that the contours are more broadly
spread at the longest periods, with the spatial gradient of the delay increasing as the period decreases.
This suggests that the ULF wave onset spreads fastest at the longer periods. The onset times also appear west-
ward of the onset with the shortest relative delay, for periods greater than ~30s.

Interestingly, for longer periods (e.g., 2 405s), it is possible that a second epicenter is also observed, at a
lower latitude and displaced westwards of the main epicenter. This is clearest in Figure 5f, where a
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Figure 6. The space-ground time delay between the THEMIS spacecraft observing ULF waves 20 over background, and
the time at which the mapped spacecraft location (interpolated from the maps in Figure 5) would observe the onset

of ULF wave activity, plotted as a function of period. The uncertainty in the relative delays are calculated as the
maximum and minimum observed when the spacecraft mapping is varied by +1° of latitude and longitude.

The uncertainty in the period is provided by the use of the Morlet wavelet.

cluster of stations south and west of the main epicenter show relatively short delays and are separated from
the main epicenter by stations that observe very long delays (600 s or greater). The second epicenter is not
clearly seen in the longest period (93.5s), perhaps as they both merge into a single large epicenter when
the contours are set to 60s. It is noteworthy however that ground based magnetometers will average
their response over a large spatial region, and so there is an additional source of uncertainty which may
broaden any signature.

3.3. Magnetosphere-Ionosphere Travel Times

Assuming that the disturbance originates in space, the difference in timing between the measurements
made in space (Figures 3b-3d) and those seen on the ground (Figure 5) corresponds to an effective travel
time from the near-Earth magnetotail to the ground. We can extract the expected timing of the arrival of
the signals on the ground at the magnetically conjugate location of the spacecraft from the interpolated
map in Figure 5 and compare it to the observed wave onsets in situ in the magnetotail in Figure 3. The
results of this process are plotted in Figure 6. During the disturbed interval of substorm onset, the space-
craft mapping may have a considerable spatial uncertainty, and so we calculate a timing uncertainty by
varying the spacecraft mapping. If we adjust the solar wind input of the magnetospheric model by +15
min, we return approximately a 1° variation in spacecraft footprint, predominately in the longitudinal
direction. We therefore vary the mapped spacecraft location by +1° and present the maximum and mini-
mum delays returned as the error bars. Meanwhile, the uncertainty in the period is calculated analytically
from the Morlet wavelet.

Between periods of ~15 and 30 s, the delay to the ground can be seen to be ~90-120 s. Above this period, the
delays appear to be shorter, of the order of ~60 s. At the two longest periods, THA (THEMIS A) and D show
very low delays. In contrast, THE shows a delay of ~60s, more consistent with the lower periods.
Empirically, the reason for the discrepancy between the results from THA and D and those from THE can
be seen in Figures 3b and 3c, where the morphology of the CWTs does not follow the same pattern as
THE in Figure 3d. The CWT from THE can be seen to strongly mimic the wavelet uncertainty curve on
the left, suggesting a single onset time for all periods. When slices of the wavelet spectrograms are inspected,
we find that the exponential increases of the PSD of the longest period bands for THA and THD are not as
clear as for THE. It could be that THA and THD are further from the onset epicenter, as evidenced by their
later observations, and therefore, there may be some difference in travel path or mode coupling of the longer
period waves.
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4. Discussion

We have presented a case study comparing the timing and period dependence of ULF wave onset in the Pil-2
band, on the ground and in the near-Earth magnetotail. ULF waves in the 10- to 100-s period range on the
ground have previously been linked to azimuthal auroral structures (Rae et al., 2010) and associated with
magnetotail processes occurring at substorm expansion phase onset (Rae, Mann, Murphy, et al., 2009;
Rae, Mann, Angelopoulos, et al., 2009; Walsh et al., 2010). In contrast to previous studies, we employ a
CWT technique which provides a smaller uncertainty in period thereby providing better period resolution
and hence temporal resolution as well. By using this technique, we can also infer a period-dependent travel
time between space- and ground-based observations.

4.1. Near-Earth Magnetotail Comparison

Comparing Figures 3 and 4, some similarities and differences are apparent in the wavelet power spectra
measured on the ground and in space. In space (Figure 3), the wavelet spectrograms exceed 2o of the back-
ground ~5 min earlier than the formation of the large-scale SCW, whose DC magnetic field change is deter-
mined by the SOPHIE method. Additionally, from the space-based observations in Figure 1, the wave power
grows several minutes prior to the arrival of BBFs at the spacecraft, suggesting that the waves are generated
by a distinct phenomenon. The relative timings in space are mostly consistent with a broadband source,
especially when accounting for the timing uncertainty of the wavelet technique. It can also be seen that
the observations at THEMIS E precede those of the other two spacecraft, which are vertically (THA) and azi-
muthally displaced (eastward, THD). This indicates that, for this event, THE is located closer to the source of
ULF wave power in the tail.

Previously, ground observations of ULF waves in the period range investigated here have been observed to
grow exponentially prior to substorm onset (Rae et al., 2011). Similarly, co-located exponential growth has
been found in the auroral brightness as well as the growth of low azimuthal wave number structures in
the brightening arc (Kalmoni et al., 2015, 2017; Rae et al., 2010, 2012). Meanwhile, self-similar conjugate
auroral structures are observed in both hemispheres (e.g., Motoba et al., 2012). Together, these observations
have been used to suggest that the mechanism of auroral beading and ULF waves at substorm expansion
phase onset is in the magnetotail. The results here confirm that the ULF wave power is first observed in
the magnetotail and then subsequently in the ionosphere (e.g., Smith et al., 2020). Additionally, we have pre-
sented ground ASI images showing the conjugate development of auroral beads in the brightening arc.
Previous studies have used the exponential growth in ULF wave power to infer that the linear stage of a mag-
netospheric instability is active shortly prior to onset (c.f., Lui, 2004). Candidate instabilities include the
cross-field current instability (Lui et al., 1991), shear flow (e.g., Voronkov et al., 1997) and kinetic ballooning
instabilities (e.g., Cheng, 2004), and the current-driven Alfvénic instability (Perraut et al., 2000). Our obser-
vation that the in situ ULF waves are broadband suggests that narrowband instabilities, such as the
current-driven Alfvénic instability, can likely be ruled out for this event. However, it is possible that the pic-
ture is more complex with multiple relevant processes occurring; for example, a narrowband instability may
be exciting a broadband response in a larger spatial region. Nevertheless, these observations place direct con-
straints on the instability and its coupling to the ionosphere.

As noted above, at ground stations approximately conjugate with the spacecraft (e.g., FCHU, Figure 4b),
the timing of the different period bands is consistent with the space-based source. However, the wavelet
spectrogram power below ~20s is weaker than it is in space, which could be evidence of ionospheric fil-
tering at low periods. At a moderate longitudinal separation, the FSMI station (Figure 4d) shows a much
more pronounced delay at short periods, with the CWT exhibiting a strong “bend.” This suggests that the
short periods may take a significantly longer time to reach this station. At lower latitudes, e.g., OSAK in
Figure 4e, we can see that the signal of any period below ~40 s is clearly absent. Previous studies have also
noted that the short period ULF waves (e.g., < 40s) do not extend to lower latitudes (e.g., Arnoldy et al.,
1987; Rae et al., 2017).

This has important implications for ULF wave substorm onset detection. Longer period ULF waves are seen
over a broad region, with some delay. However, the onset region may be located much more precisely by
consideration of shorter period ULF waves.
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4.2. Period-Dependent Onset Maps

Using the full ground observatory arrays allowed the production of maps of the relative delay at each wavelet
period. We note that there is a spatial uncertainty implicit in the use of ground magnetometer stations,
whose measurements average a large region. With this in mind, the epicenters observed in Figure 5 at the
different periods are consistent both with each other and with previous studies (e.g., Murphy et al., 2009;
Rae, Mann, Angelopoulos, et al., 2009; Rae, Mann, Murphy, et al., 2009; Rae et al., 2010, 2011; Walsh
et al., 2010). Additionally, though we have used a different convention for defining the ULF wave periods,
the ~120-s lag between longer period (here ~60-90 s) and shorter period (here ~15-30 s) ULF waves is simi-
lar to that observed by Rae et al. (2017) for Pi1-2 and Pil waves.

We find that the onset times of waves with periods >60s appear to propagate fastest in latitude and
longitude: they display the broadest contours in Figure 5g. If we take the difference between the
FSMI and FCHU stations (highlighted in Figure 4) we find that the onset times spread west at between
40 and 90 km, approximately 15-40s per 10° of longitude. These onset propagation speeds are similar
to those previously observed by Murphy et al. (2009) but interestingly are only found approximately
westward of the onset epicenter. These speeds are much faster than the estimated expansion of the
auroral westward traveling surge (WTS), which is typically less than 10 km (e.g., Roux et al., 1991).
This discrepancy suggests that the ULF wave signature is not simply a manifestation of the expansion
of the SCW and associated auroral bulge in the ionosphere. If we take equivalently spaced stations
north, east, and south of FCHU (the RANK, SNKQ, AND PINA stations, respectively), we find the
onset arrival times spread at a more moderate ~5-10km, or several minutes per 10° of
longitude/latitude. This is slower than previous estimates (e.g., Milling et al., 2008), which were them-
selves slower than would be estimated if modeled as spreading at the Alfvén velocity in the near-Earth
magnetotail (which has been estimated to correspond to speeds of the order 5-10s/10° of longitude;
e.g., Murphy et al., 2009).

Shorter period ULF waves (e.g., 10-30 s; Figures 5a-5c) appear to be much more tightly constrained around
the auroral latitudes and show much steeper latitudinal gradients in the delays, indicating the onset times at
more distant stations are observed much later. Taking the same stations as tested above, we find that at
shorter periods the onset spreads westward at a rate of <10km, and in the other cardinal directions at a
speed of ~1-5 km. Historically, Pils (up to 40-s periods) had been observed to be more localized to the onset
region (e.g., Bosinger & Yahnin, 1987), though more recent work had since suggested that both Pils and Pi2s
decay at the same rate and follow the same power law (Murphy, Rae, Mann, & Milling, 2011; Rae et al., 2011).
Therefore, the latitudinal behavior was previously explained as Pils have a lower amplitude and thus reach
the noise floor of the instrument faster.

The SOPHIE technique, which uses the rate of change of the SML index to identify substorms, also provides
an estimate of the substorm onset location by selecting the magnetometer station from which the SML index
is derived in that time interval (Forsyth et al., 2015). Around substorm onset, the SML index is expected to
track the peak of the westward electrojet (Gjerloev, 2012; Newell & Gjerloev, 2011). For this substorm
(Figure 5), the SML-derived onset is located on the eastward edge of the onset epicenter. Therefore, the
ULF onset epicenter is likely close to the peak of the westward electrojet.

We find some evidence in this event there may be a second epicenter at relatively short delays (~60-120 s)
for the longer period ULF waves, e.g., 60-90 s (Figures 5f and 5g). One epicenter is centered at auroral lati-
tudes, slightly southwest of the mapped spacecraft, with the second at a lower subauroral latitude, to the
west of the previous epicenter. It should be noted that the westward offset could be an artifact of the irregular
ground magnetometer grid available. Similar observations were made by Rae et al. (2017), though without
any clear azimuthal offset and discussed in terms of “Tamao travel times,” i.e., time-of-flight arrival of
ULF waves in the ionosphere. It has previously been suggested that there may be two distinct travel paths
of Pi2 waves that minimize their time of flight (Chi et al., 2009). The first path may map to the auroral zone,
while the second might be via the outer boundary of the more dense plasmasphere and consequently at
lower latitudes. This may be the case for any isolated substorm onset instability in the near-Earth region,
whereby a signal has sufficient time to propagate from its initiation region to the outer edge of the
plasmasphere.
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Figure 7. (a) The peak power spectral density (PSD) observed as a function wave period for the THEMIS E spacecraft
and the ground stations highlighted in Figure 4. (b) The ratio of the peak PSD observed on the ground to that
observed by THEMIS E.

4.3. Magnetosphere-Ionosphere Coupling Times

It is notoriously difficult to calculate accurate travel times for magneto-hydrodynamic (MHD) waves from
the magnetotail to the ionosphere at substorm onset. Empirically, Smith et al. (2020) cross-correlated
bandpass-filtered wavepower between 10 and 100s, measured in space and at conjugate ground stations
at substorm onset, estimating a 1- to 1.5-min delay on average.

Several studies have approached the issue of magnetosphere-ionosphere coupling through ULF waves the-
oretically. For example, Chi et al. (2009) used empirical models of the field (Tsyganenko, 1989), density and
temperature to calculate the magnetosonic and Alfvén velocities. The travel times were calculated using the
“Tamao paths” (c.f., Tamao, 1964), where initial propagation is through a fast mode wave perpendicular to
the field, before the propagation couples to a parallel Alfvénic mode. Chi et al. (2009) found that the travel
time from a distance of Xgspy~—20 Rp was of the order of 2-3 min. More recently, Ferdousi and
Raeder (2016) tested the travel times by launching disturbances from different downtail distances in a global
MHD model. It was found that the true travel paths may be more complicated than the Tamao paths, and
some of the fastest modes may travel through the lobes, where the Alfvén speed is significantly higher, sev-
eral thousand km. In their simulations, Ferdousi and Raeder (2016) found that the travel time for the fastest
modes was estimated at ~70 s from approximately —30 Rg.

The theoretical results discussed above are consistent with the majority of our empirical results, which find
travel times between 60 and 120 s from ~10 Ry, for Pil-2 waves. We have also shown that the onset of differ-
ent period bands are seen at different delays. This is unlikely to be an artifact of the analysis as the timing is
calculated between the onsets identified in both locations with the same method, and therefore, the different
timing uncertainties with wavelet period (e.g., indicated by the dotted white lines in Figures 3 and 4) are
accounted for. A potential explanation could be that the phase velocity of the waves perpendicular to the
field is a function of the wave period, with higher periods having a larger phase velocity. However, if shear
Alfvén waves are communicating the disturbance to the ground (c.f., Kalmoni et al., 2018), then their group
and phase velocity are independent of frequency. Nevertheless, the linear damping rate of such waves in
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warm plasma is a function of frequency, which would act to more heavily dampen shorter period waves. If
short period waves were more heavily damped then, they may appear to arrive later in the ionosphere, as
their amplitudes were previously too small to be detected and would thus be below the noise threshold for
longer.

To test this theory, we may evaluate the magnitude of the peak wave power in each location as a function of
wave period, as is shown in Figure 7. First, we note that the peak power spectral density (PSD) observed by
THEMIS E is relatively flat with period, varying by less than an order of magnitude and with no clear trend.
In contrast, we see that the ground stations in Figure 7a show strongly decreasing PSD with reducing period,
below ~60 s. In Figure 7b, where we show the ratio of the peak ground station PSDs to THEMIS E, we see
this trend more clearly, and an approximate exponential decrease in PSD below a period of ~60 s at most
ground stations. We note that this trend is robust to changing the comparison to THEMIS A or D; only a sin-
gle comparison is presented for clarity. We would expect to see this pattern if shorter period shear Alfvén
waves were damped more strongly and thus less wave power in those periods were to reach the ground.
As mentioned above, this would also act to delay the apparent onset of these periods, explaining the later
timing and more limited spread of the shorter periods.

It is important to note that the apparent expansion in ULF wave onsets across the magnetometer array is
likely a combination of the spatial development of the magnetospheric wave source, and the propagation
of the waves away from the epicenter. Disentangling these two phenomenon is challenging; however, the
relative PSD peak magnitudes from ground- and space-based observations suggest that the delayed onset
of short period ULF waves could be the result of damping during the propagation of the waves and not of
differences in timing at the magnetospheric source itself. The fact that damping increases with frequency
may suggest that the shorter period waves are associated with shorter perpendicular wavelengths and there-
fore experience more damping (e.g., Lysak & Lotko, 1996; Watt & Rankin, 2007).

5. Summary and Conclusions

In this paper, we have used a CWT method to compare the period content and relative timing of Pil-2 band
ULF waves at substorm onset, from space- and ground-based observations. ULF waves of this period have
been linked to processes active in the near-Earth magnetotail just prior to the substorm expansion phase
(e.g., Rae, Mann, Angelopoulos, et al., 2009; Rae, Mann, Murphy, et al., 2009).

First, we presented results from the THEMIS spacecraft, showing that the ULF waves in the near-Earth mag-
netotail are likely broadband (within the Pi1-2 range), potentially ruling out more narrow-band instabilities
such as the current-driven Alfvénic instability (e.g., Perraut et al., 2000). The exponential wave growth is
observed a few minutes prior to ionospheric-defined substorm onset and the observation of fast planetward
flows in the magnetotail. The ground stations most closely conjugate with the spacecraft, and close to the
onset epicenter, show signatures consistent with those made by the spacecraft. However, there is evidence
that the shorter period waves are delayed and have weaker signatures. We also see evidence for auroral beads
within the conjugate and brightening auroral arc.

Second, we presented delay maps using a wide array of ground magnetometer stations demonstrating a clear
onset epicenter indicative of the localized activation of onset-related processes in the magnetotail.
Consistently, the onset of each period band is shown to spread coherently from an epicenter, with the longest
periods showing the fastest spread. Onset is observed to spread fastest westward of the epicenter, at up to 90
km for the longest period bands. At shorter periods the spread westward is slower, below 10 km. Latitudinal
spread of the onset varies between 5 and 10 km at the longer periods, to <5 km at the shorter periods. Onset
is also only seen at the shorter periods in a much more limited region around the epicenter, beyond which no
significant ULF wave activity of that period is observed. Where present, shorter periods also present with
greatly reduced PSD on the ground, relative to the space-based observations. These results could be
explained by preferential damping of shorter period waves (c.f., shear Alfvén waves Kalmoni et al., 2018)
in the magnetotail. There is also evidence for a second epicenter located at a lower latitudes for longer wave
periods, perhaps due to their being two distinct paths minimizing the travel time from the initial disturbance
to the ionosphere (e.g., Chi et al., 2009; Rae et al., 2017).
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Third, we have inferred the travel times between the spacecraft in the near-Earth magnetotail and the
ground. ULF waves with periods below ~50s are generally consistent with travel times of between 1 and
2 min, while those with greater periods show delays of a minute or less. Once more, this difference could
be the result of shorter period waves being more heavily damped, and therefore rising above the defined
background level later in the event.

Overall, our study confirms that onset-related ULF waves appear to be generated in a localized region of the
near-Earth magnetotail. Our work highlights a series of complex spatiotemporal relationships between tail
activations and ULF waves on the ground. Nevertheless, using CWT wavelet techniques, we demonstrate
how these relationships can be disentangled. Exploiting the techniques presented here will be key to pin-
pointing the causal connections between tail processes and ionospheric signatures of onset. This includes
the sequence of events at onset, spanning the generation of auroral beads, establishment of the SCW, and
the poleward and westward expansion of the aurora in the WTS.
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