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Key Points:

¢ Omega bands are mesoscale structures that emerge as eastward moving wave-like
structures at the equatorward border of the auroral oval.

» We perform a superposed epoch analysis of the solar wind parameters measured
during 28 omega band events from 2006-2013.

« We find that omega bands are frequently driven by enhanced solar wind density
during stream interaction regions.
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Abstract

Omega bands are mesoscale auroral structures emerging as eastward moving sinusoidal
undulations well within the closed field line region of the auroral oval. While associated
with geomagnetic activity, neither specific conditions of their appearance nor their causes
are well understood. We perform a superposed epoch analysis of OMNI and SuperMAG
measurements taken during 28 omega band events recorded by auroral all-sky imager
(ASI) observations from 2006-2013 to identify their solar wind drivers. We find local en-
hancements in the solar wind flow speed, magnetic field, pressure, and proton density

at the onset of the omega band observation. In the magnetosphere-ionosphere, we see
enhancements in the ring current, partial ring current, and auroral electrojets. These fea-
tures are consistent with geomagnetic activity caused by stream interaction regions (SIRs).
19 of our events overlap with SIRs from published event catalogs. Our findings suggest
that omega bands are driven by SIR-like events.

Plain Language Summary

Omega bands are eastward moving wave-like structures in the aurora that typically ap-
pear at the equatorward border of the auroral oval during periods of enhanced activity

in Earth’s magnetosphere. However, the specific drivers of these structures are not well
understood. In this work, we perform a statistical analysis of spacecraft observations taken
from multiple omega band events to identify potential drivers of these structures. We

find that the solar wind exhibits increased speed, pressure, and particle density when omega
bands appear overhead. These features are consistent with localized compression in the
solar wind generated when a fast solar wind stream interacts with a slower leading stream.
Our work suggests that the appearance of omega bands is driven by this compression.

1 Introduction

Omega band auroral patterns are mesoscale structures that appear as a result of
a solar wind-magnetosphere-ionosphere interaction, and are highly relevant as a diag-
nostic of magnetic perturbations at Earth resulting in space weather events (Forsyth et
al., 2020). Omega bands emerge as sinusoidal undulations well within the closed field
line region of the auroral oval (Akasofu, 1974) that are 400-1000 km in scale and drift
eastward at 0.4-2 km/s (Opgenoorth et al., 1994). They are typically seen in the post-
midnight sector, and are associated with pairs of upward- and downward-aligned field
aligned currents (FACs) corresponding to the structures’ bright and dark regions, respec-
tively (Opgenoorth et al., 1983; Amm et al., 2005). Pulsating auroras have also been ob-
served in the center of these structures during active periods (Oguti, 1981).

Omega bands appear during periods of geomagnetic activity (e.g. M. G. Hender-
son, 2012). They have been observed during substorms or following substorm intensi-
fication (Pellinen, 1992), but have also been seen during periods of steady magnetospheric
convection (Solovyev et al., 1999). The appearance of omega bands during substorms
is not agreed upon. Historically, omega bands have been associated with the substorm
recovery phase (Akasofu, 1974; Opgenoorth et al., 1994). However, Partamies et al. (2017)
performed a statistical study of the auroral electrojet indices and IMF B, from 483 omega
band events and found that a third of these events occurred during the expansion phase.

The appearance of omega bands is associated with fluctuations in the Earth’s mag-
netic field. Ground magnetometers measure Ps6 pulsations of 4-40 minute periods (Saito,
1978) when omega bands appear overhead. Omega bands are also thought to be the iono-
spheric mapping of magnetospheric processes that generate rapid time varying magnetic
fields, or dB/dt (Schillings et al., 2022). High values of dB/dt cause geomagnetically in-
duced currents (GICs), which can oversaturate transformers (Schrijver et al., 2015) and
lead to overvoltages in telecommunication and railway equipment (Pirjola & Boteler, 2002).
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Understanding the causes of omega bands may therefore contribute to our ability to un-
derstand the ground impacts of space weather.

Although omega bands have been associated with sources in the inner magneto-
sphere, their exact drivers are not well understood. Magnetic mapping has traced omega
bands to regions in the magnetotail located between 5-13 R in the near-Earth plasma
sheet (e.g. Pulkkinen et al., 1991; Opgenoorth et al., 1994; Andreeva et al., 2021). Sev-
eral studies have proposed Kelvin-Helmholtz instabilities at varying locations in the plasma
sheet as the primary driver of omega bands (e.g. Rostoker & Samson, 1984; Janhunen
& Huuskonen, 1993; Wild et al., 2000). Conversely, M. Henderson et al. (2002) suggests
that omega bands are driven by fast Earthward flows. Auroral streamers are the iono-
spheric manifestation of bursty bulk flows (M. G. Henderson et al., 1998; Sergeev et al.,
1999, 2000), and they can evolve directly into omega bands.

Among the existing body of literature on omega bands, the solar wind parameters
associated with these auroral forms have not been examined in a large statistical study.
Previous statistical studies of omega bands (Vokhmyanin et al., 2021; Andreeva et al.,
2021; Partamies et al., 2017) focus on ground-based electrodynamic measurements and
ionospheric parameters evaluated during omega band events. In-situ magnetospheric data
associated with omega bands have been identified (Weygand et al., 2015; Wild et al., 2011),
but are limited to case studies of individual events.

Stream interaction regions (SIRs) are known to drive extended intervals of mag-
netospheric activity (Richardson, 2018). They form when a fast solar wind stream from
a coronal hole overtakes a leading slow wind from a streamer, resulting in localized com-
pression in the solar wind and rarefaction behind the leading edge (Gosling & Pizzo, 1999).
They are characterized by enhancements in solar wind speed and density and rotation
of the IMF. Dynamic pressure fluctuations in the compression region between the two
streams, driven primarily by the solar wind number density, have been shown to drive
magnetospheric ultra low frequency waves (Kilpua et al., 2013; Kepko & Viall, 2019).
In combination with enhanced southward IMF, SIRs can lead to High Intensity Long Du-
ration Continuous AE Activity (HILDCAA) events (Tsurutani & Gonzalez, 1987) that
may be conducive to omega band formation.

In this work, we perform a superposed epoch analysis of the solar wind parame-
ters measured during 28 omega band events from 2006-2013 and find that our results are
consistent with the characteristics of SIRs. Section 2 describes the data used for this anal-
ysis and Section 3 describes the results obtained.

2 Data

The events selected for this statistical analysis have been identified optically us-
ing the THEMIS all-sky imager (ASI) array (Mende et al., 2009). THEMIS ASI is based
in North America and consists of 21 all-sky cameras, which extend from about 50 to 70
degrees latitude and 200 to 300 degrees longitude in geographic coordinates. These cam-
eras are white light CCD imagers which provide about an hour of local time coverage,
with a field-of-view of ~600 km (Donovan et al., 2006). To formulate our event list for
the superposed epoch analysis, we used keograms—north-south slices obtained from the
THEMIS ASI stations—from 2006 to 2013.

We visually identified 28 events from 2006 to 2013 where at least one clear protru-
sion emerged from the equatorward oval and drifted eastward. Events were chosen on
the basis of their visual resemblance to (1) wave-like forms in the edge of the oval or (2)
torches separated by dark regions, where torches refer to luminous poleward protrusions
in the auroral oval (Akasofu & Kimball, 1964; M. Henderson et al., 2002). The onset time
of each event was recorded as the minute when the first protrusion appeared in the field
of view of the ASI camera, while the end time was defined as the minute when the last
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protrusion exited the camera’s field of view. The onset time for all events occurred be-
tween 23 and 5 MLT. 26 of the 28 onset times occurred post-midnight. On average, the
events were 20 minutes in duration.

We examined the solar wind, magnetospheric, and ionospheric parameters from each
event. Solar wind data were extracted from the OMNI database and the electrojet in-
dices were measured by SuperMAG ground stations (Gjerloev, 2012). We compared our
omega band event list to the SIR catalog identified by Grandin et al. (2019) to identify
solar wind structures that coincided with our omega band observations.

The solar wind and magnetospheric data from an omega band event that coincides
with an SIR is shown in Fig. 1. This event was observed by the ASI camera at Athabasca
on 2006-08-07. The event consists of an omega band which entered the field of view of
the ASI camera at 08:43 UT, coinciding with an SIR event that began on 2006-08-07 at
0 UT and ended on 2006-08-10 at 7 UT. The epoch time in Fig. 1 is defined as 08:43 UT
on 2006-08-07 and is indicated by a vertical line. 1-minute resolution measurements of
IMF By, IMF B,, solar wind flow speed, solar wind density, SYM-H, ASY-H, SMU, and
SML are shown for the two week period centered on the epoch time.

At the epoch time, IMF B, and B, were enhanced. The solar wind flow speed in-
creased to 600 km /s, while the proton density increased sharply to 40 1/cc two hours
before the omega band appeared. The sharp enhancements in speed and density are con-
sistent with a localized compression in the solar wind appearing at the leading edge of
an SIR structure.

SYM-H and ASY-H were similarly enhanced at the epoch time. The magnitude
of SYM-H peaked one hour before the observation time and reached 70 nT, while ASY-
H peaked 45 minutes after observation and reached 100 nT. Activity in SYM-H was sus-
tained for multiple days following the epoch time, which is consistent with SIR-associated
substorms.

In the ionosphere, the strength of the upper (SMU) and lower (SML) auroral elec-
trojets (AE) began increasing one day before the omega band observation and peaked
sharply one hour after the observation time. We also observed sustained activity in the
SML index reaching about -500 nT for multiple days after the epoch time. The prolonged
SML activity may be a product of an SIR occurring during a period of enhanced south-
ward IMF, leading to a HILDCAA event.

3 Results

We performed a superposed epoch analysis of the solar wind and magnetospheric
measurements taken during all 28 events. 1-minute solar wind, ring current, and par-
tial ring current measurements were obtained from the NASA OMNI dataset. 1-minute
upper and lower electrojet indices and local ring current data were taken by SuperMAG
ground stations. The superposed epoch analysis was run over the two week period cen-
tered on the onset time of each event using SpacePy (Niehof et al., 2022). For this anal-
ysis, time was not scaled.

The results of the superposed epoch analysis of the solar wind parameters are shown
in Fig. 2, where the epoch time is defined as the onset time for each event. The IMF mag-
nitude begins to increase one day before the epoch time, reaching a local maximum of
~10 nT at the time of observation and decreasing to ~5 nT over the following day. The
IMF also undergoes rotation as the magnitude of IMF By is enhanced by ~3 nT prior
to the time of observation, while IMF' B, reaches a local minimum of -5 nT at the epoch
time. Interestingly, while IMF By begins to increase three days before the epoch time,
the enhancement of IMF B, only begins over two days later.
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The solar wind flow speed increases by ~100 km/s in the day surrounding the epoch
time. Vy increases and changes sign over the same time interval. The solar wind par-
ticle density increases with the flow speed before reaching a maximum of ~10 1/cc at
the epoch time and dropping to 5 1/cc over the following day.

The same analysis of the magnetospheric parameters are shown in Fig. 3. The mag-
nitude of SYM-H peaks at 25 nT one hour after the epoch time, indicating that the ob-
servation time falls during the onset phase of a substorm. Activity in SYM-H continues
for multiple days afterwards. SML begins to decrease six hours before the epoch time
and reaches a local minimum of -500 nT around one hour after the epoch time, while
SMU reaches a local maximum less than an hour later.

The magnitude of ASY-H peaks at 50 nT two hours after the epoch time, indicat-
ing an asymmetric ring current. This is also seen in the local time SMR indices, which
correlate to midnight (SMR00), dawn (SMR06), noon (SMR12), and dusk (SMR18). All
four indices start to decrease six hours before the epoch time. However, SMR00, SMR12,
and SMR18 peak one hour after the epoch time, while the SMR index in the dawn sec-
tor (SMRO6) continues to decrease until six hours after the epoch time. SMR06 is also
about half the magnitude of the other indices during this time interval, suggesting a sup-
pression of the dawnside ring current.

4 Discussion

These solar wind observations from our omega band events are consistent with lo-
cal compression in the solar wind associated with SIR events. The increase in flow speed
is associated with a fast solar wind stream overtaking a leading slow stream. The rota-
tion in IMF and increase in proton density are indicative of the resulting compression
of the solar wind plasma and magnetic field. A spiral-shaped interaction region forms
between the two streams, where the pressure is maximized. This causes the solar wind
to be deflected to the west (+y) ahead of the interaction region and to the east (-y) be-
hind the region, which is reflected in the sign change of V.

As seen in Fig. 2, the proton density begins increasing about one day before the
epoch time and peaks four hours before the omega bands are observed. Using the pro-
ton density of the solar wind as a proxy for dynamic pressure, this is consistent with the
findings of McPherron et al. (2009), who concluded that the dynamic pressure of the so-
lar wind is expected to begin increasing one day before an SIR stream interface passes
Earth. These authors define a stream interface as the point at which the solar wind az-
imuthal flow angle crosses zero. The initial increase of dynamic pressure (proton den-
sity) corresponds to the leading edge of the SIR, while the peak corresponds to the stream
interface. This suggests that the stream interface passes Earth shortly before the epoch
time.

The interface is followed by a fast stream which carries large amplitude Alfven waves.
These Alfven waves can rotate the IMF southward, which is reflected in the enhance-
ment of IMF B, in Fig. 2. Negative IMF B, drives convection, causing the closure of field-
aligned currents in the ionosphere. The resulting Hall currents drive activity in the AE
indices, which is seen in the enhancement of SMU and SML in Fig. 3. Geomagnetic ac-
tivity is also expected to increase after the stream interface, which is reflected in the de-
layed peak in ASY-H and prolonged activity in SYM-H.

We find that 19 of our 28 omega band events occurred during SIR events listed in
the catalog published by Grandin et al. (2019). We performed separate superposed epoch
analyses for these 19 events and the remaining 9 events to compare the mean solar wind
and magnetospheric parameters between the two groups. The results are shown in Fig. 4.
Both types of events feature enhancements in IMF By and IMF B, at the epoch time,
with prolonged southward IMF B, beginning about twelve hours before time zero. In



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

the SIR events, the solar wind flow speed begins to increase multiple days before the epoch
time, reaching a maximum of 600 km/s 24 hours after the observation. In the non-SIR
events, the flow speed increases slightly for the six hour period before the epoch time,

but does not continue to increase after the observation.

The pressure and proton density of the solar wind for both SIR and non-SIR events
peak at the epoch time. The pressure and density for the SIR events begin to increase
multiple days before the non-SIR events. Notably, the pressure and density peak at sim-
ilar values for both classes of events. An initial enhancement is seen in the SML index
twelve hours before the epoch time and reaches a peak at the time of omega band ob-
servation. The value of SML for the SIR and non-SIR events is similar throughout the
two week interval shown in Fig. 4, aside from the two days following the epoch time, when
the SIR events appear to exhibit sustained activity in the index.

The similarity in IMF B, and the SML index at the epoch time for both types of
events indicates that activity in the AE is more likely to be driven by enhanced south-
ward IMF and solar wind density, which have similar values at the epoch time, rather
than the solar wind flow speed. This suggests that omega bands are associated with ge-
omagnetic activity featuring localized compression and increased density that is char-
acteristic of SIR events, but doesn’t necessarily require enhanced flow speed, such as coro-
nal mass ejections (CMEs).

We note that 1 of the 9 non-SIR omega band events occurred within three days of
the start time of an SIR event listed in the catalog. In their catalog, Grandin et al. (2019)
eliminate multiple candidates for SIR events within the same three day period by retain-
ing the one with the lowest initial solar wind speed. It is possible that this omega band
event occurred during an SIR event with a higher initial solar wind speed than the cor-
responding event in the catalog, and was therefore excluded. The non-SIR events also
show a small enhancement in flow speed starting from a relatively low value of ~300 km/s
at the time of observation. Along with the other parameters, this might be indicative
of weak SIRs or CMEs, as discussed above.

5 Conclusions

In this paper, we performed a superposed epoch analysis of solar wind data from
28 omega band events recorded by THEMIS ASI. Our analysis shows that the epoch time
is associated with enhanced southward IMF B, and increased solar wind density and pres-
sure. The epoch time coincides with a substantial peak in AL and a few tens of nT sig-
nature in SMR, indicative of strong auroral currents and a weaker, highly asymmetric
ring current.

The results of our superposed epoch analysis indicate that omega bands are fre-
quently driven by geomagnetic activity associated with strong increases in the solar wind
density. This driving could occur as a result of multiple mechanisms: (1) The localized
compression of the solar wind may cause oscillations in the solar wind density. These den-
sity oscillations can alter the size of the magnetospheric cavity, driving fluctuations in
the magnetospheric field that propagate inward to geosynchronous orbit (Viall et al., 2021).
(2) The pressure gradient generated by the enhanced solar wind density drives pulses
in tail reconnection, which result in fast flows in the plasma sheet (Forsyth et al., 2020).
Omega bands are then formed in the oval by the mechanisms described in M. Hender-
son et al. (2002).

Based on our ionospheric observations alone, it is not possible to distinguish be-
tween these processes, and thus identification of the magnetospheric processes leading
to the generation of the characteristic auroral form is left as a future study. However,
the behavior of the solar wind and IMF around omega band events clearly point to the
significance of negative IMF B, and persistent high solar wind density, which have not
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been reported earlier. Enhanced solar wind density penetrates into the inner magneto-
sphere over a time scale of many hours (Lee & Roederer, 1982). This enhanced parti-
cle density drives magnetospheric compression and enhancements in the density of the
inner magnetosphere that may lead to omega band formation.

While earlier works have associated omega bands with the substorm recovery phase,
our events occur near or even before the peak in geomagnetic activity. This result agrees
with the findings of Partamies et al. (2017), who used a large set of omega band events
to conclude that a third of these events occur during the expansion phase.

Finally, while Partamies et al. (2017) use a dataset of 438 omega band events for
their analysis, the number of events used for our statistical analysis is limited by the ge-
ographic extent and availability of THEMIS ASI cameras. We have also visually iden-
tified the events used here, so it is possible that we have selected events of higher inten-
sity that are more likely to be correlated with SIRs.

6 Open Research

The analysis in this paper uses data from THEMIS ASI, OMNI, and SuperMAG.
THEMIS ASI data is available at https://data-portal.phys.ucalgary.ca/. OMNI
data is available through CDAWeb at https://cdaweb.gsfc.nasa.gov/index.html and
was accessed on January 25, 2024. SuperMAG data is available at https://supermag
.jhuapl.edu/indices/. The event list is included as supporting information (S1).
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Figure 1. (a) Image taken of omega bands over Athabasca on 2006-08-07 at 08:44 UT. (b)
Image taken of an omega band over Athabasca on the same day at 08:47 UT. (¢) Summary plot
of this omega band event. The epoch is the minute when the omega band enters the camera’s
field of view. By and B, are plotted in GSM coordinates. At time zero, we see fluctuations in
IMF and enhancements in solar wind flow speed, solar wind density, SYM-H (black), ASY-H
(red), SMU (red), and SML (black).
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Figure 2. Two week (left) and two day (right) superposed epoch analyses of IMF magnitude,
IMF By, IMF B,, solar wind flow speed, solar wind Vy, and solar wind proton density measured
in GSM coordinates during the 28 omega band events. The epoch time is defined as the minute
that the omega bands were observed. The mean value of each parameter is plotted in red and the

median is plotted in black. The interquartile range is shaded in gray.
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Figure 3. Two week (left) and two day (right) superposed epoch analyses of solar wind
Alfven Mach number, SYM-H, ASY-H, SML, SMU, and local ring current indices (SMR) mea-
sured during the 28 omega band events. The epoch time is defined as the minute that the omega
bands were observed. SYM-H/ASY-H and SML/SMU are overplotted. In the top three pan-

els, the mean value of each parameter is plotted in red, the median is plotted in black, and the
interquartile range is shaded in gray. In the lower panel, SMROO0 is plotted in black, SMRO6 is
plotted in red, SMR12 is plotted in blue, and SMR18 is plotted in green.
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Figure 4. Two week superposed epoch analyses of IMF By, IMF B,, IMF vector variance, so-
lar wind flow speed, solar wind pressure, solar wind proton density, SYM-H, and SML measured
in GSM coordinates during SIR and non-SIR events. The epoch time is defined as the minute
that the omega bands were observed. The mean values of each parameter for the SIR events are
plotted in black and the mean values for the non-SIR events are plotted in red. 15-minute rolling

averages of each parameter are shown here.
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