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Abstract

We examined the morphological signatures of 315 omega band aurora events observed using the Time History of
Events and Macroscale Interactions during Substorm ground-based all-sky imager network over a period of 8 years.
We find that omega bands can be classified into the following three subtypes: (1) classical (O-type) omega bands,

(2) torch or tongue (T-type) omega bands, and (3) combinations of classical and torch or tongue (O/T-type) omega
bands. The statistical results show that T-type bands occur the most frequently (45%), followed by O/T-type bands
(35%) and O-type bands (18%). We also examined the morphologies of the omega bands during their formation, from
the growth period to the declining period through the maximum period. Interestingly, the omega bands are not sta-
ble, but rather exhibit dynamic changes in shape, intensity, and motion. They grow from small-scale bumps (seeds) at
the poleward boundary of preexisting east-west-aligned auroras, rather than via the rotation or shear motion of pre-
existing east-west-aligned auroras, and do not exhibit any shear motion during the periods of auroral activity growth.
Furthermore, the auroral luminosity is observed to increase during the declining period, and the total time from the
start of the growth period to the end of the declining period is found to be about 20 min. Such dynamical signatures

Magnetosphere, Field-aligned current

may be important in determining the mechanism responsible for omega band formation.
Keywords: Omega band aurora, Torch aurora, Tongue aurora, Pulsating aurora, All-sky imager, THEMIS, lonosphere,

Introduction

Auroral luminosity undulations of the poleward bounda-
ries of diffuse auroras were first described by Akasofu
and Kimball (1964) and were named “omega bands” due
to the similarity of their shapes to inverted (poleward-
opening) versions of the Greek letter 2. Omega bands
are generally observed in the post-midnight and morn-
ing sectors during the recovery phases of magnetospheric
substorms. They typically have sizes of 400-1000 km and
usually drift eastward at speeds of 0.3—-2 km/s.

The ionospheric electrodynamic characteristics of
omega bands have been described in several papers
(see, e.g., Wild et al. 2000, 2011; Syrjdsuo and Donovan
2004; Amm et al. 2005; Vanhamaiki et al. 2009, and ref-
erences therein), all of which support the overall picture
of a sequence of upward and downward field-aligned
currents (FACs) located in the bright and dark regions,
respectively, of such structures. As the band structure
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with its temporally stationary current system moves
above ground-based magnetometers, Ps6-type magnetic
pulsations (with periods of 5-40 min) are observed (Saito
1978; Rostoker and Barichello 1980). Omega bands gen-
erally consist of intense pulsating auroras (Oguti et al.
1981; Sato et al. 2015). However, the mechanism respon-
sible for omega band formation remains unclear.

The classification of omega bands has gradually
evolved. Oguti et al. (1981) and Lyons and Walterscheid
(1985) described omega bands as “torch-like” structures
extending from the poleward boundaries of post-mid-
night diffuse auroras. Lithr and Schlegel (1994) described
omega bands as “tongue-like” protrusions extending
northward.

Unlike auroral arcs, which are indeed the predominant
form of auroras, omega bands are observed rather rarely.
Consequently, relatively little attention has been paid
to omega bands and only a limited number of related
reports have been published. Furthermore, satellite
images, which can provide larger geographical coverage,
had significantly lower spatial and temporal resolution
than all-sky TV cameras on the ground. Thus, the main
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morphological features of omega bands during formation
have not yet been well established. To identify these fea-
tures, it is important to examine the dynamic and mor-
phological signatures of as many omega band events as
possible.

In this study, we analyzed 315 omega band events that
were observed using the Time History of Events and
Macroscale Interactions during Substorm (THEMIS)
ground-based all-sky imager (ASI) network. We exam-
ined the optical signatures occurring during the gen-
eration of the omega bands, from the growth period to
the declining period through the maximum period, and
classified the omega bands based on their morphological
forms.

Instrumentation

In this study, we employed optical ASI data obtained
at the THEMIS ground-based observatories (GBOs)
(Angelopoulos 2008; Mende et al. 2008). Combining all
of the ground-based THEMIS, ASI data yielded global
aurora data, covering broad latitude and longitude ranges
with high spatial (~1 km near the zenith) and temporal
(3 s) resolutions. The white light all-sky imagers covered
a wide wavelength range of about 400-700 nm, and the
images were projected onto an ionospheric altitude of
110 km.

To identify “omega band-like” aurora events in
this study, we firstly examined a summary plot of the
THEMIS data (example of March 1, 2011, <http://themis.
ssl.berkeley.edu/gbo/display.py?date=2011.03.01&view_
type=summary&submit=Start>) acquired over a period
of 8 years, from January 2007 to December 2014. Our
selection method is based on a qualitative visual inspec-
tion of the images. First, we checked the aurora keogram.
Omega band-like events can be easily identified in the
keogram because most omega auroras display a “wedge-
shaped” or “triangle-shaped” structure with duration
of several tens of minutes. Omega band auroras display
such peculiar shapes in the keogram and usually drift
eastward and cross the meridian plane of ASI (see exam-
ples shown in Figs. 2 and 5 of Sato et al. 2015). Subse-
quently, we analyzed the auroral shapes using a sequence
of ASI images to check whether or not the shapes of the
auroras looked like omega bands. Finally, we selected 315
events that exhibited the specific characteristics of omega
bands. Events whose activity declined before arriving at
the meridian plane of ASI were not counted as omega
band events.

To examine the morphological and dynamic signatures
of the shapes and motions of the omega bands, we pro-
duced movie files using the original 3-s-resolution ASI
data.
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Observations

After selecting the events and obtaining the movie files,
we classified the omega bands based on their morpholo-
gies and examined the optical characteristics occurring
during their generation, from the growth period (the
period over which the undulation area increased from
the start of the appearance of the protrusions) to the
declining period (the period of decreasing or shrinking
undulation area and the period over which the undula-
tion loses its omega shape until it disappears all together)
through the maximum period (the period over which the
spatial size of the omega is at its maximum).

Morphological signatures

Classification of omega bands and their growth signatures
Using the data from the 315 selected events, we deter-
mined that omega bands can be classified into the follow-
ing three subtypes based on the morphological signatures:
(1) classical (O-type) omega bands, (2) torch or tongue
(T-type) omega bands, and (3) combinations of classical
and torch or tongue (O/T-type) omega bands. Figure 1
presents typical examples of the three types of omega
bands that we identified. Auroras with O-type bands are
diffuse auroras whose poleward boundaries exhibit two
undulating shapes resembling inverted versions of the
Greek letter Q (Akasofu and Kimball 1964). Auroras con-
taining T-type omega bands are also diffuse auroras whose
poleward boundaries exhibit undulating shapes extending
northward; in these cases, the undulating shapes resem-
ble torches or tongues. Although the shapes of torches
and tongues are very similar to each other, torches are
usually larger and show more rapid movements of their
shape and luminosity as compared to tongues, as shown
later in Fig. 4 and also in Additional file 3: Movie S3 and
Additional file 4: Movie S4. O/T-type omega band auroras
exhibit the undulating shapes of both O-type and T-type
omega band auroras simultaneously. That is, the bound-
aries in the dark sections between torches (or tongues)
resemble inverted 2 shapes.

Figure 2 presents an example of the growth signature of
an O-type omega band aurora, which was observed at Gil-
lam (GILL) in Canada (Mag. Lat. 66.0°, Long. 333.2°) on
February 27, 2009. The two undulating shapes of the pole-
ward boundary of the diffuse aurora, which resembles an
inverted Q, become brighter and clearer with time. Nota-
bly, the poleward boundary of this aurora contrasts sharply
with the dark region, which is located on the poleward side
of the undulating aurora. An additional movie file shows
this in more detail (see Additional file 1: Movie S1).

Figure 3 provides an example of the growth signature
of a T-type aurora. This particular aurora was observed at
Gakona (GAKO) in Alaska (Mag. Lat. 63.1°, Long. 269.5°)
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O-type
(Classical omega band)

T-type

(Torch or tongue)

OfT-type

(Omega and torch or tongue)

2009.02.27_GILL 1013:30 UT

2010.03.01_GAKO 1427:00 UT
Fig. 1 Examples of (left) O-type, (middle) T-type, and (right) O/T-type omega bands

2013.02.07_SNKQ 0847:00 UT

2009.02.27_GILL

1006:00 UT 1008:00 UT
Fig. 2 Typical growth characteristics of an O-type omega band

1010:00 UT 1012:00 UT

2011.03.01_GAKO

1422:00 UT 1423:30 UT
Fig. 3 Typical growth characteristics of a T-type omega band

1425:00 UT 1428:00 UT

on March 1, 2011. The poleward boundary of the part of
the diffuse aurora in the western portion of the field of
view expands poleward with time between 1422:00 UT
and 1428:00 UT. Notably, the torch-shaped poleward
boundary does not exhibit shear motion, but rather sim-
ply extends poleward. It may be important to examine

this signature to identify the mechanism responsible for
omega band aurora formation. The 3-s-resolution movie
corresponding to this event revealed an intense, pulsating
aurora consistent with the inside of a torch aurora. An
additional movie file shows this in more detail (see Addi-
tional file 2: Movie S2).
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The upper panels of Fig. 4 depict an O/T-type aurora
whose T-type structure is tongue-shaped. This aurora was
observed at Kiana (KIAN) in Alaska (Mag. Lat. 65.0°, Long.
251.5°) on October 2, 2011. At 1214:00 UT, the aurora
mainly exhibits O-type omega band characteristics, and
the size of the dark part of the omega band decreases with
time. Meanwhile, the signature of a T-type omega band,
which appears in the western portion of the field of view,
grows and becomes clearer with time. The characteristics
of both O-type and T-type omega bands are observable
in the images acquired at 1216:00 UT and 1217:00 UT; in
other words, the aurora is an O/T-type omega band aurora
at those times. In this case, the tongue-shaped poleward
boundary does not rotate, but rather simply extends pole-
ward. An additional movie file shows this in more detail
(see Additional file 3: Movie S3). The lower panels of Fig. 4
present another example of an O/T-type omega band
aurora. In this event, which was observed at Goose Bay
(GBAY) in Canada (Mag. Lat. 60.4°, Long. 23.0°) on March
9, 2008, the T-type structure is torch-shaped. An O-type
omega band is evident from 0504:00 UT until 0510:00 UT
in the central to western portion of the field of view. Fur-
thermore, a very active torch is observable in the western
part of the O-type omega band and drifts eastward. The
eastward drift speed between 0504:00 UT and 0510:00 UT
is ~800 m/s. An additional movie file shows this in more
detail (see Additional file 4: Movie S4).
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Figure 5 provides an example of an O&O/T&T-type
omega band aurora, which means that O-type, O/T-type,
and T-type omega bands all appeared during the same
event. The left panel is an image of an O-type omega
band aurora that was acquired at GBAY at 0428:00 UT on
March 9, 2008. The middle and right panels are images of
the O/T-type omega band aurora at 0431:00 UT and the
T-type omega band aurora at 0433:00 UT, respectively.
The frequencies with which auroras with multiple types
of omega bands, namely O&O/T&T-type and O/T&T-
type omega band auroras, were observed are provided
in Fig. 6. It may be very interesting and important to
examine the signatures of such auroras to determine
the mechanism responsible for the formation of omega
bands. An additional movie file shows this in more detail
(see Additional file 5: Movie S5).

Statistics of the observed auroras

Figure 6 illustrates the occurrence rates of the different
types of auroras among the 315 selected events. The left
panel includes the occurrence rates of all of the possible
omega band event types. The total number of events in
this chart is 315, and each event can consist of multiple
types of omega auroras. For example, O&O/T&T-type
means that O-type, O/T-type, and T-type omega bands
appeared during one event. As shown, O/T&T-type
events occur the most often, with a frequency of 34%

2011.10.02_KIAN

1216:00 UT 1217:00 UT

2008.03.09_GBAY

0504:00 UT 0506:00 UT

Fig. 4 Typical growth characteristics of O/T-type omega bands in which the T-type structure is that of a tongue (upper row) and a torch (lower row)

0508:00 UT 0510:00 UT
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O-type

O/T-type

T-type

0428:00 UT

2008.03.09_GBAY
Fig. 5 Example of an O&QO/T&T-type omega band event

0431:00 UT

0433:00 UT

(OX:X07ay"T-type (15%)

-type (34%)

0&O/T-type (7%)

Fig. 6 Occurrence rates of the different aurora types observed in the 315 investigated events, where the left panel separately includes events in
which multiple omega band types appeared, while the right panel shows only the frequencies of the three fundamental omega band types

O-type (18%)

O/T-type (35%)

(104 events), followed by T-type events, which have a
frequency of 29% (89 events). O&O/T&T-type, O/T-
type, O-type, and O&O/T-type events have frequencies
of 15% (46 events), 8% (24 events), 7% (23 events), and
7% (21 events), respectively. On the other hand, the right
panel provides the occurrence rates of only the three sub-
types of omega bands, O-type, O/T-type, and T-type, as
described in the classification. In this statistics, the total
number of identified aurora of either type exceeds the
total number of events (i.e., periods displaying omega
auroras) because multiple types of omega auroras may
occur during each event. The results show that O-type,
O/T-type, and T-type omega bands occur with frequen-
cies of 18% (90 events), 35% (174 events), and 47% (239

events), respectively. That is, T-type omega bands occur
the most often, followed by O/T-type bands and finally
O-type bands. It is important to note that when the auro-
ras change their type, they always evolve along the fol-
lowing sequences: from O to O/T, then T-type or from
O/T- to T-type. These morphological signatures may
be important for the determination of the mechanism
responsible for omega band formation.

Life cycles of omega bands from the growth period to the
declining period through the maximum period

It is interesting to examine the dynamic signatures of
omega band auroras from the growth period to the
declining period through the maximum period, examples
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of which are presented in Fig. 7. The upper panels depict
the event observed at GBAY on March 9, 2008, which
is designated as Event 1. Between 0428:00 UT (0051:00
MLT) and 0431:00 UT, the aurora exhibits an O/T-type
omega band form, and the torch structure expands with
time and drifts eastward. The torch reaches its maximum
degree of formation at 0434:00 UT and then dissipates
with time between 0442:00 UT and 0443:30 UT. During
this declining period, the undulating part at the pole-
ward edge suddenly intensifies in luminosity with more
dynamic movement and then gradually disappears. Nota-
bly, the auroral luminosity increases during the declin-
ing period. Dynamical signatures of this event are shown
in Additional file 5: Movie S5. Such signatures could be
important to understand the formation mechanism of
omega band auroras, as discussed later. The entire pro-
cess from the start of the growth period to the end of the
declining period lasts about 20 min, judging from the
original image data (not shown here). The middle panels
illustrate the life cycle of the T-type omega band observed
during the event at GAKO on March 1, 2011, which is
defined as Event 2. The seed of a torch aurora structure
appears in the western portion of the east—west-aligned
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aurora at 1309:00 UT (0224:00 MLT) and expands pole-
ward with time. The torch structure reaches its maxi-
mum degree of formation around 1317:00-1321:00 UT
and then dissipates with time between 1328:00 UT and
1330:00 UT. During this declining period, the auroral
luminosity increases, while the shape is destroyed by
1330:00 UT, as in Event 1. Dynamical signatures of this
event are shown in Additional file 6: Movie S6. Again, the
duration of the event from the start of the growth period
to the end of the declining period is about 20 min, judg-
ing from the original image data. The bottom panels show
an event similar to Event 2 that was observed at GAKO
on March 1, 2011, and is designated as Event 3. The seed
of a torch aurora structure appears in the western part
of the east—west-aligned aurora at 1420:00 UT (0335:00
MLT). The seed grows with time and expands poleward,
forming a torch structure. The torch structure reaches
its maximum height of formation between 1420:00 UT
and 1427:00 UT and then dissipates with time between
1429:00 UT and 1433:00 UT. As in Events 1 and 2, the
aurora luminosity increases with time and the shape is
destroyed during the declining period. Dynamical signa-
tures of this event are shown in Additional file 7: Movie

S
0428:00 UT 0431:00 UT

1309:00 UT

1312:00 UT

1420:00 UT 1422:00 UT

eocce

0434:00 UT

1317:00 UT

1426:00 UT

Fig. 7 Images of three events from the growth period to the declining period through the maximum period

2008.03.09_GBAY

0438:00 UT 0442:00 UT 0443:30 UT

2011.03.01_GAKO

1321:00 UT

1328:00 UT 1330:00 UT

2011 .03." GAKO

1427:30 UT 1429:00 UT 1433:00 UT
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S7. The entire event lasts about 20 min from the start
of the growth period to the end of the declining period,
judging from the original image data.

The statistical results show that about 55% of events
occur within a duration of 15-25 min, while 28, 11, and
6% have durations of 25-35, 5—15, and more than 35 min,
respectively (not shown). In these statistics, we selected
only those events that displayed their entire lifetime from
their growth period to their declining period in the field
of view of the “single” all-sky imager. We excluded those
events where omega auroras drifted outside of the field
of view of ASI before full declination of the omega shape.
We also excluded those events where omega-shaped
auroras appeared from the horizon. Although the back-
ground drift speed varies from event to event, typically it
takes ~30—40 min for an auroral structure to pass by the
field of view of the all-sky camera. Thus, the lifetime of
omega band auroras identified here could be bounded by
the ~30—40 min of time required for the omega to cross
the field of view of the all-sky imager.

Figure 8 presents schematic illustrations of the
dynamic signatures from the growth and expansion
period to declining period through maximum period. In
the left panel, which shows the pattern during the growth
and expansion period, the poleward boundary of the
east—west-aligned aurora expands with time and forms
a tongue or torch shape. The time interval between the
dotted line labeled 1 and the solid line designated as line
2 is about 3-5 min. The middle panel, which depicts the
pattern during the maximum period of torch or tongue
shape formation, shows the poleward boundary extended
to its maximum height. In many cases, the maximum
period lasts for 2—4 min. In the right panel, which corre-
sponds to the declining period, the poleward boundary of
the torch or tongue shape decreases in height and bends
eastward with time. The time interval between the dotted
line defined as line 4 and the solid line labeled 5 is about
2-5 min. Notably, the auroral intensity often increases
during the declining period, as demonstrated in Fig. 7.
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Dynamic signatures during the initial phase of the growth
of omega bands

Initial growth signatures of omega band auroras pro-
vide important information that may be useful in
understanding their formation mechanism. However,
analysis of these signatures has some limitations due to
the fact that such signatures are very complex in most
cases, and it is rare to be able to observe a clear, com-
plete shape of omega band auroras near the zenith in
field of view of ASI during the initial growth. Under
these observational limitations, we have found some
examples that demonstrate clear morphological evolu-
tions during the initial growth phase of omega bands,
as presented in Fig. 9. The top panels demonstrate the
event observed at Kiana (KIAN) in Alaska (Mag. Lat.
65.0°, Long. 251.5°) on March 23, 2007, which is des-
ignated as Event 1. The leftmost image at 1405:12 UT
(0205:12 MLT) shows east—west-aligned discrete arc
auroras, just before the start of omega band auroras.
At 1406:54 UT, a small bump/protrusion appears at
the poleward boundary of the western part of the pre-
existing east—west-aligned auroras in the field of view
of ASI. Then, this bump expands poleward with time
(see panel at 1408:33 UT), and the auroras acquire a
tongue-type form at 1410:09 UT. In the images, artifi-
cial light contaminates the aurora in the northern part
of the image and the artificial light has been masked
with a gray area. It is important to note here that the
omega band auroras are found to grow from a small-
scale bump (a seed) at the poleward boundary of pre-
east—west-aligned arc auroras, not via the rotation or
shear motion of preexisting east—west-aligned auro-
ras. The second row of images labeled Event 2 shows
the growth phase of tongue-type omegas along with
intense pulsating auroral patches observed at McGrath
(MCCR) in Alaska (Mag. Lat. 61.7°, Long. 260.3°)
on March 1, 2011. The leftmost image at 1418:30 UT
(0248:30 MLT) demonstrates preexisting east—west-
aligned band auroras consisting of pulsating auroras,

Growth and Expansion

Maximum

Declining

3

through the maximum period

Fig. 8 Schematic depictions of the dynamic signatures of omega band auroras from the growth and expansion period to the declining period
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EVENT 1 2007.03.23_KIAN

‘ ~ ‘ ,.‘ |'
1405:12 UT 1406:54 UT 1408:33 UT 1410:09 UT
EVENT 2
2011.03.01_MCGR

1418:30 UT 1420:21 UT 1421:39 UT 1425:51 UT

EVENT 3

2008.03.09_PINA

0616:30 UT 0620:00 UT 0622:27 UT 0627:18 UT

EVENT 4 2014.02.23_FYKN

o W @ W

1229:00 UT 1232:30 UT 1233:42 UT 1235:27 UT
Fig. 9 Images of four events during the initial phase of the growth of omega bands
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just before the appearance of the omega band aurora.
At 1420:21 UT, a small bump/protrusion appears at the
poleward boundary of the western part of the preexist-
ing east—west-aligned band auroras. Then, this bump
expands poleward with time and forms the tongue-type
omega bands, with a similar behavior as that for Event
1. In these images, artificial light contaminates the
western edge. This area has been masked with a gray
patch. Dynamical signatures of this event are shown
in Additional file 8: Movie S8. The third row panels
show the growth signature of torch-type omega bands
that were observed at Pinawa (PINA) in Canada (Mag.
Lat. 60.0°, Long. 331.9°) on March 9, 2008, and is des-
ignated as Event 3. At 0616:30 UT (2339:30 MLT), just
before the appearance of the omega band aurora, there
are two types of east—west-aligned auroras. One type is
the east—west-aligned discrete arc auroras, which are
observed on the poleward side. The other type of auro-
ras is observed on the equatorward side forming the
east—west-aligned pulsating auroras. At 0620:00 UT, a
small-scale torch-like auroral structure (a seed) appears
at the western side of the poleward east—west-aligned
discrete aurora. Then, the torch-like auroral structure
expands poleward and increases in height and intensity
with time, as seen at 0622:27 UT and 0627:18 UT. When
this torch-type omega aurora reaches a maximum area
at about 0627:18 UT, the pulsating auroral regions can
be seen embedded within the torch-type omega (see
Additional file 9: Movie S9). The bottom panels show
the growth signature of omega band auroras consisting
of intense patch pulsating auroras that were observed
at Fort Yukon (FYKN) in Alaska (Mag. Lat. 67.3°, Long.
266.7°) on February 23, 2014, and is referred to as Event
4. The leftmost panel shows an image at 1229:00 UT
(0132:00 MLT), just before the start of the omega band
aurora. In this time interval, the intense pulsating auro-
ras cover half of the equatorward region. A weak, non-
pulsating auroral element appeared on the western side
at the poleward edge of the east—west-aligned pulsating
aurora. This weak auroral element drifts eastward as
seen in the subsequent images. At 1232:30 UT, the seed
of an omega band aurora, which consists of pulsating
patches, appears at the poleward side of the east—west-
aligned pulsating aurora near the zenith of ASI. This
seed grows with time expanding poleward, increasing
its intensity, as seen in the images at 1233:42 UT and
1235:27 UT. The growth signatures and the movements
of pulsating aurora elements of this event are very simi-
lar to the omega event shown in Figs. 3 and 7 of Sato
et al. (2015). The dynamics of this event are shown in
Additional file 10: Movie S10. It is worth noting here
that there are no auroral streamers in any of the events
in Fig. 9, and we will discuss this observation later.
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Summary and discussion

To the best of the authors’ knowledge on the past stud-
ies, the main morphological features of omega bands
during formation have not yet been well established. In
order to identify these features, it is important to exam-
ine the dynamic and morphological signatures of as
many omega band events as possible. In this study, we
have examined morphological signatures of 315 omega
band aurora events observed using the THEMIS ground-
based ASI network during an 8-year period from January
2007 to December 2014. We have for the first time found
that omega bands can be classified as O-type, T-type,
and O/T-type bands. Auroras with T-type omega bands
occurred the most frequently (45%), followed by those
exhibiting O/T-type bands (35%) and finally O-type
bands (18%). Accounting for the events in which multiple
omega band types appeared, O/T&T-type events were
the most common, occurring with a frequency of 34%
(104 events), followed by T-type events 29% (89 events).
O&O/T&T-type, O/T-type, O-type, and O&O/T-type
events occurred with frequencies of 15% (46 events),
8% (24 events), 7% (23 events), and 7% (21 events),
respectively.

The reason why the occurrence rate of T-type bands is
higher than the rates for other types is not clear at this
moment. We need to investigate the relationship between
the occurrence of each type of omega band and further
examine the occurrence conditions of each type of omega
aurora in terms of the magnetic local time, geomag-
netic activity, interplanetary magnetic field components
(By and Bz), solar wind velocity, ionospheric convection
velocity, etc.

Even though identifying the formation mechanisms
of omega auroras is beyond the scope of this article, we
briefly review previous studies and then make sugges-
tions regarding the mechanisms that may explain the
evidence shown in the present work. A number of gen-
eration mechanisms, which are reviewed in Amm et al.
(2005), have been proposed. The most widely accepted
generation mechanisms are that omega bands correspond
to waves resulting from a Kelvin—Helmholtz (KH) insta-
bility arising in sheared flows in the equatorial regions of
the tail (Rostoker and Samson 1984) or the hybrid Kel-
vin—Helmbholtz/Rayleigh—Taylor instability in the plasma
sheet (Yamamoto 2011) and, alternatively, that omega
bands form as a direct consequence of auroral streamer
activity (high-speed flows) in the magnetotail (Hender-
son 2009, 2012). Weygand et al. (2015) examined these
two source mechanisms using the data observed with the
THEMIS ground-based observatory and onboard space-
craft. They concluded that the KH instability mechanism
could not explain their observational evidence and that
the high-speed flow shear mechanism is the most likely
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cause of the omega band aurora, but the study lacked
observations in regions where the KH instability might
have occurred. On the other hand, the auroral streamer
mechanism could explain only a fraction of their obser-
vational signatures.

In our study with high spatial (~1 km near the zenith)
and temporal (3 s) resolution data, we examined the mor-
phological signatures of omega band formation from
the growth period to the declining period through the
maximum period. Interestingly, the omega bands were
observed not to be stable, but rather to exhibit highly
dynamical changes in shape, intensity, and motion. We
found the following dynamical signatures that may be
important to enable determination of the mechanisms
responsible for omega band formation: (1) the omega
band auroras grow from small-scale bumps (seeds) at
the poleward boundary of preexisting east—west-aligned
auroras, rather than via the rotation or shear motion of
the preexisting east—west-aligned auroras; (2) the auro-
ras did not exhibit any shear motion during the growth of
omega auroral activity; (3) the auroral luminosity consist-
ently increased during the declining period; (4) the entire
process from the beginning of the growth period to the
end of the declining period typically lasted about 20 min;
(5) when the auroras changed their type, they always
evolved along the following sequences, from O-type to
O/T-type, then to T-type or O/T-type to T-type.

It is worth noting that we could not find any auroral
streamer events in this study, as shown in Figs. 7 and 9.
Because we used single all-sky imager data, there is a
possibility that we missed auroral streamer events that
prolonged along the north—south direction in the higher
latitude region of omega auroras.

During growth and expansion periods of the O-type
and O/T-type omega bands, a clear contrast was evident
between the regions of light and darkness along the pole-
ward boundaries, which may be the boundaries between
the upward and downward FACs, as suggested in pre-
vious papers (Lithr and Schlegel 1994; Wild et al. 2000;
Amm et al. 2005).

The morphological and dynamical signatures analyzed
in this study, especially such characteristics as the highly
dynamical changes in shape, intensity, and motion, sug-
gest that the sources of generation and formation of
omega bands are not only located near the tail region
in the magnetosphere but also the ionosphere may play
an important role. That is, the enhancement of auroral
luminosity could be caused by the field-aligned accel-
eration of auroral electrons, which is widely accepted to
be caused by magnetosphere—ionosphere coupling pro-
cesses (Evans 1974; Mozer et al. 1980). A fully magneto-
spheric model for the formation of omega band auroras
may have difficultly explaining the enhancement of
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auroral luminosity during the declining period, even if it
can explain the shape and motion of omega band auro-
ras. Both the KH instability model and auroral streamer
model are generation mechanisms that take place in the
magnetotail. We strongly propose that the magneto-
sphere—ionosphere coupling should also play an impor-
tant role for formation of omega band auroras, especially
during the declining period. In order to confirm these
generation mechanisms, coordinated observations on the
ground and onboard spacecraft located at the equatorial
region in the magnetotail and in the ionosphere along the
same geomagnetic field lines could be very important.

The statistical signatures of omega band auroras in
terms of magnetic local time, duration, recurrence
period, drift speed, and relationships to the interplan-
etary magnetic field components (By and Bz) will be
reported in a subsequent article.
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