Fine Scale Dynamics of Fragmented Aurora-Like Emission, Whiter et al.,
submitted to Ann. Geophys. - Response to reviewer 1

We thank the reviewer for their careful reading of the manuscript and useful comments. We have
copied the review below and inserted our responses to each point in blue text.

Reviewer 1

This is a very well written and clear manuscript describing a new type of optical observation
associated with the polar auroras. Although the authors have not been able to unambiguously
identify the mechansim, they have explored plausible possibilities. This manuscript can be accepted
for pubvlication subject to a few minor revisions, described below:

Abstract: Define the acronym EIC.
Thank you, fixed.

L23: Spelling error "assummed".
Thank you, fixed.

Figures 1 and 3: Please show the ASK field of view on the all-sky images. Also, please indicate the
magnetic field direction on the ASK images.

We have added the ASK FOV to the all-sky images from event 2 in Figure 3.

Unfortunately the focus of the all-sky camera images during event 1 is not sufficient to resolve stars
and therefore they cannot be accurately geometrically calibrated, and so it is not possible to mark on
the position of the ASK field-of-view in Figure 1. We have added a sentence to the manuscript to
explain this limitation.

Since ASK is pointing at magnetic zenith (co-aligned with the EISCAT radar), the magnetic field is
straight into the image, with adjacent field lines pointing radially out from magnetic zenith in the
2D image plane (c.f. auroral corona). It is therefore not straight-forward to mark the magnetic field
direction on the images, and we believe attempting to do so may introduce confusion.

L.169 and L.175: Please justify the apparently randomly assumed emission altitude of 112.5 km. The
only other thing that appears related is the Es layer at ~113 km.

We have removed this assumption from the manuscript (see also below answer relating to L.230 and
1.240).

1.202-204: There are other auroral phenomena that do not display field-aligned structures, e.g.
pulsating and black auroras, which are associated with particle precipitation. Hence, the lack of
field-aligned structures does not completely exclude the possibility of particle precipitation. This
possible contradiction should be acknowledged.

A lack of field-aligned extent has been used as evidence against a precipitation mechanism for other
emission features such as the streaks discussed by Semeter et al. (2020) — we wish to point out that
the same argument could apply to FAEs, although we agree that alone this is not sufficient evidence
against a precipitation mechanism; the lack of OI 777.4 nm is much stronger evidence. We have
amended the sentence on lines 202-204 to emphasise the comparison with other unusual emission
features, and added a sentence to concede that high energy precipitation can produce structures with
little field-aligned extent: “It should be noted that high energy precipitation can result in thin



emission layers barely exhibiting any perspective effect (e.g. Ivchenko at al., 2005); however, even

in the case of monoenergetic high energy precipitation, locally excited atomic oxygen emissions are
observed co-located with the molecular emissions in the thin layer (Dahlgren et al., 2012), which is

not the case for the FAEs.”

L.230 and L240: Here the height is assumed to be 100 km when previously the optical emission was
assumed to be 112.5 km and the Es layer appears at ~113 km. Please justify the chosen altitude.

The apparent discrepancy is because we had assumed an emission altitude of 112.5 km for the
auroral arc but 100 km for the FAEs, although we agree this is confusing. The 112.5 km estimate
was only used to convert the speed of the arc from degrees/s (directly related to pixels/frame in the
camera FOV) to m/s, but this conversion is irrelevant for the analysis of the FAEs, for which pixels/
frame is the important number. We have therefore removed the arc speeds in m/s from the
manuscript to avoid confusion.

L.289: The authors may wish to emphasize here their belief that the FAEs are not produced by
collisional impact due to particle precipitation.

We have added “non-precipitation” to the sentence.



Fine Scale Dynamics of Fragmented Aurora-Like Emission, Whiter et al.,
submitted to Ann. Geophys. - Response to reviewer 2

We thank the reviewer for their careful reading of the manuscript and useful comments. We have
copied the review below and inserted our responses to each point in blue text.

Reviewer 2

This paper provides additional observations and analysis of an optical phenomenon that has been
identified close to auroral structures at high latitudes: the 'Fragmented Aurora-like Emission'. The
authors have identified two cases that on the face of it look somewhat different but use the fine-
scale capabilities of ASK to show that these are actually similar. The paper is well written, with
good explanations and makes a commendable effort to constrain the causes of these FAE based on
the available observations.

I recommend that the manuscript be accepted for publication after some minor revisions and after
the authors have considered a couple of minor points.

- line 13: "...electrostatic ion cyclotron (EIC) waves and...'
Thank you, fixed.

-line 109: you mention that they share the same internal structuring and dynamics. Although you go
on to explain this in a later section at this position in the manuscript it comes across as quite a bold
statement of fact. It just feels a little jarring at this point.

We have softened this sentence to make it more a description of the FAEs' appearance: “The FAEs
in event 2 are larger and brighter than the FAEs in event 1, and they are not north-south aligned,
although their internal structuring and dynamics look similar.”

Figures 1 & 3: although you do it for figure 4 I feel it would have been helpful to have the ASK fov
shown on figures 1 & 3 where you are inviting the reader to compare the two observations from
different instruments.

We have added the ASK FOV to the all-sky images from event 2 in Figure 3.

Unfortunately the focus of the all-sky camera images during event 1 is not sufficient to resolve stars
and therefore they cannot be accurately geometrically calibrated, and so it is not possible to mark on
the position of the ASK field-of-view in Figure 1. We have added a sentence to the manuscript to
explain this limitation.

-line 95: you mention that the FAE are not visible in the all sky camera as they are small and quite
fast moving. yet they are visible in the camera during the second event, and you go on to show that
the phase and group speeds are comparable. So they cannot be invisible in the first due to being fast
moving, if they are moving at the same speed as the structures in example 2. Or am [ missing
something about the instrument cadence? I suspect it is a matter of size (as you mention) and
perhaps brightness.

Yes it is correct that size is important, but mainly through the combination of size and speed. Even
though the FAEs in the two events move at similar speeds, because they are so much smaller in
event 1 the motion blur makes them impossible to detect. However, in event 2 they are large enough



that they are visible despite the blur. We have amended the sentence on line 110 to make this point
clearer.

-Figure 5: the ESR data is quite noisy, though the bulk structures do stand out. I am not totally
familiar with all of the properties of sporadic E, so I wonder is it normal for enhancements in
electron density during sporadic E to be associated with a bite out in ion temperature localised at the
same altitude? If I saw this in the data it would give me a little cause for concern that there is
something going wrong in the ISR fitting process, which would make me a little nervous,
particularly as it accompanies peaks in electron temperature that might suggest a problem with the
temperature ratio fitting. Have the authors considered this? Although not a massive part of the
paper, the supposed sporadic E layer is the strongest evidence of high electric field at this time, so it
is worth making doubly sure that it is not an instrument artefact.

This is a good point. If the mean ion mass inside a sporadic E is significantly elevated above normal
the ISR fitting process may produce incorrect temperature estimates. We therefore have low
confidence in the temperature measurements at 110-116 km altitude. However, in our calculations
we have only used temperature measurements from lower altitudes, at 100 km. We have added a
sentence to the manuscript explaining that the temperature measurements inside the sporadic E are
not reliable: “If the mean ion mass is significantly increased inside the E_S layer (due to the
presence of metallic ions) the incoherent scatter spectrum fitting process may produce incorrect
temperature estimates, and therefore electron and ion temperatures in the altitude range 110-116 km
are not reliable at these times.”

You say that the FAE never fill the radar beam, yet the period when the FAE are in nearest the
magnetic zenith of ASK, there is an enhancement in Te and Ti. I would suggest that there are two
other occasions that look similar in the data — after 19:02 and 19:05:30. Have the authors looked at
what is happening around those times in the optics? I note that these are outside of the images
presented in figure 1. If there are data available and it shows no FAE then it might seem very likely
that the coincident Te and TI enhancements are unrelated. I note that you are rightly cautious in
your description of a possible link already.

Thank you for pointing out these times. There are FAEs visible at 19:05:20UT-19:05:40UT, with
similar sizes and motion to the FAEs already presented in event 1. However, the FAEs at this later
time are dimmer than the main event 1 or event 2 FAEs. Dim but fairly dynamic aurora passes
through the ASK field of view from about 19:01:50UT until the brighter aurora enters at
19:02:40UT (coincident with the electron density enhancement), but no FAEs are visible in this
earlier period. We note that intense electron and ion temperature enhancements are present at ~100
km altitude during the FAEs already presented in event 1 and at the later time, but a temperature
enhancement at that altitude is not as clearly present between 19:02UT and 19:03UT, when the
weaker enhancement is at a slightly higher altitude.

We have added a paragraph to the manuscript in section 2.1 discussing the FAEs at around
19:05:30UT:

“Electron and ion temperature enhancements are also present at 100 km altitude just before
19:05:30 UT. FAE:s are again visible in the ASK images at this time, for about 20 s from 19:05:20
UT, although they are dimmer than the FAEs during the main part of the event, and fade in and out
of visibility, making their sizes and speeds difficult to determine accurately. Again they are
poleward of an auroral arc and drift eastward approximately parallel to the arc. FAEs are not present
prior to 19:04 UT; they are only visible when the electron and ion temperatures are significantly



enhanced at 100 km altitude, providing some evidence that the FAEs themselves occur at this
altitude.”

-line 169: you assume an emission height of 112.5 km but I don't think you justify/explain that
anywhere. I assume that is because of the sporadic E peak in figure 5, yet in describing that feature
you focus on temperature enhancements closer to 100km. This is confusing.

Especially as later you switch from 112.5 km to 100 km. I think you should be consistent in your
altitude choice or explain why you use different altitudes.

The apparent discrepancy is because we had assumed an emission altitude of 112.5 km for the
auroral arc but 100 km for the FAEs, although we agree this is confusing. The 112.5 km estimate
was only used to convert the speed of the arc from degrees/s (directly related to pixels/frame in the
camera FOV) to m/s, but this conversion is irrelevant for the analysis of the FAEs, for which pixels/
frame is the important number. We have therefore removed the arc speeds in m/s from the
manuscript to avoid confusion.

Line 200 onwards: I am not as convinced as the authors that lack of apparent field-aligned
component to the shape is indicative of a non-precipitation mechanism. At higher energies
structures can diverge significantly from the field aligned structure — pulsating aurora for example.
Plus, how are you defining field aligned at these scales? Analysis of optics is not my strongpoints
and I recognise that there are significant experts in the author list, but I wonder if the emission
difference could be due to the spectrum of precipitation rather than evidence of no precipitation?

A lack of field-aligned extent has been used as evidence against a precipitation mechanism for other
emission features such as the streaks discussed by Semeter et al. (2020) — we wish to point out that
the same argument could apply to FAEs, although we agree that alone this is not sufficient evidence
against a precipitation mechanism; the lack of OI 777.4 nm is much stronger evidence. We have
amended the sentence on lines 202-204 to emphasise the comparison with other unusual emission
features, and added a sentence to concede that high energy precipitation can produce structures with
little field-aligned extent: “It should be noted that high energy precipitation can result in thin
emission layers barely exhibiting any perspective effect (e.g. Ivchenko at al., 2005); however, even
in the case of monoenergetic high energy precipitation, locally excited atomic oxygen emissions are
observed co-located with the molecular emissions in the thin layer (Dahlgren et al., 2012), which is
not the case for the FAEs.”

I would like to emphasize that I am not advocating that this is a precipitation mechanism, rather that
I do not feel the authors make the case strongly enough to completely dismiss it.

To us the lack of significant OI 777.4 nm emission during comparatively bright N2 1PG emission is
very strong evidence against a precipitation mechanism, but we accept that the strength of this
evidence may not be apparent to readers less familiar with ASK observations. We have therefore
calculated the OI/N2 (ASK3/ASK1) brightness ratio in a selected FAE and compared this with
model results to show that the observations are not consistent with a precipitation mechanism. Two
additional figures have been added to the manuscript: model results showing the relationship
between the OI/N2 brightness ratio and the electron precipitation energy, and ASK images showing
the selected FAE.
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Abstract. Fragmented Aurora-like Emissions (FAEs) are small (few km) optical structures which have been observed close
to the poleward boundary of the aurora from the high-latitude location of Svalbard (magnetic latitude 75.3°N). The FAEs are
only visible in certain emissions and their shape has no magnetic-field aligned component, suggesting that they are not caused
by energetic particle precipitation and are therefore not aurora in the normal sense of the word. The FAEs sometimes form
wave-like structures parallel to an auroral arc, with regular spacing between each FAE. They drift at a constant speed and
exhibit internal dynamics moving at a faster speed than the envelope structure. The formation mechanism of FAEs is currently
unknown.

We present an analysis of high-resolution optical observations of FAEs made during two separate events. Based on their
appearance and dynamics we make the assumption that the FAEs are a signature of a dispersive wave in the lower E-region
ionosphere, co-located with enhanced electron and ion temperatures detected by incoherent scatter radar. Their drift speed

(group speed) is found to be 580-700ms~!

and the speed of their internal dynamics (phase speed) is found to be 2200—
2500m s~ !, both for an assumed altitude of 100 km. The speeds are similar for both events which are observed during different
auroral conditions. We consider two possible waves which could produce the FAEs, electrostatic ion cyclotron waves (EIC) and
Farley-Buneman waves, and find that the observations could be consistent with either wave under certain assumptions. In the
case of EIC waves the FAEs must be located at an altitude above about 140 km, and our measured speeds scaled accordingly.
In the case of Farley-Buneman waves a very strong electric field of about 365mV m~! is required to produce the observed

speeds of the FAEs; such a strong electric field may be a requirement for FAEs to occur.

Copyright statement. TEXT
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1 Introduction

Unusual optical phenomena in the polar upper atmosphere have recently been reported which are aurora-like but do not appear
to be caused by energetic electron or proton precipitation; therefore the term aurora cannot be applied to them. The subject
of this work is one such type of structure, first reported by Dreyer et al. (2021) and named Fragmented Aurora-like Emission
(FAE). FAEs appear as small (few km at an assummedassumed altitude in the lower E-region) fragments of green emission
in colour all-sky camera images. They exhibit a lack of extent in the magnetic field-aligned direction, short lifetimes of less
than a minute, and so far have only been observed during auroral activity. Dreyer et al. (2021) identified two categories of
FAE:s; the first category consists of individual or irregularly spaced fragments, while FAEs in the second category form wave-
like structures with regular spacing between them. Another feature of FAEs is that they have been observed close to the
poleward boundary of the auroral oval, i.e. at very high latitudes. The mechanism producing the fragments is not yet known,
but Dreyer et al. (2021) suggested the Farley-Buneman instability may be responsible.

Another type of aurora-like emission, which has recently received considerable interest, is Strong Thermal Emission Velocity
Enhancement (STEVE). STEVE is an east-west band of emission occurring at subauroral latitudes in a region of high electron
temperature and fast westward moving hot ions (MacDonald et al., 2018; Gallardo-Lacourt et al., 2018; Archer et al., 2019).
The optical spectrum of STEVE, in particular the lack of emission in N3 1N and OI 557.7 nm, suggests that it is not a result of
auroral particle precipitation (Gillies et al., 2019). Dreyer et al. (2021) used a similar argument to conclude that FAEs are not
likely to be directly caused by particle precipitation.

STEVE can be accompanied by a magnetic field-aligned green rayed arc, called the “picket fence". Despite its clear as-
sociation with the magnetic field, Gillies et al. (2019) did not observe emission in N;r IN at 427.8 nm, which Mende et al.
(2019) used as evidence to conclude that, like STEVE, the picket fence is not produced by energetic particle precipitation. The
mechanism producing the picket fence is currently unknown.

Semeter et al. (2020) analysed “streaks" of green emission between STEVE and the picket fence and found that they occur in
the lower E-region ionosphere at an altitude of 103—108 km. The streaks had no clear orientation with respect to the magnetic
field, and morphological considerations led the authors to conclude that the streaks are not caused by precipitation and are
instead a result of direct excitation by suprathermal electrons in the ionosphere. Streaks look similar to FAEs, they have similar
lifetimes, and their scale sizes are also similar, although it is not clear whether their internal dynamics are exactly the same.
It is possible that streaks and FAEs are produced by a similar, or even the same, physical process on opposite sides (poleward
and equatorward) of the auroral oval.

An auroral form named “dunes" was reported by Palmroth et al. (2020) using observations made by citizen scientists with
“off the shelf" camera equipment. The dunes appear as a monochromatic horizontal wave with a wavelength of about 45 km,
parallel to and equatorward of a bright auroral arc such that each dune is a finger-like projection of emission from the arc.
It was found that the dunes are constrained to a narrow altitude range around 100 km. The authors suggest the dunes may
be a signature of a mesospheric bore which modulates the atomic O density, although they do not rule out that the oscillation

comes from a variation in the electron precipitation source. Based on the thin altitudinal extent and the lack of any field-aligned
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structure, a similar argument may apply to dunes as that made by Semeter et al. (2020) to streaks; that the dune emission is
not a direct result of particle precipitation and is instead caused by local energisation of the plasma, and therefore may not
be aurora in the normal sense of the word. Dunes have morphological similarities to the second category of FAE, which also
forms waves adjacent to an auroral arc, but the scale sizes are very different. Dreyer et al. (2021) found that FAEs are typically
a few km long, with a similar distance separating them; dunes are roughly an order of magnitude larger than FAEs. To our
knowledge there are no optical observations of dunes with sufficient spatial and temporal resolution to establish whether or not
they have similar internal dynamics to FAEs.

Here we analyse two FAE events in detail using high-resolution optical observations made in the high Arctic at the poleward
boundary of the auroral oval. The first event occurred on 4 December 2013, and consists of FAEs from the second category;
those forming a wave-like structure adjacent to an auroral arc. The second event occurred on 22 December 2014, and was
discovered by citizen scientists taking part in the Aurora Zoo project (https://www.zooniverse.org/projects/dwhiter/aurora-zoo)
to classify fine-scale aurora. Although the FAEs in the second event are adjacent to an auroral arc they do not form a clear,
monochromatic wave structure, and so fall into the first category described by Dreyer et al. (2021). The FAEs in both events
exhibit similar dynamics and internal structure.

Our observations and instrumentation are described in Section 2. We present an analysis to determine the drift speed of the
FAEs and the speed of their internal dynamics in Section 3. Finally we discuss the results and examine some possible theories

for the generation mechanism of the FAEs in Section 4.

2 Instrumentation and Observations

This work primarily uses data from the ASK (Auroral Structure and Kinetics) instrument, which consists of three coaligned
EMCCD imagers pointed towards magnetic zenith. For this study, data from two of the imagers are used, equipped with
filters with a passband centred at 673.0 nm for observations of emissions from molecular nitrogen (Ny 1P) and at 777.4 nm for
observations of emissions from atomic oxygen (OI). The field of view (FOV) of each imager is 6.1° x 6.1°, corresponding to
10.7 by 10.7 km at 100 km altitude, centred on magnetic zenith. Each ASK imager recorded at 32 frames per second during
event 1 and at 20 frames per second during event 2, with images captured simultanously on all imagers. ASK is located at
the European Incoherent Scatter Scientific Association (EISCAT) Svalbard Radar (ESR), at 78.2°N, 16.1°E (MLAT 75.3°N).
During event 1 ESR was running the experiment “beata”, which is a field-aligned alternating code experiment providing
estimates of plasma parameters in the E and F regions at a temporal resolution of 6 s and range resolution down to 3.7 km.
ESR was not operating during event 2. The all-sky data used in this study are from the University Centre on Svalbard (UNIS)
colour digital SLR Camera with a fish-eye lens, installed at the Kjell Henriksen Observatory (KHO), 0.6 km from the EISCAT
Svalbard Radar site.

For event 1 on 4 December 2013 a substorm took place with an onset time around 18:50 UT, when the aurora moved rapidly
northwards and reached the high latitudes of ESR. The aurora formed several east-west aligned dynamic arcs. The poleward

boundary of the aurora reached magnetic zenith at about 18:51 UT, and ASK observed aurora intermittently over a period
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Figure 1. Event 1 on 4 December 2013. The top row shows colour all-sky camera images, with the time at the start of the exposure given

below each frame. The bottom row shows selected ASK images of N2 1P emission at 673.0 nm.

of about 20 minutes. As the most poleward auroral arc passed through the ASK FOV at 19:04:06 UT from the north to the
south, thin, filamentary structures, which are regularly spaced and oriented in an almost completely north-south direction, were
detected poleward of the boundary arc. These structures are FAEs. A sequence of all-sky images from the event are shown in
the top row of images in Fig. 1, and a sequence of ASK images of Ny 1P (673.0nm) emission are shown in the bottom row.
Note that the times of the all-sky and ASK images do not coincide, and the exposure time of the all-sky images (10-15 s)
contains many ASK images. The ASK observations show that the FAEs are dynamic and exhibit internal structuring. A video
of the sequence is available in the Video supplement accompanying this article. It is important to note that the fragments are
not ray-like structures directed towards the magnetic zenith. Instead they keep their north-south aligned direction as they drift
through the ASK FOV, with the exception of the last filament (the one just left of centre in the last ASK image shown in Fig. 1),
which tilts to the northeast-southwest as the auroral arc changes direction, as if to stay perpendicular to the arc. The FAEs are
small and quite fast moving, and are therefore blurred during the all-sky exposure time to the extent that they are not visible
at all in the all-sky images. The focus of the all-sky images from this event is unfortunately not sufficient to resolve stars,
and therefore they cannot be accurately geometrically calibrated, which precludes accurate comparison with the ASK images.
However, we include the all-sky images to show the large scale context and approximate location of the FAEs with respect to
the aurora.

Figure 2 shows coincident images from ASK1 (left, Ny 1P 673.0nm) and ASK3 (right, OI 777.4nm) at 19:04:15.438 UT,
close to the middle of event 1. The full-width at half maximum of the radar beam is plotted on the images as a red circle. The
FAE:s are seen as vertical (north-south) structures in the Ny 1P image, but are not clearly visible in the OI (777.4 nm) emission.
The auroral arc is seen across the bottom portion of both images. In Ny 1P the brightness of the FAEs is comparable to that of
the auroral arc.

Event 2 is not associated with a substorm, and instead involves a poleward moving system of red rayed arcs of the type

commonly observed in the morning cusp hours on Svalbard, associated with low energy electron precipitation and possibly
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Figure 2. Simultaneous images in No 1P (left, ASK1) and OI 777.4 nm (right, ASK3) at 19:04:15.438 UT during event 1. The FAEs are
visible in N2 1P, whereas only the auroral arc is visible in OI 777.4 nm across the bottom right of the image. The full width at half maximum

of the ESR beam is shown as a red circle in both images.
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Figure 3. Event 2 on 22 December 2014. As for Fig. 1, the top row shows colour all-sky camera images, with the time at the start of the
exposure given below each frame. The bottom row shows selected ASK images of N2 1P emission at 673.0 nm. The ASK field of view is

drawn on the all-sky images as a white box.

poleward moving auroral forms (PMAFs). All-sky images and ASK images (N2 1P) of the event are shown in Fig. 3, and a
video of the ASK data is available in the Video supplement accompanying this article. The most poleward arc slowly passed
110 through the ASK field of view between 06:27:00 UT and 06:29:30 UT, when FAEs were observed. The FAEs in event 2 are
larger and brighter than the FAEs in event 1, and they are not north-south aligned, although they-display-the-sametheir internal
structuring and dynamics look similar. Because they are larger than the FAEs in event 1, in this case tFhey are observed as green
emission in the colour all-sky images despite the motion blur, especially southward of the zenith arc in the image recorded at

06:27:00 UT. Figure 4 shows an enlarged portion of the all-sky image recorded at 06:27:59 UT (left), together with an ASK
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Figure 4. An ASK image in Ny 1P recorded at 06:28:06.05 UT during event 2 (right), and a portion of the corresponding colour all-sky
image (left). The location of the ASK field of view is drawn on the all-sky image as a white box. The ASK image is selected from the centre

of the all-sky camera exposure time.

image from the mid-point of the all-sky exposure time (right). The ASK field of view is drawn on the all-sky image with a white
box. The large bright FAE seen in the bottom right of the ASK image appears as a green blob in the colour all-sky image. The
auroral arc looks a pink colour in the all-sky image, with the green colour of the FAEs visible both equatorward and poleward
of the arc.

In event 1, the FAEs are observed on the poleward side of the arc and drift eastward, while in event 2 the FAEs are observed
in ASK on the equatorward side of the arc and drift westward. The all-sky camera images, however, show that the FAEs in
event 2 moved from the equatorward side to the poleward side. Without ASK measurements from the poleward side it is not
possible to determine if the drift speed or direction changed as the FAEs crossed the arc, but the all-sky data show that the
FAEs can exist on both sides of the arc. In event 1 the FAEs drift more slowly than structuring seen within the auroral arc,
where intrinsic auroral features are estimated to move with speeds of up to 3.9kms~!. The aurora in event 2 is less dynamic

with fewer features than the aurora in event 1, but the FAEs drift at a comparable speed to the auroral features which are seen.
2.1 Ionospheric electrodynamics

The ESR was operating throughout event 1, providing measurements of electron density, electron temperature, and ion temper-
ature. The top panel of Fig. 5 shows the electron density as a function of height and time, as measured by the ESR during six
minutes from 19:00 UT on 4 December 2013. The enhancement near 19:03:00 UT and 100 km altitude is when the centre of
the boundary arc passed through the radar beam as it drifted from north to south, producing electron densities in the E region
of more than 6 x 10*' m~3. The EISCAT radar shows signatures of a thin layer of ionisation at 113 km altitude, lasting for

a few minutes before and during the appearance of the first structures. This ionisation is likely to be a sporadic E (Eg) layer.
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Figure 5. Electron density (top panel), electron temperature (middle panel) and ion temperature (bottom panel) as a function of height and
time estimated by ESR during event 1 on 4 December 2013. The time interval of the fragments is indicated by a double headed arrow on top

of the top panel.

At auroral altitudes Eg layers have been found to form due to strong electric fields, which cause metallic ions to accumulate
in thin layers (e.g. Nygrén et al., 1984; Kirkwood and Nilsson, 2000). It is unclear whether or not the Eg layer is linked to the
FAEs, but it does indicate that strong electric fields were present. If the mean ion mass is significantly increased inside the Eg
layer (due to the presence of metallic ions) the incoherent scatter spectrum fitting process may produce incorrect temperature
estimates, and therefore electron and ion temperatures in the altitude range 110—116 km are not reliable at these times.

The optical data show that the boundary arc is surrounded by fainter auroral emission with less structure. These fainter
emissions move out of the radar beam at 19:04:15 UT, which is when the fragments are seen in ASK. The fragments pass near
the magnetic zenith but never fill the radar beam. The time interval when they are in the magnetic zenith region of the ASK FOV
is marked with a double headed arrow above the top panel in Fig. 5; there is no signature of them in the radar electron density
data. The middle and bottom panels in Fig. 5 show the electron and ion temperature, respectively, in the altitude range 90 to
150 km. At the time of the fragments, enhancements are seen in both temperatures near 100 km altitude. These temperature
increases may indicate that the structures appear in a region of strong electric field adjacent to the boundary arc, where the ion
temperature enhancements can be caused by Joule (frictional) heating (e.g. Zhu et al., 2001; Price et al., 2019). Strong electric
fields can also drive a non-linear electron Pedersen current, causing intense enhancements of electron temperature localised to
a narrow altitude range around 115 km (Saito et al., 2001; Buchert et al., 2008; Schlatter et al., 2013). The electron temperature
enhancements could also be caused by Ohmic heating from intense field-aligned currents (Lanchester et al., 2001), although
in that case they are likely to have considerable vertical extent along the magnetic field line, which is not clearly present in our

observations.
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Electron and ion temperature enhancements are also present at 100 km altitude just before 19:05:30 UT. FAEs are again
visible in the ASK images at this time, for about 20 s from 19:05:20 UT, although they are dimmer than the FAEs during the
main part of the event, and fade in and out of visibility, making their sizes and speeds difficult to determine accurately. Again
they are poleward of an auroral arc and drift eastward approximately parallel to the arc. FAEs are not present prior to 19:04 UT;
they are only visible when the electron and ion temperatures are significantly enhanced at 100 km altitude, providing some
evidence that the FAEs themselves occur at this altitude.

SuperDARN (Super Dual Auroral Radar Network) observations indicate that during both events Svalbard was located in the
dusk sector of the polar cap, but most likely beneath anti-sunward flow across the polar cap, close to the transition to westward
flow. Event 1 occurred on the nightside so the anti-sunward flow is southward while event 2 occurred on the dayside so the
anti-sunward flow is northward. The convection electric field associated with the anti-sunward flow is therefore westward for
event 1 and eastward for event 2, oppositely directed to the drift of the FAEs. The FAEs reported by Dreyer et al. (2021) also

all occurred in the dusk sector of the polar cap close to the flow reversal.

3 Analysis

To constrain theories for the generation mechanism of FAEs we measure their drift speed and the speed of their internal
structure. We term these the group speed and phase speed respectively, making the assumption that the FAEs are a signature
of dispersive waves. We measure the speeds using a keogram, which is a plot formed by taking a cut or slice of pixels from
each image in a sequence and then stacking the slices in time order, so that time is on the abscissa and position along the cut
is on the ordinate. The FAEs movement is approximately parallel to the auroral arc alignment in each event, with a north-
south component of their velocity matching the north-south drift of the arc (southwards in event 1, northwards in event 2) to
maintain a steady distance between each FAE and the arc. We use a keogram made with a vertical (N-S) cut across the images
to determine the velocity of the arc in this direction, and then a keogram with an angled cut where the cut moves through the
images at the same vertical speed as the FAEs (and arc), which allows us to determine the group speed and phase speed of the
FAEs in the arc’s frame of reference.

Figure 6 shows the keogram made using a central N-S cut for event 1. Images in OI 777.4nm (ASK3) are used to show
only the auroral arc and not the FAEs. The cut has a width of 10 pixels, and is averaged across this width to improve the
signal-to-noise ratio when forming the keogram. Some sample images are shown above the keogram at times corresponding to
the white dashed vertical lines drawn over the keogram. The outline of the cut is drawn in white on each sample image. The
red dashed lines drawn across the keogram indicate the motion of the arc. The slope of the red dashed lines corresponds to
the speed of the arc in the direction of the keogram cut (southwards), and is 0.41 pixels per frame, equivalent to 0.32° s~ !;-er

Figure 7 follows the same format as Fig. 6 but shows the N-S cut keogram formed for event 2. The arc in event 2 has a
section where it broadens and bends towards the south at around 06:29:00 UT, but overall the northwards drift is approximately

constant, again shown with red dashed lines on the keogram. The emission extending below the arc at 06:28:01-06:28:06 UT
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Figure 6. Keogram made using a vertical cut through the centre of the ASK3 (OI 777.4 nm) field of view to show movement of the auroral
arc during event 1. White dashed lines mark the times of the images shown above the keogram. The white boxes drawn on the images show
the location of the keogram cut. Red dashed lines indicate the arc motion, with their slope corresponding to the arc’s speed in the vertical cut

direction.

is a FAE which is particularly bright in Ny 1P (673.0nm, ASK1) and also seen in OI (777.4nm, ASK3). The northward drift
of the arc is found to be 0.045 pixels per frame, equivalent to 0.022° s~ !-er-43ms——at-an-assumed-emission-altitude—of
H2S5km.

The angled cut used to determine the group speed and phase speed of the FAEs is made parallel to the auroral arc, with its
velocity perpendicular to its length. The cut is positioned to lay across as many FAEs as possible. The keogram made using
such a cut for event 1 is shown in Fig. 8, in the same format as Figs. 6 and 7. The location of the cut is outlined in white on the
images above the keogram. This time No 1P (ASK1) emission is shown so that the keogram displays the motion of the FAEs.
Each FAE is clearly made up of repeating internal structures moving faster than the FAE; the phase speed is greater than the
group speed. The FAEs and their internal structures were manually traced by drawing straight lines on top of the keogram. The
slope of these lines was then used to determine the group speed and phase speed.

Event 2 was analysed in the same way as event 1, but since it is considerably longer two portions were selected to determine
the group speed and phase speed, which we refer to as event 2a (shown in Fig. 9) and event 2b (shown in Fig. 10). The motion
of the keogram cut is continuous from event 2a to event 2b.

The group and phase speeds determined from the keograms for the two events are shown in Table 1, all for an assumed

altitude of 100 km. The speeds obtained from a combination of measurements from events 2a and 2b are also given.
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Figure 8. ASK1 (N2 1P) keogram made using a moving cut to track the FAEs in event 1. White dashed lines mark the times of the images

shown above the keogram. The white boxes drawn on the images show the location of the keogram cut.
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Figure 9. ASK1 (N2 1P) keogram made using a moving cut to track the FAEs in event 2a. White dashed lines mark the times of the images

shown above the keogram. The white boxes drawn on the images show the location of the keogram cut.
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Figure 10. ASK1 (N2 1P) keogram made using a moving cut to track the FAEs in event 2b. White dashed lines mark the times of the images

shown above the keogram. The white boxes drawn on the images show the location of the keogram cut.
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Table 1. Mean group speeds and mean phase speeds of the FAEs within each event. The uncertainties given here are the standard deviations

across all measurements within the event.

Event Group speed (m s™1)  Phase speed (m s7h

1 696 +144 2430 £582
2a 579 £85.8 2210 £304
2b 672 £55.5 2500 £288
2a & 2b 620 £86.1 2320 £327
10.0

Brightness ratio Ol/N, in ASK

0.1 I I

102 103 10* 10°
Energy, eV

Figure 11. Modelled auroral OI/N2 brightness ratio for electron preciptation from 10 eV to 100 keV, for conditions during event 1. The

emissions are calculated through the ASK filters so ASK observations can be directly compared with the model results.

4 Discussion and Theory

Despite the morphological differences between the FAEs in event 1 and event 2, the similarities in internal dynamics and
velocities suggest a common generation mechanism. Here we use our results to constrain theories for what that generation
mechanism might be.

If the FAEs were a result of auroral electron precipitation they would be observed in the OI 777.4 nm emission as well as
the N2 1P emission. The OI 777.4nm emission is a result of two excitation processes; direct excitation of O (from predom-
inantly low energy primary preciptation) and dissociative excitation of Oy (from predominantly high energy precipitation).
ASK exploits this fact to routinely estimate the energy and flux of precipitation by measuring the ratio of brightnesses of the
OI (777.4nm) and N9 1P (673.0nm) emissions (e.g. Lanchester et al., 2009; Lanchester and Gustavsson, 2012; Whiter et al.,
2010; Dahlgren et al., 2011). The relationship between the OI/Ns brightness ratio and electron precipitation energy is deter-
mined using the Southampton ionospheric model (Lanchester et al., 2009), which combines time-dependent electron transport

(Lummerzheim and Lilensten, 1994) with ion chemistry (see appendix in Lanchester et al., 2001). Model results for conditions
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Figure 12. Simultaneous images in N2 1P (left, ASK1) and OI 777.4 nm (right, ASK3) at 19:04:19.063 UT during event 1. The region used
to calculate the brightness of a selected FAE is shown with a white box, and the regions used to calculate the background intensity are shown

with red boxes.

during event 1 (date, time, F10.7, 81 day average F10.7, and Ap index are used as inputs to the MSISE-90 model (Hedin,
1991) to provide densities of the major neutral species) are plotted in Fig. 11; modelled emission brightnesses are calculated
through the ASK filters to allow direct comparison with observations. We have determined the brightness ratio in a selected
FAE in event 1 which is reasonably bright in No 1P without significantly overlapping the adjacent auroral arc, from the images
shown in Fig. 12. The brightness of the FAE is calculated as the median pixel intensity in a 20x20 pixel box containing the
FAE (drawn in white), with a background value similarly calculated from two 10x20 pixel boxes either side of the FAE (red).
The brightness of the FAE in Ny 1P (673.0nm) is 1142+35.4 R and in OI (777.4nm) is 40.24+8.2 R, giving an OI/N» ratio
of 0.03540.007. The model results show that such a low brightness ratio cannot be caused by auroral precipitation. Even for
high energy precipitation (10s of keV) the OI 777.4 nm emission has a brightness of abeutat least 10% of the N2 1P emission,

through the molecular component of the emission.

rt—We therefore exclude the possibility
that the FAEs are a signature of precipitation modulated by some process above the E-region ionosphere and conclude that the
generation mechanism is local to the FAEs.

The-structure-of-the FAEsA morphological argument similar to that made by Semeter et al. (2020) for “streaks" provides
secondary evidence for this conclusion; if the FAEs were caused by precipitation thereshould-be-somefield-aligned-component
to-theirshapebutthisfeature-isnotpresentsthe field-aligned extent of the emission region should result in the shape elements
converging towards the magnetic zenith, which is not the case even when the FAEs are located on the edge of the ASK
field of view away from magnetic zenith. It should be noted that high energy precipitation can result in thin emission layers
barely exhibiting any perspective effect (e.g. Ivchenko et al., 2005); however, even in the case of monoenergetic high energy
precipitation, locally excited atomic oxygen emissions are observed co-located with the molecular emissions in the thin layer

(Dahlgren et al., 2012), which is not the case for the FAEs.
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The excitation thresholds for the N5 1P and OI emissions observed by ASK provide information on the energy of ionospheric
electrons presumed to be responsible for exciting the FAEs. The ASK1 camera observes emission from the (5,2) and (4,1)
vibrational bands of Ny 1P, containing transitions from the B3Il state to the A3S state of No. The upper state has an
excitation threshold of 7.353 eV (Itikawa, 2005), although in aurora the upper state is fed by cascading from higher states, so
the effective excitation threshold for auroral emission is about 8.5 eV (Ashrafi et al., 2009). Cascading may play a smaller role
in FAEs than in normal aurora, but in any case the excitation threshold for the N, emission observed by ASK is about 7-8 eV,
and is greater than the excitation threshold for the OI 557.7 nm emission which therefore must give the green colour seen in
the all-sky camera images. The OI 777.4nm emission has excitation thresholds of 15.9 eV for the dissociative contribution
(Erdman and Zipf, 1987) and 10.76 eV for the direct excitation contribution. For almost all FAEs in event 1 the 777.4nm
emission is either completely absent or extremely weak, giving an upper limit to the electron energy of 10.76 eV. Some bright
FAEs in event 2, as well as the brightest two FAEs at the end of event 1, do show emission in 777.4 nm, so the upper limit for
those FAEs must be greater than 10.76 eV. The cross-section for direct excitation to the upper state of the 777.4 nm emission
(O °P) is strongly peaked just above the threshold (Lanchester et al., 2009; Julienne and Davis, 1976), and therefore the turning
on of 777.4nm emission does not necessarily signify a significant increase in energy.

An electron temperature greater than about 2300 K is required to thermally excite significant OI 630.0 nm emission
(Carlson et al., 2013; Kwagala et al., 2017), which has a much lower excitation threshold (1.96 eV) than the emissions ob-
served by ASK. The electron temperature during event 1 was below 2000 K, and therefore there cannot be any significant
thermally excited emission, suggesting the presence of a non-thermal (i.e. accelerated) electron population which excites the

Ny 1P emission.
4.1 Electrostatic ion cyclotron waves

Based on their morphology and appearence we make the assumption that the FAEs are generated by some sort of wave or
instability which accelerates ionospheric electrons. The ASK observations show that the wave propagates perpendicular (or
nearly perpendicular) to the magnetic field, and the group speed and phase speed of the FAEs are approximately half and
double the ion acoustic speed respectively, which is consistent with the properties of electrostatic ion cyclotron (EIC) waves.
If we assume the FAEs are located at the altitude of the enhanced electron and ion temperatures (7, and 7; respectively) seen

in the ESR data (100 km), we can use the temperature measurements to estimate the ion acoustic speed at the FAEs:

YekpTeZ + vikT;
Cs = (1

M;
where Z is the ion charge, M; is the ion mass, kg is the Boltzmann constant, and . and -; are the heat capacity ratios for
electrons and ions respectively. Using T, = 1800 K and 7; = 1600 K (both from ESR), and 4. = 1 and v; = 3 (for ion plasma
waves), gives an ion acoustic speed ¢, = 1352ms~! for NO™ ions. The dispersion relation for EIC waves is commonly given

as

w? =02 + k22 (2)

14



265

270

275

280

285

290

295

where w is the wave frequency, €2; is the ion cyclotron frequency, and k is the wavenumber. From the dispersion relation we
find that the group velocity (v,) and phase velocity (v,) are related by v,v, = ¢2, which is satisfied by our observations and
estimate of c;.

The wavelength of the FAE internal structure appears to be of the order 10-20 pixels, corresponding to 425-850m at 100 km
altitude, although the distance between consecutive phase fronts (internal structures) varies from front to front. Combined
with the measured phase speed for event 1 this wavelength gives a wave frequency of about 18-36s~'. This frequency is
considerably lower than the ion cyclotron frequency in the E-region ionosphere; even Fe™ (which may be present in a sporadic
E layer) has a cyclotron frequency of 90s~!. The apparent wavelength is therefore not consistent with the EIC dispersion
relation given above. One possibility is that not all phase fronts are visible in the keograms, which could be caused by the
keogram cut crossing different phases across its width. The fact that the distance between internal structures varies could also
be because only certain phase fronts are optically visible for some reason. Perhaps a more likely explanation is that the EIC
dispersion relation does not accurately describe the FAEs, either because EIC waves are not the generation mechanism or
because the standard dispersion relation is not valid.

Coherent radar echos of the sort known as “type 3" echos have previously been attributed to NOT EIC waves in the E-region
ionosphere (e.g. D’ Angelo, 1973; Fejer et al., 1984; Prikryl et al., 1987). However, it was thought that the echos originated at
altitudes above about 140 km where the ions are magnetised, i.e. the ion-neutral collision frequency v; < €2;. Once the altitude
of the type 3 irregularities was shown by Sahr et al. (1991) to be at lower altitudes of 100-120 km the EIC wave explanation
was largely discounted on the basis that there is no cyclotron motion of the ions. If our assumption that FAEs are located at
about 100 km altitude is correct, we could similarly conclude that they cannot be a signature of EIC waves. However, if the
FAEs were located above 140 km, where EIC waves are possible, our measured speeds should be multiplied by at least 1.4
and to be consistent with the EIC dispersion relation our estimate of ¢y must be increased by the same factor. Higher ion and

electron temperatures (e.g. T, ~ T; ~3000K) or a change from NO™ to O ions could provide the required increase.
4.2 Farley-Buneman instability

Dreyer et al. (2021) suggested that FAEs may be caused by the Farley-Buneman instability, for which the dispersion relation

is commonly given as

- k‘vd
w_1+w ©)

where v is the E2 x B drift speed and v is given by

Vel
=00 )
where v, and v; are the electron-neutral and ion-neutral collision frequencies and €2, is the electron cyclotron frequency. With
this dispersion relation the phase velocity and group velocity of the instability are equal, and therefore it does not match our
observations, unless the interpretation of the motion of the FAEs and their internal structure as group and phase velocity of a

wave or instability is incorrect.
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Litt et al. (2015) derived a modified dispersion relation for the Farley-Buneman instability which incorporates the effects of

ion thermal motion:

k.’Ud _Ev%ikQ k.’Ud
(1+v) v Qs (1+9)?

&)

where vr; is the ion thermal speed and other symbols are as defined above. In this case we derive a relationship between the
group and phase speed given by

2’Ud

T (6)

Vg = 3y

with the assumption that k and vg are parallel. Using estimates of neutral density at 100 km altitude during event 1 from
the MSISE-90 model (Hedin, 1991) and the electron temperature measured by ESR, together with coefficients given by
Schunk and Nagy (2000), we obtain estimates for the electron-neutral collision frequency v, = 3.44 x 10° s~! and ion-neutral
collision frequency for NOt ions v; = 4.98 x 103s~1. The cyclotron frequencies for electrons and NO* ions at 100km al-
titude above Svalbard where the total magnetic field magnitude is approximately 52,570nT are €, = 9.25 x 10°s~! and
Q; = 168s~ . With these values we calculate v» = 1.11, and then using the measured group and phase speeds from event
1 obtain an E x B drift speed vy = 6940m s~!, which corresponds to an electric field magnitude of 365 mV m~!. Although
this drift speed is very high, such an electric field is possible in a localised region next to an auroral arc (e.g. Lanchester et al.,
1996; Tuttle et al., 2020; Marklund et al., 1994).

Previous work on electron and ion heating suggests that such a large electric field would produce temperatures much higher
than those measured by ESR during event 1 (e.g. Bahcivan, 2006), but spatial and temporal averaging required to measure
electric field using radar results in an underestimate of the peak electric field value (Tuttle et al., 2020; Codrescu et al., 1995);
a highly localised E-field magnitude of 300-400mV m~! may not be inconsistent with an observed electron temperature of
about 2000 K. Farley-Buneman waves could be responsible for the electron heating through non-precipitation electron-neutral
collisions (Saito et al., 2001), which may also produce the FAEs we observe through excitation of vibrational and rotational
modes of Ns.

Auroral arcs have an electric field associated with them which is perpendicular to the arc’s length and points towards the
arc on either side (Opgenoorth et al., 1990; Aikio et al., 1993; Lanchester et al., 1996). The combination of the arc-associated
electric field and background convection electric field can lead to an asymmetric total electric field, such that it is stronger on
one side of the arc than the other. Price et al. (2019) found significant differences in Joule heating on the two sides of an arc,
with hotter neutral temperature on the poleward side of the arc in the morning sector. If the electric field on either side of an
arc is different (in magnitude, direction, or both), so the E x B drift speed is also different, we would expect the properties
of FAEs on either side of the arc to vary in order to satisfy Equation 6. High-resolution observations of FAEs crossing an arc,
or appearing on both sides of an arc, would therefore provide an opportunity to further examine whether the FAEs could be
caused by the Farley-Buneman instability. We note that as the last FAE in event 1 left the ASK field of view it appeared to tilt
so as to stay perpendicular to the arc, which may be an indication that the FAEs are aligned with the arc-associated electric

field.
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Robinson and Honary (1993) found that the ratio between the phase speed of a Farley-Buneman wave and the ion acous-
tic speed, v, /cs, is between 1 and \/%, which would suggest a minimum ion acoustic speed during our events of about
1700 ms~!. Although fast, this speed may be consistent with the OF ion acoustic speed in the region of enhanced tempera-
tures (see Section 4.1). However, Robinson and Honary (1993) did not consider E x B drift velocities larger than 2400 m g1

which makes it problematic to directly compare their results with our observations.
4.3 Further considerations

Besides matching the observations described in this work, theories for the generation mechanism of the FAEs must also
explain why the FAEs are rare and only visible at some times. Currently the number of observations of FAEs is limited which
makes it difficult to determine what conditions are necessary for their formation. One common feature of our event 1 and
the FAEs reported by Dreyer et al. (2021) is the high ion and electron temperatures seen at low altitude (< 110 km) in the
radar measurements. However, high temperatures can be measured without the appearence of FAEs (e.g. Price et al., 2019),
so this is clearly not the only requirement for their occurrence, although the mechanism producing FAEs may also produce
high temperatures. If the FAEs are produced by the Farley-Buneman instability then both of our events must have occurred in
regions of strong E-fields of a few hundred mV m~!, which may be a requirement for their occurrence. We note that all known
observations of FAEs have occurred in the evening sector of the polar cap close to the flow reversal, but given the limited
number of observations it is not yet certain that this is a favoured location for their formation. All observations have been
reported from the same geographic location on Svalbard, which will bias statistics on the location of FAEs within the global
convection pattern.

Our calculations and discussion rely on several assumptions, such as that the altitude of the FAEs corresponds to the enhanced
temperatures measured by ESR. We also assume that the FAEs move at the group speed of a wave, with internal structure
moving at the phase speed, based on the appearence of the FAEs in our keograms. This assumption is a substantial one, and we
note that our attempt to explain the observations in terms of simplified linear theory concepts may have limited applicability,
especially given the non-linear nature of low altitude electron heating by strong E-fields (Buchert et al., 2008).

The observations at least partially match the properties of the Farley-Buneman instability and alternatively of EIC waves,
but further observations and analysis are required to confirm or exclude either of these waves as the generation mechanism for
the FAEs. In particular it would be advantageous to measure the altitude of the FAEs, and to observe FAEs on both sides of an

auroral arc.

5 Conclusions

High-resolution imaging of Fragments of Aurora-like Emission during two separate events has revealed FAE drift speeds of
580-700 m s~ !, with internal dynamics moving at speeds of 2200-2500m s~!. The appearance of the FAEs suggests that these
speeds may correspond to the group speed and phase speed respectively of the instability producing the FAEs, although this

conclusion is not certain. While these speeds satisfy the dispersion relation for electrostatic ion cyclotron waves, their apparent
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wavelength corresponds to a wave frequency below the NO™ ion cyclotron frequency, and the assumed altitude of the FAEs
is inconsistent with EIC waves. The observed speeds also match the dispersion relation for the Farley-Buneman instability
derived by Litt et al. (2015), for an E x B drift speed of about 7kms~! corresponding to a perpendicular electric field of
365mV m~!. Although extreme, these values are possible close to auroral arcs, and might be sufficient to produce the FAEs.
We emphasise that these conclusions are subject to several caveats and assumptions, in particular that the location of the FAEs
corresponds to a region of enhanced electron temperature at 100 km altitude. If the FAEs are at higher or lower altitude the
measured speeds must be scaled accordingly.

Any theory for the generation mechanism of FAEs should explain why they are not more commonly observed. However,
advances in imaging technology have made it easier to detect the FAEs so they may be found to be quite common at high
latitude. Further observations will undoubtedly help to explain the physics of FAEs. Aurora Zoo has highlighted one of the
strengths of citizen science in identifying unusual events. As more ASK observations are added to Aurora Zoo we are optimistic

that more FAE events will be found.

Data availability. The ASK data used in this work are available from the University of Southampton at [doi to be inserted after acceptance].

EISCAT data are available from the EISCAT Madrigal database at http://portal.eiscat.se/madrigal/.

Video supplement. A video of event 1 is available at http://www.soton.ac.uk/~dkw1f08/eventO1.avi [to be replaced with DOI after accep-
tance] and a video of event 2 is available at http://www.soton.ac.uk/~dkw1f08/event02.avi [to be replaced with DOI after acceptance]. Both
videos follow the same format. The top half shows a keogram of ASK1 data (N2 1P) made with a moving cut as described in Section 3, in
order to show the drift of the FAEs and their internal dynamics. Shown below the keogram are images recorded simultaneously in N> 1P
(ASK1) and OI 777.4 nm (ASK3). The white line drawn on top of the keogram marks the time of the images. The white box drawn on top of

the N2 1P image marks the location of the keogram cut.

Author contributions. DKW wrote the manuscript with contributions from HD, BSL, JD and NI. DKW performed the analysis with contri-
butions from HD. All authors contributed to the interpretation of the observations and results. Event 1 was discovered by HD and event 2

was discovered by MZDF, RO, ASS, and TSD.

Competing interests. The authors declare no competing interests.

Acknowledgements. DKW was supported by NERC Independent Research Fellowship NE/SO15167/1. NP was partially supported by the
Norwegian Research Council (NRC) under CoE contract 223252 and NRC contract 287427. ASK has been funded by STFC and NERC

18


http://portal.eiscat.se/madrigal/
http://www.soton.ac.uk/~dkw1f08/event01.avi
http://www.soton.ac.uk/~dkw1f08/event02.avi

390

of the United Kingdom, under grants PP/C502614/1, NE/H024433/1, NE/N004051/1 and NE/S015167/1, and Vetenskapsradet of Sweden.
EISCAT is supported by the research councils of Norway, Sweden, Finland, Japan, China, and the United Kingdom. This publication uses
data generated via the Zooniverse.org platform, development of which is funded by generous support, including a Global Impact Award from
Google, and by a grant from the Alfred P. Sloan Foundation. Development of Aurora Zoo was funded as part of NERC grant NE/N004051/1.
We thank the Zooniverse team for enabling and supporting the Aurora Zoo project, and the Aurora Zoo team for developing, operating
and maintaining Aurora Zoo. We thank the members of the campaign team who set up and ran the ASK instrument during the winters of

2013-2014 (Sam Tuttle, Olli-Pekka Jokiaho and Henry Pindeo) and 2014-2015 (Sam Tuttle and Nicola Schlatter).

19



395

400

405

410

415

420

425

430

References

Aikio, A. T., Opgenoorth, H. J., Persson, M. A. L., and Kaila, K. U.: Ground-based measurements of an arc-associated electric field, J.
Atmos. Terr. Phys., 55, 797-808, https://doi.org/10.1016/0021-9169(93)90021-P, 1993.

Archer, W. E., Gallardo-Lacourt, B., Perry, G. W., St.-Maurice, J. P, Buchert, S. C., and Donovan, E.: Steve: The Optical Signature of Intense
Subauroral Ion Drifts, Geophys. Res. Lett., 46, 6279-6286, https://doi.org/10.1029/2019GL082687, 2019.

Ashrafi, M., Lanchester, B. S., Lummerzheim, D., Ivchenko, N., and Jokiaho, O.: Modelling of N2-1P emission rates in aurora using different
cross sections for excitation, Ann. Geophys., 27, 2545-2553, https://doi.org/10.5194/angeo-27-2545-2009, 2009.

Bahcivan, H.: Plasma wave heating during extreme electric fields in the high-latitude E region, Geophys. Res. Lett., 34,
https://doi.org/10.1029/2006GL029236, 2006.

Buchert, S. C., Tsuda, T., Fujii, R., and Nozawa, S.: The Pedersen current carried by electrons: a non-linear response of the ionosphere to
magnetospheric forcing, Ann. Geophys., 26, 2837-2844, https://doi.org/10.5194/angeo-26-2837-2008, 2008.

Carlson, H. C., Oksavik, K., and Moen, J. I.: Thermally excited 630.0 nm O(* D) emission in the cusp: A frequent high-altitude transient
signature, J. Geophys. Res., 118, 5842-5852, https://doi.org/10.1002/jgra.50516, 2013.

Codrescu, M. V., Fuller-Rowell, T. J., and Foster, J. C.: On the importance of E-field variability for Joule heating in the high-latitude
thermosphere, Geophys. Res. Lett., 22, 2393-2396, https://doi.org/10.1029/95GL01909, 1995.

Dahlgren, H., Gustavsson, B., Lanchester, B. S., Ivchenko, N., Brindstrom, U., Whiter, D. K., Sergienko, T., Sandahl, I., and Marklund, G.:
Energy and flux variations across thin auroral arcs, Ann. Geophys., 29, 1699—-1712, https://doi.org/10.5194/angeo-29-1699-2011, 2011.
Dahlgren, H., Ivchenko, N., and Lanchester, B. S.: Monoenergetic high-energy electron precipitation in thin auroral filaments, Geophys. Res.

Lett., 39, L20 101, https://doi.org/10.1029/2012GL053466, 2012.

D’ Angelo, N.: Type III spectra of the radar aurora, J. Geophys. Res., 78, 3987-3990, https://doi.org/10.1029/JA0781019p03987, 1973.

Dreyer, J., Partamies, N., Whiter, D., Ellingsen, P. G., Baddeley, L., and Buchert, S. S.: Characteristics of fragmented aurora-like emissions
(FAESs) observed on Svalbard, Ann. Geophys., 39, 277-288, https://doi.org/10.5194/angeo-39-277-2021, 2021.

Erdman, P. W. and Zipf, E. C.: Excitation of the OI (3s 7 S°-3p ® P; 7774 A) multiplet by electron impact on Oz, J. Chem. Phys., 87, 4540,
https://doi.org/10.1063/1.453696, 1987.

Fejer, B. G., Reed, R. W., Farley, D. T., Swartz, W. E., and Kelley, M. C.: lon cyclotron waves as a possible source of resonant auroral radar
echoes, J. Geophys. Res., 89, 187-194, https://doi.org/10.1029/JA0891A01p00187, 1984.

Gallardo-Lacourt, B., Liang, J., Nishimura, Y., and Donovan, E.: On the Origin of STEVE: Particle Precipitation or Ionospheric Skyglow?,
Geophys. Res. Lett., 45, 7968-7973, https://doi.org/10.1029/2018GL078509, 2018.

Gillies, D. M., Donovan, E., Hampton, D., Liang, J., Connors, M., Nishimura, Y., Gallardo-Lacourt, B., and Spanswick, E.: First Observations
From the TREx Spectrograph: The Optical Spectrum of STEVE and the Picket Fence Phenomena, Geophys. Res. Lett., 46, 7207-7213,
https://doi.org/10.1029/2019GL083272, 2019.

Hedin, A. E.: Extension of the MSIS thermosphere model into the middle and lower atmosphere, J. Geophys. Res., 96, 1159-1172,
https://doi.org/10.1029/90JA02125, 1991.

Itikawa, Y.: Cross sections for electron collisions with nitrogen molecules, J. Phys. Chem. Ref. Data, 35, 31-53,
https://doi.org/10.1063/1.1937426, 2005.

Ivchenko, N., Blixt, E. M., and Lanchester, B. S.: Multispectral observations of auroral rays and curls, Geophys. Res. Lett., 32, L18 106,
https://doi.org/10.1029/2005GL022650, 2005.

20


https://doi.org/10.1016/0021-9169(93)90021-P
https://doi.org/10.1029/2019GL082687
https://doi.org/10.5194/angeo-27-2545-2009
https://doi.org/10.1029/2006GL029236
https://doi.org/10.5194/angeo-26-2837-2008
https://doi.org/10.1002/jgra.50516
https://doi.org/10.1029/95GL01909
https://doi.org/10.5194/angeo-29-1699-2011
https://doi.org/10.1029/2012GL053466
https://doi.org/10.1029/JA078i019p03987
https://doi.org/10.5194/angeo-39-277-2021
https://doi.org/10.1063/1.453696
https://doi.org/10.1029/JA089iA01p00187
https://doi.org/10.1029/2018GL078509
https://doi.org/10.1029/2019GL083272
https://doi.org/10.1029/90JA02125
https://doi.org/10.1063/1.1937426
https://doi.org/10.1029/2005GL022650

435

440

445

450

455

460

465

Julienne, P. S. and Davis, J.: Cascade and Radiation Trapping Effects on Atmospheric Atomic Oxygen Emission Excited by Electron Impact,
J. Geophys. Res., 81, 1397-1403, https://doi.org/10.1029/JA081i007p01397, 1976.

Kirkwood, S. and Nilsson, H.: High-latitude sporadic-E and other thin layers - the role of magnetospheric electric fields, Space Sci. Rev., 91,
579-613, https://doi.org/10.1023/A:1005241931650, 2000.

Kwagala, N. K., Oksavik, K., Lorentzen, D. A., and Johnsen, M. G.: How Often Do Thermally Excited 630.0 nm Emissions Occur in the
Polar Ionosphere?, J. Geophys. Res., 123, 698-710, https://doi.org/10.1002/2017JA024744, 2017.

Lanchester, B. and Gustavsson, B.: Imaging of Aurora to Estimate the Energy and Flux of Electron Precipitation, vol. 197 of Geophysical
Monograph Series, pp. 171-182, American Geophysical Union (AGU), https://doi.org/10.1029/2011GMO001161, 2012.

Lanchester, B. S., Kaila, K., and McCrea, I. W.: Relationship between large horizontal electric fields and auroral arc elements, J. Geophys.
Res., 101, 5075-5084, https://doi.org/10.1029/95JA 02055, 1996.

Lanchester, B. S., Rees, M. H., Lummerzheim, D., Otto, A., Sedgemore-Schulthess, K. J. F., Zhu, H., and McCrea, I. W.: Ohmic heating as
evidence for strong field-aligned currents in filamentary aurora, J. Geophys. Res., 106, 1785-1794, https://doi.org/10.1029/1999JA000292,
2001.

Lanchester, B. S., Ashrafi, M., and Ivchenko, N.: Simultaneous imaging of aurora on small scale in OI (777.4 nm) and N2 1P to estimate
energy and flux of precipitation, Ann. Geophys., 27, 2881-2891, https://doi.org/10.5194/angeo-27-2881-2009, 2009.

Litt, S. K., Smolyakov, A. I., Hassan, E., and Horton, W.: Ion thermal and dispersion effects in Farley-Buneman instabilities, Physics of
Plasmas, 22, 082 112, https://doi.org/10.1063/1.4928387, 2015.

Lummerzheim, D. and Lilensten, J.: Electron transport and energy degradation in the ionosphere: evaluation of the numerical solution
comparison with laboratory experiments and auroral observations, Ann. Geophys., 12, 1039-1051, 1994.

MacDonald, E. A., Donovan, E., Nishimura, Y., Case, N. A., Gillies, D. M., Gallardo-Lacourt, B., Archer, W. E., Spanswick, E. L.,
Bourassa, N., Connors, M., Heavner, M., Jackel, B., Kosar, B., Knudsen, D. J., Ratzlaff, C., and Schofield, I.: New science in
plain sight: Citizen scientists lead to the discovery of optical structure in the upper atmosphere, Science Advances, 4, eaaq0030,
https://doi.org/10.1126/sciadv.aaq0030, 2018.

Marklund, G., Blomberg, L., Filthammar, C.-G., and Lindqvist, P.-A.: On intense diverging electric fields associated with black aurora,
Geophys. Res. Lett., 21, 1859-1862, https://doi.org/10.1029/94GL00194, 1994.

Mende, S. B., Harding, B. J., and Turner, C.: Subauroral Green STEVE Arcs: Evidence for Low-Energy Excitation, Geophys. Res. Lett., 46,
14 25614 262, https://doi.org/10.1029/2019GL086145, 2019.

Nygrén, T., Jalonen, L., Oksman, J., and Turunen, T.: The role of electric field and neutral wind direction in the formation of sporadic
E-layers, J. Atmos. Terr. Phys., 46, 373-381, https://doi.org/10.1016/0021-9169(84)90122-3, 1984.

Opgenoorth, H. J., Higstrom, 1., Williams, P. J. S., and Jones, G. O. L.: Regions of strongly enhanced perpendicular electric fields adjacent
to auroral arcs, J. Atmos. Terr. Phys., 52, 449458, https://doi.org/10.1016/0021-9169(90)90044-N, 1990.

Palmroth, M., Grandin, M., Helin, M., Koski, P., Oksanen, A., Glad, M. A., Valonen, R., Saari, K., Bruus, E., Norberg, J., Viljanen, A.,
Kauristie, K., and Verronen, P. T.: Citizen Scientists Discover a New Auroral Form: Dunes Provide Insight Into the Upper Atmosphere,
AGU Advances, 1, e2019AV000 133, https://doi.org/10.1029/2019AV000133, 2020.

Price, D. J., Whiter, D. K., Chadney, J. M., and Lanchester, B. S.: High resolution optical observations of neutral heating associated with the
electrodynamics of an auroral arc, J. Geophys. Res., 124, 9577-9591, https://doi.org/10.1029/2019JA027345, 2019.

Prikryl, P., Koehler, J. A., Sofko, G. J., McEwen, D. J., and Steele, D.: lonospheric ion cyclotron wave generation inferred from coordinated

doppler radar, optical, and magnetic observations, J. Geophys. Res., 92, 3315-3331, https://doi.org/10.1029/JA092iA04p03315, 1987.

21


https://doi.org/10.1029/JA081i007p01397
https://doi.org/10.1023/A:1005241931650
https://doi.org/10.1002/2017JA024744
https://doi.org/10.1029/2011GM001161
https://doi.org/10.1029/95JA02055
https://doi.org/10.1029/1999JA000292
https://doi.org/10.5194/angeo-27-2881-2009
https://doi.org/10.1063/1.4928387
https://doi.org/10.1126/sciadv.aaq0030
https://doi.org/10.1029/94GL00194
https://doi.org/10.1029/2019GL086145
https://doi.org/10.1016/0021-9169(84)90122-3
https://doi.org/10.1016/0021-9169(90)90044-N
https://doi.org/10.1029/2019AV000133
https://doi.org/10.1029/2019JA027345
https://doi.org/10.1029/JA092iA04p03315

470

475

480

485

Robinson, T. R. and Honary, F.: Adiabatic and isothermal ion-acoustic speeds of stabilized Farley-Buneman waves in the auroral E-region,
J. Atmos. Terr. Phys., 55, 65-77, https://doi.org/10.1016/0021-9169(93)90155-R, 1993.

Sahr, J. D., Farley, D. T., Swartz, W. E., and Providakes, J. F.: The altitude of type 3 auroral irregularities: Radar interferometer observations
and implications, J. Geophys. Res., 96, 17 805-17 811, https://doi.org/10.1029/91JA01544, 1991.

Saito, S., Buchert, S. C., Nozawa, S., and Fujii, R.: Observation of isotropic electron temperature in the turbulent E region, Ann. Geophys.,
19, 11-15, https://doi.org/10.5194/angeo-19-11-2001, 2001.

Schlatter, N. M., Ivchenko, N., Sergienko, T., Gustavsson, B., and Brindstrom, B. U. E.: Enhanced EISCAT UHF backscatter during high-
energy auroral electron precipitation, Ann. Geophys., 31, 1681-1687, https://doi.org/10.5194/angeo-31-1681-2013, 2013.

Schunk, R. W. and Nagy, A. F.: Ionospheres, Atmospheric and Space Science Series, Cambridge University Press, Cambridge, United
Kingdom, 2000.

Semeter, J., Hunnekuhl, M., MacDonald, E., Hirsch, M., Zeller, N., Chernenkoff, A., and Wang, J.: The Mysterious Green Streaks Below
STEVE, AGU Advances, 1, https://doi.org/10.1029/2020AV000183, 2020.

Tuttle, S., Lanchester, B., Gustavsson, B., Whiter, D., Ivchenko, N., Fear, R., and Lester, M.: Horizontal electric fields from flow of auroral
O"(P) ions at sub-second temporal resolution, Ann. Geophys., 38, 845-859, https://doi.org/10.5194/angeo-38-845-2020, 2020.

Whiter, D. K., Lanchester, B. S., Gustavsson, B., Ivchenko, N., and Dahlgren, H.: Using multispectral optical observations to identify the
acceleration mechanism responsible for flickering aurora, J. Geophys. Res., 115, A12 315, https://doi.org/10.1029/2010JA015805, 2010.

Zhu, H., Otto, A., Lummerzheim, D., Rees, M. H., and Lanchester, B. S.: Ionosphere-magnetosphere simulation of small-scale structure and

dynamics, J. Geophys. Res., 106, 1795-1806, https://doi.org/10.1029/1999JA000291, 2001.

22


https://doi.org/10.1016/0021-9169(93)90155-R
https://doi.org/10.1029/91JA01544
https://doi.org/10.5194/angeo-19-11-2001
https://doi.org/10.5194/angeo-31-1681-2013
https://doi.org/10.1029/2020AV000183
https://doi.org/10.5194/angeo-38-845-2020
https://doi.org/10.1029/2010JA015805
https://doi.org/10.1029/1999JA000291

