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Key Points:

« Extremely small point-like features are observed within the 'picket fence’ STEVE
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+ Such features point to the role of local ionospheric production.

« The features are among the smallest optical features found in the natural airglow

or aurora.
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Abstract

STEVE (Strong Thermal Emission Velocity Enhancement) is an optical phenomenon
of the sub-auroral ionosphere arising from extreme ion drifts. STEVE consists of two dis-
tinct components in true-color imagery: a mauve or whitish arc extended in the mag-
netic east-west direction, and a region of saturated green emission adjacent to the arc,
often structured into periodically spaced columns aligned with the magnetic field (the
“picket fence”). This work employs high-resolution imagery by citizen scientists in a crit-
ical examination of fine scale features within the green emission region. Of particular in-
terest is a narrow “streak” of emission commonly observed underneath and connected
to the field-elongated features above. These streaks exhibit identical coloration to other
green features in the field of view, consistent with spectroscopic measurement of a com-
mon emission spectrum dominated by the metastable oxygen 557.7 nm line. Triangu-
lation of one event found the streak to form in the range of 102——106 km altitude. The
cross-sectional width of another streak was measured to be as small as ~350 m. In im-
age sequences, the streak is observed to drift toward the main STEVE channel at ~500 m/s,
with evidence for a curved trajectory. The optical signatures are consistent with a drift-
ing point-like excitation source, where the elongation is due to finite exposure (motion
blur) and radiative lifetime effects. The source of the 557.7-nm emission is most likely
direct excitation of ambient atomic oxygen by suprathermal electrons generated by iono-

spheric turbulence induced by the extreme electric fields driving STEVE.

1 Introduction

STEVE (Strong Thermal Emission Velocity Enhancement) is a recently identified
optical feature in the sub-auroral ionosphere. appearing within a narrow channel of ex-
treme westward ion drifts (MacDonald et al., 2018). The phenomenon was first identi-
fied by citizen scientists using consumer camera equipment. In true-color photography
STEVE appears as a diffuse arc extended in the East-West direction with color rang-
ing from mauve to gray-white, which is often, but not always, accompanied by ephemeral
green features nicknamed “the picket fence”. Multi-point triangulation has placed the
mauve component at an altitude range of 130-270-km, with picket fence features extend-
ing below to as low as ~95 km (Archer et al., 2019). Conjugate measurements by the
SWARM satellites at ~400 km have detected B, ion velocities approaching 6 km/s in

the STEVE channel, with electron temperatures approaching ~1 eV near the edges (An-
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derson, Heelis, & Hanson, 1991a; Nishimura et al., 2019). Initial spectroscopy of STEVE

has revealed the mauve color to arise from the oxygen 630-nm red line emission super-

imposed on a continuum spectrum from ~400 to ~700 nm (Gillies et al., 2019). The whitish

color is attributed to lower altitude events, where the metastable O(!1D) state respon-

sible for the red line component is collisionally quenched (Liang et al., 2019). The com-
panion picket fence region has been found to be predominently oxygen 557.7-nm green
line, with a trace contribution from N first positive emissions (Mende, Harding, & Turner,
2019). The lack of emissions from higher energy N2Jr transitions has argued against pre-

cipitating magnetospheric electrons as the source of the green features (Mende et al., 2019).

This paper considers STEVE’s green companion from a morphological point of view.
Particular attention is placed on ephemeral “streaks” of green emission commonly ob-
served below, and conjugate to, field-aligned structures comprising the picket fence. Sev-
eral examples of this feature are shown in Figure 1, as captured in true-color imagery
by citizen scientists. In all cases observed thus far, the streaks form on the poleward side
of STEVE, exhibit an approximate north-south elongation, and propagate equatorward
toward the main STEVE channel. Similar streaks to those shown in Figure 1 are also
found embedded in more dynamic displays (e.g., Figure 5), where their motion is some-
what more complcated and their relationship to the magnetic field topology is less clear.
Notably, the lifetime of the streaks is sufficiently long (~10 s) to enable tracking through
multiple images, allowing for deconvolution of finite exposure-time effects (motion blur)

and spatiotemporal correlation with other features in the field.

In the remainder of this work, we provide an initial examination of the altitude,
trajectory, orientation, and dimensions of this feature, followed by some conjecttures about
its origin, and connections to broader questions of the picket fence source and the modes
of energy dissipation represented by the STEVE phenomenon. This work also suggests
new opportunities for the use of photometric imaging as a diagnostic of ionospheric tur-

bulence under extreme conditions.

2 Analysis results

The experimental results in this work were all derived from imagery recorded by
citizen scientists using commercially available equipment. The unfamiliar nature of this

phenomenon and the unusual views obtained by the photographers make interpretation



Figure 1. Sample images highlighting STEVE’s green component and the mysterious green
streaks appearing below the “picket fence” a) 6 May 2018, 11:21:25 LT, 4-s exposure, 51.255°N,
114.701°W (credit: Alexei Chernenkov). b) 13 September 2018, Isle Royale National Park (credit:
Shawn Malone). c¢) 28 March 2017, 15-s exposure (credit: Stephen Voss). d) 6 May 2018, ~11:19

LT, 33-ms exposure (NTSC video) (credit: Alan Dyer).
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with respect to physical hypotheses challenging. Observer perspective, camera exposure
times, magnetic field topology, and radiative lifetime effects must all be considered care-
fully in drawing physical conclusions from these observations. We endeavor to discuss
these issues in the context of our analysis. The features of interest are often faint, and
the images displayed in this work have been adjusted to enhance contrast. Our findings
do not rely on absolute photometric calibration, although that will undoubtedly become

an important consideration in future studies.

2.1 Altitude determination

The wide-field perspectives in Figure 1 indicate that the streaks lie underneath other
green features. Knowledge of the precise altitude provides an important constraint on
candidate source mechanisms. The event in Figure 1la was fortuitously observed from
a second location with sufficient separation to enable triangulation. Figure 2 and Fig-
ure la were from locations (51.255°N, 114.701°W) and (51.267°N, 114.328°W), respec-
tively, at 11:21:25 LT on 6 May 2018. The one-dimensional nature of the streaks allowed
the use of end-points as reference points for triangulation. The end-points of the brighter
streak are labeled R7 and R8 in Figure 2. Azimuth and elevation calibration was deter-
mined using a regional set of reference stars, labeled R3-R6, rather than the full star field.
This mitigated uncertainties such as lens distortion and the order of the fitting function,
which could introduce errors in triangulation within our small region of interest. An op-
timization approach was then applied to find the best-fit location of R7 and R8 consis-
tent with star positions. The estimated altitude of streak end-point R1 was in the range

102.2-104.4 km, and R2 was in the range 104.0-106.2 km.
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Figure 2. Image of the same event as Figure la recorded from location (51.266805°N,
114.328423°W). The pair of images was used for triangulation of the low altitude streaks labeled
P5 and P6. The endpoints of P5 are labeled R7 and R8. Reference stars used for elevation and
azimuth determination are labeled R3-R5. The altitude was determined to be 102.2 — 104.4 km

for R7, and 104.0-106.2 km for R8

2.2 Trajectory

Figure 3 shows a sequence of cropped images at 4-second cadence documenting the
formation and evolution of the two streaks highlighted in Figure la (courtesy Alexei Cher-
nenkoff). The streaks initially appear as point-like bursts (white arrow in panel a, yel-
low arrow in panel c), which subsequently elongate along their direction of motion. The
trajectory is toward the main STEVE channel in these observations. The elongation of
the features is influenced by at least three effects. The first is simple motion blur caused
by the 4-s exposure. The second is emission afterglow. As suggested in prior work (Gillies
et al., 2019; Mende et al., 2019), the green color is predominantly due to the 557.7 nm
line, produced by the metastable O(1S——3P) transmission of atomic oxygen, with ra-
diative lifetime 0.74 s. A moving source of O(1S) will produce a luminous tail in the 557.7-
nm emission due to the finite radiative lifetime. The third effect is spatiotemporal vari-
ability in the excitation source itself. Quantifying these effects in this particular image
sequence is challenging due to the low sensitivity of the particular equipment used to ac-
quire this sequence. To further examine the dimensions, trajectory, and possible influ-
ences of the magnetic field, we turn to a second more dynamic event recorded with greater

sensitivity.
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Figure 3. Sequence of 4-second image samples around the time of Figure 1la
, showing the general propagation of the streaks toward the main STEVE arc, and their

general elongation in the direction of propagation.

Figure 4. STEVE observed with 15-second exposure on 00:33:22 LT on 20 March 2017 from
location 51.66 N, 112.91 W. The rectangle is the region detailed at 3.5-second exposure in the

image sequence of Figure 5 (courtesy Neil Zeller Photography).

Figure 4 is an image recorded on 20 May 2017 at 00:32 Local Time (LT) from lo-
cation 51.66 N, 112.91 W at 15-second exposure (courtesy Neil Zeller Photography). In
this display, a series of coherent green structures are observed to extend away from the
main STEVE channel. The two structures toward the top of the image are composed
of periodically spaced bands, each aligned approximately parallel to the main STEVE
channel. The overhead zenith direction lies just outside the field of view as indicated,
and the mauve-white arc is stretched out along the magnetic east-west direction. The
orientation of the green features in Figure 4 is difficult to establish conclusively in this

projection.
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Figure 5. Sample images of dynamic green emissions observed within the rectangular region
of Figure 4 on 20 May 2007. Azimuth and elevation contours are shown in blue. The magnetic

zenith is indicated by the yellow star.

This event was captured by a second co-located camera with narrower field of view
and higher image cadence (3.5-second). Figure 5 shows four selected images from this
camera, with local time as indicated. The field-of-view corresponds to the rectangular
region in Figure 4. Blue contours indicate geographic azimuth and elevation as deter-
mined from star field fitting. The yellow star in each frame indicates the magnetic zenith
direction (inclination 73.5°, declination 14°), calculated using the International Geomag-

netic Reference Field (IGRF) model (Thébault et al., 2015))

The image samples in Figure 5 were selected to give a sense of how these features
varied as they moved westward from near zenith (panel a) to lower elevation (panel d).

The individual features changed substantially from frame to frame, indicating that the
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phenomena was not fully resolved at 3.5-seconds. The reader is encouraged to view the

full image sequences included as supplemental material in time-lapse format.

One feature that remained coherent across multiple frames is the small streak within
the dashed box of Figure 5d. This streak has characteristics similar to the streaks in Fig-
ures 1 and 3 — Le., it is the smallest object within the field, it appears below the other
features (i.e., lower elevation), and, unlike other features in this sequence, it persisted

as a coherent drifting object across several frames.

Figure be-i shows the evolution of this feature through five consecutive 3.5-second
frames. The field-of-view corresponds to the dashed box in Figure 5d. Panel f duplicates
the image from panel e where fiducial marks have been inserted. The white arrows in
panel f indicate the location, length, and direction-of-motion of the streak as extracted
from the individual panels a—e. The streak is seen to be contiguous from frame to frame
(i.e., tip of one arrow lines up with tail of the next). This suggests that it is produced
by a drifting point-like source, and that the observed elongation is primarily caused by
motion blur and afterglow effects previously discussed. The trajectory is also seen to be
slightly curved in this perspective. The curvature is consistent with bending toward the
main STEVE channel. This trajectory may have similarities to Figure 1c, where the trace
emission behind the streak suggests a drift path that bent into the horizontal plane. The
red line inserted in panel f indicates the magnetic field-aligned direction. Its significance

will be discussed in Section 2.3.

2.3 Dimensions and Velocity

The high fidelity of Figure 6 allows for a quantitative examination of dimensions
and velocities of the streak. Figure 7 shows the relative brightness of the camera’s green
channel versus distance along its trajectory for each panel (a—e) of Figure 5. The dis-
tance scale was computed assuming a constant altitude of 100 km. At its initial appear-
ance, the full-width-at-half-maximum (FWHM) is similar to the separation between the
peaks (1.2-1.6 km). This is consistent with a drifting point source subject to motion blur.
The streak can also be seen to broaden and develop an asymmetric “tail” behind its tra-
jectory. This is qualitatively consistent with the afterglow effect due to the finite radia-

tive lifetime of the O(19) state.



Figure 6. Image sequence at 3.5-second cadence corresponding to the rectangular region in
Figure 5d, showing the evolution of an emission streak that persisted in 5 contiguous frames
(feature within the white oval). In panel e, the length, orientation, and direction of motion of
the streak is shown as a series of vectors. The red line shows the magnetic field-aligned direction

superimposed on a features that formed above the streak.

Figure 7. Normalized brightness as a function of distance along the trajectory of the streak
feature in Figure 6a-e. The behavior is consistent with a drifting point source. An asymmetry de-
velops as the object moves, consistent with an “afterglow” tail due to the 0.74-s radiative lifetime

of the O(*S) state.

—10-
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Figure 8. Brightness cuts extracted through the highlighted feature in panels a-e of Figure 6
in a direction aligned with the magnetic field, showing as a line plot the apparent field-aligned

elongation of the structure during its lifetime.

Figure 8 shows the evolution of this feature in the direction transverse to its prop-
agation. When first observed (curve a) the streak has a cross-sectional FWHM of ~350 m
(assuming, again, an altitude of 100 km). This streak is thus among the smallest opti-
cal aeronomical features observed at any latitude. As it evolves through subsequent frames
(curves b—e), an extended region of emission is seen to develop to the left (i.e., at higher
elevation angle). Some context for this can be obtained by returning to Figure 6. The
new region of emission corresponds to a developing magnetic field-aligned feature in the
upper part of the encircled region, above the streak. In Figure 6f, a red bar has been in-
serted to show the magnetic field-line direction projected into the image plane. Magnetic
conjugacy of low-altitude streaks and field-aligned features is also observed in the the
wide-field image samples of Figure 1. The analysis of Figure 8 provides possible evidence
for the contemporaneous development of the low altitude streaks of emission and mag-

netic field-aligned features above it.

—11—-



179 3 Discussion

180 True-color images of selected STEVE events obtained by citizen scientists have been
181 used in a critical examination of small-scale features in the green “picket fence” region.

182 Image sequences acquired at 3.5- and 4-second cadence have revealed dynamic sub-kilometer
183 features with varying orientations, dimensions, and motions (Figure 5). Unlike the pe-

184 riodic green columns that inspired the picket fence designation, these features are not

185 extended along magnetic lines of force, and are thus inconsistent with production via en-
186 ergetic particle precipitation. Readers are encouraged to view the time-lapse videos in-

187 cluded as supplemental material to develop their own impression of these unusual fea-

188 tures, as observed in the unique perspectives obtained by citizen scientists.

189 Our analysis has focused on a particular repeatable feature: a narrow “streak” of

190 emission appearing below the picket fence that forms on the poleward side and propa-

101 gates toward STEVE. This feature is noteworthy for several reasons: 1) it is the lowest-
102 altitude and smallest-scale optical feature associated with STEVE; 2) it is observed across

103 a wide range of STEVE events; 3) it often persists for >10 s as a coherent propagating

104 object; 4) it is magnetically conjugate to, and sometimes connected with, overlying field-
105 aligned structures; 5) it exhibits identical coloration to other green features in the field-
106 of-view. Some conjectures based on the initial findings reported herein are discussed be-
197 low.

108 3.1 Source of green line excitation

109 The periodic spacing and magnetic field elongation often observed in the green fea-
200 tures adjacent to STEVE (e.g., Figure 1) have naturally led many to assume production
201 via usual auroral mechanisms — i.e., penetration of magnetospheric electrons with kinetic

202 energy >1 keV (e.g., Gillies et al., 2019; Mishin & Streltsov, 2019; Nishimura et al., 2019).
203 The initial spectroscopic measurements acquired by Gillies et al. (2019) are irreconcil-
204 able with this hypothesis. A careful analysis by (Mende et al., 2019) found the spectrum

205 to be dominated by the metastable oxygen 557.7-nm line (4.19 eV excitation energy, 0.74-

206 s radiative lifetime) but with a trace contribution from prompt N first positive (1P) emis-
207 sions (7.35 eV excitation energy). Entirely absent, however, were contributions from higher
208 energy emissions of N2+ , often represented in auroral studies by the band-head of the the

200 N first negative (1N) group at 427.8 nm (18.75 eV excitation energy). This emission,

—12—
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produced by collisional ionization and excitation of ambient No, must be present for par-
ticle penetration to these altitudes. The presence of Ny 1P without N; 1IN has argued
for a lack of primary electrons with the requisite >1-keV energy range, rather than a de-
pletion of ambient No (Mende et al., 2019). This finding supported earlier conjectures
based on color comparisons (Mende et al., 2019) that the source of the green compan-
ion to STEVE is likely direct excitation of oxygen O(1S) by superthermal electrons en-

ergized locally in the ionosphere.

The features examined in this work support this conclusion from a morphological
perspective, while also raising new questions. The small scales and variegated orienta-
tions of the features highlighted in Figures 1-6 are also irreconcilable with formation by
particle precipitation. Analysis of the streak in Figures 6 and 8 are consistent with a drift-
ing point-like source, with cross-sectional size as small as ~350 meters. Triangulation
of a similar feature in Figure 2 has placed this source in the lower ionospheric E-region
at 102-106 km, and below other picket fence features in the field. Spectroscopy of the
individual streaks is not available. But we would note that the field-elongated structures
and the green streaks below them exhibit identical coloration in the true-color imagery,

suggesting all green features are arising from a common underlying source mechanism.

3.2 Superthermal electron production

In seeking a source of free energy able to excite oxygen green line features at sub-
kilometer scales, it should be noted that the ion drift speeds within STEVE exceed 6 km/s
(MacDonald et al., 2018; Nishimura et al., 2019). The patterns and intensities of tur-
bulent heating caused by such supersonic plasma jets in the outer atmosphere are not
well known. Additional complications arise from the entanglement of chemistry and elec-
trodynamics; ion velocities in this range are known be associated with rapid conversion
from atomic (O™) to molecular (NO™) ions (Anderson, Heelis, & Hanson, 1991b), which
would impact momentum balance in the channel in a highly nonlinear manner. Under

these conditions it is not surprising to find pockets of extreme electron heating.

Some direct evidence for this has been found in conjugate satellite measurements.

Nishimura et al. (2019) and Anderson et al. (1991a) have reported measurements by SWARM

of a narrow channel of electron heating conjugate to STEVE, with T, exceeding 8,000

K, and a single-point measurement approaching 12,000 K (>1 eV). The measurements

—13—
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occurred in a region of depleted plasma densities, and large upward ion velocities, con-
sistent with expected signatures of low-altitude heating. The electron populations are
sure to be highly non-Maxwellian, but a distribution with ~1-eV average energy is ex-
pected to have a significant population at the requisite 4.19 eV energy for green line ex-
citation. Candidate mechanisms for production of such populations include the modi-
fied two-stream instability (Farley-Buneman instability) (Farley, 1963), the gradient drift
instability (Fejer & Kelley, 1980; Simons, Pongratz, & Gary, 1980), or ion-acoustic tur-
bulence (Milan & Lester, 1998). The Farley-Buneman instability has the attraction of
leading to potential wells (Milan & Lester, 1998) which could serve to confine the elec-

tron heating into small scale structures.

The manifestation of these turbulent processes in airglow or auroral signatures has
not been fully considered. The hypothesized photochemical model for production of the

557.7-nm emission is

OCP)+e(E) — OtS)+e(E —4.19V) (1)

O('S) — OCP)+ hvszrz (2)

(Itikawa & Ichimura, 1990). Extracting spatiotemporal information about electron heat-
ing from imagery of this emission requires careful consideration of source dynamics and
radiative lifetime effects, as represented in the space-time perspective of the sensor. It
must also be borne in mind that the images only provide information about electrons
with energy >4.19 eV (45,0000 K). Lower energy superthermal populations are impor-
tant and presumably present, but invisible in green-line imagery. A full treatment of these
effects is beyond the scope of this work. But a qualitative appreciation of these effects

is useful in the evaluation of evidence from citizen science imagery.

3.3 Relation to magnetic field-aligned features

An initial examination of image sequences has provided evidence for connections
between the low altitude emission streaks, and magnetic field-aligned features compris-
ing the “picket fence.” The evidence is summarized in Figure 9 for the examples used

in this study. In each panel, the grayscale image depicts the green channel of the cam-

era, displayed as a negative for ease of annotation. The red arrows highlight features aligned

with the magnetic field; the blue arrows indicate the orientation and trajectory of the

streaks. Figure 9a is from 3c. At this point, the upper streak is observed to have devel-

—14—
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Figure 9. Relationship between magnetic field-aligned features (red) and streak orientation
and motion (blue). The images show the green channel of the cameras, displayed as a negative
(emissions are dark) a) From Figures la and 3c. Blue arrows show the horizontal equatorward
direction of motion, as observed in Figures 3a-f. b) From Figure 1b. Blue arrows show the orien-
tation of the streaks in relation to magnetic field direction. c¢) From Figure lc. Blue curve high-
light the curved shape of the airglow feature which appears to bend into the field-perpendicular
equatorward direction. d) From Figure 5g (rotated 90°). Blue curve shows the complete trajec-

tory as extracted from the image sequence in Figures 5e-j.

oped a visible tail extending behind the trailing edge, which is qualitatively consistent
with the afterglow effects discussed in Section 2.2. This streak also exhibits evidence of
a faint emission column extending above it in the magnetic field-aligned direction. The

combination of these effects form an intriguing “L” shape in the image.

Figure 9b is from Figure 1b. Multiple horizontal streaks can be seen conjugate to
field-aligned aurora-like structures. Note that the orientation of the streak is not per-
pendicular to the magnetic field direction, but rather appears to be in the geographically
horizontal direction. This would suggest that the orientation and propagation are related
to collisional processes (i.e., cross-field mobility), which are organized by mass density,

hence altitude, rather than guiding center (E x B) drift (Schunk & Nagy, 2009).

Panels ¢ and d provide some supporting evidence for this conjecture. Panel ¢ (from
Figure 1c) shows evidence of a curved tail behind the feature, which bends from the field-
parallel direction into the horizontal direction at lower altitudes. If the green line is ex-
cited by a drifting source of hot electrons, then the drift would be confined to the By di-

rection at higher altitudes, but develop an increasing B component at lower altitudes
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as the electron cross-field mobility increases, thus allowing the electrons to respond to

the poleward directed electric field.

This interpretation is speculative from only a single still image. However, a sim-
ilarly curved trajectory is observed in Figure 9d. This result was obtained by tracking
the feature through multiple frames (Figures 6a-e). The temporal development of a mag-
netic field-aligned feature above the streak was similarly observed in these frames. This
process was summarized in Figure 8, where the cross-sectional width of the streak be-
gan with a value of ~350 m (curve a). As the streak drifted, the emission was obseved

to extend upward in the magnetic field-aligned direction.

3.4 Formation of field-aligned features from point sources

One question that arises naturally from the evidence thus far assembled is whether
field-aligned “aurora-like” optical features can evolved from point-like sources produced
by turbulent heating. Preferential expansion of an isolated plasma population along the
magnetic field direction is expected considering the difference in field-parallel versus field-
perpendicular mobility (Rishbeth & Garriott, 1969). This effect has been well studied
in the context of artificial plasma release experiments (Haerendel & Liist, 1968), where
a cloud of ionized Barium (Ba™) is observed to rapidly striate across magnetic field lines
and elongate along magnetic field lines, forming structures reminiscent of rayed aurora
within a few seconds (Simons et al., 1980). The cross-field striation is thought to be caused
by the gradient drift instability (Linson & Workman, 1970; Simons et al., 1980). This
mechanism is also be plausible here due to the presence of extreme electric fields and ex-

treme density gradients on the edges of the STEVE channel (Nishimura et al., 2019).

In chemical release experiments, the injected plasma was a cold long-lived Barium
ion (Ba™) illuminated by sunlight florescence. In the present situation, the illuminat-
ing agent would be superthermal electrons with energy >4.19 eV exciting the oxygen O(1S)
state. In the images sequences of Figures 3 and 6, the excitation source persisted for >10
s, which is long compared with time scales for field-line elongation observed in Barium

releases (Simons et al., 1980).

However, based on the limited evidence thus far obtained, it is also possible that
the streaks and the picket fence are not causally connected but, rather, represent two

distinct responses to the same free energy source. Mende et al. (2019) conjectured that
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the magnetic field-aligned features could be produced by wave heating induced by the
extreme electric fields in the Sub-auroral ion drift (SAID) region (Streltsov & Mishin,
2003). Fine-scale green emissions at lower conjugate altitudes could be excited by these

same extreme fields.

4 Conclusions and Next Steps

The discovery of STEVE has elevated the role of citizen scientists in primary re-
search. In their quest to obtain beautiful imagery of the natural world, photographers
have serendipitously discovered a phenomenon overlooked by professional scientists. Ref-
erences to STEVE have since been uncovered in historical literature (Hunnekuhl & Mac-
Donald, 2020), but without its current appreciation as a phenomenon distinct from the

aurora and airglow (Gallardo-Lacourt, Liang, Nishimura, & Donovan, 2018).

The low-light monochromatic imaging systems typically employed by professional
scientists (Baumgardner, Flynn, & Mendillo, 1993; Eather & Cyril, 1993) embody a par-
ticular observational bias. These instruments are designed to observe in specific wave-
length bands based on known spectral features in the airglow and aurora. The new mil-
lennium saw the proliferation of CMOS-based cameras in the commercial sector. CMOS
was a disruptive technology for high resolution, high frame-rate imaging. The level of
detail exhibited in Figures 5 and 6) was achieved by exploiting modern commercial CMOS
cameras while relaxing the requirement for narrow-band filtering. The results have re-
vealed new structural detail about STEVE, while still retaining sufficient spectral de-
tail to connect these resultts to STEVE discoveries obtained using traditional “scientific

grade” instruments.

The appearance of narrow streaks of emission in the lower ionospheric E-region con-
jugate to, and with identical coloration as, the field-aligned features comprising the STEVE
picket fence raises new theoretical questions and presents new observational challenges.
First, we cannot yet state with certainty that the spectral signatures across all green fea-
tures is the same. What is needed are carefully coordinated experiments involving col-
laborative observations from high frame-rate broad-band cameras of the type employed
herein, and similarly high resolution imaging spectrographs of the type employed by (Gillies
et al., 2019). Second, if these streaks are caused by turbulent heating related to the ex-

treme electric fields driving STEVE, then we must fill the gap between theoretical pre-
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dictions of heating rates to structured excitation of the 4.19-eV O(1S) state producing
the visible features. This will require collaborative efforts that conjoin regional trans-
port modeling (e.g., Zettergren & Semeter, 2012), kinetic plasma simulation (e.g., Op-
penheim & Dimant, 2004), and aeronomical modeling of optical emissions (e.g., Solomon,

2017).

Of critical importance going forward will be the aggregation of evidence from mul-
tiple sources including citizen scientists. Among the observational gaps that citizen sci-
entists can help fill are: 1) obtaining image sequences at highest possible frame rate; 2)
ensuring accurate location, timing, and camera settings are recorded into image meta-
data; 3) coordinating common-volume observations from multiple locations to enable tri-
angulation and, eventually, three-dimensional tomography of fine scale features within
STEVE (Hirsch et al., 2016, e.g.,), 4) engaging with the global community (e.g., Auro-

rasaurus.org) to share observations.
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