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Abstract So-called “Steve” subauroral purple emissions have recently been uncovered by auroral
photographers and have rapidly become an intense subject of debate as to their origin. In some events,
nearby periodic green emissions have also been uncovered and given the name “picket fence,” owing to
their appearance. The present paper advances our understanding of these phenomena by narrowing down
the altitude extent of the Steve and picket fence emissions. Our determination is based on the event of 16
September 2017, which was simultaneously observed from two vantage points, allowing for a
determination of the height range of Steve and picket fence through triangulation. We show that the picket
fence extend between 95- and 150-km altitude and is aligned with the geomagnetic field, while the Steve
altitude spread is between 130 and 270 km. We also show the two phenomena to be on nearby or perhaps
the same magnetic field lines.

1. Introduction
The scientific community has recently reported on a nighttime optical phenomenon called Steve. Steve is
described as a purple band of light observed equatorward of aurora, spanning only tens of kilometers in
latitude but thousands of kilometers in longitude (Gallardo-Lacourt, Nishimura, et al., 2018). Archer et al.
(2019) were able to find eight occurrences of Steve with near-coincident satellite measurements, and they
show Steve to be consistently associated with intense subauroral ion drifts (SAID). The notion of Steve as
an optical signature of SAID was put forward by MacDonald et al. (2018). Typical of SAID, these events
were near the ionospheric projection of the plasmapause, with either near-zero or downward field-aligned
current, which suggests that Steve is not caused by precipitating electrons. Particle measurements from the
Polar Operational Environmental Satellites coincident with an occurrence of Steve shows there is insuffi-
cient particle precipitation to cause the optical signature of the phenomenon (Gallardo-Lacourt, Liang, et al.,
2018). These studies suggest that Steve may be related to the plasma heating present in very intense SAID.

Steve is at times accompanied by green bands of light called the “picket fence.” It is currently unknown
if these two phenomena are causally linked. While Steve has been reported on several occasions in the
absences of the picket fence, the picket fence has not yet been reported in isolation. Nishimura et al. (2019)
presented measurements from the Defense Meteorological Satellite Program coincident with two different
Steve events, one with picket fence and one without. They report a region of kiloelectron volts precipitating
particles roughly coincident with the event including a picket fence, detached from the auroral oval. Based
on these observations, Nishimura et al. (2019) suggest that while plasma heating may contribute to Steve,
the picket fence seems to be caused by precipitating electrons.

Recent spectral measurements of the picket fence presented by Gillies et al. (2019) are also consistent with
the phenomena being caused by precipitating electrons, as they show the picket fence to be dominated
by OI 557.7-nm emissions. Gillies et al. (2019) also show that the spectral observations of Steve have two
major contributing components: OI red-line emissions and a continuous spectral enhancement spanning
approximately 400–730 nm. The red emissions could be caused by soft electron precipitation, except for the
fact that, as previously stated, Steve does not appear to be coincident with precipitating particles. Alterna-
tively, red emissions could result from the recombination ofmolecular oxygen as occurs in polar-cap patches

RESEARCH LETTER
10.1029/2019GL084473

Key Points:
• The optical emissions of Steve range
from 130 to 270 km in altitude

• The optical emissions of the green
Picket Fence range from 95 to 150 km
in altitude

• Steve and the Picket Fence extend
vertically along similar magnetic
field lines

Supporting Information:
• Supporting Information S1

Correspondence to:
W. E. Archer,
wea784@usask.ca

Citation:
Archer, W. E., St.-Maurice, J.-P.,
Gallardo-Lacourt, B., Perry, G. W.,
Cully, C. M., & Donovan, E. et al.
(2019). The vertical distribution of the
optical emissions of a Steve and Picket
Fence event. Geophysical Research
Letters, 46 https://
doi.org/10.1029/2019GL084473

Received 8 JUL 2019
Accepted 29 AUG 2019
Accepted article online 3 SEP 2019

©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction in
any medium, provided the original
work is properly cited.

ARCHER ET AL. 10,719

10,719–10,725.,

Published online 11 OCT 2019

http://publications.agu.org/journals/
https://orcid.org/0000-0003-2292-6173
https://orcid.org/0000-0001-6504-3595
https://orcid.org/0000-0003-3690-7547
https://orcid.org/0000-0002-4690-5783
https://orcid.org/0000-0001-7242-8872
https://orcid.org/0000-0002-8557-4155
https://orcid.org/0000-0001-9608-797X
https://orcid.org/0000-0002-9942-1002
http://dx.doi.org/10.1029/2019GL084473
http://dx.doi.org/10.1029/2019GL084473
https://doi.org/10.1029/2019GL084473
https://doi.org/10.1029/2019GL084473
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL084473&domain=pdf&date_stamp=2019-10-11


Geophysical Research Letters 10.1029/2019GL084473

(Weber et al., 1984; Weber et al., 1986). Another possibility would be impact from hot thermal electron as
occurs in stable red arcs (Cole, 1965; Kozyra et al., 1990). However, none of these mechanisms explain the
purple appearance of Steve which, based on the work of Gillies et al. (2019), is due to a continuum visual
spectrum. In many of these previous studies, the name “Steve” was presented as the acronym for Strong
Thermal Emission Velocity Enhancement. As the physical mechanisms responsible for this phenomenon
have not yet been established, in this study we will simply refer to it as Steve.

In order to further constrain the physical mechanisms that could be responsible for Steve and the picket
fence, we have sought to determine the altitude range of the phenomena. Altitude estimates of Steve in pre-
vious studies (Archer et al., 2019; MacDonald et al., 2018) have been based on the presence of the atomic
oxygen red-line emissions inside Steve, resulting in estimates around 230 km, as is typical for red-line emis-
sions (Gillies et al., 2017). In the present study we have converged on one occurrence of the Steve and picket
fence phenomena that took place from approximately 5–6 UT on 16 September 2017. Although no scien-
tific ground-based optical measurements were taken of this event due to its location (south or west of the
field-of-view of all-sky cameras), dozens of amateur auroral photographers captured Steve from western
Alberta and eastern British Columbia. By comparing two simultaneous observations that were taken hun-
dreds of kilometers apart in the north-south direction, we have narrowed down the altitude ranges and
latitude of the two phenomena. We have also found that the observations are consistent with Steve and the
picket fence being essentially on the same magnetic field lines.

2. Methodology
In order to interpret photographic observations of Steve, we first had to establish a coordinate systemwithin
each photograph. To do so, we relied on the background star field in each photograph. With the location
and time of each photograph in hand, the azimuth and elevation angle of any given star in the night sky
could be determined. From that information, we could in turn determine the exact angular position of the
boundaries of the Steve and picket fence structures.

Most photographs of Steve are taken with a 20-s integration period. As a result, even stars with apparent
magnitudes greater than 8 are clearly visible (the faintest stars visible by the unaided human eye have appar-
ent magnitudes around 6.5). We identified stars using the “SkySafari” (2019) application and tabulated their
azimuths and elevations from the “StarData” function available in Mathematica (2017). We could not estab-
lish a linear coordinate system over an entire image because the field of view of cameras is not flat. We
defined the boundary of optical features by their brightness, the edge of the features being 50% of the peak
emission intensity. The upper boundary of the picket fence cannot be identified with this boundary defini-
tion because the background (Steve) is too bright. For the upper boundaries of the picket fence, we instead
qualitatively identified the region where the green of the picket fence transitioned into the white of Steve.
We then identified stars angularly colocated with boundaries of optical features in order to directly measure
the angular location of those optical features. Two examples of this are shown in Figure 1. Stars angularly
colocated with the edge of Steve are marked with empty squares and triangles, while those colocated with
the end of a picket fence are marked with filled squares and triangles. Squares mark the top or southern
boundary of optical features (depending on the observers perspective), while triangles mark the bottom or
northern boundary. Once we identified the angular positions of interest, we mapped them out into geodetic
space using the aer2geodetic submodule within the pymap3d module for python (Hirsch, 2016).

The photograph in Figure 1a was taken by Robert Downie, who we will call Observer 1 (O1), at approxi-
mately 05:53:14 UT looking south from the campground near Berg Lake (53.1534◦ N, 119.1538◦ W, 1,680-m
altitude). O1 took 109 photographs of Steve between 05:00 and 06:05 UT. This large number of photographs
made it an ideal data set for comparison with photographs from other observers as it is likely that a tempo-
rally coincident photograph was taken. O1 was roughly 250 km north of Steve, so that, ideally, to minimize
uncertainty in triangulation, a second observer should be located directly beneath Steve. One such photo-
graphwas obtained and is shown in Figure 1b. It was taken by Janis Smith (O2) from the shores of Shushwap
Lake (50.9666◦ N, 119.3541◦ W, 530-m altitude). The location of O1, O2, and a third photographer named
Dale Eurich (O3) are shown in Figure 1c along with the rough location of a portion of Steve accessed by the
photographs and which has been shaded purple in Figure 1c.

To verify the time stamp of O1's photographs, we identified a star angularly colocated with the eastern peak
of Mount Robson (53.1155◦ N, 119.1688◦ W, 3,400-m altitude). The star HD 206739 is highlighted in red
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Figure 1. (a) Photograph of Steve taken around 05:53 UT on 16 September 2017 by Robert Downie (O1). The
southward direction is labeled with S. Stars angularly colocated with the top and bottom edge Steve are marked with
empty squares and triangles, respectively. Stars angularly colocated with the top and bottom of the picket fences are
marked with filled squares and triangles, respectively. The star HD 206739, which is angularly colocated with the
eastern edge of the top of Mount Robson, is marked with a red dot. (b) Photograph of Steve taken around 05:53 UT on
16 September 2017 by Janis Smith (O2). The southward and zenith directions are labeled with S and Z, respectively.
Stars angularly colocated with the southern and northern edges of Steve are marked with empty squares and triangles,
respectively. Stars angularly colocated with the southern and northern edges of the picket fences are marked with filled
squares and triangles, respectively. In both (a) and (b), the picket fence structures are enumerated for reference. (c) The
position of O1, O2, and Dale Eurich (O3) are shown along with a rough estimate of the location of a portion Steve.

in Figure 1a and had a position of 178.3◦ azimuth, 25.1◦ elevation from O1's position at the recorded time
of the photograph. This is within 1◦ of the expected location of the eastern peak of Mount Robson (178.2◦

azimuth, 24.3◦ elevation) and confirms O1's time stamp to be accurate to within 1 min. The time stamps of
O2's photographs could not be relied on. We therefore identified a photograph by O1 that was most likely
to be coincident with O2's photograph by comparing the optical structures recorded by the two observers.
O2 took four photographs of Steve over a period of 28 min. By comparing the temporal evolution of Steve
reported by O2 and O1, we determined that the photograph shown in Figure 1b was taken between 05:50
and 05:55 UT. We then further refined our time determination by mapping out the angular position of the
picket fence structure reported by the two observers. The latter was steadily moving westward (at between
200 and 300 m/s), and we identified the O1 photograph shown in Figure 1a to be the image most likely to
coincide with O2's photograph. During this period of time, O1 took a photograph every 20 s. As such, we
know the relative timing of O1 and O2's photographs to within 20 s. Assuming a time stamp of 05:53:14
UT for O2's photograph, her picket fence observations mapped into geodetic coordinates pass within 2 km
horizontally of O1's photograph. Also note that both observers reported the fourth picket when counting
east to west to be shorter than either of its neighbors.

Having identified the most likely time at which O2's photograph was taken, we estimated the altitude of
Steve and the picket fence based on the photographs shown in Figure 1. For the picket fence, this was done
by mapping out the altitude and azimuth of the top and bottom of each green picket from both perspectives
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Figure 2.Most likely altitudes and longitudes of the boundaries of Steve and the picket fence identified in Figure 1a.
The top and bottom of Steve are marked with empty squares and triangles, respectively. The top and bottom of the
picket fence are marked with filled squares and triangles, respectively. The picket fence structures are enumerated in
the same fashion as in Figure 1a for reference.

and identifying the point at which the two rays (nearly) intersected. For example, the top of the westmost
picket that is marked with an filled square in Figure 1 is angularly coincident with the star HD 185762
from O1's perspective, which was at 214.85◦ azimuth and 31.35◦ elevation from O1's position at time of the
photographs in Figure 1. FromO2's position the top of that same green picket was angularly coincident with
HD 156629, which was at 297.67◦ azimuth and 51.00◦ elevation. Each of these angles define a ray pointing
away from their observer. These rays nearly intersect (their closest point separated by 0.5 km) around 51.49◦

N, 121.00◦ W, at 145-km altitude.

A comparison of pairs of rays was not possible for Steve as it is lacks sufficient structure to identify common
features between the two observers. Instead, the boundaries of Steve identified in O2's photograph were
used to define two surfaces: the northward and southward boundaries of Steve. In contrast, the stars iden-
tified in O1's photograph mark the upper and lower boundaries of Steve. We then estimated the altitude
range of Steve by calculating the positions at which the upper and lower rays passed through the northward
and southward boundaries of Steve. For example, the westmost bottom edge of Steve marked with a empty
triangle in Figure 1a is angularly coincident with the star HD 183369 from O1's perspective, which was at
217.62◦ azimuth and 29.63◦ elevation from O1's position at time of the photographs in Figure 1. Starting
fromO1's position, this ray crossed the northern boundary of Steve (as defined byO2's photograph) at 51.62◦

N, 121.04◦ W, at 129-km altitude and crossed the southern boundary of Steve at 51.3251◦ N, 121.376◦ W, at
155-km altitude. The average of these two positions results in an altitude estimate of 142 ± 13 km.

3. Results
Based on the methodology described in the previous section and as shown through Figure 2, our estimates
for the altitude of the bottoms of the pickets range is between 92 and 97 km while the tops are from 141-
to 153-km altitude. Note that the uncertainty in the individual altitude determination is less than the vari-
ation in the mean altitude. The dominant source of uncertainty stems from the uncertainty of the pickets'
precise location, owing to their inherent thickness, which is approximately 5 km. We propagated this 5-km
uncertainty in the meridional position of the picket fence through the triangulation calculations described
above, which results in an altitude uncertainty of roughly 2 km. The altitude uncertainty caused by the
1-min uncertainty in the timing of the photographs is less than 100 m and is negligible. We note that the
pickets shown in Figure 2 are horizontally separated from one another by between 15 and 25 km, with an
average spacing of 18 km.

Our estimates of the lowest boundary of Steve range from 141 to 151 km. The estimates for its upper bound-
ary range from 226 to 249 km. Due to the meridional thickness of Steve from O2's perspective, there is
a 20-km uncertainty in the meridional location of the bottom of Steve and a 35-km uncertainty in the
meridional location of the top of Steve. When we propagate these meridional uncertainties through our tri-
angulation calculations, our altitude estimates have uncertainties in altitude of roughly 15 km for the lower
boundary and 30 km for the upper boundary of Steve.

ARCHER ET AL. 10,722
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Figure 3. (a) In purple quadrilateral, area within which Steve has to be located, based on the triangulation of
photographs shown in Figure 1. In narrow green quadrilateral, estimated boundaries of the picket fence. (dashed lines)
Projection of the local magnetic field. (closed black contour) Possible overall area over which Steve and the picket fence
would overlap through common magnetic field lines. (b) A westward facing photograph of Steve taken around 05:44
UT on 16 September 2017 by Dale Eurich (O3). Westward direction labeled with W.

The source of the more considerable uncertainties in the altitude estimates of Steve is better understood
when observations are plotted in latitude and altitude, as shown in Figure 3a. The purple quadrilateral
shown in this figure marks the region within which we estimate Steve to be. As O1 simply provides an upper
and lower boundaries and O2 provides a northward and southward boundaries for the phenomenon, all we
can ascertain is that Steve is within this quadrilateral. The size of the quadrilaterals in Figure 3 represent
the uncertainty in the position triangulation of Steve and the picket fence. However, quite remarkably, we
note that in Figure 3a, the upper-southern corner of the purple quadrilateral, the lower-northern corner of
the quadrilateral, and the estimated location of the picket fence (shown in green) are all basically aligned
and that the angle of that line is consistent with the angle of the Earth's magnetic field at the location of the
observations, as shown as a series of black dashed lines in Figure 3. It is a sensible assumption that the green
pickets each roughly trace the Earth's magnetic field as they appear to be caused by precipitating electrons.
The precise alignment of Steve and the picket is difficult to discern because of the significant uncertainty
in the location of Steve. However, Figure 3 shows that Steve and the picket fence are within 0.3◦ (35-km
separation) of each other. In Figure 3b, we show a photograph by O3 of the Steve event looking westward
around 05:44 UT, roughly 10 min prior to the photographs shown in Figure 1. As this photograph was not
taken at the same time as the others, it does not directly improve our triangulation of Steve or the picket
fence. However, it provides a different observation angle than the other photographs and is qualitatively
consistent with Steve and the picket fence extending up and southward along similar magnetic field lines.

We can estimate the altitude range of Steve farmore precisely under the assumption that it extends along the
Earth's magnetic field. Under this assumption, O2's northward boundary of Steve corresponds to O1's lower
boundary, and O2's southward boundary corresponds to O1's upper boundary. The results of this calculation
are shown as an axis superimposed on a portion of O1's photograph, shown in Figure 4a. The additional con-
straint of the Earth's magnetic field does not change the estimated altitude for the picket fence but extends
the altitude range of Steve to between roughly 130 and 270 kmwith faint emissions visible up to 300 km. The
dominant source of uncertainty for the altitude estimates shown in Figure 4 stems from the fuzzy boundary
of Steve which results in an uncertainty in altitude of approximately 2 km, similar to the uncertainty in the
altitude of the picket fence discussed above. We separated the red, green, and blue channels for each pixel
in the photograph shown in Figure 4a and show the median brightness of those channels for each row of
pixels in Figure 4b. The y axis of this figure is scaled to match the pixel rows in Figure 4a. We note that the
picket fence is seen primarily in the green channel of the photograph, while Steve is seen in all three chan-
nels. At higher altitudes, the relative brightness of the red channel of Steve appears to increase, which is also
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Figure 4. (a) Altitude profile retrieved for Steve and picket fence under the assumption that both phenomena extend
along the Earth's magnetic field. The altitude markers are superimposed on a section of Robert Downie's (O1)
photograph already shown in Figure 1. (b) Mean red, green, and blue normalized channel brightness for each row of
pixels of the image shown in (a). The y axis of this figure is scaled to match the pixel rows in (a).

seen in Figure 4a where Steve has a red appearance above roughly 200 km. These qualitative observations
should, however, be interpreted with caution as the photographs presented in this study have not been color
calibrated for scientific purposes.

4. Discussion and Conclusions
By triangulating observations of Steve and the green picket fence structure from 16 September 2017, we
estimate the picket fence to range from roughly 95- to 150-km altitude and Steve to range from roughly
130- to 270-km altitude. Additionally, we find Steve and the picket fence to align with each other along
similar magnetic field lines. These altitude estimates are consistent with the picket fence being caused by
precipitating electrons, as suggested by Nishimura et al. (2019) and Gillies et al. (2019). This stated that it
is currently unclear what source of precipitation is responsible for these green bands spaced roughly 18 km
apart, moving steadily westward equatorward of the aurora at between 200 and 300 m/s. It is interesting
to note as well that if the two phenomena are exactly field aligned with one another, this has significant
consequences on the ionospheric electrodynamics of Steve. Steve appears to be colocated with intense SAID
occurring in unusually deep midlatitude density troughs (Archer et al., 2019). Electron precipitation in this
region (associated with the picket fence) would significantly enhance the local plasma density, resulting in
higher conductivity and lower plasma velocities. As such, the exact relative location of Steve and the picket
fence is a significant detail that should be determined precisely in future studies.

Steve is largely above the picket fence and is located in the lowerF region.Gillies et al. (2019) describe known
sources of airglow, which typically peak in brightness around 100-km altitude, as potentially responsible for
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the visual continuumof Steve. If these chemiluminescent reactions (such as those presented by ; Evans et al.,
2010, or ; Hedin et al., 2012) are responsible for the optical signatures of Steve presented in this study, they
are much brighter than typically reported and are occurring well above their typical altitude range. Clearly,
there is unforeseen chemistry at work here. Large upflows like those reported by Nishimura et al. (2019),
which are a known signature of SAID (Anderson et al., 1991), may also play a significant role in unusual
ionospheric conditions resulting in Steve. We presumably need to find a chemiluminescent reaction that
can create a continuum in the visual part of the spectrum ranging, this between 130- and 270-km altitude.
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