
1.  Introduction
The subauroral region, located equatorward from typical auroral displays, has been extensively studied by 
investigating processes like subauroral polarization streams (SAPS), subauroral ion drifts (SAIDs), and sta-
ble auroral red (SAR) arcs. Recently a new optical phenomenon known as strong thermal emission velocity 
enhancement (STEVE) has brought renewed interest in this region (Gallardo-Lacourt, Liang, et al.,2018; 
MacDonald et al., 2018). A handful of papers have reported characteristics of STEVEs that seem to match 
those observed during SAIDs (Archer, Gallardo-Lacourt, et al., 2019; Nishimura et al., 2019). Spectrograph 
measurements show that the spectrum of STEVE contains two major contributing components: an over-
all enhancement of a continuous spectrum between 400 and 730  nm, with a peak at 630.0  nm (Gillies 
et al., 2019). Nevertheless there are still many issues that need to be understood. The initial observations 
made the assumption that STEVE was occurring at 130 km altitude, however a study using Citizen Scien-
tist’s photographs of a STEVE showed that it spanned altitudes from 130 to 270 km (Archer, St.-Maurice, 
et al., 2019). Altitudes of 150 and 250 km were also found using all-sky imagers (Liang et al., 2019).

Enhanced electron temperature and reduced ion density are typical signatures accompanying the observa-
tion of SAR arcs and STEVEs, as well as SAPS and SAIDs. These similarities make difficult to distinguish the 
optical signatures observed. In general, STEVEs are short lived, latitudinally thin, polychromatic (typically 
purple/mauve and white), and associated with very large westward flows (more than few km/s) (Archer, 
Gallardo-Lacourt et al., 2019), while SAR arcs are long lived, wide in latitude, monochromatic (630.0 nm), 

Abstract  On September 28, 2017 citizen scientist observations at Alberta, Canada (51°N, 113° 
W) detected aurora and a thin east-west purplish arc, known as strong thermal emission velocity 
enhancement (STEVE) that lasted less than 20 min. All-sky imagers at subauroral latitudes measured 
stable auroral red (SAR) arcs during the entire night. The imager at Bridger, MT (45.3°N, 108.9°W) also 
measured a STEVE. The overlapping geometry allowed to determine that the height of STEVE was 
225–275 km. STEVE is brighter in the 630.0 nm images in the West and almost merges with the SAR arc 
in the East. A DMSP satellite pass in the southern hemisphere was at the conjugate location of the Bridger 
imager during the STEVE observation. When mapped into the northern hemisphere intense subauroral 
ion drift and subauroral polarization streams were detected associated with the two optical signatures 
measured in 630.0 nm.

Plain Language Summary  STEVE (strong thermal emission velocity enhancement) and 
SAR (stable auroral red) arcs are optical phenomena occurring at sub-auroral latitudes. On September 
28, 2017 images from a citizen scientist detected a bright STEVE. A nearby all-sky camera observing 
nighttime airglow with a 630.0 nm filter also measured it, allowing to determine the height of occurrence 
(∼225–275 km). In addition, a weak SAR arc was also present. STEVE was brighter in the 630.0 nm images 
in the west and almost merged with the SAR arc in the east. A few minutes earlier a satellite was passing 
through the magnetically conjugate location of the all-sky imager, and data showed signatures coincident 
with STEVE and the SAR arc. Height emission was ∼225–275 for STEVE and 300–350 km for the SAR arc.
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and accompanied by weaker westward flows (<∼1 km/s). STEVEs and SAR arcs can be distinguished if 
some of these parameters, like width, westward flow, or spectrum can be measured. A recent study by Liang 
et al. (2019) showed a high elevation STEVE that merged into a pre-existing SAR arc. They also showed that 
both arcs had similar brightness when observed in 630.0 nm. Harding et al. (2020) described a mechanism 
viable to produce the continuum spectrum characteristic of STEVE and discussed the differences with the 
630.0 nm emission observed in SAR arcs.

The present study analyzes for the first time the simultaneous occurrence of a SAR arc and STEVE by using 
citizen scientist’s photographs, an all-sky imager, and satellite data.

2.  Observations
2.1.  Citizen Scientist Observations

The data from citizen scientist auroral observers has provided critical information that helped to advance 
our knowledge of STEVEs. On September 28, 2017, auroral activity was observed in western Canada, most 
of northern and western North America, and it was registered by a citizen scientist in Alberta, Canada. 
Equatorward of the main auroral oval, STEVE appeared and lasted for about 20 min. After it faded away the 
main auroral display picked up again and moved overhead. Figure 1 shows a panorama in spherical (top) 
and rectangular (bottom) projections. The panorama was constructed from six individual frames, spaced 
every 60°, taken between 04:54 and 04:56 UT. Each exposure was 10 s at f/1.8 and ISO 2500. The spherical 
image is appropriate to compare with the image taken by the all-sky imager from Bridger. The zenith is at 
51°N and 113°W and STEVE is seen to the South as a purple/mauve and white band. In the rectangular 
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Figure 1.  Composite Panorama of aurora and strong thermal emission velocity enhancement (STEVE) observed on 
September 28, 2017 constructed from six individual frames showing green aurora to the North, reddish-purple aurora 
almost at zenith, and a mauve-white STEVE to the South. (Top): all-sky projection; (Bottom): rectangular projection.
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projection STEVE is observed to the left, stretching east-west to the South of the observer, with the main 
auroral oval in the right.

2.2.  All-Sky Imagers

All-sky imagers are optical instruments that measure nighttime airglow emissions at different wavelengths. 
Widely used for upper atmosphere observations, emissions in 630.0 nm provide information on thermo-
sphere–ionosphere processes occurring from equatorial to high latitudes (Martinis et al., 2018). This emis-
sion is the result of the de-excitation of atomic oxygen in the (1D) state. A process typically observed at 
subauroral latitudes during geomagnetic storms is an east-west elongated arc, brighter than the background 
airglow, named SAR arc (Barbier, 1960; Kozyra et al., 1997; Mendillo et al., 2013). Visible only in 630.0 nm, 
SAR arcs share some characteristics with STEVEs, but they are inherently different processes, driven by 
different mechanisms (Harding et al., 2020).

In the same region of the auroral and STEVE displays observed by the citizen scientist and described in the 
previous section an all-sky imager was operating at Bridger, Montana (45.3°N, 108.9°W), part of the Midlat-
itude All-sky-imaging Network for Geophysical Observations (MANGO) network. It measured aurora and a 
SAR arc all night. This system operates only in 630.0 nm, each image has an integration time of 4 min, and, 
due to the lack of background filter, absolute calibration cannot be performed. The bright STEVE (∼1,000 
DN) was observed between 04:50 and 5:05 UT while the weak SAR arc (∼300 DN) was observed from 02:50 
to 09:30 UT.

Figure 2 shows raw images from Bridger between 04:35 and 06:26 UT. The red squares on the images show 
the SAR arc and the blue squares at 04:50 and 04:55 UT show the STEVE, much brighter than the SAR arc. 
After ∼06:00 UT the SAR arc brightness intensifies.

2.3.  Combining the Two Sets of Optical Data

The location of the two observing systems allows us to determine the height of STEVE using triangulation, 
as done in Archer, Gallardo-Lacourt, et al. (2019). Images need first to be unwarped, that is assign to each 
pixel latitude and longitude positions. Raw data capture emission patterns as a function of elevation angle 
and azimuth. The standard procedure implies obtaining a “distortion function” that relates zenith distance 
in pixels with zenith distance in degrees. This is done by recording the elevation and azimuth of stars and 
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Figure 2.  630.0 nm Images from Bridger all-sky imager using zenith angles less than 80°. Aurora and a weak SAR arc 
(indicated by a red square) are observed all night. A brighter strong thermal emission velocity enhancement (shown 
by a blue square) appears at 04:50 and 04:55 UT. At 05:20 UT the weak SAR arc becomes more visible and it is the only 
subauroral structure seen the rest of the night, becoming brighter after ∼6:00 UT.
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their pixel locations in the image. Once an appropriate emission height is chosen, an unwarped version of 
the raw image is made where each pixel has a unique geographic latitude and longitude. The range of alti-
tudes chosen to process the images went from 200 to 400 km. The largest latitudinal offsets in the location 
of STEVE were for the low and high unwarping altitudes. Here, we show the results obtained for 225, 250, 
and 275 km. The top panel in Figure 3 shows the unwarped all-sky image from Alberta at these heights 
using zenith angles less than 80°. STEVE occurs to the South of the photographer’s location (black square) 
and North of Bridger’s zenith (black circle). The middle panel shows the unwarped images from Bridger 
ASI using the same heights and zenith angle as the top panel. To facilitate the comparison, the edges of 
the bright STEVE and weak SAR arc are traced with black lines. The locations of the photographer (open 
black square) and Bridger’s zenith (filled black circle) are shown. The STEVE is observed to the North of 
the ASI’s zenith. The bright light to the South is the Moon. The bottom panel shows the superposition of the 
two images. Only the red channel images from the top panel are overlaid with the corresponding images 
from the middle panel. At 250 and 275 km the two systems observe STEVE at the same location. The match 
between the structures is not so good at 225 (and even worse at 200 km and altitudes higher than 300 km, 
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Figure 3.  (Top): Unwarped citizen scientist photograph at three different heights (225, 250, and 275 km) using zenith angles less than 80°; (middle): all-sky 
image from Bridger unwarped at the same heights. The bite out at the top left corner is part if the image not sampled by the CCD chip. Lines representing 
the width of strong thermal emission velocity enhancement (STEVE) were overlaid. A portion of the weak SAR arc is clearly visible to the left of the image 
between; and (bottom): merged images at the three heights, using the red channel of the auroral photograph. STEVE is seen to overlap at all longitudes at 250 
and 275 km.
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not shown). There are morphological differences, for example, the 630.0 nm STEVE is brighter in the West 
and its eastern edge becomes more zonally aligned, almost merging with the existing weak SAR arc. The 
Alberta STEVE looks very uniform along the entire arc and it does not show any tilt in its eastern edge. 
These differences could point to different excitation mechanisms between the STEVE and the red SAR arc.

2.4.  Satellite Data

Several Swarm and DMSP satellite passes over North America are available during this night, but between 
∼04:00 and ∼05:00 UT, there are no passes within the fields of view of the ground-based observations. At 
∼04:08 UT, DMSPF18 was at the magnetically conjugate location of the Bridger ASI moving at ∼865 km. 
The trajectory of the satellite is mapped into the northern hemisphere using IGRF-13 (Thébault et al., 2015) 
and defining quasi-dipole coordinates (Richmond, 1995). Figure 4A shows the DMSPF18 trajectory mapped 
into the Bridger all-sky image at 300 km (left).The black circle represents Bridger’s zenith. The overlaid 
red line indicates the width of the SAR arc. The plasma density (Ne) shows a broad region with decreased 
values coinciding with the SAR arc location. The horizontal ion velocity shows a peak of ∼2 km/s slightly 
offset from the decreased Ne. These two parameters are measuring SAPS-like conditions that are typically 
associated with SAR arcs (Foster et al., 1994). If the trajectory were mapped to 350 km then the location of 
the SAR arc would be closer to the peak in ion velocity and not fully in the region of significant decrease in 
Ne. The electron temperature (Te) was not available. At ∼04:29 UT Swarm-C, moving at 530 km, crossed the 
magnetically conjugate region and the Te and Ne signatures were consistent with the ones typically observed 
during SAR arc events, that is, a wide Te enhancement and Ne reduction, reaching a minimum of ∼1 × 104 
el/cm3. This is shown in Figure 4B. In addition, deeper and narrower Ne decrease (reaching ∼2 × 103 el/
cm3) and Te enhancement are observed. They occur poleward from the SAR arc and do not have a corre-
sponding optical signature. At ∼04:50 UT, DMSPF17 crossed the same region sampled earlier by Swarm-C 
in the southern hemisphere. Its trajectory was mapped into the northern hemisphere and plotted on top of 
the Bridger image taken at 04:50 UT. Figure 4C shows the zoomed in Bridger image, unwarped at 300 km, 
with the trajectory of DMSPF17 (white line). The thin blue line indicates the width of the STEVE and the 
red line the width of the weak SAR arc. To the right, from top to bottom, Ne, Te, and horizontal ion velocity 
are plotted. The inset blue and red lines in each panel represent the location of the mapped DMSP trajectory 
along the STEVE and SAR arc, respectively, at different unwarped heights (from 200 to 375 km). A sharp 
Te enhancement that reaches ∼6,000 K and a minimum in Ne are observed at ∼48°Glat. A broader Te en-
hancement and reduced Ne are also observed equatorward. A very large westward flow of ∼5 km/s is also 
measured at the location of the sharp Te enhancement, clear evidence of intense SAID, usually associated 
with STEVE. The best matches between the location of STEVE and SAR arc and the plasma data from 
DMSP occur between 200 and 250 km for STEVE, and between 300 and 350 km for SAR arc. No indication 
of large westward flow related to the SAR arc is observed. This points to inherent differences in generation 
mechanisms to excite airglow emissions in the two optical processes (in situ ion-drag for STEVE, and heat 
transfer from the inner magnetosphere for SAR arc).

3.  Discussion and Summary
On September 28, 2017 aurora and subauroral optical phenomena were observed from the ground. The 
subauroral processes consisted of a long-lived SAR arc observed in 630.0 nm and a short-lived multiwave-
length STEVE. DMSP and Swarm satellites provided plasma data related to the optical phenomena. This 
study combines for the first-time citizen scientist photographs and all-sky images, as well as conjunctions 
with satellite data, of STEVE.

The Alberta all-sky image constructed from individual frames was compared with the all-sky image from 
Bridger. After obtaining the distortion functions of the all-sky images they were compared assuming dif-
ferent emission heights. While each image from Alberta had an exposure time of 10 s, the exposure time 
of the Bridger image was 4 min. Thus, the fine structuring (consisting at some places of 2–3 thin separated 
arcs) observed with the Alberta camera is wiped out in the long exposure image from Bridger that shows a 
relatively wide single arc. The fine structuring could also be involving emissions not sampled by the Bridg-
er ASI. The equatorward motion of STEVE could also have an effect on the determination of the height 
of emission due to the long integration time of the Bridger image. While the overlaid images at 250 and 
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275 km in Figure 3 show a better match, the proper height range could be between 225 and 250 km. This 
height range is in agreement with the heights obtained in Archer, Gallardo-Lacourt et al. (2019) and Liang 
et al. (2019). Harding et al., (2020) proposed a mechanism to explain the source of emission of STEVE that 
works when the peak airglow occurs around 130 km, being almost zero above 220 km. Our results show-
ing a height of emission near 225–275 km imply that the mechanism proposed in Harding et al.  (2020) 
and Liang et al. (2019) needs to be revisited to incorporate enhanced 630.0 nm airglow at these heights. A 
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Figure 4.  (Left): Satellite trajectories mapped from the southern hemisphere into the Bridger all-sky image (white 
line) at 300 km. The overlaid red lines mark the locations of the SAR arc; (right): Plasma parameters measured by the 
satellites. (A) DMSPF18 at ∼04:08 UT. Plasma density Ne shows a small decrease coinciding with the SAR arc location. 
The horizontal ion velocity shows a peak of ∼2 km/s slightly offset from the decreased Ne. No electron temperature 
was available; (B) Swarm C satellite at ∼04:26 UT. The plasma data show a wide density trough and a wide enhanced 
electron temperature. The red lines indicate where the SAR arc is observed. Deeper and narrower Ne decrease and Te 
enhancement are observed poleward from the SAR arc. There is no corresponding optical signature, but these might be 
precursor conditions leading to the strong thermal emission velocity enhancement (STEVE) observed later (see text); 
(C) DMSPF17 at ∼04:50 UT. The red and blue lines show the location of the SAR arc and STEVE, respectively, when the 
image is unwarped at different altitudes. The sharp and large changes in the three plasma values at ∼48°Glat coincide 
with the STEVE location in the 200–250 km range. The broader and smaller changes at lower latitude coincide with the 
SAR arc location in the 300–350 km range.
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possible mechanism was proposed by Sazykin et al. (2002) when trying to explain a weak 630.0 nm SAR arc 
that involved ion-drag heating and excitation of neutral species due to large westward plasma flows. This 
could be happening in our case, with westward flows close to ∼5 km/s.

In general, weak 630.0 nm enhancement is expected in STEVE. But here we have shown that the Bridger 
ASI measures very bright STEVE in 630.0 nm, similar to the auroral intensity. It also shows stronger emis-
sions in its western part, while the colocated Alberta multiwavelength STEVE seems to be very uniform in 
brightness. The latitudinal separation between STEVE and SAR arc, as observed by Bridger, seems to be 
very small in the eastern part of the image, as if the two structures were merging.

In situ plasma data related to STEVE and SAR arc were obtained from satellite measurements. While no 
satellite data were available at the time of the STEVE observation in the northern hemisphere, geomagnetic 
conjugate measurements between ∼4:05 and ∼4:50 UT were used. At ∼04:08 UT, DMSPF18 was crossing 
the magnetically conjugate location of Bridger ASI and detected strong westward flows of about 2 km/s 
and a wide decrease in plasma density. Mapping the trajectory into the northern hemisphere, these per-
turbations in the plasma parameters coincide with the location of the SAR arc observed at Bridger under 
reasonable uncertainty of the actual emission height. This is compatible with the existing notion of the 
connection between SAPS and SAR arcs. The lack of a large decrease in plasma density at the time of the 
velocity peak could be due to the fact that the topside density might not have had enough time to respond 
to large density decreases in the F-region peak, as shown in Anderson et al. (1991). Later at ∼04:26 UT, 
at a lower altitude and ∼10° to the East of the DMSPF18 pass, Swarm-C also showed typical signatures 
associated with SAR arcs, that is, Te enhancement and Ne decrease, that when mapped into the northern 
hemisphere coincided with the SAR arc. Interestingly, additional plasma perturbations in Te and Ne are ob-
served ∼1–2° poleward, and when mapped into the northern hemisphere, they are related to a structure-less 
and uniform background airglow over Bridger. The changes are sharper than the ones associated with the 
observed SAR arc and look similar to the sharp signatures that will be observed later by DMSPF17. It is not 
clear why airglow perturbations are not occurring, but it is something to take into account because similar 
plasma perturbations are detected when STEVE is observed later. Te is already elevated but its magnitude 
does not always correlate with SAID. Not only high Te but also strong SAID seems to be necessary conditions 
for STEVE to occur (Nishimura et al., 2020). The plasma density also decreased significantly. Most likely 
SAID was developing at that time and a substorm occurring later may have strengthened SAID and the 
energy input became large enough to produce STEVE. Figure S1 shows Supermag indices AU (SMU) and 
AL (SML) (Gjerloev, 2012) between 04:00 and 09:00 UT. Several substorms are observed during this period. 
The first one has the main phase ending at ∼04:30 UT, with a recovery phase lasting until ∼05:00 UT. It is 
during the recovery phase of this substorm that STEVE is observed, in agreement with studies showing that 
STEVE is a substorm recovery phase phenomenon (Gallardo-Lacourt, Nishimura, et al., 2018). The other 
substorms seem to contribute to the energization of the SAR arc that becomes brighter after ∼06:00 UT and 
moves equatorward until ∼10:00 UT.

The satellite data directly related to STEVE come from DMSPF17. At ∼04:50 UT it was moving in the south-
ern hemisphere at 875 km in a trajectory that when mapped into the northern hemisphere coincided with 
the optical signatures associated with STEVE and SAR arc. Figure 4B shows a zoomed in Bridger image 
unwarped at 300  km with lines indicating the location of STEVE and SAR arc, and plasma parameters 
measured by DMSPF17. Two noticeable features are observed: first, a sharp Te enhancement that reaches 
∼6,000 K and a collocated minimum in Ne, and, second, a broader Te enhancement and reduced Ne occur-
ring equatorward. A very large westward flow of ∼5 km/s is also measured at the location of the sharp Te 
enhancement, clear evidence of intense SAID conditions. No indication of large westward flow related to 
the SAR arc is observed, providing evidence of an inherent difference in the generation mechanism that 
seems to favor ion-drag heating for STEVE, and heat conduction, or particle precipitation of soft electrons, 
for SAR arc. We can assume that the initial perturbations detected by Swarm-C at ∼4:26 UT (Figure 4B) 
are related to the perturbations measured by DMSPF18 at ∼4:50 UT (Figure 4C). It is not clear how long 
plasma perturbations and what particular conditions are needed to produce STEVE. While it is observed 
initially at ∼4:50 UT, large plasma perturbations were present at ∼4:26 UT meaning that perhaps the con-
ditions to generate STEVE started to evolve at least 30 min before the optical detection. STEVE formation 
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mechanisms are not fully understood, and the sequence of observations described here might provide clues 
to understand how STEVE is generated.

The range of heights where the plasma perturbations better match the optical signatures associated with 
STEVE and SAR arc can be investigated by mapping the trajectory of the satellite into the image unwarped 
at different heights. Both optical processes occur at different heights. The altitude range for STEVE is be-
tween 200 and 250 km, and for SAR arc between 300 and 350 km. Thus, from the DMSP analysis shown 
in Figure 4C and the results from Figure 3 we can estimate that the STEVE is occurring between 200 and 
250 km at 04:50 UT and between 225 and 275 km at 04:55 UT (if no adjustment is made to take into account 
the evolution of STEVE).

To summarize, for the first time Citizen Scientist data and scientific data from an all-sky imager are com-
bined to show the simultaneous occurrence of a STEVE on September 28, 2017. Both data sets also meas-
ured aurora, but only the scientific camera was able to detect a weak SAR arc occurring all the night. At 
04:50 UT, DMSPF17 was moving through the magnetically conjugate location of Bridger ASI. When the 
trajectory is mapped into the northern hemisphere the satellite data detected plasma signatures related to 
STEVE and SAR arc. A large westward flow of ∼5 km/s was observed only at the STEVE location. From 
these two sets of comparisons, that is, two optical systems and satellite and ASI, the height of STEVE was 
determined to be between 200 and 250 km at 04:50 UT and between 225 and 275 km at 04:55 UT. STEVE’s 
brightness was not uniform in the 630.0 nm images and it appeared as a wide structure, while the white 
light image from Alberta shows a relatively uniform bright arc, formed by 2–3 thin individual spread out 
arcs. STEVE was observed during the recovery phase of a weak substorm. We have shown hints of STEVE 
formation process by detecting initial plasma perturbations in Ne and Te from Swarm-C before the occur-
rence of STEVE. These perturbations are similar in intensity and shape to the ones observed by DMSPF17 
when STEVE is occurring, prompting to speculation that a “build up” is necessary before the environment 
responds optically to the plasma perturbations.

Data Availability Statement
DMSPF17 and F18 data were obtained from the CEDAR Madrigal website http://cedar.openmadrigal.org/
static/experiments3/2017/dms/28sep17/ as daily ASCI files from the SSIES instrument. The all-sky citizen 
scientist image is available at https://doi.org/10.5281/zenodo.4557666. Raw Bridger images used in this 
study are available at https://doi.org/10.5281/zenodo.4557677. Swarm data were obtained from https://
swarm-diss.eo.esa.int/#swarm%2FLevel1b%2FLatest_baselines%2FEFIx_LP as daily CDF files for the 
EFI instrument. SuperMAG data were obtained from http://supermag.jhuapl.edu/indices/?layers=SME.
UL&fidelity=low&start=2017-09-28T04%3A00%3A00.000Z&step=4320&tab=plot.
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