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Abstract

Ground-based observations of shock aurora, which is an aurora related to geomagnetic sudden commencement (SC), have mainly

been limited to the dayside. On 26 February 2023, right after the SC onset at 19:24 UT, ground-based all-sky cameras and a

wide-angle camera detected shock aurora at 21 MLT in the auroral zone. For this aurora, three different emissions are detected

instead of the previously known two emissions: intensification of a pre-existing arc (19:25 UT), red diffuse aurora (19:28 UT),

and a second, green discrete arc (19:31 UT). The relative location of these emissions differs from the dayside cases where the first

and last types are not distinguished. Geomagnetic data under this aurora indicates a significant difference in the anti-sunward

propagation velocity between the secondary discrete arc and the related field-aligned current.
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Key Points:9

• Three types of shock aurora, instead of two, are observed at 21 MLT by ground-10

based cameras.11

• They most likely correspond to three different geomagnetic signatures of an12

SC: DL, PI, and MI.13

• The propagation speeds of the current and aurora can be different for the MI14

signature.15
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Abstract16

Ground-based observations of shock aurora, which is an aurora related to geomag-17

netic sudden commencement (SC), have mainly been limited to the dayside. On 2618

February 2023, right after the SC onset at 19:24 UT, ground-based all-sky cameras19

and a wide-angle camera detected shock aurora at 21 MLT in the auroral zone. For20

this aurora, three different emissions are detected instead of the previously known21

two emissions: intensification of a pre-existing arc (19:25 UT), red diffuse aurora22

(19:28 UT), and a second, green discrete arc (19:31 UT). The relative location of23

these emissions differs from the dayside cases where the first and last types are not24

distinguished. Geomagnetic data under this aurora indicates a significant difference25

in the anti-sunward propagation velocity between the secondary discrete arc and the26

related field-aligned current.27

Plain Language Summary28

Ground-based observations of “shock aurora” related to “sudden commence-29

ment (SC),” which is a sudden geomagnetic activity caused by a rapid increase of30

the solar wind speed (such as caused by a solar storm), were previously limited to31

the dayside. However, the recent development of dense networks of auroral cameras32

and magnetometers allows us to examine the shock aurora in the nightside from33

the ground. On 26 February 2023, shortly after the onset of an SC at 19:24 UT,34

ground-based all-sky cameras and a wide-angle camera detected the shock aurora35

at 21 MLT in the auroral zone. Three distinct optical emissions, instead of the two36

emissions previously observed on the dayside, appeared with clear time delay and lo-37

cational difference: intensification of a pre-existing arc (19:25 UT), red diffuse aurora38

(19:28 UT), and a secondary green discrete aurora (19:31 UT). There are also other39

differences from dayside observations: the last emission had a different propagation40

speed than the related field-aligned current, and the relative location of the three41

emissions was different.42

1 Introduction43

Geomagnetic sudden commencement (SC), which is caused by a rapid increase44

in solar wind dynamic pressure, consists of a stepwise increase and subsequent bipo-45

lar spike in the geomagnetic field (Araki, 1994, and references therein). These Dis-46

turbances are the most outstanding ground magnetic field perturbation at Low lat-47

itudes and the Polar region, hence called DL and DP, respectively. DP is normally48

divided into two parts, the preliminary pulse, PI, and the main pulse, MI. Following49

the model of Araki (1994), PI is associated with a field-aligned current (FAC) pair50

flowing into the afternoon auroral zone and out of the morning auroral zone while51

traveling anti-sunward. PI is replaced by the MI some minutes later which is a sta-52

tionary FAC pair of opposite directions compared to the PI pair.53

Both disturbances are ultimately caused by an intensification of the magne-54

topause current, of which the information propagates globally across the geomag-55

netic field as the compression (this causes the DL on the ground) and as the Alfvén56

mode that carries FACs along the geomagnetic field, creating dusk-to-dawn and57

dawn-to-dusk ionospheric electric field and relevant current system (this causes the58

DP on the ground). Hence, the DL appears almost simultaneously (less than tens of59

seconds) at all magnetic local time (MLT) regions. DP (actually the PI part) also60

appears nearly simultaneously at all latitudes, although it is related to a current sys-61

tem that takes time to develop. This is because the related electric field in the iono-62

sphere can propagate almost instantaneously as a waveguide mode (Kikuchi, 2014).63
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Measuring the time delay from dayside to nightside is difficult because the be-64

ginning signature of MI is hidden by the DL (and even PI). Even the peak timing65

is not well determined because the duration and peak timing of the MI in the polar66

cap (anti-sunward convection side) depends on latitudes (Araki & Allen, 1982). One67

method for estimating the propagation velocity of the MI is to measure the optical68

aurora, which is typically colocated with the intensification of FACs. The optical au-69

rora related to an SC is actually observed by ground-based all-sky cameras (ASCs)70

and ultraviolet (UV) imagers onboard satellites (Kozlovsky et al., 2005; Liu et al.,71

2011), and is called shock aurora. Motoba et al. (2009) examined a shock aurora at72

15 MLT and identified both the PI-related diffuse patch (558 nm: green) equator-73

ward of a pre-existing arc and the MI-related discrete arc (558 nm and 630 nm: red)74

poleward the PI-related diffuse aurora. The relative location of the MI-related arc75

and pre-existing arc changes with the interplanetary magnetic field (IMF) and may76

overlap with each other (seen as an enhanced oval) for the northward IMF (Nishimura77

et al., 2016).78

Nishimura et al. (2016) also obtained the spatial distribution of FACs and their79

temporal development using the magnetometer network in the northern hemisphere80

and compared it with images from ASC in Antarctica. The result suggests that the81

PI and MI correspond to diffuse and discrete auroras in the afternoon sector, respec-82

tively. Since the optical signature of the aurora provides a finer FAC structure than83

what a network of geomagnetic field measurements can provide, observation by cam-84

eras is necessary to reveal the detail of the SC current system. The method should85

have been applied to the nightside, but the only report from the ground-based opti-86

cal measurements is by meridian scanning photometers (Holmes et al., 2014). With-87

out such optical observations, we do not know how the FAC develops as it propa-88

gates to the nightside or even whether the aurora types are the same between day-89

side and nightside.90

According to the global imaging from satellites, the MI(PI)-related electron au-91

rora propagates anti-sunward at about 4–6 km/s (10 km/s) on the duskside (dawn-92

side) ionosphere (Zhou & Tsurutani, 1999; Holmes et al., 2014), and the shock au-93

rora can extend to the midnight sector. Using multiple scanning photometers, which94

are separately installed by about 1100 km in the evening sector and 900 km in the95

morning sector, Holmes et al. (2014) demonstrated that the anti-sunward propa-96

gation speed is consistent with the result from satellite observations. The derived97

speed in the evening sector corresponds to 1–1.5 MLT/min, requiring 8 min from98

dayside to nightside (20–22 MLT), consistent with the start of the MI signature 699

min after the SC onset. On the other hand, Holmes et al. (2014) detected the red100

(630 nm) emission 1 minute before the appearance of the green (558 nm) aurora,101

which indicates that low-energy electrons may have precipitated into the ionosphere102

3 min prior to the high-energy (> 1 keV) electrons if we take into account the av-103

erage relaxation time of the red aurora of about 2 min. The FAC corresponding to104

the duskside red aurora must have arrived much earlier than the source FAC for the105

green aurora in Holmes et al. (2014), giving a quite different anti-sunward propaga-106

tion speed between the source of the red aurora and that of the green aurora.107

To summarize our understanding so far, there are two types of shock aurora in108

addition to pre-existing arc: the PI-related and MI-related auroras, and they might109

have different propagation speeds from each other. If so, the difference in the ap-110

pearance time of these auroras would be larger on the nightside than on the day-111

side. In addition, the relative location of these auroras and even the fine structure112

might also be different between dayside and nightside. To clearly distinguish these113

auroras and their temporal development on the nightside, we need observations of114

multi-wavelength cameras and a dense meridional network of the magnetometer in115

the auroral region.116
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On 26 February 2023, right after an SC onset at 19:24 UT, a color ASC in117

Kiruna that was located at 21 MLT (65◦ geomagnetic latitude) detected (1) the en-118

hancement of a pre-existing green arc (19:25 UT), (2) the appearance of a red diffuse119

aurora (19:28 UT), and (3) a secondary green arc (19:31 UT) at unexpected location120

(equatorward of the pre-existing arc), with the geomagnetic MI peak at 19:27 UT.121

We also observed the secondary arc with a high-time resolution wide-angle camera,122

which revealed the vortex motion of the arc. The shock aurora was weakened within123

20 min, and this interval was isolated from the subsequent substorm growth phase.124

The shock aurora appeared above the densely distributed magnetometer network125

(IMAGE), and the relative location of FACs and aurora can be derived in good reso-126

lution. Here we report these combined observations of the shock aurora seen 3 hours127

before the magnetic midnight.128

2 Instruments129

2.1 All-sky cameras (ASCs)130

We analyzed all-sky images from cameras in Kiruna, Sweden (67.83◦N, 20.42◦E)131

and Skibotn, Norway (69.35◦N, 20.36◦E). In Kiruna, a Sony α7S with a Nikkor 8mm132

F2.8 lens was installed. The camera’s ISO was set at 4000, and the exposure time133

was 10–13 sec. Images were taken every minute. At Skibotn Observatory, a Sony134

α6400 with a MEIKE MK-6.5mm F2.0 lens was in operation. The camera’s ISO was135

set at 8000, and the exposure time was 8 sec. Images were taken every 30 sec. We136

used these images to geolocate and identify spatiotemporal variations of the aurora.137

2.2 Wide-angle camera (WAC)138

A Sony α7SIII with an FE 24mm F1.4 GM lens was installed at a dome where139

the Kiruna ASC was located. This camera, called wide-angle camera (WAC), faces140

in the north-northeast direction at a low elevation with an angle of view of ∼73 de-141

grees horizontally, covering an area marked by a white rectangle in the last panel of142

Figure 2. WAC recorded videos at 30 frames per second, offering a high temporal143

resolution for visualizing auroral movement within 1 minute. WAC has 1920 × 1080144

pixels, an ISO sensitivity of 80000, and a 1/30 second exposure time. We averaged145

15 images (for 0.5 seconds) to make snapshots to reduce noise, as shown in Figure 3.146

We provide a video of the event as Supporting Information.147

2.3 Magnetometers148

A selection of magnetometers from the IMAGE network has been applied in149

the study. These are stable flux-gate magnetometers, providing 10-second resolution150

data. Furthermore, the low latitude, Intermagnet magnetometer at Huancayo has151

been used.152

3 Observation Results153

Figures 1a and 1b shows the IMF (intensity in black and the z component in154

red) and solar wind dynamic pressure, respectively, from the Deep Space Climate155

Observatory (DSCOVR). A stepwise enhancement of the IMF intensity and dynamic156

pressure, a typical signature of the interplanetary shock, was detected at around157

18:40 UT. Figure 1c shows the H component of the geomagnetic field recorded by158

magnetometers located in Sørøya (SOR), Norway (70.54◦ N, 22.22◦E); Tromsø (TRO),159

Norway (69.66◦ N, 18.94◦E); Kilpisjärvi (KIL), Finland (69.02◦N, 20.79◦E); Kiruna160

(KIR), Sweden (67.83◦N, 20.42◦E); and Huancayo (HUA), Peru (12.06◦S, 75.21◦W).161

Their locations, except HUA, are shown in Figure 1g. HUA is instead located on the162
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dayside equator at ∼14.2 MLT, which is the typical SC onset region. All the sta-163

tions show the SC signature starting at around 19:24 UT. This SC is isolated from164

the substorm activity that started around 20:20 UT, and hence we show only the165

short time interval in Figure 1e (19:21–19:32 UT). The onset time (∼ 19:24:00 UT)166

is marked by a dashed line (left). Similarly, the peak time of the PI (∼ 19:25:20 UT)167

is also marked by another dashed line (right).168

Figures 1d and 1f show the keogram, the time series of the north-south cross-169

section of the all-sky images from Kiruna ASC. Note that the exposure time changed170

from 10 to 13 sec at 19:28 UT. The keogram shows that the aurora appeared shortly171

(∼15 min) after the SC, and its intensity gradually increased for the first ∼10 min.172

Figure 1f shows a time lag between the magnetic signatures and the auroral intensi-173

fication.174

In Figure 1g, all-sky images obtained by the ASCs in Kiruna and Skibotn at175

19:33 UT are projected on the map showing the locations of the magnetic stations176

and cameras. Coordinates with an elevation angle of more than 20 degrees were177

used for the projection, and the auroral emission layer was assumed to be 100 km.178

The projected aurora is found close to the zenith of Kilpisjärvi and Tromsø (67.5◦179

MLAT, 21 MLT).180

Figure 2 is a minute-by-minute all-sky image from 19:23 to 19:34 UT. The up-181

per side of each image is north, and the left side is east. The solid white line in the182

first panel shows the cross-section used to make keograms shown in Figure 1. The183

first all-sky image at 19:23 UT, taken before the SC onset, already shows a weak184

diffuse aurora (circled by the white dashed line) in the northeast direction. In this185

paper, we refer to this aurora as the pre-existing arc. The third all-sky image was186

taken 1 minute after the onset and shows that the arc is stronger than before the on-187

set, as indicated by the yellow arrow. At 19:28 UT, as indicated by the red arrow,188

a red emission became visible south of the pre-existing arc that was further intensi-189

fied. This intensification causes the automatic change in the exposure time from 13190

to 10 sec. At 19:31 UT, discrete arcs with wavy structures were detected between191

the pre-existing arc and the red emission at both the west (right) and east (left)192

sides. They were connected at 19:32 UT and formed an arc from west to east, and193

the wavy structure became stronger afterward. In this paper, we refer to this arc194

as the secondary arc. The last four all-sky images (19:31–19:34 UT) show the quick195

evolution of the secondary arc every minute. The 1-min resolution is apparently too196

low to visualize the exact fine spatiotemporal evolution of the secondary arc. For-197

tunately, we have a 30 Hz video taken by WAC. WAC captured the white rectangle198

region in the last all-sky image in Figure 2.199

Figure 3 shows the images taken by WAC observing the area shown in the last200

panel of Figure 2. The images obtained from 19:34.12.1 to 19:35:08.1 UT are shown201

every 8 seconds. In the electronic version of this paper, a real-time video of this se-202

quence is provided as Supporting Information. Note that the east-west direction of203

the image is reversed from the all-sky image. The meridian with an azimuth angle of204

0 degrees (northward) is shown as a dotted line in panel (a). In each snapshot, two205

auroral structures are visible with a spatial gap near the center of the image. Both206

wavy structures gradually steepened by the westward motion on the front side (low207

latitude side) and eastward motion on the back side (high latitude side), as indicated208

by the white arrows. As this steepening developed, these structures consequently209

formed a spiral shape.210
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4 Discussion211

The shock aurora was observed by ASCs and the high-speed WAC in the evening212

sector at around 21 MLT. Three components of shock aurora were identified instead213

of only two (PI-related diffuse aurora and MI-related arc), which was the case for214

the dayside afternoon sector. Their characteristics are summarized in Figure 4, in215

which the locations of the aurora are illustrated in the polar view.216

1. Pre-existing weak arc (green, most likely 558 nm) was gradually intensified217

right after the SC onset at 19:24 UT.218

2. Red diffuse aurora (apparently 630 nm) gradually appeared widely in the lon-219

gitudinal direction equatorward of the intensified pre-existing arc, as shown in220

Figure 4a. This aurora became visible at 19:28 UT, i.e., 4 min after the onset.221

3. Discrete green (secondary) arcs suddenly appeared between the red diffuse222

aurora and the intensified pre-existing arc at two separated spots (west and223

east in the WAC images). They became visible at 19:31 UT (7 min after the224

SC onset) and developed before start moving.225

We also examined a video from the EMCCD ASC in Tjautjas, Sweden (at-226

tached as Supplemental Information), and found that the western and eastern arcs227

seen at 19:31 UT in Figure 2 appeared at around 19:30:52 and 19:31:12 UT, respec-228

tively. Both arcs did not propagate gradually but appeared as jump as independent229

clumps. The jumping speed from west to east (about 0.5 MLT apart) is about 1.5230

MLT/min. After the appearance, both arcs started expanding in the east-west di-231

rection (Figure 4b) and got connected to each other. Subsequently, they showed232

the vortex motion without changing their locations, as shown in Figure 4c. The sec-233

ondary arc might be accompanied by the red emission (most likely 630 nm) at high234

latitudes, but it is difficult to examine the continuity from the ASC images.235

Considering the average relaxation time of ∼2 min for the red diffuse aurora,236

the precipitation of the low-energy electrons might have started only 1–2 min after237

the SC onset. In the evening sector, diffuse auroras are generally associated with238

downward FAC, whereas intensified arcs are generally associated with upward FAC239

(e.g., Marklund et al., 2011). Therefore, the pre-existing arc (upward FAC) and red240

diffuse aurora (downward FAC) may be related to the DL and PI, respectively. In241

other words, the DL might also have generated the shock aurora by intensifying the242

pre-existing arc for the present case. If so, the past dayside observation of the MI-243

related aurora might be contaminated by the DL-related aurora.244

The time delay of the appearance of the secondary arc from the SC onset was245

7 min (and 5–6 min from the MI onset); thus, the anti-sunward propagation speed246

from the noon sector is about 1.5 MLT/min. This value is similar to the propa-247

gation/expansion speed of the MI-related arc in the afternoon sector (Motoba et248

al., 2009; Holmes et al., 2014; Nishimura et al., 2016). The nightside propagation249

speed estimated by the jumping of the secondary arc was also similar, about 1.5250

MLT/min. Such an agreement indicates that the propagation of the MI-related au-251

rora may be in the form of a leap rather than a continuous extension.252

The secondary arc was located equatorward of the intensified pre-existing arc253

and overlapped with the red diffuse aurora, indicating that the source electric field254

existed at an L-shell in the middle of the ring current region. This implies that the255

affected areas in the nightside magnetosphere by the DL, PI, and MI are not in the256

same latitudinal order as the dayside signature in terms of the L-shell. This is not257

impossible if we consider the difference in the propagation velocities of the DL (com-258

pression) and DP (Alfvénic). If the relative latitude of the aurora is reversed be-259

tween dayside and nightside, we must interpret the result from the meridian scan-260
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ning photometer (e.g., Holmes et al., 2014) in a different manner between dayside261

and nightside.262

The present result also provides new insight into the anti-sunward propaga-263

tion speed of the FAC structure. Since the approximate FAC intensity is calculated264

from the latitudinal gradients of the H component of the geomagnetic field from265

the ground, the peak of FAC intensity read from Figure 1e (SOR, TRO, KIL, and266

KIR) is at 19:27 UT, i.e., 3 min after the SC onset at 19:24 UT. If we consider the267

start time of this gradient, the FAC already intensified at 19:26 UT, only 2 min after268

the SC onset. This means that the FAC propagated from dayside to 21 MLT with269

a speed of at least 4 MLT/min. This is much faster than the propagation speed of270

the MI-related aurora (1.5 MLT/min). Then the question is why the time delay be-271

tween the FAC and aurora intensification increases as it propagates anti-sunward.272

This question remains for future investigation.273

Figures 3 and 4c show that the auroral vortex develops nearly stationary, sug-274

gesting that the anti-sunward convection poleward of the arc and sunward convec-275

tion equatorward of the arc have similar speeds. Such stationarity raises a ques-276

tion on the convection: how does the convection develop as the SC signature and277

shock aurora propagate anti-sunward? Together with the leap-like appearance, the278

formation of the aurora and its relation to the current system needs future investi-279

gations. Fortunately, modern optical instruments are rapidly improving their sen-280

sitivity, and the number of optical stations is increasing. Furthermore, the incom-281

ing SMILE (Solar wind Magnetosphere Ionosphere Link Explorer) mission to be282

launched in 2024–2025 would give a long-time global UV monitor from almost the283

same location. Combining its image with improved ground-based optical ability will284

allow systematic studies of the shock aurora on the nightside.285

5 Conclusion286

We observed the nightside shock aurora with ground-based all-sky cameras and287

a high-speed wide-angle camera at 21 MLT. Unlike the dayside shock aurora, where288

only two types of (PI- and MI-related) emissions are reported, we identified three289

emissions: enhancement of the pre-existing arc, the red diffuse aurora, and the dis-290

crete arc. These emissions most likely correspond to three different geomagnetic sig-291

natures of an SC: DL, PI, and MI. We believe that this is the first time observation292

of DL-related emission. For the MI signature, the anti-sunward propagation speed of293

the field-aligned current seems to be much faster than that of the related aurora. In294

addition, the relative location of the MI-related aurora and intensified pre-existing295

arc is not necessarily the same between the dayside and nightside.296
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Open Research Section297

The all-sky images from Kiruna are available at https://www.irf.se/alis/298

allsky/krn/2023/02/26/19/. The all-sky images from Skibotn are available at299

http://darndeb08.cei.uec.ac.jp/~nanjo/public/skibotn imgs/2022 season/300

20230226/ The solar wind data from DSCOVR are available at https://www.ngdc301

.noaa.gov/dscovr/portal/index.html#/ The magnetometer data from Huancayo302

is provided through INTERMAGNET https://www.intermagnet.org. Other mag-303

netometer data are available at https://flux.phys.uit.no/stackplot/.304
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100 nT

Figure 1. (a–b) The intensity (black) and z component (red) of the interplanetary magnetic

field and solar wind dynamic pressure from DSCOVR. (c) Magnetometer data from the stations

in the auroral and equatorial regions. A scale of 100 nT is shown in the lower left. (d) North-to-

south keogram from the Kiruna ASC. (e–f) Close-up views of panels (c) and (d) from 19:21 to

19:32 UT. Vertical dashed lines indicate the onset of the SC and peak time of the PI. (g) Projec-

tion of all-sky images from the Kiruna and Skibotn ASCs. The location of the magnetometers is

also shown. The grid line gives the magnetic local time and latitude.
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Figure 2. The ASC images from Kiruna during 19:23–19:34 UT on 26 February 2023. The

top is north, and the left is east. The white dashed region in the first panel shows the pre-

existing arc. The appearance of the red aurora and secondary arc is marked by red and blue

arrows, respectively. The white rectangle region in the last panel is the FoV of the images shown

in Figure3.
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AZ=0

EW

19:34:12.1 UT

(a)

19:34:20.1 UT

(b)

19:34:28.1 UT

(c)

19:34:36.1 UT

(d)

19:34:44.1 UT

(e)

19:34:52.1 UT

(f)

19:35:00.1 UT

(g)

19:35:08.1 UT

(h)

Figure 3. The wide-angle images captured by the Sony α7SIII camera during 19:34:12–

19:35:08 UT. The right side is east (different from the ASC image). The white dashed line in the

first panel indicates the meridian, which has an azimuth angle of 0 degrees (towards the north).

The white arrows guide the vortex motion.
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Figure 4. Schematic illustration of the relative locations of pre-existing arc, red diffuse au-

rora, and secondary arc. The blue arrows indicate the convection directions suggested by the

vortex motion of the secondary arc.
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Key Points:9

• Three types of shock aurora, instead of two, are observed at 21 MLT by ground-10

based cameras.11

• They most likely correspond to three different geomagnetic signatures of an12

SC: DL, PI, and MI.13

• The propagation speeds of the current and aurora can be different for the MI14

signature.15
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Abstract16

Ground-based observations of shock aurora, which is an aurora related to geomag-17

netic sudden commencement (SC), have mainly been limited to the dayside. On 2618

February 2023, right after the SC onset at 19:24 UT, ground-based all-sky cameras19

and a wide-angle camera detected shock aurora at 21 MLT in the auroral zone. For20

this aurora, three different emissions are detected instead of the previously known21

two emissions: intensification of a pre-existing arc (19:25 UT), red diffuse aurora22

(19:28 UT), and a second, green discrete arc (19:31 UT). The relative location of23

these emissions differs from the dayside cases where the first and last types are not24

distinguished. Geomagnetic data under this aurora indicates a significant difference25

in the anti-sunward propagation velocity between the secondary discrete arc and the26

related field-aligned current.27

Plain Language Summary28

Ground-based observations of “shock aurora” related to “sudden commence-29

ment (SC),” which is a sudden geomagnetic activity caused by a rapid increase of30

the solar wind speed (such as caused by a solar storm), were previously limited to31

the dayside. However, the recent development of dense networks of auroral cameras32

and magnetometers allows us to examine the shock aurora in the nightside from33

the ground. On 26 February 2023, shortly after the onset of an SC at 19:24 UT,34

ground-based all-sky cameras and a wide-angle camera detected the shock aurora35

at 21 MLT in the auroral zone. Three distinct optical emissions, instead of the two36

emissions previously observed on the dayside, appeared with clear time delay and lo-37

cational difference: intensification of a pre-existing arc (19:25 UT), red diffuse aurora38

(19:28 UT), and a secondary green discrete aurora (19:31 UT). There are also other39

differences from dayside observations: the last emission had a different propagation40

speed than the related field-aligned current, and the relative location of the three41

emissions was different.42

1 Introduction43

Geomagnetic sudden commencement (SC), which is caused by a rapid increase44

in solar wind dynamic pressure, consists of a stepwise increase and subsequent bipo-45

lar spike in the geomagnetic field (Araki, 1994, and references therein). These Dis-46

turbances are the most outstanding ground magnetic field perturbation at Low lat-47

itudes and the Polar region, hence called DL and DP, respectively. DP is normally48

divided into two parts, the preliminary pulse, PI, and the main pulse, MI. Following49

the model of Araki (1994), PI is associated with a field-aligned current (FAC) pair50

flowing into the afternoon auroral zone and out of the morning auroral zone while51

traveling anti-sunward. PI is replaced by the MI some minutes later which is a sta-52

tionary FAC pair of opposite directions compared to the PI pair.53

Both disturbances are ultimately caused by an intensification of the magne-54

topause current, of which the information propagates globally across the geomag-55

netic field as the compression (this causes the DL on the ground) and as the Alfvén56

mode that carries FACs along the geomagnetic field, creating dusk-to-dawn and57

dawn-to-dusk ionospheric electric field and relevant current system (this causes the58

DP on the ground). Hence, the DL appears almost simultaneously (less than tens of59

seconds) at all magnetic local time (MLT) regions. DP (actually the PI part) also60

appears nearly simultaneously at all latitudes, although it is related to a current sys-61

tem that takes time to develop. This is because the related electric field in the iono-62

sphere can propagate almost instantaneously as a waveguide mode (Kikuchi, 2014).63
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Measuring the time delay from dayside to nightside is difficult because the be-64

ginning signature of MI is hidden by the DL (and even PI). Even the peak timing65

is not well determined because the duration and peak timing of the MI in the polar66

cap (anti-sunward convection side) depends on latitudes (Araki & Allen, 1982). One67

method for estimating the propagation velocity of the MI is to measure the optical68

aurora, which is typically colocated with the intensification of FACs. The optical au-69

rora related to an SC is actually observed by ground-based all-sky cameras (ASCs)70

and ultraviolet (UV) imagers onboard satellites (Kozlovsky et al., 2005; Liu et al.,71

2011), and is called shock aurora. Motoba et al. (2009) examined a shock aurora at72

15 MLT and identified both the PI-related diffuse patch (558 nm: green) equator-73

ward of a pre-existing arc and the MI-related discrete arc (558 nm and 630 nm: red)74

poleward the PI-related diffuse aurora. The relative location of the MI-related arc75

and pre-existing arc changes with the interplanetary magnetic field (IMF) and may76

overlap with each other (seen as an enhanced oval) for the northward IMF (Nishimura77

et al., 2016).78

Nishimura et al. (2016) also obtained the spatial distribution of FACs and their79

temporal development using the magnetometer network in the northern hemisphere80

and compared it with images from ASC in Antarctica. The result suggests that the81

PI and MI correspond to diffuse and discrete auroras in the afternoon sector, respec-82

tively. Since the optical signature of the aurora provides a finer FAC structure than83

what a network of geomagnetic field measurements can provide, observation by cam-84

eras is necessary to reveal the detail of the SC current system. The method should85

have been applied to the nightside, but the only report from the ground-based opti-86

cal measurements is by meridian scanning photometers (Holmes et al., 2014). With-87

out such optical observations, we do not know how the FAC develops as it propa-88

gates to the nightside or even whether the aurora types are the same between day-89

side and nightside.90

According to the global imaging from satellites, the MI(PI)-related electron au-91

rora propagates anti-sunward at about 4–6 km/s (10 km/s) on the duskside (dawn-92

side) ionosphere (Zhou & Tsurutani, 1999; Holmes et al., 2014), and the shock au-93

rora can extend to the midnight sector. Using multiple scanning photometers, which94

are separately installed by about 1100 km in the evening sector and 900 km in the95

morning sector, Holmes et al. (2014) demonstrated that the anti-sunward propa-96

gation speed is consistent with the result from satellite observations. The derived97

speed in the evening sector corresponds to 1–1.5 MLT/min, requiring 8 min from98

dayside to nightside (20–22 MLT), consistent with the start of the MI signature 699

min after the SC onset. On the other hand, Holmes et al. (2014) detected the red100

(630 nm) emission 1 minute before the appearance of the green (558 nm) aurora,101

which indicates that low-energy electrons may have precipitated into the ionosphere102

3 min prior to the high-energy (> 1 keV) electrons if we take into account the av-103

erage relaxation time of the red aurora of about 2 min. The FAC corresponding to104

the duskside red aurora must have arrived much earlier than the source FAC for the105

green aurora in Holmes et al. (2014), giving a quite different anti-sunward propaga-106

tion speed between the source of the red aurora and that of the green aurora.107

To summarize our understanding so far, there are two types of shock aurora in108

addition to pre-existing arc: the PI-related and MI-related auroras, and they might109

have different propagation speeds from each other. If so, the difference in the ap-110

pearance time of these auroras would be larger on the nightside than on the day-111

side. In addition, the relative location of these auroras and even the fine structure112

might also be different between dayside and nightside. To clearly distinguish these113

auroras and their temporal development on the nightside, we need observations of114

multi-wavelength cameras and a dense meridional network of the magnetometer in115

the auroral region.116
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On 26 February 2023, right after an SC onset at 19:24 UT, a color ASC in117

Kiruna that was located at 21 MLT (65◦ geomagnetic latitude) detected (1) the en-118

hancement of a pre-existing green arc (19:25 UT), (2) the appearance of a red diffuse119

aurora (19:28 UT), and (3) a secondary green arc (19:31 UT) at unexpected location120

(equatorward of the pre-existing arc), with the geomagnetic MI peak at 19:27 UT.121

We also observed the secondary arc with a high-time resolution wide-angle camera,122

which revealed the vortex motion of the arc. The shock aurora was weakened within123

20 min, and this interval was isolated from the subsequent substorm growth phase.124

The shock aurora appeared above the densely distributed magnetometer network125

(IMAGE), and the relative location of FACs and aurora can be derived in good reso-126

lution. Here we report these combined observations of the shock aurora seen 3 hours127

before the magnetic midnight.128

2 Instruments129

2.1 All-sky cameras (ASCs)130

We analyzed all-sky images from cameras in Kiruna, Sweden (67.83◦N, 20.42◦E)131

and Skibotn, Norway (69.35◦N, 20.36◦E). In Kiruna, a Sony α7S with a Nikkor 8mm132

F2.8 lens was installed. The camera’s ISO was set at 4000, and the exposure time133

was 10–13 sec. Images were taken every minute. At Skibotn Observatory, a Sony134

α6400 with a MEIKE MK-6.5mm F2.0 lens was in operation. The camera’s ISO was135

set at 8000, and the exposure time was 8 sec. Images were taken every 30 sec. We136

used these images to geolocate and identify spatiotemporal variations of the aurora.137

2.2 Wide-angle camera (WAC)138

A Sony α7SIII with an FE 24mm F1.4 GM lens was installed at a dome where139

the Kiruna ASC was located. This camera, called wide-angle camera (WAC), faces140

in the north-northeast direction at a low elevation with an angle of view of ∼73 de-141

grees horizontally, covering an area marked by a white rectangle in the last panel of142

Figure 2. WAC recorded videos at 30 frames per second, offering a high temporal143

resolution for visualizing auroral movement within 1 minute. WAC has 1920 × 1080144

pixels, an ISO sensitivity of 80000, and a 1/30 second exposure time. We averaged145

15 images (for 0.5 seconds) to make snapshots to reduce noise, as shown in Figure 3.146

We provide a video of the event as Supporting Information.147

2.3 Magnetometers148

A selection of magnetometers from the IMAGE network has been applied in149

the study. These are stable flux-gate magnetometers, providing 10-second resolution150

data. Furthermore, the low latitude, Intermagnet magnetometer at Huancayo has151

been used.152

3 Observation Results153

Figures 1a and 1b shows the IMF (intensity in black and the z component in154

red) and solar wind dynamic pressure, respectively, from the Deep Space Climate155

Observatory (DSCOVR). A stepwise enhancement of the IMF intensity and dynamic156

pressure, a typical signature of the interplanetary shock, was detected at around157

18:40 UT. Figure 1c shows the H component of the geomagnetic field recorded by158

magnetometers located in Sørøya (SOR), Norway (70.54◦ N, 22.22◦E); Tromsø (TRO),159

Norway (69.66◦ N, 18.94◦E); Kilpisjärvi (KIL), Finland (69.02◦N, 20.79◦E); Kiruna160

(KIR), Sweden (67.83◦N, 20.42◦E); and Huancayo (HUA), Peru (12.06◦S, 75.21◦W).161

Their locations, except HUA, are shown in Figure 1g. HUA is instead located on the162
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dayside equator at ∼14.2 MLT, which is the typical SC onset region. All the sta-163

tions show the SC signature starting at around 19:24 UT. This SC is isolated from164

the substorm activity that started around 20:20 UT, and hence we show only the165

short time interval in Figure 1e (19:21–19:32 UT). The onset time (∼ 19:24:00 UT)166

is marked by a dashed line (left). Similarly, the peak time of the PI (∼ 19:25:20 UT)167

is also marked by another dashed line (right).168

Figures 1d and 1f show the keogram, the time series of the north-south cross-169

section of the all-sky images from Kiruna ASC. Note that the exposure time changed170

from 10 to 13 sec at 19:28 UT. The keogram shows that the aurora appeared shortly171

(∼15 min) after the SC, and its intensity gradually increased for the first ∼10 min.172

Figure 1f shows a time lag between the magnetic signatures and the auroral intensi-173

fication.174

In Figure 1g, all-sky images obtained by the ASCs in Kiruna and Skibotn at175

19:33 UT are projected on the map showing the locations of the magnetic stations176

and cameras. Coordinates with an elevation angle of more than 20 degrees were177

used for the projection, and the auroral emission layer was assumed to be 100 km.178

The projected aurora is found close to the zenith of Kilpisjärvi and Tromsø (67.5◦179

MLAT, 21 MLT).180

Figure 2 is a minute-by-minute all-sky image from 19:23 to 19:34 UT. The up-181

per side of each image is north, and the left side is east. The solid white line in the182

first panel shows the cross-section used to make keograms shown in Figure 1. The183

first all-sky image at 19:23 UT, taken before the SC onset, already shows a weak184

diffuse aurora (circled by the white dashed line) in the northeast direction. In this185

paper, we refer to this aurora as the pre-existing arc. The third all-sky image was186

taken 1 minute after the onset and shows that the arc is stronger than before the on-187

set, as indicated by the yellow arrow. At 19:28 UT, as indicated by the red arrow,188

a red emission became visible south of the pre-existing arc that was further intensi-189

fied. This intensification causes the automatic change in the exposure time from 13190

to 10 sec. At 19:31 UT, discrete arcs with wavy structures were detected between191

the pre-existing arc and the red emission at both the west (right) and east (left)192

sides. They were connected at 19:32 UT and formed an arc from west to east, and193

the wavy structure became stronger afterward. In this paper, we refer to this arc194

as the secondary arc. The last four all-sky images (19:31–19:34 UT) show the quick195

evolution of the secondary arc every minute. The 1-min resolution is apparently too196

low to visualize the exact fine spatiotemporal evolution of the secondary arc. For-197

tunately, we have a 30 Hz video taken by WAC. WAC captured the white rectangle198

region in the last all-sky image in Figure 2.199

Figure 3 shows the images taken by WAC observing the area shown in the last200

panel of Figure 2. The images obtained from 19:34.12.1 to 19:35:08.1 UT are shown201

every 8 seconds. In the electronic version of this paper, a real-time video of this se-202

quence is provided as Supporting Information. Note that the east-west direction of203

the image is reversed from the all-sky image. The meridian with an azimuth angle of204

0 degrees (northward) is shown as a dotted line in panel (a). In each snapshot, two205

auroral structures are visible with a spatial gap near the center of the image. Both206

wavy structures gradually steepened by the westward motion on the front side (low207

latitude side) and eastward motion on the back side (high latitude side), as indicated208

by the white arrows. As this steepening developed, these structures consequently209

formed a spiral shape.210
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4 Discussion211

The shock aurora was observed by ASCs and the high-speed WAC in the evening212

sector at around 21 MLT. Three components of shock aurora were identified instead213

of only two (PI-related diffuse aurora and MI-related arc), which was the case for214

the dayside afternoon sector. Their characteristics are summarized in Figure 4, in215

which the locations of the aurora are illustrated in the polar view.216

1. Pre-existing weak arc (green, most likely 558 nm) was gradually intensified217

right after the SC onset at 19:24 UT.218

2. Red diffuse aurora (apparently 630 nm) gradually appeared widely in the lon-219

gitudinal direction equatorward of the intensified pre-existing arc, as shown in220

Figure 4a. This aurora became visible at 19:28 UT, i.e., 4 min after the onset.221

3. Discrete green (secondary) arcs suddenly appeared between the red diffuse222

aurora and the intensified pre-existing arc at two separated spots (west and223

east in the WAC images). They became visible at 19:31 UT (7 min after the224

SC onset) and developed before start moving.225

We also examined a video from the EMCCD ASC in Tjautjas, Sweden (at-226

tached as Supplemental Information), and found that the western and eastern arcs227

seen at 19:31 UT in Figure 2 appeared at around 19:30:52 and 19:31:12 UT, respec-228

tively. Both arcs did not propagate gradually but appeared as jump as independent229

clumps. The jumping speed from west to east (about 0.5 MLT apart) is about 1.5230

MLT/min. After the appearance, both arcs started expanding in the east-west di-231

rection (Figure 4b) and got connected to each other. Subsequently, they showed232

the vortex motion without changing their locations, as shown in Figure 4c. The sec-233

ondary arc might be accompanied by the red emission (most likely 630 nm) at high234

latitudes, but it is difficult to examine the continuity from the ASC images.235

Considering the average relaxation time of ∼2 min for the red diffuse aurora,236

the precipitation of the low-energy electrons might have started only 1–2 min after237

the SC onset. In the evening sector, diffuse auroras are generally associated with238

downward FAC, whereas intensified arcs are generally associated with upward FAC239

(e.g., Marklund et al., 2011). Therefore, the pre-existing arc (upward FAC) and red240

diffuse aurora (downward FAC) may be related to the DL and PI, respectively. In241

other words, the DL might also have generated the shock aurora by intensifying the242

pre-existing arc for the present case. If so, the past dayside observation of the MI-243

related aurora might be contaminated by the DL-related aurora.244

The time delay of the appearance of the secondary arc from the SC onset was245

7 min (and 5–6 min from the MI onset); thus, the anti-sunward propagation speed246

from the noon sector is about 1.5 MLT/min. This value is similar to the propa-247

gation/expansion speed of the MI-related arc in the afternoon sector (Motoba et248

al., 2009; Holmes et al., 2014; Nishimura et al., 2016). The nightside propagation249

speed estimated by the jumping of the secondary arc was also similar, about 1.5250

MLT/min. Such an agreement indicates that the propagation of the MI-related au-251

rora may be in the form of a leap rather than a continuous extension.252

The secondary arc was located equatorward of the intensified pre-existing arc253

and overlapped with the red diffuse aurora, indicating that the source electric field254

existed at an L-shell in the middle of the ring current region. This implies that the255

affected areas in the nightside magnetosphere by the DL, PI, and MI are not in the256

same latitudinal order as the dayside signature in terms of the L-shell. This is not257

impossible if we consider the difference in the propagation velocities of the DL (com-258

pression) and DP (Alfvénic). If the relative latitude of the aurora is reversed be-259

tween dayside and nightside, we must interpret the result from the meridian scan-260
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ning photometer (e.g., Holmes et al., 2014) in a different manner between dayside261

and nightside.262

The present result also provides new insight into the anti-sunward propaga-263

tion speed of the FAC structure. Since the approximate FAC intensity is calculated264

from the latitudinal gradients of the H component of the geomagnetic field from265

the ground, the peak of FAC intensity read from Figure 1e (SOR, TRO, KIL, and266

KIR) is at 19:27 UT, i.e., 3 min after the SC onset at 19:24 UT. If we consider the267

start time of this gradient, the FAC already intensified at 19:26 UT, only 2 min after268

the SC onset. This means that the FAC propagated from dayside to 21 MLT with269

a speed of at least 4 MLT/min. This is much faster than the propagation speed of270

the MI-related aurora (1.5 MLT/min). Then the question is why the time delay be-271

tween the FAC and aurora intensification increases as it propagates anti-sunward.272

This question remains for future investigation.273

Figures 3 and 4c show that the auroral vortex develops nearly stationary, sug-274

gesting that the anti-sunward convection poleward of the arc and sunward convec-275

tion equatorward of the arc have similar speeds. Such stationarity raises a ques-276

tion on the convection: how does the convection develop as the SC signature and277

shock aurora propagate anti-sunward? Together with the leap-like appearance, the278

formation of the aurora and its relation to the current system needs future investi-279

gations. Fortunately, modern optical instruments are rapidly improving their sen-280

sitivity, and the number of optical stations is increasing. Furthermore, the incom-281

ing SMILE (Solar wind Magnetosphere Ionosphere Link Explorer) mission to be282

launched in 2024–2025 would give a long-time global UV monitor from almost the283

same location. Combining its image with improved ground-based optical ability will284

allow systematic studies of the shock aurora on the nightside.285

5 Conclusion286

We observed the nightside shock aurora with ground-based all-sky cameras and287

a high-speed wide-angle camera at 21 MLT. Unlike the dayside shock aurora, where288

only two types of (PI- and MI-related) emissions are reported, we identified three289

emissions: enhancement of the pre-existing arc, the red diffuse aurora, and the dis-290

crete arc. These emissions most likely correspond to three different geomagnetic sig-291

natures of an SC: DL, PI, and MI. We believe that this is the first time observation292

of DL-related emission. For the MI signature, the anti-sunward propagation speed of293

the field-aligned current seems to be much faster than that of the related aurora. In294

addition, the relative location of the MI-related aurora and intensified pre-existing295

arc is not necessarily the same between the dayside and nightside.296
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Open Research Section297

The all-sky images from Kiruna are available at https://www.irf.se/alis/298

allsky/krn/2023/02/26/19/. The all-sky images from Skibotn are available at299

http://darndeb08.cei.uec.ac.jp/~nanjo/public/skibotn imgs/2022 season/300

20230226/ The solar wind data from DSCOVR are available at https://www.ngdc301

.noaa.gov/dscovr/portal/index.html#/ The magnetometer data from Huancayo302

is provided through INTERMAGNET https://www.intermagnet.org. Other mag-303

netometer data are available at https://flux.phys.uit.no/stackplot/.304
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Figure 1. (a–b) The intensity (black) and z component (red) of the interplanetary magnetic

field and solar wind dynamic pressure from DSCOVR. (c) Magnetometer data from the stations

in the auroral and equatorial regions. A scale of 100 nT is shown in the lower left. (d) North-to-

south keogram from the Kiruna ASC. (e–f) Close-up views of panels (c) and (d) from 19:21 to

19:32 UT. Vertical dashed lines indicate the onset of the SC and peak time of the PI. (g) Projec-

tion of all-sky images from the Kiruna and Skibotn ASCs. The location of the magnetometers is

also shown. The grid line gives the magnetic local time and latitude.
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Figure 2. The ASC images from Kiruna during 19:23–19:34 UT on 26 February 2023. The

top is north, and the left is east. The white dashed region in the first panel shows the pre-

existing arc. The appearance of the red aurora and secondary arc is marked by red and blue

arrows, respectively. The white rectangle region in the last panel is the FoV of the images shown

in Figure3.
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19:34:12.1 UT

(a)

19:34:20.1 UT

(b)

19:34:28.1 UT

(c)

19:34:36.1 UT
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19:34:44.1 UT
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19:34:52.1 UT

(f)

19:35:00.1 UT

(g)

19:35:08.1 UT
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Figure 3. The wide-angle images captured by the Sony α7SIII camera during 19:34:12–

19:35:08 UT. The right side is east (different from the ASC image). The white dashed line in the

first panel indicates the meridian, which has an azimuth angle of 0 degrees (towards the north).

The white arrows guide the vortex motion.
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Figure 4. Schematic illustration of the relative locations of pre-existing arc, red diffuse au-

rora, and secondary arc. The blue arrows indicate the convection directions suggested by the

vortex motion of the secondary arc.
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