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Abstract15

This paper presents observations of polar cap arc substructure down to scale sizes of me-16

tres and temporal resolution of milliseconds. Two case studies containing polar cap arcs17

occurring over Svalbard are investigated. The first occurred on 4 February 2016 and is18

consistent with formation on closed field lines; the second occurred on 15 December 201519

and is consistent with formation on open field lines. These events were identified using20

global scale images from the Special Sensor Ultra-violet Spectrographic Imager (SSUSI)21

instruments on board Defense Meteorological Satellite Program (DMSP) spacecraft. In-22

tervals when the arcs passed through the small scale field of view of the Auroral Struc-23

ture and Kinetics (ASK) instrument, located on Svalbard, were then found using all sky24

images from a camera also located on Svalbard. These observations give unprecedented25

insight into small scale polar cap arc structure. The energy and flux of the precipitat-26

ing particles above these arcs are estimated using the ASK observations in conjunction27

with the Southampton Ionospheric model. These estimates are then compared to in-situ28

DMSP particle measurements, as well as data from ground-based instrumentation, to29

infer further information about their formation mechanisms. This paper finds that po-30

lar cap arcs formed on different magnetic field topologies exhibit different behaviour at31

small-scale sizes, consistent with their respective formation mechanisms.32

1 Introduction33

Polar cap arcs occur at high latitudes in the typically dim polar cap region. They34

are correlated with quiet magnetospheric conditions and northward IMF (Berkey et al.,35

1976; Gussenhoven et al., 1984). Since polar cap arcs were first discovered, there has been36

much debate about their formation mechanism. It has been suggested that they occur37

on either the open field lines of the polar cap (Hardy et al., 1982), the contracted field38

lines on the edge of the auroral oval (therefore not technically occurring in the polar cap)39

(Meng, 1981), or on closed field lines which have protruded into the polar cap (Frank40

et al., 1982).41

Large-scale polar cap arcs, such as the theta aurora discovered by Frank et al. (1982),42

have been found to be associated with particle precipitation of the same energy and bright-43

ness as that seen over the auroral oval. Such precipitation, including both ion and elec-44

tron signatures, has been recorded by many authors when investigating polar cap au-45

rora using high-altitude spacecraft images, for example Frank et al. (1982) and Fear et46
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al. (2014). This kind of precipitation is consistent with closed field lines and is expected47

to be seen in both hemispheres simultaneously (e.g. Craven et al. (1991); Carter et al.48

(2017) and Xing et al. (2018)). There are several theories to explain the existence of closed49

field lines within the otherwise ‘open’ polar cap. One theory proposed by Milan et al.50

(2005) involves the closure of flux in the tail under northward IMF conditions with a strong51

IMF By component. This newly closed flux becomes ‘stuck’ in the magnetotail and pro-52

trudes into the polar cap. Predictions from this mechanism have been confirmed statis-53

tically (Fear & Milan, 2012a, 2012b) and through several case studies (e.g. Goudarzi et54

al. (2008); Fear et al. (2014) and Carter et al. (2017)).55

Carlson and Cowley (2005) suggest that weaker polar cap arcs viewed from the ground56

are distinct from the larger-scale arcs viewed from space and are driven by a different57

formation mechanism. They state that any modest mechanism which can drive shear flow58

across open field lines could accelerate polar rain to high enough energies to produce po-59

lar cap aurora on these open field lines. The authors expect this type of polar rain au-60

rora, which may be too weak to be picked out by the high-altitude UV imagers, to be61

present anytime the IMF is northward (which is the case approximately half the time).62

In their review paper, Newell et al. (2009) argue that these accelerated polar rain arcs63

may be identified in particle data by an electron-only signature.64

It is important to understand auroral structure at all scales, particularly as the small65

scale processes often affect the bulk properties of a plasma. Relatively little has been done66

to explore polar cap aurora on very small scales (less than 20 km). Reidy et al. (2017)67

presented observations from the Auroral Structure and Kinetics (ASK) instrument of68

a polar cap arc consistent with closed field lines that did not cross the entire polar cap69

(termed a ‘failed’ transpolar arc). The ASK instrument, located on Svalbard, is capa-70

ble of measuring auroral structure down to spatial scales of meters and temporal scales71

of 0.05 seconds and has generally been used to make observations of the aurora within72

the main oval (e.g (Lanchester et al., 2009)). Using ASK, Dahlgren et al. (2010) observed73

boundary undulations (or as they term them, auroral ‘ruffs’) on the edge of an auroral74

arc, with amplitudes of less that 800 m. These ‘ruffs’ demonstrated a much more com-75

plex and intricate auroral structure than previously seen before.76

This paper will investigate the small scale structure associated with two separate77

polar cap arc events consistent with different magnetic field topologies, using ASK data.78
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The multi-scale instrumentation used to investigate the different events is described in79

section 2. An outline of the methodology used to estimate the energy and energy flux80

of the precipitation for both events by comparing the ASK observations with an iono-81

spheric model is described in section 2.1.1. The two events are initially discussed sep-82

arately in sections 3.1 and 3.2 before being compared to one another and to the global83

scale spacecraft observations in section 4. A conclusion is given in section 5.84

2 Instrumentation85

2.1 Optical instruments86

Global scale images from the Special Sensor Ultra-violet Spectrographic Imager (SSUSI)87

on board four of the Defense Meteorological Satellite Program (DMSP) spacecraft were88

used to identify polar cap aurora over Svalbard. SSUSI is an UV imager that scans across89

the polar regions building up images over approximately 20 minutes; these images are90

available in 5 different wavelengths simultaneously (Paxton et al., 2002). In this study91

we use the Lyman Birge Hopfield long band (165-180 nm) which is comparable to wave-92

lengths measured by IMAGE WIC which have been used in previous polar cap arc stud-93

ies (e.g Fear and Milan (2012a)). The DMSP spacecraft are in sun-synchronous orbits94

with a period of approximately 90 minutes. This relatively quick orbit means near si-95

multaneous images (separated by approximately 45 minutes) from the northern and south-96

ern hemisphere may be obtained from SSUSI. Furthermore, the DMSP spacecraft orbit97

at around 840 km, which allows SSUSI to observe more fine structure than previous UV98

imagers, such as Polar UV and IMAGE WIC which orbit at much higher altitudes (see99

Figure 5 in Fear (2019)).100

Images from the Sony a7s camera, located on Svalbard near to the ASK instrument,101

are used to give the context for the ASK observations. The Sony camera has a circular102

Fisheye lens with a 180◦ field of view.103

The Auroral Structure and Kinetics (ASK) instrument consists of three cameras104

with a 6◦ field of view centred on magnetic zenith (Dahlgren et al., 2008, 2016). Each105

camera is fitted with a different filter corresponding to specific auroral emissions used106

in the study of small scale aurora (known as ASK1, ASK2 and ASK3). This paper uses107

data from the ASK1 and ASK3 cameras. The ASK1 filter is sensitive to the N2 first pos-108

itive emission at 632.0 nm; this emission is caused by high energy precipitation. The ASK3109
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filter is sensitive to the atomic oxygen emission at 777.4 nm, which is caused by both high110

and low energy precipitation. The ratio of the ASK3/ASK1 emissions provides the char-111

acteristics of the precipitation which is then compared to the Southampton Ionospheric112

model (outlined below in Section 2.1.1) to estimate the energy of precipitating particles113

(Lanchester et al., 2009). An estimate of the energy flux can be obtained by dividing the114

brightness measured by ASK1 by the mean modelled brightness within the energy range115

of each event. This method of estimating the energy and flux has been used in many stud-116

ies and has been verified by comparison with other ground based instruments, for ex-117

ample the European Incoherent Scatter (EISCAT) radars, (e.g. Lanchester et al. (2009);118

Whiter et al. (2010); Dahlgren et al. (2011, 2016); Reidy et al. (2017)).119

Data from the High Throughput Imaging Echelle Spectrograph (HiTIES) instru-120

ment (Chakrabarti et al., 2001), located on Svalbard, have also been obtained for both121

events. The HiTIES instrument includes an EMCCD detector and a mosaic filter, which122

is used to record multiple non-contiguous wavelength regions at high resolution. This123

paper uses data from the ‘H-α’ panel of a three panel mosaic (installed in December 2015),124

which observes the wavelength region between 649-663 nm. Doppler shifted hydrogen125

emissions are a signature of proton precipitation (e.g. Eather (1967)) and are used in126

this paper to determine the presence of ion precipitation (or lack thereof).127

2.1.1 The Southampton Ionospheric model128

The Southampton Ionospheric model is an electron transport model (Lummerzheim129

& Lilensten, 1994) which assumes a neutral atmosphere taken from the MSIS E-90 ther-130

mospheric model (Hedin, 1991). The input to the electron transport model can be an131

arbitrary electron energy spectrum representing the precipitation at 500 km. The model132

is parameterised by AP index, F10.7 solar radio flux, the time and geographic location133

during the period of interest. In this paper, the model has been run for two different PCA134

events and we have assumed a Gaussian distribution as the input precipitation spectrum135

for both events. A detailed review of the electron transport model is given in (Lanchester136

& Gustavsson, 2013).137
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2.2 Supporting instrumentation138

We have also used data from the SSJ/5 particle spectrometers on board DMSP;139

these instruments provide spectrograms of ion and electron precipitation along the track140

of the spacecraft and can be used in conjunction with SSUSI to classify different types141

of polar cap aurora. (Note that references to SSJ/4 in Reidy et al. (2018) should have142

instead referred to SSJ/5; SSJ/4 is a near identical instrument that was present on pre-143

vious DMSP satellites). In this paper we have used data from four DMSP spacecraft (F16-144

F19).145

We have used data from the OMNI database (King & Papitashvili, 2005) to pro-146

vide the IMF conditions during our events. The OMNI database consists of solar wind147

magnetic field and plasma data sets that have been time-shifted to the nose of the Earth’s148

bow shock and give an estimation of the solar wind conditions at the Earth.149

For one event, we have also obtained map potential plots from the SuperDARN radars150

(Ruohoniemi & Baker, 1998). These data were used to investigate whether the ionospheric151

flow associated with a polar cap arc is consistent with open field lines, and are presented152

in section 3.2.153

3 Observations154

3.1 Closed field line observation155

Figure 1 gives a summary of the auroral and IMF conditions for a polar cap arc156

event which occurred on 4 February 2016. Fig 1a and b demonstrate SSUSI observations157

from each hemisphere (south and north respectively) with the corresponding DMSP par-158

ticle data to the right (from DMSP F16 and F17 respectively); these images were cho-159

sen to give an overview of the event. The times at the top of the SSUSI images indicate160

when the DMSP spacecraft was poleward of 70 degrees magnetic latitude (the spacecraft161

name, orbit number and hemisphere of observation are also given). Estimates of the pole-162

ward edge of the auroral oval based on the electron (black) and ion (grey) precipitation163

measured by the SSJ/5 instruments are indicated in the SSUSI image and SSJ/5 spec-164

trogram; these boundaries were identified using the semi-automated method described165

in the supplementary material of Reidy et al. (2018). These observations show polar cap166

arcs occurring on the dawnside of the southern hemisphere and on the duskside of the167

northern hemisphere that are associated with ion and electron signatures (indicated by168
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Figure 1. Overview of the 4th February 2016 polar cap arc event. Summary SSUSI and the

corresponding SSJ/5 data for the southern hemisphere (a) and the northern hemisphere (b). The

top panel of (c) gives the IMF magnetic field Bx, By, Bz components in black, blue and red re-

spectively. The bottom panel of (c) gives solar wind speed (black) and density (blue). The times

of all the northern hemisphere SSUSI images where a polar cap arc was observed are indicated by

boxes.
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red lines). According to the criteria and energy flux thresholds described in Reidy et al.169

(2018), these observations are consistent with polar cap arcs occurring on closed field lines.170

Furthermore, these arcs occur on opposite sides of the polar cap in each hemisphere con-171

sistent with Craven et al. (1991) and Milan et al. (2005). This paper considers only the172

northern hemisphere SSUSI observations which show polar cap arcs over Svalbard dur-173

ing this event.174

Fig 1c shows the magnetic field components (top panel) and the speed and den-175

sity of the solar wind (bottom panel) during the event. The times of all the northern hemi-176

sphere SSUSI images where a polar cap arc was identified during this event are indicated177

by boxes. The first polar cap arc observations in the northern hemisphere SSUSI images178

occurred at 15:45 UT. This is shortly after a clear change in the solar wind conditions,179

at 15:30 UT, where the solar wind speed and density increased and the IMF became strongly180

northward. During the event the IMF remained predominately northward, with a few181

short southward turnings, and had negative Bx and positive By components. Using the182

times of the SSUSI images where a polar cap arc was observed, we can assume a min-183

imum event duration of 6 hours, between approximately 16:00-22:00 UT. A maximum184

event duration of 7 hours can be assumed using the times of the SSUSI observations im-185

mediately before and after this interval where a polar cap arc could not be discerned from186

the UV images. All the northern hemisphere SSUSI observations where a polar cap arc187

was identified during this event (the times of which correspond to the boxes indicated188

in Fig. 1c) are given in Figure S1 of the supplementary material.189

Figures 2a and b show SSUSI observations, at 18:27-18:37 UT and 19:05-19:15 UT190

respectively, when the polar cap arc was over Svalbard. Images from the Sony all sky191

camera have been projected onto the SSUSI images for context. Panels 2c-j show the all-192

sky images in approximately two minute intervals between 18:40-18:52 UT. The yellow193

squares in each of the all sky images indicates the approximate field of view of the ASK194

instrument (which is aligned with magnetic zenith). In these images North is at the top195

and East is to the left. A bright, approximately north-south aligned arc can be seen pass-196

ing from East to West (duskward) over magnetic zenith during this interval. The im-197

age at 18:48:08 UT (Fig. 2g), is included to show the time when the arc crossed mag-198

netic zenith, which is used for later analysis. This image has been projected onto the SSUSI199

image in Fig. 2b to show that the two observations are almost perfectly aligned (even200

though they are occurring at different times). An all sky image prior to this at 18:32:56 UT201
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Figure 2. a. A northern hemisphere SSUSI DMSP F18 image between 18:27-18:37 UT. b.

A northern hemisphere SSUSI DMSP F19 image between 19:05-19:15 UT. c-j: Images from the

Sony all sky camera between 18:40-19:52:30 UT in approximately 2 minute intervals where North

is to the top and East is to the left. The yellow box in each image shows the approximate field of

view of the ASK instrument. All sky images at 18:32:56 UT and 18:48:08 UT are projected onto

the SSUSI images in a and b respectively.
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Figure 3. Images from the ASK1 camera at one second resolution between 18:48:40-

18:48:59 UT. The red box indicated 20x20 pixels surrounding magnetic zenith. In each image,

North is approximately to the top and East to the left.

has also been plotted on the SSUSI image in Fig. 2a to demonstrate that the arc has moved202

duskward over Svalbard.203

Figure 3 shows images from the ASK instrument between 18:48:40-18:48:59 UT,204

when the arc passed over magnetic zenith. During this event, the ASK instrument was205

running at 20 frames per second. These images are from the ASK1 camera which has206

a filter that is sensitive to a prompt emission caused by high energy precipitation. The207

red boxes in these images indicate the 20 × 20 pixels surrounding magnetic zenith which208

are used later for analysis. During this interval an auroral boundary-like form can be seen209

to sweep across the ASK field of view from a North-East direction, consistent with the210

direction of the arc seen in the all sky images (Fig. 2). Small scale structures can be seen211

on the edge of this ‘boundary’ which are similar to the curls (anti-clockwise vortices with212

a typical wavelength of 5 km) reported by Vogt et al. (1999), although smaller in size,213

or are perhaps consistent with the boundary undulations (ruffs) reported by Dahlgren214

et al. (2010). The highly structured dynamic auroral observations are consistent with215

previous ASK observations when it was situated in Tromsø under the main auroral oval216
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Figure 4. ASK data from a period when the polar cap arc passes through magnetic zenith

over Svalbard. The top panel shows a keogram of images from the ASK1 camera. The second

panel shows the brightness measured by ASK1 and ASK3 in black and blue respectively; the

dashed lines indicate the background level for each channel. The estimated energy (black) and

energy flux (blue) are shown in the bottom panel. The error on the energy estimation is shown

by grey bars.

(for example, Lanchester et al. (2009); Dahlgren et al. (2010, 2011, 2016)), and are there-217

fore consistent with formation on closed field lines.218

Figure 4 shows the ASK observations during our period of interest in a more quan-219

titative way. The top panel shows a keogram of the ASK1 observations between 18:48:42-220

18:49:04 UT which is made from vertical cuts of the images from ASK1. This keogram221

clearly shows the repetitive structures on the boundary of the arc discussed above. The222

second panel of Fig. 4 shows the brightness measured by the ASK1 (black) and ASK3223

(blue) cameras in the 20 × 20 pixels around magnetic zenith indicated by the red boxes224
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Figure 5. Residual spectra measured by the HITIES instrument between 6550-6570 Å(where

1 Å= 0.1 nm) for the ‘closed’ (black) and ‘open’ (red) events.

in Fig. 3 and the white dashed lines in the above keogram. The bottom panel shows the225

energy (black) and energy flux (blue) estimated by comparing the ratio of the measured226

brightness from ASK1 and 3 to the Southampton Ionospheric model (as described in Sec-227

tion 2.1.1). We have only calculated the energies when the observed brightness was above228

a background level which is indicated by horizontal dashed lines in the middle panel. The229

error on the energy is shown by grey error bars; these errors are propagated from the ini-230

tial counts measured by the ASK1 and ASK3 cameras. The estimated energies are vary-231

ing between approximately 5 and 20 keV during this interval, with a mean value of 12.6 ± 0.9 keV;232

this value is larger than the mean energy estimated for the ‘failed’ transpolar arc reported233

by Reidy et al. (2017), which was found to be 5 keV. Around 18:49:00 UT, a brighten-234

ing in the keogram (top panel) and a corresponding increase in the brightness (middle235

panel) can be observed. The bottom panel shows that at this time the energy remained236

approximately constant but the energy flux increased. These estimates are discussed in237

Section 4 but for now we note that, due to the high values of the estimated energy and238

energy flux and the structure of the auroral forms seen in Fig. 3, that these observations239

are consistent with formation on closed field lines and is referred to as the ‘closed’ event240

for the remainder of this paper.241

The black line in Figure 5 shows the scaled-residual spectra measured by the H-242

α panel of the HiTIES instrument, which have been integrated between 18:48:48-18:49:04 UT243

during this event. The contributions from OH, N2, N+ and O+
2 emissions have been fit-244
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ted and removed using methods outlined in Chadney and Whiter (2018) and Price et245

al. (2019), leaving just the H-α emission at 6563 Å(indicated by a vertical dashed line).246

These observations (as well as the red line) will be discussed in more detail in Sections 3.2247

and 4.3 but for now we note the presence of a peak in the black line at 6563 Å which in-248

dicates H-α emission, and that the peak appears to be broader towards shorter wave-249

lengths (a ‘blue wing’, which will be clarified later), consistent with downward acceler-250

ated protons.251

3.2 Open field line observation252

Figure 6 (presented in the same format as Fig. 1) shows the auroral and IMF con-253

ditions for a polar cap arc event occurring on 15th December 2015. This event was clas-254

sified in the Reidy et al. (2018) survey as an event containing multiple arcs consistent255

with different magnetic field toplogies; polar cap arcs consistent with different magnetic256

topologies occurring simultaneously were first shown by Reidy et al. (2017). This paper257

is concerned with the arc on the duskside of the northern hemisphere over Svalbard (shown258

in Fig. 6a), indicated by orange lines in both the image and the particle data. The cor-259

responding DMSP particle data show that this arc is associated with electron-only pre-260

cipitation, consistent with accelerated polar rain on open field lines (Newell et al., 2009;261

Carlson & Cowley, 2005), and thus this event is termed the ‘open’ event. The arcs on262

the dawnside associated with ion and electron signatures observed in both hemispheres263

(indicated by red lines), are not further discussed with respect to the optical observa-264

tions as they were not observed by the ASK instrument but are considered later with265

respect to SuperDARN data.266

Fig. 6c shows the IMF conditions for this event. Throughout this interval, the IMF267

was predominately northward with weakly positive Bx and negative By components. Sim-268

ilar to Fig. 1, the times of northern hemisphere SSUSI images where the electron-only269

polar cap arc was identified are indicated by boxes. The times from these SSUSI images270

can be used to infer a minimum event duration of 35 minutes (between 18:40-19:15 UT),271

when the arc was observed, and a maximum event duration of 3 hours from the images272

before and after this time, when the arc was not observed. A more accurate event du-273

ration cannot be obtained due to the limited SSUSI observations in the northern hemi-274

sphere but we note that this ‘open’ event is shorter in duration than the ‘closed’ event275

presented in Section 3. Observations of this duskside arc from all four SSUSI and SSJ/5276

–13–



manuscript submitted to JGR: Space Physics

Figure 6. The SSUSI and corresponding SSJ/5 data are shown for the northern hemisphere

(a) and southern hemisphere (b) during a polar cap arc event. (c) The magnetic IMF compo-

nents of the IMF are given in the top panel, the solar wind speed and density in the bottom

panel. Times of the SSUSI observations are indicated by boxes.
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Figure 7. a. A SSUSI image from DMSP F19 between 18:40-18:51 UT with an all sky im-

age at 18:41 UT projected onto the same MLT grid. b-i: images from the Sony all sky camera

between 18:28-18:40UT, with North to the top and East to the right.

instruments on board the different DMSP spacecraft are given in Figure S2 of the sup-277

plementary material. The electron-only signature associated with the arc is observed by278

all four SSJ/5 instruments.279

The SSUSI DMSP F19 observations between 18:40-18:51 UT are replotted in Fig-280

ure 7a, with images from the Sony all sky camera in 2 minute intervals between around281

18:28-18:40 UT (Figs. 7b-i). This is the interval in which a roughly north-south aligned282

arc passed through the ASK field of view, indicated by yellow boxes on each of the all283
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sky images (same as Fig. 2). Fig. 7f shows the time when an arc was seen by ASK, around284

18:35 UT. From the all-sky images it appears that a feature passes over the ASK field285

of view between Figs. 7b and c, however, no clear structure could be distinguished in the286

ASK instrument at this time as this feature was too diffuse to be identified in the small287

field of view of ASK. An all sky image at 18:41:06 UT has been projected onto the SSUSI288

DMSP F19 image in Fig. 7a as this image was closest to the time when the polar cap289

arc was observed by the SSUSI instrument. This projection demonstrates that the ap-290

proximately north-south arc passing through the field of view of ASK is aligned with the291

polar cap arc seen in the SSUSI images.292

Figure 8. Stills from the ASK3 camera between 18:35.20-18:35:48 UT when the ‘open’ field

line arc passed through magnetic zenith.

Figure 8 shows stills from the ASK 3 camera between 18:35:20-18:35:48 UT, which293

correspond most closely to Fig. 7f. The ASK3 filter is more sensitive to lower energy pre-294

cipitation and in this event shows the auroral observations more clearly than the ASK1295

camera (as opposed to the closed event which was clearest in the high-energy sensitive296

ASK1 filter). Due to these observations being very faint, it was necessary to average the297

images produced at 20 frames per second over two minutes to discern any structure in298

this event. As well as being much fainter than the ‘closed’ event, the structure of the ‘open’299

arc is much less continuous in the times between the image frames. Here the arc is not300

as north-south aligned as it appears in the all sky images however ASK is observing only301

a small part of the overall arc which has a wave-like appearance as in evident in Fig. 7c.302
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Some faint structure is visible on the northward edge of the arc in the ASK field of view303

passing from the north-west direction (around 18:35:32 UT) but is very hard to distin-304

guish. It is possible that some of the auroral structure has been lost due to the averag-305

ing, which is comparable to the timescales of the structure seen in the closed event (i.e.306

less that 2 seconds). Although a more detailed description of this ‘open’ structure can-307

not be given due to the weakness of the emission, it is clearly very different from the dy-308

namic ‘closed’ event presented in Section 2.309

Figure 9. ASK data from a period when the polar cap arc consistent with open field lines

passes through magnetic zenith over Svalbard. In the same format as Fig. 4

Figure. 9 (similar to Fig. 4) shows the ASK data in keogram format, along with310

the brightness at magnetic zenith and the energies and energy flux estimates. The pix-311

els averaged over magnetic zenith are shown by red dashed lines on the keogram. As for312

the ‘closed’ case, the energies are only estimated above a background level which is in-313

dicated by dashed lines in panel 2. However, as the brightness of the emissions are sig-314
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nificantly lower in this case, the brightness is above the background for a shorter por-315

tion of the event. The arc can be seen to pass through magnetic zenith around 18:35.35 UT316

with a mean energy of approximately 3.4 ± 0.1 keV. As is evident from the ASK 3 stills317

in Fig. 8 and from panel 2 of Fig. 9, this event is of much lower brightness than the ‘closed’318

event (Fig. 4). The lower flux and brightness associated with this ‘open’ arc are consis-319

tent with the low plasma density of the magnetotail lobes.320

The red line in Figure 5 shows the scaled-residual spectra measured by the H-α panel321

of the HiTIES instrument during the ‘open’ event, integrated between 18:35:00 UT and322

18:36:10 UT. As before, a fit for the spectra (excluding H-α) has been obtained using323

methods outlined in Chadney and Whiter (2018) and Price et al. (2019) which has then324

been taken away from the integrated spectra. Similarly to the ‘closed’ event, H-α emis-325

sion is present, at 6563 Å, but here the emission is much narrower in its wavelength ex-326

tent. These observations will be discussed further in Section 4.3.327

Figure 10 shows a series of SuperDARN map potential plots between 18:36-18:42 UT328

overlaid on the SSUSI DMSP F19 image between 18:40-18:51 UT (shown in Fig. 7a.).329

Evidence of lobe reconnection can be seen in all of the images with the merging gap (the330

footprint of the reconnection site, identified by a region of sunward flow) slightly dawn-331

ward of noon, around 80◦ magnetic latitude. On the dawnside of the polar cap, iono-332

spheric scatter can be seen near the (closed field line) dawnside arc, with anti-sunward333

flow seen between the arc and the oval. Duskward of the ‘closed’ dawnside arc not yet334

discussed in this paper, scatter is only observed at the sunward tip of the arc, but here335

we see the flows are sunward and therefore the arc is aligned with the sunward flow chan-336

nel into the merging gap. The clockwise motion of this dawnside lobe convection cell is337

consistent with upward field aligned current and hence downward electron precipitation338

(e.g. Chiu et al. (1985)). However, in the Chiu et al. (1985) model, they predict the arc339

to be located in the center of the flow cell whereas around 18:40 UT (Fig. 10c), at the340

time of the SSUSI image, observations show the tip of the arc to be aligned with the sun-341

ward flow. This is inconsistent with the Chiu et al. (1985) prediction but is consistent342

with Fear et al. (2015), who argued that a polar cap arc should be drawn towards the343

sunward flow channel by the flows themselves.344

On the duskside, there is not much scatter around the ‘open’ polar cap arc of in-345

terest to this study, particularly on the nightside. In Figs 10a and b, the lobe convec-346
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Figure 10. SuperDARN map potential plots between 18:36-18:42 UT over plotted on a SSUSI

DMSP F19 image between 18:40-18:51 UT. The ionospheric flow measurements are indicated by

a circle with a line attached (shown in the bottom right corner), the colour of which gives the

magnitude of flow and the line shows the direction. The contours show a model fit of the flows

constrained by the data and IMF conditions, the × and + are the minimum/maximum of this

potential distribution, where the negative potential contours are shown by solid lines and positive

contours are dashed. The green circle is the Heppnar Maynard Boundary.
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tion cell appears to be sunward of the ‘open’ arc. In Figs. 10c and d, the sunward tip347

of the arc is approximately aligned with the duskward edge of the sunward flow chan-348

nel. This alignment could be consistent with Fear et al. (2015) but is again inconsistent349

with a direct application of the arguments of Chiu et al. (1985) as the arc is not centred350

on what we can see of the dusk convection cell; even if it were, the sense of the rotation351

of the flow would suggest a downward current and hence upward-moving electrons. In352

the absence of more extensive scatter coincident with the duskside open arc, we cannot353

comment conclusively on the cause of this arc. However, we speculate from our knowl-354

edge of the sunward extent of the flow pattern that if the duskside arc is caused by a shear355

flow (as suggested by (Carlson & Cowley, 2005), then this shear is more likely to arise356

from a gradient in the strength of the sunward flow excited by lobe reconnection, rather357

than by the opposite flows on either side of the convection cell as envisaged by Chiu et358

al. (1985).359

4 Discussion360

4.1 Comparison of small-scale optical observations361

The ASK observations for the ‘closed’ event (Figs. 3 and 4) were seen to be much362

brighter than for the ‘open’ event (Figs. 8 and 9). The brightness observed in ASK1 and363

hence the estimated flux (which depends on this parameter) were approximately 60 times364

greater for the ‘closed’ event than for the ‘open’ event. These lower fluxes for the ’open’365

event are consistent with a topological connection to the open field lines of the magne-366

totail lobes, where the plasma population is low. The energies of the two events are more367

comparable, with mean values of 12.6 ± 0.9 keV estimated for the ‘closed’ case and 3.4 ± 0.1 keV368

estimated for the ‘open’ case. Carlson and Cowley (2005) state that any mechanism which369

drives shear flow across open field lines can accelerate polar rain and generate aurora on370

open field lines in the polar cap. They also estimate, for three sub-visual polar cap arcs371

(which refer to arcs lower than 1 kR and are consistent with our ‘open’ observation), en-372

ergies between 100-1000 eV which they state are consistent with Shinohara and Kokubun373

(1996) and Hardy (1984). Therefore our mean value for the energy of the ‘open’ event374

from the ASK analysis is larger than previous reports. This will be further discussed be-375

low when we compare the ASK analysis to the DMSP particle data observations.376
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The structure of the arcs as they pass through ASK’s 6◦ field of view are quite dif-377

ferent in appearance; the aurora in the ‘closed’ event (Fig. 3) was highly dynamic and378

structured (especially on the edges of the arc), similar to structure observed within the379

main auroral oval (e.g. Dahlgren et al. (2010)). In the open case the aurora appeared380

unstructured; however, the averaging of images because of the low fluxes may have blurred381

any existing faint structures.382

4.2 Comparison of ground-based and spacecraft measurements383

4.2.1 Energy flux measurements384

Figures 11a and b show one minute of data from the SSJ/5 instrument when the385

DMSP spacecraft intersected the polar cap arcs for the ‘closed’ and ‘open’ events respec-386

tively; the top panel gives the integrated energy flux and the bottom panel shows the387

electron spectrogram. The mean energy flux and the mean energy estimated from the388

ASK instrument (Figs. 4 and 9) are shown by red lines. It can be seen in the top panel389

of Fig. 11a, for the ‘closed’ event, that the mean energy flux estimated by ASK (20.1 mW m−2)390

agrees well with the energy flux recorded by the DMSP spacecraft, despite the two val-391

ues being determined at different times and locations in the polar cap (DMSP F19 in-392

situ measurements are from 19:24 UT and the ASK measurements are from approximately393

18:49 UT, also the DMSP spacecraft are orbiting closer to the dayside than Svalbard dur-394

ing this interval). In the top panel of Fig. 11b, for the ‘open’ event, it can be see than395

the energy flux measured by the DMSP spacecraft is approximately a factor of 10 greater396

than the mean energy flux estimated from the ASK analysis (0.3 mW m−2). As discussed397

above these measurements are at different times (DMSP observations are at 18:53:30 UT398

whereas the ASK observations are from 18:35:30 UT) and therefore some discrepancies399

are expected. However, the difference in energy flux can also be understood in terms of400

the spatial separation between the two observation points. The DMSP pass occurs on401

the dayside of the polar cap whereas Svalbard is located on the nightside during this in-402

terval; therefore a physical reason for the discrepancy in the observations could be due403

to the noon-midnight gradient in the polar rain flux. This was first explicitly shown by404

Newell et al. (2009) and is due to the the kink in the open field lines as they cross the405

polar cap and enter the magnetotail. For particles to enter the ionosphere via these open406

field lines they have to have thermal speeds greater than the bulk plasma velocity, which407

is approximately the kink speed of the magnetic field lines. Fewer particles are able to408
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Figure 11. The summed energy flux (top panel) and corresponding electron spectrograms

(bottom panel) for the ‘closed’ (a) and ‘open’ (b) events over one minute as the DMSP F19 and

F17 spacecraft intersected the arcs respectively. The red lines show the approximate energy flux

and energy estimated using ground based techniques.
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enter the ionosphere as the field lines travel further downtail, which leads to a drop off409

in the polar rain flux across the polar cap. This gradient is consistent with our obser-410

vations and could therefore explain the discrepancies between the DMSP and ASK ob-411

servations for the ‘open’ event.412

4.2.2 Energy measurements413

The energies plotted in the bottom panels of Figs. 4 and 9 represent the charac-414

teristic energy of the precipitation from a Gaussian distribution. The SSJ/5 spectrograms415

in Figure 11 show the energy distributed over a log scale. It can be seen that the esti-416

mated energy for the ‘open field line’ event (Fig. 11b), despite being larger than previ-417

ous estimates for polar rain arcs as discussed above, agrees well with the DMSP parti-418

cle data. In the case of the ‘closed field line’ event (Fig. 11a) the energy estimate from419

the ground-based techniques is slightly larger than measurements from DMSP. Consid-420

ering the polar cap arc formation mechanism suggested by Milan et al. (2005) (which421

describes nightside reconnection during northward IMF where the newly closed field lines422

get ‘stuck’ in the magnetotail), this potential discrepancy can be understood in terms423

of field line contraction. The DMSP observations are further sunward when considering424

the ionospheric footprint of the field line than those over the ASK instrument (see Fig. 1),425

this means that the closed field line associated with the DMSP observation crosses the426

equator further tailward. The field line over the ASK instrument will be closer to the427

planet at the equator and therefore more contracted than the field lines sampled by the428

DMSP spacecraft. Therefore, we may expect the electrons causing the ASK precipita-429

tion to have undergone more acceleration (and therefore be at higher energies) than elec-430

trons on field lines further sunwards, like those over DMSP, consistent with our obser-431

vations.432

4.3 Ground-based spectral observations433

As previously discussed, Fig. 5 shows the residual fit from the H-α panel of the Hi-434

TIES instrument, between 6550-6570 Å, for the ‘closed’ and ‘open’ events in black and435

red respectively. During the ‘closed’ event, there is an additional broadening towards shorter436

wavelength which indicates a Doppler shifted blue wing generated by precipitating pro-437

tons (e.g. Eather (1967)). In the ‘open’ case, the spectrum is centred on the unshifted438

H-alpha wavelength, with no raised wings, which suggests that the emission is a result439
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of dayglow (Weller et al., 1971). These observations are consistent with the DMSP ob-440

servations and demonstrate that the auroral precipitation used to identify the topology441

of the field lines on which the polar cap arcs are formed, can be verified using ground-442

based instrumentation.443

4.4 Ionospheric flow observations444

SuperDARN map potential plots were shown in context with SSUSI observations445

during the ‘open’ event (Fig. 10); evidence of lobe reconnection was seen throughout the446

event. These data were initially investigated to try to find evidence of shear flows which447

could be accelerating polar rain and generating this arc (as suggested by Carlson and448

Cowley (2005)). However, the ionospheric flows associated with the lobe reconnection449

cell on the duskside were anti-clockwise which is not consistent with upward field aligned450

current or precipitating electrons (Chiu et al., 1985). Furthermore, we note that scat-451

ter confirming the presence of this convection cell was only present sunward of the ‘open’452

arc, and we therefore have insufficient information on the presence or absence of shear453

flows at the location of the arc. We speculate that, if a shear flow does exist, rather than454

it being generated by opposing flow shears, as envisaged by (Chiu et al., 1985), it is more455

likely to be excited by the gradient in the strength of the sunward flow generated by the456

lobe reconnection, due to the location of the sunward flow. We also noted that the sun-457

ward tips of both of the arcs observed in this event (the ‘open’ arc on the duskside dis-458

cussed in this paper and the arc consistent with closed field lines on the dawnside), were459

aligned with the sunward flow channels generated with lobe reconnection, in agreement460

with Fear et al. (2015), as opposed to being centered between the opposing flow chan-461

nels suggested by Chiu et al. (1985).462

5 Conclusion463

Two events containing polar cap arcs occurring over Svalbard on 15/12/15 and 04/02/16464

have been investigated using multi-scale ground based and spacecraft instrumentation.465

The arcs were classified as consistent with occurrence on different magnetic topologies466

in each event, based on the associated particle precipitation and if there were observed467

in SSUSI images from one or both hemispheres (as discussed in Reidy et al. (2018)). The468

arcs were analysed using ground based instrumentation on Svalbard including an all sky469

imager, a high resolution multi-spectral imager (ASK) and a spectrograph (HITIES).470

–24–



manuscript submitted to JGR: Space Physics

The all sky images showed approximately North-South aligned arcs passing through the471

field of view of ASK that mapped to the locations of the polar cap arcs observed in SSUSI472

UV images.473

Key findings:474

• This paper expands the knowledge of polar cap arcs by presenting the first obser-475

vations of polar cap arcs on very small spatial scales (of the order of meters) and476

temporal resolution (milliseconds to seconds) using the ASK instrument.477

• The structure associated with arcs generated by different formation mechanisms478

is found to be very different and fits with expectations for the different magnetic479

field topologies, i.e. polar cap arcs on closed field lines were found to be associ-480

ated with dynamic structured aurora whereas arcs formed on open field lines were481

found to be associated with much lower fluxes and less structure.482

• Estimates of the energy and energy flux of the precipitation generating these arcs483

from the ASK observations were compared with in-situ measurements from the484

DMSP spacecraft. We found generally good agreement between the two and were485

able to explain any potential inconsistencies by considering the location where the486

measurement were taken with respect to each other and to the geometry of the487

magnetic field lines, and also by considering the nature of the different polar cap488

arc generation mechanisms.489

• During the event containing arcs consistent with closed field lines, a signature of490

proton precipitation was observed in ground-based data which was not present in491

the data during the ‘open’ event. This verifies the criteria outlined by Reidy et492

al. (2018), for identifying polar cap arcs occurring on different magnetic field topolo-493

gies by the associated particle precipitation, using independent measurements from494

the HiTIES instrument.495

• The formation mechanisms of polar cap arcs occurring on open field line arcs have496

been investigated using measurements of the ionospheric flows associated with lobe497

reconnection using SuperDARN. A gradient in these flows is suggested to be a pos-498

sible source of the shear flow which could result in downward current and accel-499

eration of polar rain.500
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