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Abstract

Horse collar aurora (HCA) are an auroral feature where the dawn and dusk sector auroral oval moves polewards and the polar

cap becomes teardrop shaped. They form during prolonged periods of northward IMF, when the IMF clock angle is small.

Their formation has been linked to dual-lobe reconnection (DLR) closing magnetic flux at the dayside magnetopause. The

conditions necessary for DLR are currently not well-understood therefore understanding HCA statistics will allow DLR to be

studied in more detail. We have identified over 600 HCA events between 2010 and 2016 in UV images captured by the Special

Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument on-board the Defense Meteorological Satellite Program (DMSP)

spacecraft F16, F17 and F18. As expected, there is a clear preference for HCA occurring during northward IMF. We find no

clear seasonal dependence in their occurrence, with an average of 8 HCA events per month. The occurrence of HCA events does

not appear to depend on the Bx component of the IMF, suggesting that Bx does not modulate the rate of lobe reconnection.

Considering the average radiance intensity across the dusk-dawn meridian shows the HCA as a separate bulge inside the auroral

oval and that the dawn side arc of the HCA is usually brighter than the dusk in the Lyman-Birge-Hopfield short band (LBHs).

We relate this to the expected field aligned current (FAC) pattern of HCA formation. We further suggest that transpolar arcs

observed in the dawn sector simultaneously in both northern and southern hemispheres are misidentified HCA.
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Key Points:6

• Horse collar aurora, teardrop shaped polar cap, occur frequently approximately 8 times7

per month and are linked to dual lobe reconnection.8

• IMF Bx does not appear to be an important factor in determining the occurrence of lobe9

reconnection.10

• The dawn arc of the horse collar auroras is usually brighter than the dusk.11
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Abstract12

Horse collar aurora (HCA) are an auroral feature where the dawn and dusk sector auroral13

oval moves polewards and the polar cap becomes teardrop shaped. They form during pro-14

longed periods of northward IMF, when the IMF clock angle is small. Their formation has been15

linked to dual-lobe reconnection (DLR) closing magnetic flux at the dayside magnetopause. The16

conditions necessary for DLR are currently not well-understood therefore understanding HCA17

statistics will allow DLR to be studied in more detail. We have identified over 600 HCA events18

between 2010 and 2016 in UV images captured by the Special Sensor Ultraviolet Spectrographic19

Imager (SSUSI) instrument on-board the Defense Meteorological Satellite Program (DMSP)20

spacecraft F16, F17 and F18. As expected, there is a clear preference for HCA occurring during21

northward IMF. We find no clear seasonal dependence in their occurrence, with an average of22

8 HCA events per month. The occurrence of HCA events does not appear to depend on the23

Bx component of the IMF, suggesting that Bx does not modulate the rate of lobe reconnection.24

Considering the average radiance intensity across the dusk-dawn meridian shows the HCA as a25

separate bulge inside the auroral oval and that the dawn side arc of the HCA is usually brighter26

than the dusk in the Lyman-Birge-Hopfield short band (LBHs). We relate this to the expected27

field aligned current (FAC) pattern of HCA formation. We further suggest that transpolar arcs28

observed in the dawn sector simultaneously in both northern and southern hemispheres are29

misidentified HCA.30

Plain Language summary31

Horse collar auroras (HCA) form when the auroras move to high latitudes at dawn and32

dusk. They have been proposed to be formed by a process called dual-lobe reconnection, which33

takes place when the interplanetary magnetic field (IMF) embedded in the solar wind is directed34

almost exactly northwards. We study the occurrence of HCA in auroral observations from the35

Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument onboard satellites of the36

Defense Meteorological Satellite Program for the years 2010 to 2016. Studying the occurrence37

of HCA and the solar wind conditions under which they form allows us to gain new insights38

into the conditions necessary for dual-lobe reconnection (DLR) to occur which are currently39

not well-understood. We find that there are approximately 8 HCA events per month, with40

no seasonal dependence, and that the interplanetary magnetic field (IMF) must be within 3041

degress of northwards. When looked at by season no variation is seen in the IMF Bx component42

therefore suggesting that Bx is not an important factor in the occurrence of lobe reconnection.43

We also note a dawn-dusk asymmetry in the brightness of the HCAs, which we attribute to the44

polarity of the field-aligned electrical currents which produce the auroras.45
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1 Introduction46

Horse collar aurora (HCA) is an auroral phenomenon that occurs during northward IMF, named47

due to the shape of the emitting area. They consist of two arcs and a region of soft particle48

precipitation called ’web’ which contain weak (sometimes subvisual) aurora [Hones et al., 1989].49

It has been suggested that small-scale Sun-aligned arcs and HCA are closely related to each50

other. The polar cap arcs that occur most frequently are those that occur in the morning or51

evening sectors of the polar cap [Hosokawa et al., 2020] and these may constitute the web. In one52

reported event from 6th January 2013 space-based optical observations from the SSUSI (Special53

Sensor Ultraviolet Spectrographic Imager) instrument on board a Defense Meteorological Satel-54

lite Program (DMSP) satellite show an HCA configuration, while simultaneous ground-based55

630.0 nm observations from an all-sky imager at Resolute Bay, Canada, shows the morning56

web of the HCA to be formed of a number of small-scale sun aligned arcs [Hosokawa et al.,57

2020].58

Hones et al. [1989] suggested that the HCA may move in relation to changes in IMF By. In59

their observation from DE 1 auroral images of the southern hemisphere on 9th May 1983 they60

show the evolution of an HCA from its start time of 08:23 UT until around 10:35 UT. During61

this period the IMF Bz was about +5 nT and the By component was negative before 09:20 UT62

when it changed to positive. The centroid of the polar slot (the dim region poleward of the63

HCA, which we identify with the polar cap) moved from dusk to dawn and it was suggested64

that this movement could be linked to the IMF By change.65

In a preliminary estimate of the frequency of occurrence of HCA, Hones et al. [1989] found66

that HCA occur approximately one third of the time during quiet geomagnetic conditions. This67

was based on September to November 1981 DE 1 observations with 83 very quiet condition68

sequences. In 35% of these HCA were identified. In another 35% there may have been HCA but69

low light level and poor viewing conditions made it impossible to make a positive identification.70

16% of images did not have HCA and theta auroras occurred in 12 of the 83 sequences.71

Meng [1981] suggested a mechanism for the formation of the HCA by a poleward expansion72

of the auroral oval on the dusk and dawn side during northward IMF, with the expansion of the73

oval relating to either the thickening or tilting of the central plasma sheet. If the central plasma74

sheet thickens on the dawnside this could lead to a poleward expansion of the auroral oval as75

the morning web of the HCA. If this thickening of the plasma sheet occurred on the dawn and76

dusk sides simultaneously then there would be poleward expansion of the auroral oval on both77

sides leading to an HCA configuration. MHD simulations by Tanaka et al. [2017] were able to78
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produce signatures of small-scale Sun-aligned arcs in field-aligned current (FAC) distributions79

on both sides of the polar cap forming an HCA configuration with significant thickening of the80

plasma sheet seen on both sides [Hosokawa et al., 2020].81

Milan et al. [2020] proposed that the HCA is produced by dual-lobe reconnection closing82

magnetic flux at the dayside magnetopause. This causes a contraction of the polar cap, observed83

as a poleward motion of the dawn and dusk open/closed field line boundary (OCB) to form84

the characteristic teardrop shape observed during HCA. Ionospheric flows are observed to be85

sunwards out of the noon-sector polar cap and antisunwards within the regions of HCA. This86

results in flow shears at the poleward edges of the HCA, requiring field-aligned currents (FACs)87

which are upwards at dawn and downwards at dusk. Milan et al. [2020] suggested that these88

FACs, especially the upwards FAC at dawn, are expected to be related to the occurrence of89

auroral emissions along the poleward edge of the HCAs.90

The conditions necessary for dual-lobe reconnection to occur are not well-understood at91

present. Lobe reconnection is thought to occur when the IMF is directed northwards, such that92

the fields either side of the lobe magnetopause are antiparallel. If the IMF has a significant93

By component then the reconnection sites in the northern and southern hemispheres will be94

displaced from noon, and reconnection in the two hemispheres will take place with different95

IMF field lines. This is referred to as single lobe reconnection (an IMF field line reconnects96

with a single lobe), though can occur simultaneously in both hemispheres. However, the rate of97

reconnection in the two hemispheres could be different, perhaps because the summer hemisphere98

may be preferred for reconnection, and/or the polarity of the IMF Bx component could favour99

the antiparallel condition in the north or the south. Dual-lobe reconnection, leading to the100

closure of magnetospheric flux, is thought to occur when By is near-zero (that is, the clock angle101

is near-zero) such that the same IMF field line reconnects in both the north and the south. Imber102

et al. [2006] estimated that the absolute value of the clock angle had to be less than 10 degrees103

for DLR to occur. However, it might be expected that seasonal and Bx component factors104

could also affect its occurrence, maybe leading to SLR rather than DLR even for near-zero clock105

angle.106

These issues have been hard to investigate due to the difficulty of identifying when DLR107

is actually taking place. However, if the formation of HCAs can be used as a proxy for the108

occurrence of DLR, then studies of northward IMF reconnection geometries are facilitated. The109

aim of the present paper is to determine occurrences of HCA over a seven year interval, and to110

use these to better understand the conditions that favour DLR.111
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The present paper follows on from a previous study of the occurrence of transpolar arcs112

(TPAs) in DMSP/SSUSI data [Bower et al., 2022]. A discussion of the observing biases of the113

DMSP spacecraft with season and UT can be found it that report. In addition, in common with114

previous studies, [Rairden and Mende, 1989, Valladares et al., 1994, Hosokawa et al., 2011, Fear115

and Milan, 2012], Bower et al. [2022] found a preponderance of TPAs in the dawn sector in both116

the northern and southern hemispheres. In most cases TPAs appear at dawn in the northern117

(southern) hemisphere and dusk in the southern (northern) hemisphere if IMF By is negative118

(positive). However, there are many cases in which TPAs appear at dawn in both hemispheres.119

In this present study we investigate whether these dawn-dawn cases are actually mis-identified120

HCAs.121

In this paper, we study the occurrence statistics of HCA. Section 2 describes the instrumen-122

tation used in the study along with the HCA occurrence statistics (section 2.1) and associated123

IMF conditions (section 2.2). Section 2.3 focusses on the average radiance intensity of the HCA124

events across the dusk-dawn meridian. The results are discussed in section 3. Section 3.2 focuses125

on conjugate TPAs identified by the detection algorithm in Bower et al. [2022], in particular126

those which appear to form at dawn in both hemispheres which we relate to HCA. Finally,127

section 4 concludes.128

2 Observations129

The data used is from the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument130

on board Defense Meteorological Satellite Program (DMSP) spacecraft F16, F17 and F18 which131

were all operational between 2010 and 2016 thus providing near-simultaneous inter-hemispheric132

observations [Paxton et al., 1992, 1993, 2017]. The SSUSI instrument builds up images of the133

auroral emission in the polar region by scanning antisunward from its roughly dawn-dusk orbit134

over approximately 20 minutes, and of each hemisphere approximately every 50 min as they are135

in 101.6 minute sun-synchronous orbits with an altitude of 833 km (nominal). The DMSP/SSUSI136

data was visually inspected to identify horse collar aurora (HCA). An example of an HCA in the137

DMSP/SSUSI data is shown in figure 1. HCA were identified when there is aurora seen at high138

latitudes in the polar regions on both sides on the midnight meridian. SSUSI obtains the entire139

FUV spectrum. Due to data rate limitations five spectral segments or ’colors’ are downlinked140

in imaging mode [Paxton et al., 1992]. Only Lyman-Birge-Hopfield short band (LBHs) and141

130 nm wavelength were used to identify the HCA. These wavelengths were chosen as they are142

usually the clearest in the DMSP/SSUSI data, with 135.6 nm and Lyman-Birge-Hopfield long143
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band (LBHl) being the next clearest. Lyman alpha is usually the least clear in comparison to144

the other wavelengths because the ubiquitous geocoronal H Lyman-alpha emission is often far145

brighter than the auroral signal.146

Figure 1: Example of HCA identified in the DMSP/SSUSI data on 15th December 2015 at 19:11 UT in the

northern hemisphere. a) LBHs b) 130.4 nm.

2.1 HCA Occurrence147

Over the seven years analysed, 642 HCA events were identified, of which 435 were multiple148

DMSP/SSUSI image events (when the HCA was observed in two or more consecutive passes149

of either hemisphere) and 207 were single DMSP/SSUSI image events. Figure 2a shows the150

distribution of HCA by month for each year, the black line is the mean value for each month151

and the red lines show plus and minus one standard deviation. There are an average of 8 HCA152

events per month. There is no clear signature of a seasonal dependence, though perhaps a dip153

in occurrence in the months June and July. We tested the significance of this by performing a154

chi-squared test on the average distribution (black line) and found a p-value of 0.9218 therefore155

the null hypothesis of a uniform distribution is not rejected. Figure 2b is in the same format156

as Figure 2a but for the UT distribution. As discussed by Bower et al. [2022] the orbits of the157

DMSP spacecraft introduce a viewing bias into the observations by SSUSI. This distribution158

here is consistent with the viewing bias modelled by Bower et al. [2022] and as such we suggest159

that the true occurrence of HCA by time-of-day is uniform.160

Figure 2c shows the number of HCA identified each year: on average there are approximately161

90 HCA events per year. The data were collected from near the end of the extended solar162

minimum of SC23 (2010) until near the minimum at the end of SC24 (2016). No dependence163
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on average F10.7 index is seen. The duration of the 435 HCA events made up of multiple164

DMSP/SSUSI images is approximated using the first and last DMSP/SSUSI image as the start165

and end times respectively. Boxplots of the duration of the HCA events by year are shown in166

Figure 2d which shows that there is not much variation in duration of the HCA events by year167

with a mean duration of 2.29 hours. Figure 2e shows the number of HCA events by duration in168

30 bins and shows that the majority of the HCA events have a duration of less than 2 hours.169

Due to the data gaps and limited spatial coverage at certain UTs of the DMSP/SSUSI data it170

is difficult to pinpoint the exact start and end times of the HCA event, as the HCA may have171

formed before the first image and/or persist afterwards.172

2.2 IMF conditions173

The solar wind and IMF conditions were considered for the hour before the HCA event (Figure174

3). The IMF data used is from the OMNI dataset with 1 minute cadence [King and Papitashvili,175

2005]. The red curves in Figure 3 show the background distributions, the average solar wind176

and IMF conditions between 2010 and 2016. The black is the IMF conditions averaged over the177

hour before the time of the first HCA image in each event. Percentages are used to make the two178

curves comparable. We note that the average IMF clock angle is found from the average of the179

components. The Bx, By, solar wind density and solar wind speed components (Figure 3a, 3b,180

3e and 3f respectively) all follow the same pattern for the HCA events as for the non HCA times.181

Only IMF Bz and IMF clock angle, θ (Figure 3c and 3d respectively) have a clear departure182

from the background distribution, such that the HCA form when the IMF Bz is positive and θ183

is small.184

There is perhaps a slight preference for IMF By conditions near zero (Figure 3b) but it is185

not significant based on a Kolmogorov–Smirnov (KS) test, the results of which are shown in186

the upper right corner of each panel in Figure 3, the inset panel are the cumulative distribution187

functions (cdfs) used for the KS test. Only θ and Bz (Figure 3c and 3d respectively) have KS188

test statistics greater than the critical threshold (0.2302) to accept the null hypothesis with a189

significance level of 0.01.190
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a) Bx seasonal distribution solstices 2010-2016 
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b) Bx seasonal distribution equinox 2010-2016 
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Figure 4: Number of HCA events in nT bins of the average Bx component in the hour before the start of the

HCA event.a) solstices b) equinoxes. red) May, June and July blue) November, December and January green)

August, September and October yellow) February, March and April. The top right of each panel is the CDF used

in KS test.

If the occurrence of dual-lobe reconnection (and hence HCA) was dependent on IMF Bx, any191

seasonal variation in the occurrence of HCA could be explained by the variation in dipole tilt. We192

investigated whether this could produce the dip in HCA events in June and July. Figure 4a shows193

the average IMF Bx distribution in the hour before the HCA event for the northern hemisphere194

summer solstice (May, June and July) in red and winter solstice (November, December and195

January) in blue. From this it can be seen there is no clear difference in the distributions.196

However in Figure 4b we show the distributions for the equinoxes, spring equinox (February,197

March and April) in yellow and the autumn equinox (August, September and October) in green,198

and in this case there does appear to be a difference. This is supported by the KS test results199

shown in the upper left corner of the plots. During the spring equinox months the HCA appear200

occur more often when Bx is negative and during the autumn equinox they occur more often201

under positive Bx however this is likely due to the GSM coordinate system used as discussed in202

section 3.1.203
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Figure 5: a) IMF Clock angle for the 4 hours before the HCA first image. b) Boxplots of the duration of time

that the IMF stays below 20◦ in the hours before the first HCA image in an event.

Figure 5a shows how the average θ varies in hour bins before the first image in each HCA204

event, from 0-1 hour to 3-4 hours before the event. Average θ was calculated from the average205

By and Bz components during the hour bin with periods of no data removed. From this it is206

clear that θ reduces as the start time of the HCA approaches. For each of the distributions we207

calculated the mean resultant length, R, which is a measure of the concentration of the data in a208

particular direction [Mardia and Jupp, 2009]. The values of R for the hour bins are shown in the209

top right of each panel in Figure 5a. A value of R=1 means that the distribution is concentrated210

in one direction bin only. R increased as the start time of the HCA approaches, from 0.32 in the211

3-4 hours before to 0.77 in the hour before. In the hour before the HCA event the clock angle212

reduces to between -33◦ and 25◦ for 50% of the events213

The length of time that θ stays below 20◦ in the hours before the HCA event is also con-214

sidered. Figure 5b shows boxplots of how long θ is between 20 and -20 degrees in the 4 hours215

before the start of the HCA event, with the mean value plotted as the dotted line. From this,216

it is clear that the absolute value of θ is less than 20◦ for longer as the start time of the HCA217

approaches, with it reaching a mean of 9.4 minutes in the hour before the HCA event.218

2.3 Average radiance intensity219

We now investigate the average pattern of auroral radiance observed during the HCA events.220

The average radiance of the LBHs DMSP/SSUSI images for the HCA events are broken down by221

spacecraft and hemisphere and presented in Figure 6. The same figure has been created for the222

other SSUSI wavelengths but is not shown. The top and bottom rows are northern and southern223
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hemispheres, respectively. These were created by stacking the DMSP/SSUSI images and taking224

the average. The HCA appears as auroral emission poleward of the main auroral oval, especially225

at dawn and dusk. The HCA appears clearer in the F16 data particularly for LBHl, LBHs and226

130.4 nm. It is interesting to note that the three spacecraft appear to identify different features.227

F16 identified more clearly the auroral web of the HCA. F16 and F18 identify bright spots that228

are located pre-noon poleward of 80◦ latitude, and post-noon (15 MLT) equatorward of 80◦229

latitude which are co-located with expected upward current described by Milan et al. [2021].230

The auroras producing the pre-noon spot are referred to by previous works as High Latitude231

Detached Arcs (HiLDAs), and are produced by the NBZ (northward BZ) reverse convection232

pattern and the associated upward field aligned currents [Carter et al., 2018, Frey, 2007, Paxton233

and Zhang, 2016].234

Figure 6: The average radiance intensity LBHs DMSP/SSUSI image for the HCA event and Average AMPERE

current map for the HCA events. Top row of each panel is northern hemisphere and bottom southern hemisphere.

From left to right the columns are F16 , F17 , F18 and average AMPERE current map for the HCA events.

The right-most panel of Figure 6 shows the average field-aligned current density for the HCA235

events. The top plot is for the northern hemisphere and the bottom is the southern hemisphere.236

These measurements are provided by the Active Magnetosphere and Planetary Electrodynamics237

Response Experiment (AMPERE) with data available between 2010 and 2016 approximately238

every 10 min. It does this by using the magnetic perturbations measured by the 66 satellites239

that make up the Iridium telecommunication network. These satellites are in 6 polar orbital240
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planes at an altitude of 780 km thus a 104 min orbit period [Anderson et al., 2000, Waters et al.,241

2001, Coxon et al., 2018].242

As expected the average AMPERE current maps show there is a clear NBZ current pattern.243

The NBZ current pattern is the pair of upwards and downwards FACs located at latitudes near244

80◦ latitude or higher on the dayside of the polar cap, with reversed polarity FACs at lower245

latitudes, associated with the reverse lobe cells [Iijima and Shibaji, 1987, Milan et al., 2020].246

The currents appear stronger in the northern hemisphere, an asymmetry that was previously247

noted by Coxon et al. [2016] who suggested this could be an effect of asymmetry in the Earth’s248

magnetic field or in the total electron content in the two hemispheres.249

Figure 7: DMSP-F16-SSUSI data from 2010-2-24 12:52 UT in the Northern hemisphere a) The dusk-dawn

radiance intensity averaging area. b) Example of HCA in 135.6 nm and where only the dawn arc is visible in the

other wavelengths on 2010/02/24 at 12:52 UT in the northern hemisphere.

The average intensity of the HCA in the LBHs band is investigated by taking a section250

of the DMSP/SSUSI image as shown in Figure 7a and averaging vertically in the image space251

to give an estimate of the average intensity radiance across the dusk-dawn meridian. Figure252

8a shows the average radiance intensity across the dusk-dawn meridian for the HCA events in253

black. The red curve in Figure 8a is the same analysis on all the LBHs DMSP/SSUSI images254

for all the IMF conditions between 2010 and 2016. Comparing the curves in Figure 8a it can255
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be seen that for the HCA events there is a clear shoulder poleward of the main auroral oval256

(where the HCA arcs are located) and the main oval is contracted to higher latitudes than on257

average. It can also be seen that the dawn side auroras have a higher average radiance intensity258

and although this is also true for the whole data set, particularly in the southern hemisphere,259

the ratio is higher for the HCA events.260

Figure 8: Mean average radiance intensity. a) Both hemispheres b) northern hemisphere c) southern hemisphere

black) HCA events red) background.

We investigated the HCA in more detail to determine how the brightness of the dawn and261

dusk sectors differed. We found that in the LBHs band in 62% the dawn side is brighter, in 13%262

the dusk side is brighter and in 24% they were approximately equal.263

Figures 8b and 8c show the same analysis but for the northern and southern hemispheres264

separately. The overall pattern is the same, with brightness being greatest at dawn in both265

hemispheres, but with the shoulders being more prominent in the northern hemisphere than the266

southern, although the southern does have a widening of the peak still.267
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3 Discussion268

3.1 Occurrence statistics269

There are 642 HCA events identified in the DMSP/SSUSI data from spacecraft F16, F17 and270

F18 between January 2010 and December 2016. As seen in Figure 2a and 2c respectively on271

average there are 8±3 HCA events per month and 92±17 HCA events per year. There is no clear272

seasonal or solar cycle variation in the occurrence. Each month has a differing number of HCA273

events per year with the maximum range, the difference between the maximum and minimum274

number of events in that month, being 7 HCA events. When the standard deviation is considered275

the majority of the events fall within one standard deviation. The UT distribution (Figure 2b)276

is explained by the orbit of the DMSP spacecraft and the area scanned by DMSP/SSUSI. As277

shown in Figure 9d-f of Bower et al. [2022] less of the central polar cap is scanned at certain278

UTs in both hemispheres, with approximately 22 to 8 UT in the northern and approximately 0279

to 8 UT in the southern hemisphere not being scanned with enough coverage over the central280

polar cap. This bias is most prominent in the southern hemisphere. There are also fewer HCA281

observations between 17 and 22 UT which can be linked to the F18 observations as there are less282

HCA identified in the F18 observations and it has poorer coverage in the northern hemisphere283

compared to the other spacecraft [Bower et al., 2022].284

Out of the 642 HCA events 435 of them are made up of multiple DMSP/SSUSI images285

allowing an estimate of the duration of the HCA to be calculated taking the first DMSP/SSUSI286

image of the HCA event as the start time and the last as the end time. The HCA events seen287

only in one DMSP/SSUSI image maybe due to the HCA interval being too short to be seen in288

multiple images. The DMSP spacecraft are all in approximately 100 minute orbits. Assuming289

the HCA should be visible in both hemispheres the time between images is approximately 50290

min for each spacecraft; however as we have used three DMSP spacecraft this separation can291

be shorter. The mean duration of the HCA events is found to be 2.29 hours and the median292

to be 1.70 hours. This median is close to the 100 min orbit of the spacecraft. Figure 2e shows293

the occurrence distribution of duration in 30 min bins and it can bee seen that the majority of294

the HCA events occur for shorter durations. It is therefore likely that these single image HCA295

events are shorter events.296

The IMF conditions averaged during the hour before the start of the HCA event are as297

expected, positive (northward) for the IMF Bz component (Figure 3c) with a small average θ298

(Figure 3d). This is supported by the KS test result where the hull hypnosis that the background299

and HCA events occur under the same conditions is rejected for IMF Bz and θ but not for the300
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other IMF parameters (Bx, By, Nsw and Vsw), therefore it is clear that the HCA form when the301

IMF Bz is positive and θ small.302

As shown in Figure 3d θ is smaller for HCA events than for the average solar wind conditions303

of 2010-2016. Imber et al. [2006] suggested that the θ should be below ±10◦ for DLR to occur.304

For the HCA events identified here, the θ reduces to a mean of approximately -3.17◦ in the305

hour before the start of the HCA event (the first DMSP/SSUSI image of the event) with a mean306

resultant length of 0.77. The criterion is not as stringent as that identified by Imber et al. [2006],307

but it is clear that near-zero clock angle is required for DLR to occur. 50% of the events have a308

clock angle of between -33◦ and 25◦ in the hour before the event; this spread could be due to the309

uncertainty of the start time of the HCA events as discussed earlier in regard to the duration310

of the HCA events. The mean length of time the θ stays below 20◦ in the hour before the first311

image in an HCA event is approximately 9 minutes (Figure 5b).312

The factors that govern the occurrence and rate of lobe reconnection are unclear. It has313

been suggested in the past that lobe reconnection should be favoured in the summer hemisphere,314

and that positive or negative IMF Bx favours the southern or northern hemispheres, respectively315

[Lockwood and Moen, 1999]. We might expect to see this reflected in our seasonal and IMF316

Bx distributions. For instance, if lobe reconnection is disfavoured in the winter hemisphere,317

we might expect to see reductions in the occurrence of HCA around June (winter solstice in318

the southern hemisphere) and December (winter solstice in the northern hemisphere). There319

is a slight dip around June and July, but this does not seem significant with a chi-squared320

test p-value of 0.9218. We might also expect Bx > 0 to be disfavoured in northern winter321

(December) and Bx < 0 disfavoured in southern winter (June) for lobe reconnection resulting322

in fewer observed HCAs. However, Figure 4a shows the Bx distribution for May, June, and323

July (red) and November, December, and January (blue) and there is no difference in the two324

distributions. This is supported by a KS test statistic of 0.1330 and a rejection threshold of325

0.2302 at a significant level of 0.01.326

The equinoxes (figure 4b) however are statistically different based on a KS test statistic327

of 0.4310 and a rejection threshold of 0.2302 at a significance level of 0.01. Initial inspection328

of the equinoxes shows a preference for the HCA to form under positive (negative) Bx in the329

autumn (spring) however this is explained by the coordinate system used. The IMF data is in330

GSM coordinates which are fixed to the magnetic axis of the Earth. At autumn the axis of the331

Earth is tilted so that the IMF By is negative. Under a typical Parker spiral Bx = −By [Parker,332

1958], therefore we except Bx to be positive, as seen, with the opposite being true in spring.333
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This is supported by the IMF By distribution (not shown) where in autumn (spring) IMF By334

is negative (positive) for the HCA events. Therefore this suggests that Bx is not an important335

factor in determining the occurrence of lobe reconnection.336

3.2 HCA morphology and relation to TPAs337

The mean of the average radiance intensity in the LBHs band across the dusk-dawn meridian338

shows the HCA has a clear shoulder on the inside of the auroral oval and that the dawn emission339

is usually brighter (Figure 8). We suggest that the dawn arc of the HCA is bright due to the340

field aligned current pattern. Milan et al. [2020] Figure 3i shows a schematic of the expected341

polarity of the field aligned currents during HCA in the Milan et al. [2020] model. The red342

represents the upward current and the blue the downward current. The dawn arc of the HCA is343

collocated with the upward current and therefore downward going electrons that are more likely344

to create electron aurora. As such we would expect the dawn arc to be brighter in the LBHs345

band as it is primarily measuring electron aurora.346

The dawn/dusk asymmetry of the HCA emission brightness perhaps resolves a long-standing347

problem in understanding the auroral configuration during northward IMF. Bower et al. [2022]348

undertook an automated search for transpolar arcs (TPAs) in SSUSI data and found a prepon-349

derance of TPAs at dawn as opposed to dusk; they also noted that such an asymmetry had been350

recorded in previous studies [Rairden and Mende, 1989, Hosokawa et al., 2011, Fear and Milan,351

2012]. We now propose that HCAs with sufficiently dim dusk emission could be misidentified352

as a lone TPA at dawn. We now reassess the TPA occurrence from the event list of Bower et al.353

[2022].354

From the TPA list obtained in Bower et al. [2022] the TPAs seen in both hemispheres355

simultaneously have been plotted based on their location across the dusk-dawn meridian in356

degrees of colatitude. Figure 9a shows the average location of the TPA across the dusk-dawn357

meridan during the lifetime of the TPA with error bars. The error comes from the detection358

algorithm used to identify the TPAs, in which there is an uncertainty of ±4.8◦ colatitude on359

the location of the arc. The observations fall into three main groupings: dawn in the northern360

hemisphere and dusk in the southern hemisphere, dusk in the northern hemisphere and dawn361

in the southern hemisphere, and dawn in both northern and southern hemispheres. The dawn-362

dusk quadrants have been shaded in green and the dawn-dawn quadrant in yellow. The green363

quadrants are consistent with the expectation that TPAs in the northern hemisphere will form364

at dusk or dawn if IMF By is positive or negative, respectively, with the opposite behaviour365

in the southern hemisphere [Milan et al., 2005, Fear and Milan, 2012]. There are roughly366
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similar numbers of events in the two green quadrants. The yellow quadrant accounts for the367

preponderance of dawn TPAs reported by Bower et al. [2022] and others [Rairden and Mende,368

1989, Valladares et al., 1994, Hosokawa et al., 2011]. These we suspect are misidentified HCA,369

which we test below. The red triangles in Figure 9a are HCA identified in the present study370

that were originally included in the TPA list.371

Figure 9b and c show the start location of the arcs and are colour coded based on the IMF372

By and Bz components in the 3-4 hours before the first DMSP/SSUSI image respectively. 3-4373

hours before the event was chosen as it have previously been shown by Fear and Milan [2012]374

that this is the time period that has the most effect on the location of formation of TPAs. The375

error bars have been removed for clarity. As can be seen from Figure 9c the vast majority of376

arcs are observed for Bz > 0, as expected. The arcs in that occur at dawn in both hemispheres377

also appear to form when the IMF Bz is closer to zero then the arc that form at dusk in378

one hemisphere and dawn in the other which appear to form when the IMF Bz component is379

stronger.380

The dusk-dawn arcs, arcs that occur at dusk in the northern hemisphere and dawn in the381

southern hemisphere, occur mainly when IMF By is positive, with dawn-dusk arcs occurring382

when the IMF By is negative. This is in agreement with the findings of Fear and Milan [2012]383

who showed that in the southern hemisphere TPAs are more likely to form at dawn if IMF By is384

positive in the 3-4 hours before the event, and more likely to form at dusk if negative. Similarly385

in the northern hemisphere more TPAs are likely to form at dawn if the IMF By in the 3-4386

hours before the event is negative and more likely to form at dusk if positive. This observation387

is consistent with the Milan et al. [2005] model of TPA formation.388

The dawn-dawn arcs however occur most often when By is closer to zero. Some uncertain-389

ties are expected in the timing between the onset of HCA/TPA and the relevant solar wind390

measurements due to the relatively poor cadence of the DMSP observations.391

We inspected the DMSP/SSUSI images that make up the dawn-dawn arcs. We found that392

a significant number were originally misclassified as TPA when in fact they are HCA with a393

brighter dawn arc than dusk arc (consistent with the average seen in Figure 8). Some of these394

are missing from the list of HCA identified between Jan 2010 and Dec 2016 as they are clear395

in the 135.6 nm and not the 130.nm or the LBHs which were used to identify the HCA. Figure396

7b shows an example of this for 2010/02/24 at 12:52 UT in the northern hemisphere. In Figure397

7b)ii) and iii) it can also be seen that only the dawn arc is visible in the LBHs and the 130.nm.398

We suggest that there are a large proportion HCA where the dawn arc is brighter than the dusk399
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and as such are easily misclassified as a TPA. Of the dawn-dawn arcs 46% are HCA with a400

further 36% being possible HCA where the dawn arc is brighter. 15% are misclassified as dawn-401

dawn TPAs and fall in to the dawn-dusk or dusk-dawn boxes when the error on their location402

is considered. The final 3% appear to be actual dawn-dawn arcs. The detection algorithm used403

to identify the TPAs works by identifying the peak in average radiance intensity above 12.5◦404

colatitude and as such will always identify the location based on the brightest arc which in the405

case of the HCA is usually the dawn arc. The HCA events studied by Sharber et al. [1992]406

supports this. Their event which occurred on 2nd December 1981 and was imaged between407

14:21 and 15:46 UT by DE-1 first clearly showed the well-defined dawnside web and arc feature408

with the duskside not being clear until 15:10 UT, although they note that the general pattern409

is present throughout the period. Thus we suggest that the dawn-dawn TPAs are actually410

HCA where the dawn arc is brighter due to being colocated with a region of upward FAC. A411

similar preponderance of dawnside TPAs has been identified by previous authors [Rairden and412

Mende, 1989, Valladares et al., 1994, Hosokawa et al., 2011], and this could similarly explain413

their results.414

4 Conclusion415

642 horse collar auroras (HCA) events were identified in the DMSP/SSUSI data between January416

2010 and December 2016. There is no clear seasonal or UT dependence that cannot be attributed417

to the restrictions of the DMSP/SSUSI data. On average, there are 8 HCA events per month418

and 92 events per year. HCA occur under northward IMF when θ is small between -33◦ and419

25◦ in the hour before the HCA events. There is no correlation between IMF Bx, By, solar wind420

density or solar wind speed with the occurrence of HCA. It has long been thought that IMF Bx421

will play a role in modulating lobe reconnection, either favouring or disfavouring reconnection422

in the winter hemisphere. Our results suggest that Bx is not an important factor in determining423

the occurrence of lobe reconnection. |θ| reduces in the 4 hours before the HCA events, reaching424

a mean of -3.17◦ in the hour before the start of the HCA event with a mean resultant length of425

0.77. In the hour before the HCA the average θ stays below 20◦ for an average of 9 minutes.426

The HCA events have an average duration of 2.29 hours, the accuracy of which is limited by the427

cadence of the DMSP/SSUSI images.428

The HCA events show a clear shoulder in the average radiance intensity poleward of the429

main auroral oval and the main oval is contracted towards the poles more than average when430

compared to all the DMSP/SSUSI images in 2012. It can also be seen that the dawn side arc has431
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a higher average radiance intensity and although this is also true for all the 2012 DMSP/SSUSI432

images, the ratio is higher for the HCA images. This can be explained using the Milan et al.433

[2020] model and the expected FAC during the HCA. As the upward current is collocated with434

the dawn arc of the HCA we would expect the dawn arc to be brighter in the LBHs band as seen,435

as it is primarily measuring electron aurora. That the dawnside arc tends to be brighter than436

the duskside arc perhaps explains the preponderance of transpolar arcs identified simultaneously437

in the dawn sector in both hemispheres in previous studies.438

It should also be possible to verify the HCA identified in the DMSP/SSUSI data with the439

use of SuperDARN flow maps to check for sunward ionospheric flows across the polar cap.440

Understanding HCA statistics will allow DLR to be studied in more detail. HCA should also441

be magnetically connected to regions of dense plasma within the magnetosphere, captured from442

the solar wind so there is further work to be done looking at in situ spacecraft data to verify443

this.444
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