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Abstract. On 24 November 2012, an interval of polar cap patches was observed by an all-sky1

airglow imager located near the dayside cusp. During the interval, the successive appearance2

of poleward-moving auroral forms (PMAF) was detected, which are known to represent iono-3

spheric manifestations of pulsed magnetic reconnections at the equatorial magnetopause. All4

of the patches observed during the interval appeared from transient auroral features (i.e., there5

was a one-to-one correspondence between PMAF and newly-created baby patches). This fact6

strongly suggests that patches can be directly and seamlessly created from a series of PMAF.7

The optical intensities of the baby patches were 100–150 R, which is slightly lower than typical8

patch luminosity on the nightside, and may imply that PMAF-induced patches are generally9

low-density. The generation of such patches could be explained by impact ionization due to soft10

particle precipitation into PMAF traces. In spite of the faint signature of the baby patches, two11

coherent high frequency (HF) radars of the SuperDARN network observed backscatter echoes12

in the central polar cap, which represented manifestations of plasma irregularities associated13

with the baby patches. These indicate that patches created from PMAF have the potential to14

affect the satellite communications environment in the central polar cap region.15
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Introduction16

Polar cap patches are defined as regions of increased plasma density traveling across the polar17

cap ionosphere [Crowley, 1996]. They are believed to be created near the dayside cusp region,18

and are subsequently transported towards the auroral region on the nightside [Oksavik et al.,19

2010]. Since their discovery in 1980s, [Weber et al., 1984] patches have been studied using20

ground-based radio observations [Pedersen et al., 2000; Milan et al., 2002; McDougall and Jay-21

achandran, 2007] and in-situ measurements by low-Earth orbiting satellites [Coley and Heelis,22

1995; Kivanc and Heelis, 1997]. In recent years, all-sky airglow imagers (ASIs) equipped with23

cooled charge-couple (CCD) detectors have been used extensively for capturing the dynamic24

characteristics of patches [Hosokawa et al., 2006, 2010; Dahlgren et al., 2012a, 2012b]. A sig-25

nificant advantage of airglow measurements is their ability to observe the spatial distribution26

of patches in a 2D fashion, and with a wide field-of view [e.g., Hosokawa et al., 2014]. Further-27

more, the recent use of highly sensitive electron multiplier charge-coupled device (EMCCD)28

imagers has made it possible to visualize fine-scale structures with improved temporal and29

spatial resolutions [Hosokawa et al., 2013a; 2013b].30

Recent high-quality airglow measurements have greatly contributed to a better under-31

standing of the processes determining the spatial distribution of patches during their long-32

distance travel across the central polar cap. However, our understanding of patch creation33

processes remains insufficient. A number of processes have been considered to explain the gen-34

eration of patches on the dayside [Carlson, 2012]: 1) the large-scale reorientation of plasma35

convection near the cusp due to changes in the interplanetary magnetic field (IMF) By and Bz36

[Anderson et al., 1988; Sojka et al., 1993]; 2) plasma reduction due to convection jets through37

frictional heating [Rodger et al., 1994; Valladares et al., 1994, 1996]; 3) the capturing of dense38

plasma in the sunlit region due to the expansion/contraction of the open/closed field line bound-39

ary by transient reconnection [Lockwood and Carlson, 1992; Carlson et al., 2004, 2006]; and 4)40
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localized plasma enhancement through impact ionization due to cusp precipitation [Walker et41

al., 1999; Smith et al., 2000; Oksavik et al., 2006]. However, it is still unclear as to which of42

these mechanisms is dominant.43

Recent 630.0 nm airglow measurements in the polar cap have revealed two key character-44

istics of patches that should be taken into account when discussing patch generation processes:45

1) the “cigar-shaped structure” of patches observed by Hosokawa et al. [2014], who combined46

data from two airglow imagers in the polar cap to show that the dawn-dusk extent of patches47

was more than 1000 km, while the thickness in the noon–midnight direction was less than 50048

km, meaning that patches are more elongated in the direction perpendicular to their motion49

(i.e., their structure is cigar-shaped); 2) patch “periodicity”, observed using a highly sensitive50

EMCCD ASI on the nightside. Hosokawa et al. [2013a] found a 5–12 min periodic oscillation51

in a time-series of patch luminosity, which implies that patches generally have some sort of pe-52

riodicity. Any proposed patch generation processes must reproduce these two characteristics;53

therefore, any process that can create cigar-shaped patches in a periodic manner should be54

considered a strong candidate for the origin of polar cap patches.55

Many previous observations have detected periodic aurora phenomena near the dayside56

cusp region, which are known as poleward moving auroral forms (PMAF) [e.g., Fasel, 1995].57

PMAF are characterized by 630.0 nm auroral arcs that are detached from the dayside auroral58

oval and propagate poleward in a periodic manner. It is now widely accepted that PMAF are59

ionospheric manifestations of pulsed magnetic reconnections at the equatorial magnetopause60

[e.g., Wild et al., 2001]. Fasel [1995] investigated the periodicity of PMAF using a large volume61

of optical data from the dayside cusp and demonstrated that the typical period of PMAF ranges62

from a few minutes to 10 min. This periodicity is very similar to that of patches identified on63

the nightside [Hosokawa et al., 2013a]. Furthermore, the spatial structure of PMAF is known64

to be more elongated in the longitudinal direction (i.e., in the direction perpendicular to their65
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poleward motion) [e.g., Milan et al., 2000], which is consistent with the cigar-shaped structure66

of the patches captured in the central polar cap [Hosokawa et al., 2014]. Taking these two67

similarities into account, it is natural to speculate that patches are directly created from PMAF68

near the dayside cusp region.69

Lorentzen et al. [2010] first validated this theory by investigating the connection between70

optical signatures of patches and PMAF captured by several optical instruments in Longyear-71

byen, Norway. In Longyearbyen, daytime aurorae can be observed using ground-based optical72

instruments for a limited period near the winter solstice. By using data from such unique occa-73

sions, Lorentzen et al. [2010] showed slight indications of faint airglow features (i.e., signatures74

of newly-created baby patches) emerging from the poleward moving PMAF traces. Further-75

more, they proposed a model of patch generation based on a combination of photoionization,76

cusp particle precipitation, and the vertical transport of plasma due to heating. However, in77

their study, the sensitivity of the optical instruments was not optimized for tracking the prop-78

agation of baby patches deep into the central polar cap region after their birth in the cusp79

region. This was primarily because PMAF are generally very bright, up to a few thousand80

Rayleigh (kR), while the airglow intensity of polar cap patches is normally just a few hundred81

R. This significant contrast made it impossible to observe these two features simultaneously82

using a single optical instrument.83

The primary objective of this study was to simultaneously observe PMAF and patches in84

order to visualize how patches are created from PMAF and how they then progress towards the85

pole. For this purpose, we have operated an EMCCD airglow imager in Longyearbyen, Norway86

[Taguchi et al., 2012] since October 2012. We have observed both PMAF and patches at 630.087

nm near-simultaneously by splitting our shots into two channels: one with a shorter exposure88

time (1 s) for observing brighter PMAF, and the other with a longer exposure time (4 s) for89

detecting the faint airglow enhancement associated with patches. We alternate these two mea-90
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surements in order to observe bright PMAF and faint airglow patches almost simultaneously.91

In this manuscript, we show a patch interval that was clearly observed in the longer exposure92

time data, and examine its connection with PMAF, which were observed in the shorter expo-93

sure time data. By investigating such an unique interval, we are able to discuss the generation94

mechanism of patches in close association with transient auroral phenomena in the cusp region.95

Experimental Arrangement96

The ASI used in this study has been operative in Longyearbyen, Norway (78.2◦N, 15.6◦E;97

AACGM latitude 75.3◦) since October 2011 [Taguchi et al., 2012]. It is equipped with an98

EMCCD camera (Hamamatsu, C9100-13) whose imaging part has 512×512 pixels. The details99

of the ASI system are provided in Taguchi et al. [2012] and recent examples of the polar cap100

patch observations were introduced in Hosokawa et al. [2013a, 2013b]. Since its deployment101

in 2011, the ASI has observed 630.0 nm airglow images with an exposure time of 4 s in order102

to detect the airglow signatures of polar cap patches. Since October 2012, in order to observe103

bright PMAF near the cusp on the dayside, we have taken additional 1-s exposure time 630.0104

nm images three times a minute. In addition to the on-going 4-s exposure time measurements,105

we can now observe the 630.0 nm airglow using different exposure times quasi-simultaneously.106

In order to see how patches are transported deep into the dark polar cap ionosphere after107

their birth in the cusp, we have made use of two SuperDARN radars at Rankin Inlet (62.82◦N,108

93.11◦W; AACGM latitude 72.96◦) and Inuvik (62.82◦N, 93.11◦W; AACGM latitude 72.96◦),109

which form part of the international SuperDARN network [Chisham et al., 2007]. The coherent110

high frequency (HF) radars of the SuperDARN network are able to observe backscatter echoes111

from decameter-scale field-aligned irregularities associated with polar cap patches, which are112

known to distribute throughout patches [Hosokawa et al., 2009]. Thus, the spatial distribution113

of radar backscatter echoes can be used as proxies for patches in the central polar cap region.114
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On 24 November 2012 (the day of the present observations), the radars were operating in a115

special scan mode, in which measurements were made only along 3 beams that were binned116

into 75 range gates (with a separation between the gates of 45 km).117

Observations118

During a 4-h interval from 0500 to 0900 UT on November 24, 2012, the ASI in Longyearbyen119

observed successive appearance and subsequent poleward progression of PMAF in the vicinity120

of the dayside cusp. Figure 1a shows 630.0 nm optical data taken with an exposure time of121

1 s in a keogram format (i.e., a time vs. zenith angle plot of the optical intensity reproduced122

from consecutive ASI images). Here, the keogram is along the south–north cross section, which123

is suitable for demonstrating the poleward development of PMAF. Throughout the interval, a124

continuous band of 630.0 nm aurora was observed mainly in the southern half of the field-of-view125

(FOV). The equatorward edge of this band was believed to be the signature of the open/closed126

field-line boundary (OCB). A number of poleward moving bright traces observed in the keogram127

were manifestations of PMAF. They first appeared from the OCB, moved poleward towards128

the zenith, and eventually disappeared somewhere in the northern half of the FOV, which is129

typical of a PMAF signature [e.g., Fasel et al., 1995]. During the first half of the interval, the130

OCB was located far south of Longyearbyen, which is favorable for capturing patch creation131

in the central part of the FOV. Thus, we hereafter focus on the 1-h interval from 0545 to 0645132

UT (Figure 1a).133

In the bottom four panels of Figure 1, the IMF By, IMF Bz, solar wind proton density,134

and solar wind velocity during the interval of PMAF are displayed. These parameters were135

obtained by the Advanced Composition Explorer (ACE) spacecraft located far upstream of136

the Earth (XGSM ∼222 Re). As shown in Figure 1e, the solar wind speed ranged from 350137

to 380 km s−1, with a mean of around 370 km s−1. Figure 1d shows that the solar wind138
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proton density was very variable; however, the mean density was ∼11 cc−1. By using these139

parameters, we estimated the delay time of the solar wind from the spacecraft position to the140

dayside cusp ionosphere to be ∼71 min, following a method proposed by Khan and Cowley141

[1999]. The time-series in the bottom four panels of Figure 1 have been shifted accordingly.142

The IMF Bz in Figure 1c was predominantly negative during the interval, with just several143

excursions to positive. Hence, the high-latitude ionosphere should have been dominated by a144

twin-cell convection pattern [e.g., Ruohoniemi et al., 2005], which is a suitable situation for the145

appearance of both PMAF [Fasel et al., 1995] and patches [Hosokawa et al., 2009b]. The IMF146

By in Figure 1b was positive almost throughout this interval. In such a situation, the flow near147

the cusp is typically directed from dusk to dawn due to the magnetic tension force applied by148

the magnetic reconnection at the dayside magnetopause [Cowley et al., 1991].149

Figure 2a shows a keogram reproduced from 1-s exposure time images during a 1-h period150

from 0545 to 0645 UT. During this 1-h interval, the OCB was located far south of Longyearbyen;151

thus, the evolution of PMAF into patches was captured in the central part of the FOV. In the152

keogram, there are a number of clear PMAF traces that move poleward repeatedly. They are153

considered to represent signatures of pulsed equatorial magnetopause reconnection because the154

IMF Bz was directed southward. During this 1-h interval, we observed nine PMAF signatures155

(Figure 2b), and although their luminosity changed as they progressed poleward, their optical156

intensities were a few thousand R. The PMAF repetition period was 4–10 min. Importantly,157

we only observed bright PMAF signatures in the bottom half of the FOV, but no airglow158

enhancements associated with newly-created baby patches, which was consistent with the 1-s159

exposure time.160

The 630.0 nm images with a 4-s exposure time were used to observe the signatures of161

baby patches. The 4-s exposure time data enabled the detection of faint airglow signatures162

since the signal to noise ratio was better than that of the 1-s exposure time data by a factor163
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of 2. Figure 2c shows the 4-s exposure time data in the format of a S–N keogram. The optical164

data saturated in the bottom half of the FOV (i.e., in the region of PMAF) because the optical165

intensity of the PMAF (a few kR) were beyond the dynamic range of the measurements.166

In contrast, in the poleward half of the FOV, very faint traces are seen to drift poleward,167

representing the possible signatures of baby patches newly-created from the PMAF. We traced168

these poleward moving airglow features during the 1-h interval, with a total of 10 poleward169

moving airglow traces observed (Figure 2d). The 4-s exposure time data well demonstrate that170

diffuse structures with weak 630.0 nm airglow enhancements existed in the region poleward of171

PMAF and drifted further poleward toward the central polar cap region (Figures 2c and 2d).172

To confirm the connection between the PMAF and baby patches, we plotted the observed173

PMAF traces and patches as a function of time and magnetic latitude (Figure 3). We observed174

a one-to-one correspondence between the PMAF in the shorter exposure time data and the175

baby airglow patches in the longer exposure time data; although, the first baby patch did not176

have a counterpart in the PMAF observations. Namely, the connection between PMAF and177

baby patches was seamless, providing evidence for the direct creation of patches from PMAF.178

Furthermore, the airglow signatures of the baby patches reached at least 80◦ in the altitude179

adjustment corrected geomagnetic (AACGM) magnetic latitudes [Baker and Wing, 1989], which180

meant that the patches created from the PMAF did not disappear soon after initiation, but were181

transported long distances into the central polar cap. The generation and subsequent poleward182

progression of such newly created patches is more clearly seen in 2D animation (Animation 1).183

In order to investigate the changing luminosity of baby patches during their poleward184

development, we plotted the optical intensity of several points in the keogram (Figure 4a) as a185

time-series (Figure 4b). Several peaks maintained their intensity during poleward propagation,186

which is consistent with the baby patch signatures traveling towards the central polar cap. The187

optical intensity of these baby patches was at least 100–150 R above the background level,188
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roughly consistent with the optical intensity of patches on the nightside. However, patches189

observed on the nightside often show an optical intensity of a few hundred R, even after their190

long distance travel from the dayside [e.g., Hosokawa et al., 2006]. This means that the optical191

intensity of the baby patches during the current interval was slightly smaller than that in typical192

cases; thus, the patches during the current interval might be categorized as low-density [e.g.,193

Zhang et al., 2013].194

Figure 5 shows a snapshot of a 4-s exposure time 630.0 nm image taken at 0630 UT,195

which has been mapped onto the magnetic latitude and magnetic local time (MLT) coordinate196

system. At around 9–10 MLT, the FOV of the ASI was located near the cusp. The image shows197

the faint airglow signatures of baby patches in the poleward half of the FOV. Superimposed198

on the ASI image are contours of the electrostatic potential derived from all of the northern199

hemisphere SuperDARN radars using an algorithm developed by Ruohoniemi and Baker [1998].200

The potential contours show a stream extending from the vicinity of the FOV towards the201

nightside auroral region and all the way across the central polar cap region. The beam directions202

of the SuperDARN Rankin Inlet and Inuvik radars (Figure 5) well cover the possible trajectories203

of the patches produced on the dayside. In past studies, many authors have used the coherent204

HF radars of the SuperDARN network to demonstrate that polar cap patches are detectable as205

blobs of irregularities [e.g., Milan et al., 2002]. In particular, Hosokawa et al. [2009a] reported206

irregularities distributed in the entire region of airglow patches. This allows us to observe the207

transportation of the polar cap patches using the data from the two SuperDARN radars.208

The data from the two SuperDARN radars show a number of blobs in radar echoes whose209

backscatter power is significantly greater than 30 dB (Figure 6). Since the radars were located210

on the nightside and the beams pointed towards the dayside, these irregularities, which moved211

towards the radars, corresponded to the anti-sunward moving polar cap patches. The Doppler212

velocities from these echo regions were mostly positive, which is also consistent with a velocity213
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toward the radar. Thus, the radar patches were actually moving anti-sunward, away from their214

source in the vicinity of the cusp region. During the interval of interest, only three beams215

were operative for both of the SuperDARN radars (Animation 1). Although the number of216

beams was not enough to visualize the motion of irregularities in a 2D fashion, there were some217

indications of the anti-sunward transport of patches along the three beams. This indicates that218

the patches reached the nightside polar cap, and that there existed small-scale irregularities in219

the polar cap, despite the low density of the patches.220

Discussion221

As discussed, patches observed on the nightside show two key characteristics: a “cigar-shaped222

structure” [Hosokawa et al., 2014] and “5–12 min periodicity” [Hosokawa et al., 2013a]. Our223

results show that patches were created from PMAF periodically (Figures 2c and 2d) and that224

the repetition period of the PMAF was 4–10 min, which mirrored that of the newly-created225

patches. Thus, the patches created during the present interval had periodicity consistent with226

Hosokawa et al. [2013a]. Furthermore, PMAF were more elongated in the east–west direction227

(i.e., in the direction perpendicular to their poleward motion; Animation 1). Since the patches228

were created directly from the PMAF, they also had a similar spatial structures extending more229

toward the east–west direction. If these baby patches were transported toward the central polar230

cap, their structures should have been more elongated in the dawn-dusk direction, consistent231

with the cigar-shaped structure of patches introduced by Hosokawa et al. [2014]. Thus, our232

results support the direct creation of patches from PMAF, with a certain fraction of the patches233

detected on the nightside originating from periodic poleward motion of PMAF in the dayside234

cusp, which was first implied by Lorentzen et al. [2010]. Recently, Dahlgren et al. [2012a,235

2012b] showed that weak airglow patches observed in the polar cap had a possible connection236

with 4–8 min periodic auroral behavior on the dayside, which can also be explained by the237
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direct generation of patches from PMAF near the cusp.238

Lockwood and Carlson [1992] proposed a model for the patch generation mechanism239

based on transient reconnection on the dayside. In their model, the transient expansion/contraction240

of OCB due to pulsed reconnection [Cowley and Lockwood, 1992] captures low-latitude high den-241

sity plasma as patches. This model was tested by Carlson et al. [2004, 2006], and remains one242

of the most widely accepted mechanisms of patch generation. Since PMAF are known as signa-243

tures of pulsed reconnection at the equatorial magnetopause, the Lockwood and Carlson [1992]244

model could explain the direct connection between PMAF and patches seen in the current245

study. The suggested expanding/contracting motion of OCB can capture the solar-produced246

high density plasma located equatorward of the cusp. However, such a shift in OCB is known247

to be ∼2◦ [Greenwald et al., 1999; Chisham et al., 2001]; thus, the plasma captured by the248

transient equatorward leap of the boundary may not be sufficient for the production of dense249

F region patches. In addition, Lorentzen et al. [2010] reported no signature of the equatorward250

leap of OCB, which is consistent with our study, as we were also not able to identify signatures251

of large-scale equatorward leap in the keograms (Figure 1a and 2a). More recently, Goodwin et252

al. [2015] showed that by using successive over flights of the Swarm satellite through the day-253

side cusp, the solar extreme ultraviolet (EUV) plasma in the subauroral region could be clearly254

separated from cusp precipitation. By considering these observational facts, the generation of255

patches from PMAF cannot be explained solely by the model of Lockwood and Carlson [1992].256

Another process possibly contributing to the generation of patches is impact ionization257

due to particle precipitation into PMAF. The generation of patches by particle precipitation258

was first suggested by Walker et al. [1999], who combined optical observations with radio259

tomography to show that precipitation of soft particles into the cusp can create substantial260

ionization above 250 km altitude, which is consistent with the process of in-situ patch creation261

due to precipitation. Smith et al. [2000] presented a case in which polar cap patches are created262
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by repetitive intensifications of soft-particle precipitation into the cusp, possibly associated with263

transient reconnections at the magnetopause. A similar conclusion was obtained by Goodwin264

et al. [2015], who employed data from successive over flights of the Swarm satellite through the265

dayside cusp to investigate the role played by particle precipitation on the creation of patches.266

In this study, there was an exact one-to-one correspondence between PMAF and patches,267

which implies that the patches were directly produced through soft particle precipitation into268

the traces of PMAF. Millward et al. [1999] estimated how electron density in the F region269

is enhanced due to particle impact ionization in the cusp. Their model suggests that the270

production rate of ionization at 300 km altitude is ∼8×108 m−3s−1 in the cusp. The lifetime of271

PMAF observed in this study (Figure 2a) was about 5 min; thus, we could expect an increase272

in the electron density of 2–3×1011 m−3. Based on the model of Sakai et al. [2014], who273

investigated the relationship between 630.0 nm airglow intensity and F region peak density, an274

electron density of 2–3×1011 m−3 roughly corresponds to an airglow intensity of 100–200 R.275

This value is consistent with the observed airglow intensities of the newly-created baby patches276

(Figure 4b), which suggests that the soft particle precipitation into PMAF can create patches277

without any horizontal transport of solar EUV plasma from the low-latitude region.278

However, even though the observed optical intensity of the newly-created patches can be279

explained by soft particle precipitation into PMAF, it remains unclear whether such precipitation-280

induced patches are able to survive for a long time during their travel towards the nightside.281

The airglow intensity of polar cap patches observed on the nightside is often a few hundred282

R [e.g., Hosokawa et al., 2006, 2009b]. In contrast, the airglow intensity of the newly-created283

patches (Figure 4c) was up to 150 R. This implies that the patches in the current interval284

should be categorized as low-density. In some previous studies, high- and low-density patches285

have been treated separately. For example, Zhang et al. [2013] discussed the generation mech-286

anisms of high- and low-density patches separately and suggested that low-density patches are287
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created by particle precipitation during a series of transient reconnection events. The results of288

Zhang et al. [2013] and those of the current study may mean that patches directly created from289

PMAF are generally low-density. It has been demonstrated that high-density patches (> 500290

R) are often observed on the nightside, some of which are known as the tongue of ionization291

(TOI: Foster et al. [2005], Hosokawa et al. [2010]). Such high-density patches should be as-292

sociated with the horizontal transport of low-latitude plasma; although, the internal structure293

of high-density patches should be caused by PMAF when it is transported through the cusp294

inflow region [Hosokawa et al., 2010]. It is clear from the current observations that the patches295

generated from PMAF should be different from high-density patches and that they may be296

very weak or invisible when they reach the nightside auroral region.297

The two SuperDARN radars detected blobs of irregularities propagating anti-sunward in298

the central polar cap region. By considering the streamline of high-latitude convection derived299

from the SuperDARN network, we can see that these blobs were transported from the cusp near300

the FOV of the ASI in Longyearbyen. The ASI data show that the newly-created patches were301

low-density (i.e., faint in the airglow data). However, the radar data indicate that these patches302

were structured enough to produce radar backscatter echoes. This implies that even low-density303

patches created from PMAF can produce strong radar backscatter echoes in the central polar304

cap area. These irregularities may cause scintillation effects on the trans-ionospheric satellite305

link. In past studies, patch-associated irregularities have been attributed to gradient-drift306

instability [Gondarenko and Guzdar, 2006 and references therein]. However, more recently,307

Goodwin et al. [2015] used electron density observations from the Swarm satellite to show that308

precipitation in the cusp already has structured patches that become smooth as they travel309

towards the nightside. Since the patches observed in this study were low-density, structuring310

through gradient-drift instability may have been difficult; however, we observed strong radar311

backscatter echoes well after the birth of patches in the cusp, which implies the possible role312
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of particle precipitation in the source region of the structuring of polar cap patches.313

Summary and Conclusion314

We have shown that an interval of polar cap patches was seamlessly produced from a series315

of PMAF. Lorentzen et al. [2010] also demonstrated this process using optical measurements316

of PMAF near the cusp. However, in their event, the sensitivity of the optical instruments317

was not optimized for visualizing the transportation of newly-created patches deep into the318

central polar cap. In this study, we changed the exposure time shot by shot and obtained319

images with different sensitivities quasi-simultaneously, making it possible to observe bright320

PMAF and dim patches at the same time by using a single ASI. As a result, we succeeded in321

visualizing the generation of patches from PMAF and their subsequent propagation into the322

polar cap while maintaining their density. The optical intensity of the newly-created patches323

was 100–150 R, which is slightly lower than that of typical patches observed on the nightside.324

This may imply that patches created from PMAF are generally lower density. We suggest that325

the creation of such low-density patches can be explained by in-situ impact ionization due to326

soft particle precipitation into PMAF; although, the transport of high-density plasma from327

low-latitudes may contribute to plasma enhancement. In addition to optical measurements on328

the dayside, we employed data from two SuperDARN radars in the nighttime polar cap and329

demonstrated that the newly-created patches traveled towards the nightside across the central330

polar cap area. This observation confirms that polar cap patches on the nightside originate331

from PMAF in the dayside cusp region. Furthermore, the radar observations suggest plasma332

irregularities associated with the low-density patches created from PMAF, which may affect333

the satellite communications environment in the polar cap region.334
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Figure Captions501

Figure 1 (a) Keogram reproduced from 630.0 nm all-sky images along the S–N cross section502

from 0500 to 0900 UT on 24 November 2012. The horizontal green line denotes the 0545503

to 0645 UT focus of this study. (b) Interplanetary magnetic field (IMF) By obtained from504

the Advanced Composition Explorer (ACE) spacecraft. (c) IMF Bz obtained from the ACE505

spacecraft. (d) Solar wind proton density obtained from the ACE spacecraft. (e) Solar wind506

speed obtained from the ACE spacecraft. Time-series are shifted by 71 min to account for507

the solar wind propagation delay from the spacecraft to the dayside polar cap.508

Figure 2 (a) S–N keogram reproduced from 1-sec exposure time images between 0545 to509

0645 UT on 24 November 2012. (b) Same as (a), but with the signatures of poleward moving510

auroral forms (PMAF) traced by the red lines. (c) S–N keogram reproduced from 4-sec511

exposure time images between 0545 to 0645 UT on 24 November 2012. (d) Same as (c), but512

with the signatures of newly-created patches traced by the blue lines.513

Figure 3 Temporal evolution of poleward moving auroral form (PMAF) traces and patches514

between 0545 to 0645 UT on 24 November 2012.515
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Figure 4 (a) S–N keogram reproduced from 4-sec exposure time images between 0545 to 0645516

UT on 24 November 2012. (b) Temporal variations in the optical intensity at 5 points (Z,517

and A–D) shown in (a).518

Figure 5 Image showing 4-sec exposure time data at 0630 UT mapped onto the magnetic519

latitude and magnetic local time (MLT) coordinate system. Superimposed blues lines denote520

electrical potential contours derived from the SuperDARN data. The two green fan-shaped521

regions show the directions of beam 7 of the SuperDARN Inuvik and Rankin Inlet radars,522

respectively.523

Figure 6 (a) Range-Time-Intensity (RTI) plot showing backscatter power along beam 7 of524

the SuperDARN Inuvik radar from 0400 to 1200 UT on 24 November 2012. (b) Range-525

Time-Intensity (RTI) plot showing the line-of-sight Doppler velocity along beam 7 of the526

SuperDARN Inuvik radar from 0400 to 1200 UT on 24 November 2012. (c) Same as (a), but527

using data from the SuperDARN Rankin Inlet radar. (d) Same as (b), but using data from528

the SuperDARN Rankin Inlet radar.529
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Figure 1 (a) Keogram reproduced from 630.0 nm all-sky images along the S–N cross section

from 0500 to 0900 UT on 24 November 2012. The horizontal green line denotes the 0545

to 0645 UT focus of this study. (b) Interplanetary magnetic field (IMF) By obtained from

the Advanced Composition Explorer (ACE) spacecraft. (c) IMF Bz obtained from the ACE

spacecraft. (d) Solar wind proton density obtained from the ACE spacecraft. (e) Solar wind

speed obtained from the ACE spacecraft. Time-series are shifted by 71 min to account for the

solar wind propagation delay from the spacecraft to the dayside polar cap.
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Figure 2 (a) S–N keogram reproduced from 1-sec exposure time images between 0545 to 0645

UT on 24 November 2012. (b) Same as (a), but with the signatures of poleward moving auroral

forms (PMAF) traced by the red lines. (c) S–N keogram reproduced from 4-sec exposure time

images between 0545 to 0645 UT on 24 November 2012. (d) Same as (c), but with the signatures

of newly-created patches traced by the blue lines.
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Figure 3 Temporal evolution of poleward moving auroral form (PMAF) traces and patches

between 0545 to 0645 UT on 24 November 2012.
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Figure 4 (a) S–N keogram reproduced from 4-sec exposure time images between 0545 to 0645

UT on 24 November 2012. (b) Temporal variations in the optical intensity at 5 points (Z, and

A–D) shown in (a).
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Figure 5 Image showing the 4-sec exposure time data at 0630 UT mapped onto the magnetic

latitude and magnetic local time (MLT) coordinate system. Superimposed blues lines denote

electrical potential contours derived from the SuperDARN data. The two green fan-shaped

regions show the directions of beam 7 of the SuperDARN Inuvik and Rankin Inlet radars,

respectively.
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Figure 6 (a) Range-Time-Intensity (RTI) plot showing backscatter power along beam 7 of

the SuperDARN Inuvik radar from 0400 to 1200 UT on 24 November 2012. (b) Range-Time-

Intensity (RTI) plot showing the line-of-sight Doppler velocity along beam 7 of the SuperDARN

Inuvik radar from 0400 to 1200 UT on 24 November 2012. (c) Same as (a), but using data from

the SuperDARN Rankin Inlet radar. (d) Same as (b), but using data from the SuperDARN

Rankin Inlet radar.
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