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Motion of polar cap arcs
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[1] A statistics of motion of polar cap arcs is conducted by using 5 years of optical data
from an all-sky imager at Resolute Bay, Canada (74.73°N, 265.07°E). We identified
743 arcs by using an automated arc detection algorithm and statistically examined their
moving velocities as estimated by the method of Hosokawa et al. (2006). The number
of the arcs studied is about 5 times larger than that in the previous statistics of polar cap
arcs by Valladares et al. (1994); thus, we could expect to obtain more statistically
significant results. Polar cap arcs are found to fall into two distinct categories: the B,-
dependent and B,-independent arcs. The motion of the former arcs follows the rule
reported by Valladares et al. (1994), who showed that stable polar cap arcs move in the
direction of the interplanetary magnetic field (IMF) B,. About two thirds of the arcs
during northward IMF conditions belong to this category. The latter arcs always move
poleward irrespective of the sign of the IMF B), which possibly correspond to the
poleward moving arcs in the morning side reported by Shiokawa et al. (1997). At least one
third of the arcs belong to this category. The B,-dependent arcs tend to move faster when
the magnitude of the IMF B, is larger, suggesting that the transport of open flux by lobe
reconnection from one polar cap compartment to the other controls their motion. In
contrast, the speed of the B -independent arcs does not correlate with the magnitude of the
B,. The motions of both the B,-dependent and B,-independent arcs are most probably
caused by the magnetospheric convection. Convection in the region of B,-dependent arcs
is affected by the IMF B,, which indicates that their sources may be on open field lines or
in the closed magnetosphere adjacent to the open-closed boundary, whereas B,-
independent arcs seem to be well on closed field lines. Hence, the magnetospheric source
of the two types of arc may be different. This implies that the mechanisms causing the
motion and generation of arcs could be different between the two types of polar cap arc.
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1. Introduction

[2] Polar cap arcs are one of the outstanding phenomena
in the polar cap during periods of northward interplanetary
magnetic field (IMF) [e.g., Zhu et al., 1997, and references
therein]. They appear at much higher magnetic latitudes than
the auroral features observed during periods of southward
IMF. Some arcs cross the entire polar cap from the nightside
to the dayside and form a pattern that resembles the Greek
letter 6. Such a type of large-scale polar cap arc is called
“transpolar arcs” or “f aurora” [Frank et al., 1986]. Other
arcs are relatively shorter in length and tend to occur either
in the duskside or dawnside of the polar cap [Valladares et al.,
1994]. Such smaller-scale arcs are generally aligned with
the noon-midnight meridian; thus, we often call them as

IDepartment of Communication Engineering and Informatics,
University of Electro-Communications, Tokyo, Japan.

Department of Physics, University of Oslo, Oslo, Norway.

3Solar-Terrestrial Environment Laboratory, Nagoya University,
Nagoya, Japan.

Copyright 2011 by the American Geophysical Union.
0148-0227/11/2010JA015906

“Sun-aligned arcs.” Studies of polar cap arcs are quite
important since their behavior possibly represents spatial/
temporal evolution of the plasma structure in the interaction
region between the solar wind and magnetosphere [Lundin
et al., 1991]. It is of particular importance to investigate
motion of polar cap arcs because it must indicate dynamical
characteristics of their source plasma at the magnetospheric
altitude.

[3] Optical measurements with ground-based all-sky
imagers have been used to visualize the 2D structure of
polar cap arcs, which has enabled us to derive the motion of
polar cap arcs by examining consecutive all-sky images [e.g.,
Valladares et al., 1994; Shiokawa et al., 1995]. Valladares
et al. [1994] employed a large database obtained by all-sky
image-intensified photometers located in Qaanaaq, Green-
land (77.5°N, 69.2°W) and examined motion of 143 Sun-
aligned arcs in 630.0 nm all-sky images. They showed that
the dawn-dusk motion of slowly moving stable polar cap
arcs is strictly controlled by the sign of the upstream IMF
B,. They interpreted the motion of these B,-dependent arcs
in terms of newly opened fluxes that enter the polar cap
and cause a displacement of the convection cells. Later,
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Milan et al. [2005] examined a transpolar arc observed by
the IMAGE satellite FUV instrument together with the
convection map derived from SuperDARN and proposed a
model in which the B,-dependent motion of polar cap arc
is caused by the lobe reconnection through a transport of
open flux from one polar cap compartment to the other.

[4] As mentioned above, the B,-dependent dawn-dusk
motion of the stable polar cap arcs was well investigated by
Valladares et al. [1994] and the mechanism causing such a
motion may be explained by the open flux transport between
the two bifurcated polar cap compartments [Milan et al.,
2005]. However, there exists another class of polar cap arc
whose motion is not likely to correlate with the IMF B,
Such arcs were first reported by Shiokawa et al. [1995] who
showed that some polar cap arcs in the morning side move
poleward repeatedly irrespective of the sign of the IMF B,
These B,-independent arcs appear during periods of north-
ward IMF as rayed multiple arcs and most of them occur
around the end of substorm-like activities [Shiokawa et al.,
1996, 1997]. Later, Kozlovsky et al. [2007] suggested that
such a type of morning side arc is generated through an
interchange instability process occurring between the plasma
sheet and the low-latitude boundary layer (LLBL) in the
dawn flank of the magnetosphere.

[5] In order to gain more comprehensive understanding
of polar cap arcs, we have to differentiate the above
mentioned two classes of polar cap arcs, B,-dependent and
B,-independent arcs, more clearly and discuss their mag-
netospheric source region separately. For this purpose, it is
highly desirable to investigate the motion of polar cap arcs,
especially its dependence on the upstream IMF orientation,
in a statistical fashion. However, it has been difficult to
investigate the motion of polar cap arcs from optical observa-
tions statistically. To date, the study by Valladares et al.
[1994] has been the only one statistical analysis using a
large data set sufficient for deriving statistically significant
result. A major obstacle to conducting such a research is a
difficulty involved in computing the motion of polar cap
arcs from a huge amount of optical images automatically.
Actually, Valladares et al. [1994] only investigated slowly
moving stable arcs because they picked up the arcs and
estimated their motion manually. Clearly, some automated
procedure for extracting the motion of polar cap arcs from a
large amount of all-sky images is required to investigate the
behavior of polar cap arcs in further detail.

[6] Recently, Hosokawa et al. [2006] developed a method
for estimating motion of polar cap patches [Crowley, 1996]
from routine all-sky airglow measurement at Resolute Bay,
Canada. This method is based on 2D cross correlation
analysis of consecutive all-sky images. Hosokawa et al.
[2009b] applied this method to the all-sky images obtained
at Resolute Bay and carried out a statistical analysis of
patch motion. In this paper, we employ the patch-tracking
algorithm of Hosokawa et al. [2006] to estimate the motion
of polar cap arcs. In addition, we newly developed an
additional algorithm of automated detection of polar cap
arcs. By combining these two methods, we investigate the
dawn-dusk motion of polar cap arcs in a statistical fashion.
Outline of the paper is as follows: section 2 briefly describes
the optical instrument used in the statistical analysis. Section 3
presents the methodology employed to detect the occurrence
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of polar cap arcs and to compute their motion. In section 4
we introduce the statistical results, and then discuss the
motion of polar cap arcs and its dependence on the upstream
IMF orientation. Section 5 provides summary of this paper.

2. Instrumentation

[7] An all-sky airglow imager employed in the current
statistical analysis was developed by the Solar-Terrestrial
Environment Laboratory, Nagoya University, as a part of
the Optical Mesosphere Thermosphere Imagers (OMTIs)
[Shiokawa et al., 1999]. The OMTI system has been em-
ployed to visualize wide varieties of thermospheric phe-
nomena in the midlatitude and low-latitude regions such as
traveling ionospheric disturbances, plasma bubbles and low-
latitude aurora. The imager at Resolute Bay, Canada (74.73°N,
265.07°E; AACGM latitude 82.9°) has been in operation
since January 2005 as a part of the OMTTIs system [Hosokawa
et al., 2006]. This imager has a number of optical filters,
such as 557.7 nm, 630.0 nm, 777.4 nm, Na-line, and OH-band;
this enables us to study various upper atmospheric phenom-
ena occurring in the polar cap region, such as polar cap
patches [Hosokawa et al., 2006, 2009a, 2009b, 2010a],
tongue of ionization [Hosokawa et al., 2009¢c, 2010b], polar
cap aurora [Koustov et al., 2008; Jayachandran et al., 2009],
and gravity waves at mesospheric heights [Suzuki et al., 2009].

[8] In the present analysis, all-sky airglow images at a
wavelength of 630.0 nm (OI, emission altitude ranges from
200 to 300 km), which are obtained every 2 min with an
exposure time of 30 s, are employed for estimating the
moving velocities of polar cap arcs. The all-sky observa-
tions of the 630.0 nm emission cover the magnetic latitudes
from 76° to 90° if we assume the emission height of 250 km.
Additionally, time series of the optical intensities at wave-
lengths of 630.0 nm and 577.7 nm measured at the zenith
are used for the automated extraction of arc appearance.
Note that the observation at 557.7 nm is absent every 20 min
because the background continuum emission (572.5 nm) has to
be sampled at these times in order to derive the absolute
optical intensity [Shiokawa et al., 2000, 2009]. The imager
is operational from September to March, when the Sun and
the Moon are sufficiently below the horizon. The data of
5 years, from January 2005 to December 2009, are statisti-
cally analyzed in the current study.

3. Method of Statistics

[o] Figure 1 shows three examples of polar cap arc on
2 January 2006, appearing in the dusk (Figure 1a), midnight
(Figure 1b), and dawn (Figure 1c) sectors. In these plots, the
original 630.0 nm all-sky images have been converted into
altitude adjusted corrected geomagnetic (AACGM) coordinates
[Baker and Wing, 1989] assuming an emission height of
250 km and then mapped in coordinates of magnetic local
time (MLT) and magnetic latitude (MLAT). The magnetic
midnight is to the bottom and the dotted circle represents
MLAT of 80°. Here, the absolute optical intensities are
gray-scaled in units of Rayleigh. In all panels, elongated
bright emissions, aligned roughly with the Sun-Earth direc-
tion, are seen near the zenith of the field-of-view (FOV). Note
that other prominent structures in the equatorward part of
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Snapshots of all-sky 630 nm airglow observations of polar cap arcs at (a) 0328 UT, (b) 0822 UT,

and (c) 1318 UT on 2 January 2006, which correspond to the duskside, midnight, and dawnside arcs,
respectively. The all-sky images are mapped in MLT/MLAT, and the absolute airglow intensity is dis-
played in units of Rayleigh. Magnetic midnight is to the bottom, and the dotted circle represents MLAT
of 80°. The field-of-view of the imager is mapped assuming that height of optical emission is 250 km.
Estimated moving vectors of the arcs are overplotted as the red arrows around the zenith.

the Figures la and 1c correspond to the poleward portion
of the main auroral oval. Moving velocity vectors of these
polar cap arcs as estimated by the method of Hosokawa et al.
[2006] at the 25 points around the zenith are superimposed
on the images. The estimated moving velocities are directed
almost perpendicular to the alignment of the arcs. The
sequences of all-sky images during these intervals (not
shown) demonstrate that the estimated motion vectors well
trace the bulk motion of the arcs. It should be mentioned
that, however, there is a case in which the velocity estima-
tion is somewhat affected by bright auroral features moving
along arcs. If an arc has some offset angle with respect to
noon-midnight meridian [Valladares et al., 1994], this may
contribute to the dawn-dusk velocity component. Although
the estimated velocity represents the bulk motion of arcs in
most cases, the current statistical analysis using the method
of Hosokawa et al. [2006] contains some uncertainties
associated with the fast motion of arc’s substructures.

[10] As shown in Figure 1, the method of Hosokawa et al.
[2006] tracks the bulk motion of polar cap arcs quite well.
However, it is important to note that since cross correlation
analysis is based on the optical data that is obtained in the
vicinity of the zenith, the derived motion vectors cannot
represent an actual motion of arcs unless they are at the
zenith. In such a case, the derived vectors should not be used
in the current statistical analysis. During extended intervals
of northward IMF B., polar cap arcs dominate the polar cap
region [Valladares et al., 1994] and, in most cases, are
observed almost continuously within the FOV of the all-sky
imager. However, when the IMF B, is directed southward,
polar cap patches, the other prominent phenomenon occur-
ring in the polar cap region, dominate the polar cap [e.g.,
Hosokawa et al., 2009b]. The purpose of this study is to
examine the motion of polar cap arcs. Thus, it is necessary
to first distinguish arcs from patches and to then process the
obtained velocities of the polar cap arcs when they are
located around the zenith. For this purpose, we developed a
method for automatically detecting the occurrence of polar

cap arcs from the time series of optical data obtained at the
zenith.

[11] Figure 2 describes how the appearance of polar cap
arcs at the zenith can be detected automatically. The interval
considered here is between 0200 and 1400 UT on 2 January
2006. Figure 2a shows the IMF B, at the bow shock
obtained from the 1 min high-resolution OMNI database
(http://omniweb.gsfc.nasa.gov). Except for brief excursions
to negative values at around 0400 UT, 0430 UT, 0540 UT
and 0720 UT, the IMF B, was predominantly positive
throughout the observation period, representing favorable
condition for the occurrence of polar cap arcs [Valladares
et al., 1994]. Figures 2b and 2c show the south-north keo-
grams created from 630.0 nm and 577.7 nm airglow images,
respectively. The horizontal dashed line corresponds to the
zenith. Here, the absolute optical intensities are displayed
in units of Rayleigh. The instances of absent 557.7 nm
observations are masked with gray lines in Figure 2c. On
this day, polar cap arcs did not always appear in the FOV of
the imager. They occurred mostly at around 0400 UT,
0800 UT, and 1300 UT, which are corresponding to the
duskside, midnight, and dawnside arcs, respectively. During
these intervals, stable auroral features always existed at the
equatorward edge of the keograms, which probably corre-
sponded to the poleward boundary of the main auroral oval.
In the dusk and dawn sectors, a number of signatures of
polar cap arcs are identified in both keograms as slanted
bright traces, maximum of their optical intensity being
around 1 kR. It is clearly seen that most of the arcs were
detached from the poleward edge of the main oval and
drifted northward. This northward drift corresponds to the
dawnward (duskward) motion of the duskside (dawnside)
arcs. In contrast, motion of the arc in the midnight sector
was not clear. This is probably because the arc in the mid-
night sector moved almost perpendicular to the cross section
of the keograms.

[12] Figures 2d and 2e show the time series of 630.0 nm
and 557.7 nm, respectively, emission intensities measured at
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Figure 2. (a) IMF B, at the bow shock obtained from the 1 min high-resolution OMNI database during
12 h interval from 0200 UT to 1400 UT on 2 January 2006. (b) North—south keogram of 630.0 nm all-sky
images. The horizontal dashed line indicates the zenith of the all-sky imager. (c) North—south keogram of
557.7 nm all-sky images. (d) Time series of 630.0 nm emission intensity at the zenith of the all-sky
imager. The vertical blue lines mark the times when the centers of polar cap arcs are located at the zenith.
The superimposed gray line indicates a baseline estimated by smoothing the local minimums within a 1 h-
running window, which represents a possible diurnal variation in the airglow intensity. (¢) Time series of
557.7 nm emission intensity at the zenith of the all-sky imager.

the zenith as a black line. The data gaps in 557.7 nm obser-  variation in the airglow intensity. To identify and extract
vation, which occurred every 20 min, are linearly interpolated  instances of polar cap arc occurrence, we search the data
in the time series. The superimposed gray line indicates a  points in the time series sequentially. During this sequential
baseline estimated by smoothing the local minimums within ~ examination, we define a search window of duration 8 min
a 1 h running window, which represents a possible diurnal surrounding the data point currently being considered. Then,
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we select the data point as an instance of arc occurrence if
both the following two conditions are satisfied: (1) the 557.7 nm
emission intensity at the current data point is the highest
within the window, and (2) the 557.7 nm emission intensity
is higher than the baseline by 100 R. In addition to these
criteria, we checked the sky conditions every 1 h and only
considered the data obtained in good weather conditions.

[13] The polar cap arcs that were detected using this pro-
cedure are indicated by the vertical blue lines in Figures 2d
and 2e. Fourteen individual arcs were detected in this inter-
val, most of which had a clear counterpart in the keograms
shown in Figures 2b and 2c. However, the number of arcs
listed is likely to be slightly less than the number of arc
signatures seen in Figures 2b and 2c. For example, only one
arc was detected in the midnight sector although there were
a few tiny peaks in the 557.7 nm emission between 0700
and 1000 UT. This is mainly due to the optical intensity
threshold used in the criterion (2) is too large. This criteria
was employed for preventing polar cap patches, whose
emissions are prominent in both 557.7 nm and 630.0 nm
observations, from being identified as polar cap arcs. In the
absence of this criterion, the number of the detected arcs
would have been double. However, incorrect identification
of patches as arcs would considerably contaminate the sta-
tistical results; therefore, we processed the data using these
selection criteria. The other thing that we must care about is
a possible contamination of the dayside transient events such
as poleward moving auroral forms (PMAFs) [Moen et al.,
1995; Sandholt et al., 1998] and reversed flow events
(RFEs) [Moen et al., 2008]. However, the all-sky imager at
Resolute Bay is not operative in daylight between 08—
14 MLT during which the above mentioned dayside transient
events are frequently observed [e.g., Provan and Yeoman,
1999; Rinne et al., 2007]; thus, any special care does not
need to be taken. We applied the above algorithm to all
available optical images obtained from 14 to 08 MLT. Con-
sequently, 743 individual polar cap arcs were identified in
total, which is about 5 times larger than the number of arcs
examined by Valladares et al. [1994].

4. Results and Discussion

[14] For the 743 individual polar cap arcs extracted in
section 3, their moving velocities estimated by the method
of Hosokawa et al. [2006] were examined statistically. We
only employ the velocity estimates at the zenith in the sta-
tistical analysis although all of the estimated velocities
surrounding the zenith are displayed in Figure 1. In partic-
ular, the relationship between the duskward velocity of the
arcs and the upstream IMF orientations is discussed here in
detail. To compare the arc velocities with the IMF para-
meters, we used the 1 min high-resolution OMNI data to
obtain the IMF values at the bow shock. The 1 min high-
resolution OMNI database use the magnetic field data
obtained by the ACE, WIND, IMP-8 and Geotail satellites.
The solar wind propagation time is calculated by using the
solar wind velocities observed by these satellites. Detail
of the 1 min high-resolution OMNI database can be found
in http://omniweb.gsfc.nasa.gov/html/HROdocum.html. An
additional time shift of 22 min was considered to account
for the delay from the dayside bow shock to the near-
midnight part of the polar cap ionosphere. The reason why
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we decided to use the time delay of 22 min in the statistics
will be discussed in the later part of this section. Furthermore,
since most of the arcs stay around the zenith for at least
about 10 min, our velocity estimation with a temporal res-
olution of 2 min would introduce multiple velocity data for a
single arc. Thus, we considered all the velocity data within
the 8 min search window around the time when the arc was
located exactly at the zenith. This procedure can increase the
number of data points in the statistics and would hence
increase the significance of the statistical distributions.

[15] Before discussing the dependence of the arc motion
on the IMF, we briefly show how the occurrence of polar
cap arcs depends on the IMF orientation. Figure 3a shows
the occurrence distribution of the 743 polar cap arcs as a
function of the IMF clock angle(CA). The distribution is
rather symmetric about the CA = 180° line. It is also clearly
seen that most of the arcs (=70 %) were observed when the
IMF was directed northward (0° < CA <90° and 270° < CA <
360°). Early studies by Berkey et al. [1976] and Lassen and
Danielsen [1978] found good correlation between IMF B,
northward conditions and appearance of polar cap arcs. Our
statistical results are basically consistent with their earlier
finding. However, it should be noted that 30% of the arcs
were observed during the southward IMF conditions (90° <
CA < 270°). Valladares et al. [1994] also pointed out that
polar cap arcs are sometimes seen during intervals of south-
ward IMF. Actually, about 20 % of the polar cap arcs in their
statistical analysis were observed during the southward IMF
conditions although the probability decreased as the IMF B,
became more negative. They claimed that the polar cap
arcs appearing in the southward IMF conditions originated
before the IMF B, turned from positive to negative and re-
mained observable for a while after the polarity change of
IMF B.. Thus, we consider that the data points during the
southward IMF conditions are not associated with mis-
identification of patches as arcs.

[16] Now we turn to discuss the main topic of this paper;
the relationship between the arc motion in the dawn-dusk
direction and the IMF orientation. Figure 3b shows the
distribution of the duskward velocity of the arcs as a func-
tion of the IMF CA, in which velocity data estimated for all
of the arcs between 14 and 08 MLT are used. The gray scale
demonstrates the density of data points in percentage on a
linear scale, self-normalized. To aid the discussion, we
divide the plot area into eight regions from Region I to VIII
according to the sign of the duskward velocity and the IMF
CA. The occurrence percentage of the arcs is computed for
each region and plotted together. Although there are lots of
data points during the southward IMF period (in Regions II,
III, VI, and VII), we focus our attention on the motion of the
arcs during the northward IMF conditions (Regions I, IV, V,
and VIII). The occurrence is clearly found to be higher in
Region 1 (25.3 %) and Region VIII (19.8 %). In these regions
indicated by the blue rectangles, the arcs move duskward
(dawnward) when the IMF B, is directed eastward (west-
ward). This systematic behavior is obviously consistent with
the rule reported by Valladares et al. [1994] who showed
that most of the stable polar cap arcs move in the direction
of the IMF B,. Thus, about 65 % of the polar cap arcs during
the northward IMF, (25.3 % + 19.8 %) / 70 %, can be
categorized as the stable B,-dependent arcs reported by
Valladares et al. [1994].
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Figure 3. (a) Occurrence distribution of the polar cap arcs as a function of the IMF clock angle.
(b) Occurrence distribution of the duskward velocity of the arcs as a function of the IMF clock angle.

The gray scale shows the density of data points in

percentage on a linear scale, self-normalized. To

aid discussion, we divide the plot area into eight regions from Region I to VIII according to the sign
of the duskward velocity and IMF orientation. (c) Occurrence distribution of the duskward velocity of

the arc.

[17] Although the dawn-dusk motion of 65 % of the arcs
is found to follow the rule of Valladares et al. [1994], there
exist other populations whose dawn-dusk motion looks
independent on the sign of IMF B,. Such populations can be
seen in Regions IV (15.9 %) and V (8.8 %), which are
indicated by the red rectangles in Figure 3b. The arcs in
these regions move duskward (dawnward) when the IMF B,
is directed westward (eastward). Valladares et al. [1994]
also showed that the dawn-dusk motion of the polar cap
arcs depends not only on B,, sign but also on the location of
the arcs within the polar cap. They suggested that there exist
two cells on the duskside and dawnside, in which arcs
always move dawnward and duskward, respectively. For
IMF B, <0, the dusk cell is larger, so that the arcs seen near
the pole move dawnward. For B, > 0, the dawn cell is larger,

thus, duskward motion is observed near the pole. However,
for any B,, sign there are poleward moving arcs at somewhat
lower latitude in both dawn and dusk sectors. Perhaps, these
arcs are classified as the B,-independent arcs seen in the
current statistics. In Figure 3b, we employ all the data point
obtained between 14 and 08 MLT; thus we cannot exactly
see where these B,-independent arcs came from. In order to
clarify the behavior of such arcs in more detail, we will
investigate the distribution of the arc velocities in three
separate MLT sectors (duskside, midnight, and dawnside)
individually in the later part of this section.

[18] In Figure 3c, the distribution of the duskward velocity
is shown. The distribution is rather broad, ranging from —
600 m s to 600 m s ' although maximum occurrence is
located at around 100200 m s '. As mentioned in section 1,
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MLT Distribution of Polar Cap Arcs: 743 Arcs
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Figure 4. The MLT distribution of the 743 polar cap arcs. Also superimposed is the distribution of the
number of observation hours with a clear-sky condition.

the study of Valladares et al. [1994] only investigated the
dawn-dusk motion of slowly moving stable polar cap arcs
whose duskward speed is less than 250 m s™'. This velocity
limitation of 250 m s ' is overplotted as the horizontal
dotted lines for comparison (VEL94). This limitation is
probably due to the fact that they derived the motion of arcs
by fitting their structure in consecutive images manually. In
contrast, we computed the motion of arcs automatically;
thus, polar cap arcs moving with relatively higher speed can
be included in the current statistics. Our statistical result
demonstrates an existence of high-speed arcs whose dusk-
ward speed is well greater than 250 m s~'. Such high-speed
arcs were actually observed by some of the previous works
[e.g., Shiokawa et al., 1995, 1996, 1997; Kozlovsky et al.,
2003, 2007]; thus, they could be a significant component
of polar cap arcs.

[19] Now we turn to investigate the distribution of the
duskward velocities in three separate MLT sectors (dusk-
side, midnight, and dawnside) individually. Figure 4 shows
the MLT distribution of the 743 polar cap arcs as a histo-
gram. Also superimposed is the distribution of the number
of observation hours with a clear-sky condition (black line).
The occurrence distribution of the arcs is rather asymmetric
and occurrence rate is clearly higher in the dawn sector than
in the dusk sector, maximum being around 05 MLT. Note
that less occurrence of the arcs in the evening sector is not
due to a bad weather condition in that local time sector. This
is consistent with the results of Valladares et al. [1994] who
pointed out that the occurrence of stable polar cap arcs is

4 times larger in the dawnside than in the duskside. Another
important point is that the MLT distribution of the polar cap
arc is quite different from that of polar cap patches, which
typically forms a bell shaped symmetric distribution whose
center is around 23 MLT [e.g., Moen et al., 2007]. This
again suggests that the automated detection described above
works very well in distinguishing polar cap arcs from
patches. In order to investigate the distribution of the arc
velocities in separate MLT sectors individually, we sort the
arcs into three categories, duskside arcs (14-21 MLT),
midnight arcs (21-03 MLT), and dawnside arcs (03—08 MLT).
The number of the duskside, midnight, and dawnside arcs
is 139, 273, and 331, respectively.

[20] Figure 5 again shows the distribution of the duskward
velocity of the duskside arcs (Figure 5, left), midnight arcs
(Figure 5, middle), and dawnside arcs (Figure 5, right) as a
function of the IMF CA. In all MLT sectors, an existence of
the B,-dependent arcs is obvious in the regions indicated by
the blue rectangles. About two thirds of the polar cap arcs
during the northward IMF conditions follow the rule of
Valladares et al. [1994] and move back and forth in the
dawn-dusk direction in close association with change of the
sign in the IMF B,. However, if we look at the distributions
in the dusk and dawn sectors, we can identify populations,
which always move poleward irrespective of the sign of IMF
B, (as indicated by the red rectangles). In the dusk sector,
the arcs in Region V (21.8 %) appear to move dawnward
(i.e., poleward in this local time sector) even when the IMF
B, is directed eastward. Also in the dawn sector, an existence
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Figure 5. Occurrence distribution of the duskward velocity of the polar cap arcs as a function of the IMF
clock angle for the arcs in the (left) duskside (14-21 MLT), (middle) midnight (21-03 MLT), and (right)

dawnside (03-08 MLT).

of the By-independent arcs can be identified in Region IV
(24.6 %), in which arcs move duskward (i.e., poleward
in this local time sector) even if the IMF B, is directed
westward.

[21] The B,-independent arcs in Region IV in the dawn
sector possibly correspond to the poleward moving arcs
reported by Shiokawa et al. [1995, 1996, 1997]. In their
studies, such poleward moving arcs were investigated only
in the morning side local time sector. However, the current
statistics demonstrates that the poleward moving arcs appear
also in the dusk sector although their occurrence rate is
slightly smaller. Shiokawa et al. [1995] showed that most of
the polar cap arcs in the morning side move poleward for both
positive and negative IMF B,, conditions. Thus, Region VIII
in the dusk sector (37.3 %) and Region I in the dawn sector
(28.5 %) would also contain some of the B)-independent
poleward moving arcs. Thus, perhaps more than one third of
the polar cap arcs move poleward irrespective of the sign of
the IMF B,

[22] In Figure 5 (middle), the distribution of the duskward
velocity of the midnight arcs is shown. Again, we can
identify an occurrence of both the B,-dependent and B,-
independent arcs, which are indicated by the blue and red
rectangles, respectively. Interestingly, the occurrence per-
centage of the Bj-independent arcs is clearly smaller than
that in the dusk and dawn sector. Shiokawa et al. [1995]
reported that almost all of the poleward moving arcs in
the morning side local time sector tend to disappear at a
certain latitude around 85° MLAT before entering the mid-
night sector. This could be a reason why the B,-independent
arcs are less prominent in the midnight sector. In contrast,
the occurrence of the B,-dependent arcs remains high in
the midnight sector (25.4 % in Region I and 15.4 % in

Region VIII) suggesting that the B,-dependent arcs origi-
nating either from dusk or dawn sector can travel for long
distance across the midnight polar cap area if the IMF B, is
in a favorable direction for their transpolar cap motion. This
contrast between the two types of polar cap arc again suggests
that the source of the B,-dependent and B,-independent
arcs is different.

[23] Figure 6 summarizes the motion of the two types of
polar cap arc for positive (Figure 6, left) and negative
(Figure 6, right) IMF B, conditions. Here, the structure of
the arcs is drawn as their bottom edge is directly connected
to the poleward edge of the main auroral oval. However, the
FOV of the all-sky camera is too narrow to confirm the
spatial relationship between the polar cap arcs and poleward
edge of the main oval. Probably, this is the case at least for
the B,-dependent arcs since large-scale polar cap arcs such
as @ aurora observed by the space-based global auroral
imager generally connect to the main oval on one side or
both sides [e.g., Kullen et al., 2002]. For the B,-independent
arcs, however, Shiokawa et al. [1996] mentioned that the
morning side poleward moving arcs were detached from the
stable equatorward aurora; thus, the structure of the B,-
independent arcs may be detached completely from the main
auroral oval. In Figure 6, the blue (red) arrows show the
direction of the motion of the B,-dependent (B,-independent)
arcs. The sizes of the arrows indicate the approximate
fractions of the numbers of arcs. As mentioned above, the
B,-dependent arcs move in the direction of the IMF B, and
the B,-independent arcs move poleward irrespective of the
sign of the IMF B,. In the dawn sector, both the B,-
dependent and B,-independent arcs move poleward when
the IMF B, is positive; thus, we could not differentiate them
only from this statistical analysis. The same situation occurs
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Figure 6. Summary of the motion of polar cap arcs during northward IMF conditions for positive IMF B,
and negative IMF B,, cases. The blue (red) arrows show the motion of the B,-dependent (B,-independent)
arcs. The sizes of the arrow indicate the approximate fraction of the numbers of arcs.

in the dusk sector when the IMF B, is negative. In the
midnight sector, the B,-independent arcs are less prominent
and B,-dependent arcs are dominant.

[24] The contrast in the dependence of the motion on the
IMF B, strongly suggests that the mechanism causing the
motion of polar cap arc is different between the B,-dependent
and B,-independent arcs. Here, we try to reveal what con-
trols the motion of the two types of arc by investigating the

correlation between the moving speed of the arcs and the
magnitude of the IMF B,. Figure 7 shows how the speed of
the arcs in the dawn-dusk direction depends on the magni-
tude of the IMF B,. Here, we again employ the time delay of
22 min between the time of the solar wind measurements at
the bow shock and that of the optical observations in the
central polar cap. In Figure 7a, we plot the moving speed
of the By-dependent arcs in the dawn-dusk direction as a
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Figure 7. (a) Correlation between the duskward speed of the B,-dependent arcs and the magnitude of the
IMF B,. (b) Correlation between the duskward speed of the B,-independent arcs and the magnitude of the

IMF B,.
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function of the magnitude of the IMF B,. Here, we plot the
data points in Region I in the dusk sector and Region VIII in
the dawn sector. In these regions, almost all the data points
correspond to the B,-dependent arcs. It is seen that the speed
of the arc motion exhibits a weak positive correlation with
the magnitude of the IMF B,, the correlation coefficient
being 0.273. This slight correlation implies that the B,-
dependent arcs move faster when the magnitude of the IMF
B, is larger.

[25] Milan et al. [2005] interpreted the motion of trans-
polar arc, which can be categorized as the B,-dependent arc,
in terms of open flux transport between two polar cap
compartments separated by the arc. When the polar cap arc
appears during an interval of northward IMF and polar cap
(and magnetotail lobe) is divided into two compartments by
the arc, the lobe reconnection occurring poleward of the
cusp can transport the open flux in one compartment into the
other. Such a flux transport can cause the former to contract
and the latter to expand. This expansion/contraction of
the polar cap compartments causes the arc motion in the
direction of the IMF B,. According to this idea, if the IMF
B,, becomes larger, the flux is transported between the two
polar cap areas more efficiently and the resulting motion of
the arc could be faster. The positive correlation shown in
Figure 7a suggests that the process proposed by Milan et al.
[2005] actually contributes to the motion of the B,-dependent
polar cap arcs.

[26] In Figure 7b, we plot the moving speed of the B,-
independent arcs in the dawn-dusk direction as a function of
the magnitude of the IMF B,. Here, we plot the data points
in Region V in the dusk sector and Region IV in the dawn
sector. In these regions, almost all the data points corre-
spond to the B,-independent arcs. In contrast to the B,-
dependent arcs, the moving speed of the B,-independent
arcs does not depend on the magnitude of the IMF B,, the
correlation coefficient being —0.005. This suggests that open
flux transport between the separated polar caps does not

contribute to the motion of the B)-independent arcs; thus,
the mechanism controlling the motion of the B,-independent
arc is fundamentally different from the process suggested by
Milan et al. [2005]. This also indicates that during intervals
of the B,-independent arc the magnetotail lobe is not sepa-
rated into two compartments, implying that the source of the
B,-independent arc is not located in the nightside plasma
sheet as suggested by Frank et al. [1986].

[27] Shiokawa et al. [1996] suggested that the poleward
moving arcs in the morning side originate from the boundary
region between the plasma sheet and the LLBL in the
morning side tail flank. Later, Shiokawa et al. [1997] com-
pared their optical observations with a global MHD simula-
tion and claimed that the source of the poleward moving arcs
is in the morning side tail flank where the plasmas from the
LLBL and from the plasma sheet are mixed. More recently,
Kozlovsky et al. [2007] proposed a model in which the
poleward moving arcs in the morning side are formed through
an interchange instability occurring in the dawn flank of the
magnetosphere between the plasma sheet plasma coming
from the nightside and the magnetosheath flux tubes entering
the LLBL from dayside. The absence of the correlation
between the speed of the B,-independent arcs and the mag-
nitude of the IMF B, shown in Figure 7b supports these ideas.

[28] We also statistically analyzed the correlation between
the arc speed and the rate of IMF B, change. However, it
was found that the speed of both types of arc does not
depend on the rate of B, change. For the case of the B,-
dependent arcs, the rate of flux transport between the polar
cap compartments separated by polar cap arcs is determined
by the IMF B,-associated azimuthal component of the lobe
cell convection, whose strength is basically a function of the
reconnection electric field. The reconnection electric field
generally depends on the magnitude of the IMF (not the rate
of IMF change). This could be the reason why we obtain a
higher correlation with the magnitude of IMF B, rather than
the rate of B, change. We also checked the dependence of
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Figure 9. Occurrence distribution of the B -dependent (blue) and B,-independent (red) arcs as a function
of the provisional AE index 3 h before their appearance.

the arc speed on the IMF B,, B., solar wind speed and
density. However, we could not see any significant differ-
ence between the two types of polar cap arc; thus, only the
dependence of the arc speed on the IMF B,, can differentiate
the B,-dependent and B,-independent arcs.

[29] As shown in the Figure 7a, the speed of the B,-
dependent arcs depends on the magnitude of the IMF B,. By
using this relationship we can determine the time needed
for the B,-dependent arcs to respond the variation of the
upstream IMF orientations. Figure 8 shows the cross cor-
relation coefficients between the magnitude of the IMF B,
and the duskward speed of the B,-dependent arcs as a
function of time lag from the bow shock. The horizontal
dotted line shows the 99 % significance level derived from
Student’s t-test. The error bars show the standard error of
the coefficient, given by € = (1 — r?)/(n — 2)"?, where r is the
value of the coefficient and » is the number of data points
from which it was determined [Hosokawa et al., 2006]. The
coefficient between 15, and arc speed has a peak at 22 min
and the coefficient at the peak is well above the statistical
significance level. We cannot exactly determine the solar
wind propagation delay from the bow shock to the dayside
magnetopause. However, it is typically around 5-10 min.
Thus, it takes another 1015 min for the B,-dependent arcs
to respond to the change of the upstream IMF orientations,
which probably corresponds to the time needed for the lobe
reconnection to transport the open flux from one polar cap

compartment into the other. This delay of 10-15 min is
slightly shorter than the value suggested by Valladares et al.
[1994] who claimed that it would take about 30 min for a
solar wind disturbance to travel from the dayside magne-
tosphere up to the far regions of the magnetotail and affect
the motion of polar cap arcs.

[30] Shiokawa et al. [1997] showed that most of the
morning side poleward moving polar cap arcs occurred
around the end of substorm-like magnetic activity, sug-
gesting that the source of the arcs is related to the plasma
sheet particles. In order to confirm this characteristics, we
investigate the AE index 3 h before the appearance of the
B,-dependent and B)-independent arcs shown in Figure 7.
In Figure 9, we plot the occurrence distribution of the B,-
dependent and B,-independent arcs as a function of the
provisional AE index 3 h before their appearance. Both the
By-dependent and B-independent arcs mostly appeared
when the AE index was low. About 70 % of the arcs
occurred when the AE index was less than 100 nT. This
result is consistent with the fact that the polar cap arcs
mostly appear during the northward IMF conditions. More
important point to note is that the occurrence rate of the B~
independent arcs did not always depend on the level of
substorm activity before they occurred. Thus, the activation
of the plasma sheet particles is not likely to be a necessary
condition for the formation of B,-independent arcs, which is
inconsistent with the result of Shiokawa et al. [1997].
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[31] The current statistical analysis using a huge database
of optical observation clearly demonstrated that there exist
two distinct classes of polar cap arcs, B,-dependent and B~
independent arcs. Several differences were identified between
these two types of polar cap arc, which implied that their
source and generation mechanism are different. Recently,
vast numbers of new instruments have been deployed to the
polar cap area in the northern hemisphere for the observation
of solar wind driven ionospheric phenomena, e.g., all-sky
airglow imagers, GPS receivers, ionosondes, coherent HF
radars, and incoherent scatter radar. Coordinated multi-
instrument observations, in situ and by remote sensing tech-
niques, across the entire polar cap are needed to fully
understand the complex behavior of polar cap arcs and reveal
their magnetospheric source.

5. Summary and Conclusion

[32] We conducted a statistical analysis of motion of polar
cap arc by using 5 years of optical data obtained by an all-
sky airglow imager located in the polar cap region at Res-
olute Bay, Canada. We identified 743 individual polar cap
arcs by developing an automated arc detection algorithm.
For the 743 individual polar cap arcs, their moving velocities
estimated by the method of Hosokawa et al. [2006] were
examined statistically. In particular, the relationship between
the duskward velocity of the arc and the upstream IMF
orientations was examined in detail. The number of the arcs
studied is about 5 times larger than that in the previous
statistics of polar cap arcs by Valladares et al. [1994]; thus,
we could expect to obtain more statistically significant
results.

[33] Polar cap arcs during northward IMF conditions
fall into two distinct categories, the B,-dependent and B,-
independent arcs. The motion of the former arcs strictly
follows the rule reported by Valladares et al. [1994] who
showed that the slowly moving stable polar cap arcs move in
the direction of the IMF B,. About two thirds of the arcs
during northward IMF conditions belong to the category of
the B,-dependent arcs. The latter arcs always move poleward
irrespective of the sign of the IMF B,.. These B -independent
arcs possibly correspond to the poleward moving arcs in the
morning side reported by Shiokawa et al. [1995, 1996, 1997].
These arcs have been observed near the poleward edge of the
morning side auroral oval. However, we identified such
poleward moving arcs also in the dusk local time sector.
At least (perhaps more than) one third of the arcs during
northward IMF conditions belong to the category of the
B,-independent arcs.

[34] It is also demonstrated that the B,-dependent arcs
move faster when the magnitude of the IMF B, is larger.
This implies that transport of open flux by the lobe recon-
nection from one polar cap compartment to the other con-
trols the motion of the B,-dependent arcs. In contrast, the
moving speed of the By-independent arcs does not correlate
with the magnitude of the B,. The motions of both the B,-
dependent and B, -independent arcs are most probably caused
by the magnetospheric convection. Convection in the region
of B,-dependent arcs is affected by the IMF B,, which
indicates that their sources may be on open field lines or
in the closed magnetosphere adjacent to the open-closed
boundary, whereas B,-independent arcs seem to be well on
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closed field lines. Hence, the magnetospheric source of the
two types of arc may be different. This implies that the
mechanisms causing the motion and generation of arcs could
be different between the two types of arcs.
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