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[1] On 14 June 2005, a transient postnoon shock aurora, induced by an interplanetary (IP)
shock, was observed simultaneously with the FUV imager onboard the IMAGE satellite
and the all-sky imager (ASI) at the South Pole Station (—74.3° magnetic latitude (MLAT),
~15 magnetic local time). The global evolution of the shock aurora was identified by

the FUV, whereas the detailed spatial-temporal structure was identified by the ASI. Both
optical emissions for the shock aurora showed a reasonable agreement in a common field

of view. During the transient auroral brightenings in the dayside oval detected by the
FUYV, a two-step development of the shock aurora was identified by the ASI in the
afternoon sector of the oval. Just after the IP shock, the ASI first observed a diffuse
557.7 nm aurora expanding duskward at the equatorward edge of the oval (—70°

to —73° MLAT). About 5 min later, new discrete auroral forms (arcs) were detected in the
middle of the oval (—73° to —76° MLAT) by both 557.7 nm and 630.0 nm ASI images.
The discrete arcs developed with relatively brighter emissions, and had a lifetime of
the order of 10 min, during the main impulse (MI) of geomagnetic sudden
commencement. The spectrographic auroral imagers onboard the IMAGE satellite
indicated that proton precipitation played an effective role in the first shock auroral
emission observed with the ASI, while intense electron precipitation played an effective
role in the second one. Mechanisms of the first and second postnoon shock auroras
presented here are speculated to be associated with the wave-particle interaction process,
and the field-aligned acceleration process in the region of the MI-related upward

field-aligned currents, respectively.

Citation: Motoba, T., A. Kadokura, Y. Ebihara, H. U. Frey, A. T. Weatherwax, and N. Sato (2009), Simultaneous ground-satellite
optical observations of postnoon shock aurora in the Southern Hemisphere, J. Geophys. Res., 114, A07209, doi:10.1029/

2008JA014007.

1. Introduction

[2] Interplanetary (IP) shock and a sudden solar wind
dynamic pressure (Psw) change can cause transient auroral
emissions (often referred as “shock aurora’) developing on
a global scale [Vorobyev, 1974; Craven et al., 1986; Spann
et al., 1998; Zhou and Tsurutani, 1999; Meurant et al.,
2003, 2004; Liou et al., 2007; Laundal and Ostgaard,
2008]. Generally, just after the arrival of an IP shock on
the dayside magnetopause, the initial brightening of shock
aurora appears around the noon cusp region. After that,
within a few or several minutes the shock aurora expands
longitudinally to dawn and/or dusk sectors and eventually
reaches the nightside sector. Several possible mechanisms
for the shock aurora were suggested (for more details, see
Tsurutani et al. [2001], Liou et al. [2002], and Zhou et al.
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[2003]); adiabatic compression, reductions in the mirror
ratio, field-aligned current acceleration, viscous interaction,
and so on. It has been expected that each mechanism causes
different types of shock aurora. For example, in the cases of
adiabatic compression, reductions in the mirror ratio, and
viscous interaction, the diffuse-type auroras are caused by
precipitation of preexisting/trapped particles entering the
loss cone as a result of the magnetic field and plasma
compression of the outer magnetosphere. This process
could be performed by varying either the loss cone or the
particle pitch angles. In contrast, the field-aligned current
acceleration is responsible for discrete-type auroras.

[3] The satellite optical data are very useful for identify-
ing temporal and spatial evolution of shock aurora on a
global scale. The global view of shock aurora from the
satellite optical instruments indicated two different
responses, rapid and slower responses. The former appears
almost simultaneously (within a few minutes) from noon to
the nigh after the arrival of IP shock on the magnetopause
[Chua et al., 2001]. The rapid response could be linked with
the interaction with fast-mode wave propagating at speed of
the order of 1000 km/s in the magnetosphere [e.g., Moore et
al., 1987], launched by IP shock. In the latter case, on the
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other hand, the auroral emissions propagate from noon to
dawn and/or dusk directions with 6—11 km/s in the polar
ionosphere [Zhou and Tsurutani, 1999]. The propagation
speed in the polar ionosphere is roughly comparable to that
in the magnetosheath. The slower response could be asso-
ciated with the compressed magnetospheric state due to
sweeping of IP shock along the flanks of the magnetopause.
However, because of the low spatial resolution of the
satellite optical instruments, it is difficult to discriminate
definitely whether the shock aurora is discrete-type or
diffuse-type.

[4] The shock auroral forms can frequently be identified
by the precipitating particle observations on in situ polar
orbiting satellites at low altitudes. In addition, direct obser-
vations of the auroral particle precipitation can provide also
important information concerning where their sources map
in the equatorial plane. Some previous studies have indi-
cated that a major source of shock auroras is precipitation of
unstructured electrons, originating from the central plasma
sheet [Liou et al., 2007]. Zhou et al. [2003] demonstrated
that there are two different precipitation structures for the
shock auroras; one is precipitation of low-energy structured
electrons (<~1 keV) poleward of the auroral oval, the other
precipitation of high-energy unstructured electrons (~1—
10 keV) equatorward. In general, it has been believed that
the structured (unstructured) electron precipitation leads to
the discrete (diffuse) auroral form. However, because of the
limited satellite passes across the polar ionosphere just
during shock auroras, it is difficult to reveal how the shock
auroral forms evolve in time and space. In order to do that,
high temporal and spatial resolution ground-based optical
data would be essential.

[5] Ground-based optical observations for dayside shock
aurora were frequently performed on Svalbard, Norway
[Sandholt et al., 1985, 1994; Kozlovsky et al., 2005]. These
studies also indicated a sudden intensification of the dayside
auroral emission around noon cusp after the arrival of IP
shock, in the same manner as the satellite-based optical
measurements described above. Using simultaneous optical
observations from ground and space which are very rare for
dayside shock aurora, Kozlovsky et al. [2005] observed
Psw-induced rayed arcs appearing from the poleward edge
of the prenoon auroral oval. They suggested two possible
mechanisms (one is based on the phase difference between
the field line resonance oscillations on neighboring L shells,
the other on the “interchange instability”’), in order to
explain the origin of the auroral arcs observed in prenoon.
However, since the previous ground-based studies tended to
focus on the shock auroral features around the noon cusp/
cleft region, it is still unclear where and how shock auroral
forms behave on the dayside.

[6] All-sky imager (ASI) used in this study has been
operated at the South Pole Station (SPA, magnetic latitude
(MLAT) = —74.3°, magnetic local time (MLT) = UT-3.5 h)
during the austral winter season since 1997. (Details for
specification of the ASI improved in 2002 were described
by Ebihara et al. [2007].) The available wavelengths of the
ASI are 557.7, 630.0, 427.8, 589.0 and 486.1 nm. Like
Svalbard in the Northern Hemisphere, SPA is a very unique
location in the Southern Hemisphere for continuous ground-
based optical observations of the dayside auroral emissions.
The most significant advantage is that the auroral emissions
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are detectable at all MLTs during the austral winter season
because the Sun is 12° below the horizon for about 4
months (this means that SPA is almost or completely
darkness on the dayside). The ASI field of view on the
dayside covers from the auroral zone to the polar cap,
including the cusp, while on the nightside it covers around
the poleward boundary of the auroral zone. In addition, the
sky conditions over SPA, which are critical for ground-
based optical observations, are mostly clear.

[7] In this paper, we report a shock aurora event observed
simultaneously by both ground and satellite optical instru-
ments in the Southern Hemisphere on 14 June 2005. The
simultaneous ground-satellite optical observations give a
unique opportunity to examine the detailed structure of the
dayside shock aurora. Ground optical images of the shock
aurora were identified by the ASI at SPA, while satellite
optical images by the far ultraviolet (FUV) cameras [Mende
et al., 2000] on board the IMAGE (Imager for Magneto-
pause-to-Aurora Global Exploration) satellite. In addition to
global evolution of the shock aurora shown by the IMAGE-
FUV, we present different temporal and spatial behavior of
discrete and diffuse emissions for the shock aurora.

2. Observations

2.1. Solar Wind Conditions

[8] Figure 1 indicates solar wind conditions detected by
the ACE satellite during the interval 1400—2000 UT on 14
June 2005. The first, second, third, and fourth panels are the
three components of the interplanetary magnetic field
(IMF), and solar wind plasma parameters including the
solar wind velocity (Vsw), the density (Nsw), and the
dynamic pressure (Psw), respectively. The temporal reso-
lutions of the ACE magnetic and plasma data are 16 s and
64 s, respectively. The fifth panel shows the SYM-H index
[lyemori, 1990] with 1-min time resolution during the same
interval. The SYM-H index measures the mean longitudi-
nally symmetric component of the magnetic disturbances,
averaged from six globally distributed magnetometers at
middle latitudes.

[9] For the 5 h preceding the IP shock, the Bz and By
components of IMF were positive in the range of 0.0 nT to
5.0 nT. These IMF conditions were reflected in the quiet
geomagnetic conditions; AE index was less than 250 nT and
3-h Kp index of 1 or 2 (not shown). Since about 40 min
before the onset of the IP shock, the Bz component was
very weakly negative (values between 0.0 nT and —1.0 nT).
At ~1754 UT (marked by dashed vertical line in Figure 1),
ACE recorded the IP shock, identified by sharp increases in
Vsw (from 443 km/s to 524 km/s), Nsw (from 7.1/cc to
13.5/cc) and Psw (from 2.3 nPa to 6.2 nPa). At the same
time, the IMF By suddenly changed by over 10 nT, while
the IMF Bx and Bz were essentially unaffected by the IP
shock. The propagation speed of the IP shock estimated by
using the magnetic coplanarity method [Colburn and
Sonett, 1966] and the conservation of mass flux was
~590 km/s. When the IP shock arrived at the dayside
magnetopause, it caused a geomagnetic sudden commence-
ment (SC) on the ground, as identified by a sudden increase
in the SYM-H index at 1835 UT. The SC amplitude of the
SYM-H index was 32 nT.
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Figure 1. Solar wind magnetic field and plasma data
recorded by the ACE satellite on 14 June 2005 from 1400 to
2000 UT. The first, second, third, and fourth panels are the
three components of interplanetary magnetic field (IMF) in
the GSM coordinate system, the solar wind speed (Vsw),
the density (Nsw), and the dynamic pressure (Psw),
respectively. The fifth panel is the SYM-H index.

[10] About 7 min (1803 UT) after the onset of IP shock,
ACE detected a transient IMF Bz change from —1.0 nT to
—3.0 nT, but immediately the IMF Bz turned northward at
~1806 UT. At ~1818 UT, the IMF Bz turned southward
again, but slowly. In this study, therefore our attention is
focused on the interval (corresponding to the interval
~1835-1855 UT on the Earth) when the IMF effects on
the dayside ionosphere were relatively weak or mostly
negligible.

2.2. Ground Magnetometer and Photometer

[11] Figure 2 shows the time series of the H component of
magnetic field at SPA and of the photometer of both
427.8 nm and 630.0 nm wavelengths at SPA during the
interval 1830—1900 UT, together with the H component of
magnetic field at Kakioka (KAK, 27.37° MLAT, MLT =
UT+9 h). Time resolution of both magnetometer and
photometer data at SPA is 10 s, while at KAK 1 s. The
427.8 nm and 630.0 nm wavelengths represent the auroral
emissions from ionized molecular nitrogen (blue) and
atomic oxygen (red), respectively.

[12] The SC signature seen in the SYM-H index is
identified also by the H component at KAK. The more
accurate SC onset time determined by the 1-s sampling
data at KAK was 1835:25 UT (shown by vertical line in
Figure 2). This onset time was used as an indication of the
arrival of the IP shock at the Earth. The stepwise change in
the H component at KAK reached a peak (amplitude of
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~20 nT) before 1840 UT, and then the amplitude remained
almost the stable value around 20 nT.

[13] After the SC onset, the H component of magnetic
field at SPA was followed by two successive impulses: the
first impulse was negative, and the second one positive. The
negative and positive impulses correspond to preliminary
and main impulses (referred as PI and MI) of SC in the
afternoon auroral zone [Araki, 1994], respectively. In our
case, the MI signal began around 1840 UT, and the MI
decayed after ~1850 UT, according to the magnetometer
data from a southern polar cap station near local noon (not
shown). This is consistent with the fact that the MI signature
in the polar ionosphere has a lifetime of the order from
several to 10 min. The negative/positive magnetic fluctua-
tion seen after ~1844 UT could be attributed to localized
disturbances superposed on the MI.

[14] During the PI (within ~5 min after the SC onset), the
intensity at 427.8 nm gradually increased from 0.1 kR to
0.25 kR. In contrast, the intensity at 630.0 nm was almost
steady around 0.1 kR. At the beginning of MI around
1840 UT, both intensities were suddenly enhanced. Between
1840 UT and 1842 UT, the intensity at 427.8 nm (0.3—
1.0 kR) was much larger than that at 630.0 nm
(0.1~0.45 kR). In addition, the risetime of 427.8 nm
emission was very sharp and the intensity reached a peak
(~1.0 kR) within 1 min. In contrast, it took ~2 min for the
risetime of 630.0 nm emission to reach a peak (~0.45 kR).
The different risetime between both emissions could be
dependent on each radiative lifetime. Between 1842 UT and
1850 UT, both intensities were almost the same (0.4—
0.5 kR). Around the end of MI (between 1850 and
1854 UT), only the intensity at 427.8 nm was reduced by
~0.2 kR. Between 1854 and 1858 UT the intensity was
enhanced by ~0.6 kR again.
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Figure 2. (top) Time series of the magnetic H component
at the South Pole Station (SPA), (middle) the 427.8 nm
(black curve) and 630.0 nm (gray curve) emissions detected
by the photometer at SPA, and (bottom) the magnetic H
component at Kakioka. Vertical line in each plot is at the
time of the SC onset.
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Figure 3. Sequence of WIC images from the Southern Hemisphere displayed into a magnetic latitude/
MLT grid with local noon at the top, midnight at the bottom, and dawn to the right of each image. The
South Pole Station and the ASI field of view at 557.7 nm are given by the small and large white circles,

respectively.

2.3. IMAGE FUYV Observation of Shock Aurora

[15] In this study, the global view of the shock aurora in
the Southern Hemisphere was identified by the Wideband
Imaging Camera (WIC) and the Spectrographic Imager with
two channels at 121.8 nm (SI12) and 135.6 nm (SI13) of the
IMAGE-FUV. The WIC has a passband between 140 and
180 nm. It is mostly sensitive to the LBH bands and the NI
149.3 nm line, but also includes a small contribution from
the NI 174.3 nm and OI 135.6 nm lines. Excitation of the
LBH bands and NI lines is produced by incident primary
electrons, protons and secondary electrons colliding with N,
molecules. The SI12 is sensitive to the Doppler-shifted
Lyman-a emission associated with proton aurora. The
SI13 has a passband of ~5 nm centered on the 135.6 nm
OI emission line, which is mostly sensitive to electron
aurora. Temporal resolution of three simultaneous snapshots
obtained with the WIC, SI12, and SI13 is about 2 min. In
the presentation of our data we have not made the appro-
priate subtraction from the WIC/SI13 data to remove the
proton-produced emissions.

[16] Figure 3 shows sequence of the WIC images from
the Southern Hemisphere displayed on a MLAT/MLT grid
from 1834:04 UT to 1852:50 UT, observed by the IMAGE-
FUV. The emission height is taken to be 130 km. The
smaller circle is a location of SPA. The larger circle is the
ASI field of view at 557.7 nm when assuming the main
emission height to be 120 km.

[17] Figure 3a presents the quiet precondition on the
dayside just before the arrival of IP shock. The very weak
auroral emissions on the dayside were observed around
—77°. The initial auroral response to the IP shock on the
dayside ionosphere was observed at 1836:09 UT (Figure 3b)
over a localized area in the prenoon region (9.0—12.0 MLT
and —77° to —78° MLAT). In Figure 3c, the prenoon
auroral emission was more enhanced (more than ~0.6 kR)
and the brightening area expanded to dawnside as well as to
duskside (6.0—15.0 MLT). In addition to the high-latitude
auroral emission, another dayside emission induced by the
IP shock was seen equatorward of the main auroral oval
(9.0-15.0 MLT and —65° to —68° MLAT), such as in the

subauroral zone. The SI12 (proton aurora) also observed the
dayside subauroral emission with stronger intensity, as
shown later. The subauroral emission is well similar to the
shock-induced subauroral emissions mainly due to precip-
itating protons, reported by several authors [Liou et al.,
2002; Hubert et al., 2003]. About 5 min (Figure 3d) after
SC onset, the high-latitude auroral emission displayed a
dawn-dusk asymmetry. The extension of the auroral emis-
sion reached the nightside sector in dawn, while in dusk it
reached only the ~17.0 MLT. The dawn-dusk asymmetry in
the auroral extension was seen also in the SI12 image (not
shown), but opposite to that of the WIC image (i.e., the
proton emission in dusk was more extended to the nightside
sector than that in dawn). At the same time, the dayside
subauroral emission slightly shifted equatorward with de-
creasing intensity.

[18] About 7 min (Figure 3e) after the SC onset, the
auroral oval was almost symmetric, although the dawnside
width was wider. The dayside subauroral emission almost
disappeared in the WIC field of view. The significant
precipitation on the dawnside was seen on the nightside
(3.0-5.0 MLT), rather than on the dayside. On the other
hand, the afternoon precipitation was enhanced in a narrow
latitude range of —73° to —75° MLAT (around the middle
of the oval) in the 14.0—20.0 MLT sector. At this time, the
afternoon auroral oval just came into the field of view of
the ASIimages, presented in next section. The intensity in the
ASI field of view exceeded 1.0 kR. After that (Figures 3f—
3i), the duskside brightest region shifted gradually to the
nightside sector (~20 MLT) with increasing the intensity,
and finally it passed out of the ASI field of view. The
propagation speed is about 8—10 km/s. At 1852:50 UT
(Figure 3j), the intensity of the whole oval slightly weak-
ened, except for the midnight auroral activity.

[19] About 20 min before the onset of the dayside shock
aurora presented above, a localized auroral bright spot in
the postmidnight sector was detected with the WIC at
~1817 UT (not shown). The bright spot was centered at
~02 MLT and —70° MLAT. Until ~1840 UT, the center of
the midnight bright spot moved longitudinally from the
~2.0 MLT to ~0.0 MLT sector, and the central emissions
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Figure 4. Sequence of all-sky images at 557.7 nm taken with the ASI at the South Pole Station.
Selected geomagnetic latitude and MLT grid curves are overplotted. The direction to the magnetic pole is
marked by thin arrow. Each image is shown at the nearest time to each WIC image shown in Figure 3.
Thick arrow in Figure 4b shows the initial brightening of diffuse emission.

showed quasi-periodic intensifications. The midnight bright
spots took place during the weak southward IMF of 0.0 to
—1.0 nT. The behaviors of the dynamic bright spots in the
midnight sector are well similar to those of a typical
pseudobreakup [e.g., Pulkkinen et al., 1998; Zhou and
Tsurutani, 2001]. Pseudobreakups are often accompanied
by substorm-like magnetospheric disturbances (such as
magnetospheric reconnection in the tail, dipolarization of
the geomagnetic field, disruption of the tail current, and
dispersionless particle injection), but their scales are some-
what small or localized. At ~1838 UT (corresponding to
about 3 min after the SC onset), the midnight bright area
slightly thickened with intensifying the brightness, as seen
in Figure 3c. After that (see Figures 3e—3i), the midnight
bright area extended westward (premidnight sector). More-
over, the magnetic H component at a station conjugated
with the midnight auroral activity started decreasing at
~1838 UT and reached about —200 nT in ~6 min (not
shown). The auroral bulge-/surge-like development and the
moderate magnetic negative bay in the night sector are often
regarded as the indications of substorm, although the auroral

expansion in latitude/longitude was small and its intensity
was weak. For our event, it seemed that the substorm onset
began ~3 min after the SC onset. However, we are not sure
whether or not the substorm was actually triggered by the IP
shock, because various external triggering mechanisms for
substorms are suggested [Zhou and Tsurutani, 2001;
Tsurutani and Zhou, 2003; Liou et al., 2003, and references
therein]. The more detailed characteristics of the pseudo-
breakup/substorm and the possible mechanisms are beyond
the scope of this paper and will be discussed in a separate
paper in the future.

2.4. ASI Observation of Shock Aurora

[20] Figures 4 and 5 show sequences of 557.7 nm and
630.0 nm images observed by the All-Sky Imager (ASI) at
the South Pole Station (SPA), respectively. Each of the ASI
images is selected at the closest time to each of the WIC
images presented in Figure 3. Contours of MLATs and
MLTs are overplotted on each ASI image. The center circle
is the zenith of SPA and the dashed circle is the geographic
latitude of —89°. During this event, it took about 43 s to
complete the exposure of the three interference filters. It is

Figure 5. The same format as Figure 4, but for the 630.0 nm ASI images.
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Figure 6. (a and b) An overview of the 557.7 nm ASI
image remapped on the WIC image in the afternoon sector
at the nearest time of the observed diffuse- (Figure 6a) and
discrete- (Figure 6b) type shock aurora, as seen in Figures 4¢
and 4e, respectively. (c and d) The SI12 image and (e and f)
the SI13 image. The color scale of each IMAGE-FUV
image is the same as that of Figure 3.

generally considered that the 557.7 nm emission results
from neutral atomic oxygen excited directly and/or indirectly
by precipitating keV electrons, and that the expected peak
altitude of the emission is around 120 km. On the other
hand, the 630.0 nm emission also results from neutral
atomic oxygen, but excited by precipitating soft electrons
(mainly less than 1 keV). The expected peak altitude of the
630.0 nm emission is somewhat higher than that of the
557.7 nm emission (in this study, it was assumed as
250 km). Temporal evolution of the shock aurora seen by
the ASI are almost similar to that seen by the WIC in the
ASI field of view (from —69° to —78° MLAT in the 14—
17 MLT sector), but the ASI enable us to identify more
detailed structures of the dayside shock aurora.

[21] In the first ASI image at 557.7 nm (Figure 4a; before
the SC onset), we found the quiet auroral emission lying
between —76° and —77° MLAT, corresponding to the
postnoon main oval with the narrow and weak emissions
presented in Figure 3a. The first 630.0 nm image (Figure 5a)
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indicated the quiet auroral emission at latitudes overlapping
with the 557.7 nm emission. The intensity of the 630.0 nm
emission was roughly comparable to that of the 557.7 nm
emission. In the postnoon main oval, periodic spot-like
auroral brightenings at 557.7nm often appeared before the
SC (not shown), although some of them remained just after
the SC. At 1836:04 UT (Figure 4b) when the first emission
of the dayside shock aurora was detected by the WIC, the
first brightening at 557.7 nm in response to the IP shock in
the ASI field of view appeared around —73° MLAT in the
14.0—15.0 MLT sector (shown by thick arrow). The auroral
brightening was weak in intensity and less structured.
Therefore, this aurora was categorized as diffuse. At
1838:14 UT (Figure 4c), the diffuse-type aurora expanded
equatorward (—70° MLAT) and tailward (near the 16.0 MLT
sector). The tailward propagation speed of the eastern edge
was 5-8 km/s on average. During the shock-induced
diffuse emission at 557.7 nm, no any apparent enhancement
of auroral emission at 630.0 nm was found in this region
(Figures 5b and 5c).

[22] At 1840:24 UT (Figure 4d), in addition to further
intensification of the diffuse auroral emission at 557.7 nm, a
newly developing auroral arc across the zenith began to
appear between 14.0 and 15.5 MLT. However, there was no
counterpart in the corresponding WIC image (Figure 3d).
The intensity of the auroral arc emission was stronger than
that of the surrounding diffuse auroral emission. The
corresponding arc was observed also at 630.0 nm
(Figure 5d), although the structure was less sharp. The
appearance of this arc was consistent with the increasing
630.0 nm emission after 1840 UT detected by the photom-
eter at SPA. After 1842 UT (Figures 4e—4i), the highly
structured auroral emission at 557.7 nm was predominant in
the ASI field of view. The discrete aurora emissions
developed with changing the forms in ranges of —73° to
—76° MLAT and of 14.0 to 17.0 MLT. The developing arcs
at 557.7 nm roughly coincided with those at 630.0 nm, but
some structures at 630.0 nm were indistinct or absent
because of the longer lifetime of the emission (Figures Se—
51). The main part of the discrete auroral emission also moved
tailward. About 13 min after the initial brightening of the
discrete-type shock aurora, the auroral intensity slightly
weakened (Figures 4j and 5j).

[23] The SI12 and SI13 provide us with information
about relative contribution of precipitating protons and
electrons in the diffuse/discrete-type shock aurora observed
with the ASI. Figure 6 shows an overview of the 557.7 nm
ASI image remapped on the WIC image in the afternoon
sector at the nearest time of the observed diffuse- (Figure 6a)
and discrete- (Figure 6b) type shock aurora seen in Figures
4c and 4e, respectively. Figures 6¢ and 6d show the SI12
image, and Figures 6¢ and 6f show the SI13 image at each
time. As mentioned in section 2.3, it is found that the proton
precipitation played a major role in the shock-induced
dayside subauroral emission. As seen in Figure 6 (left), in
the diffuse 557.7 nm shock aurora (light green area in
Figure 6a) expanding equatorward of the oval (—70° to
—73°) at 1838 UT, the emission of the SI12 image (~0.7 kR
on an average) was much stronger than that of the SII3
image (~0.32 kR). In Figure 6 (right), on the other hand, we
found that the location of the discrete auroral emission (red
area of Figure 6b) detected by the ASI at 1842 UT exactly
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corresponded to the brighter area in the middle of the
afternoon auroral oval detected by the WIC/SI13 (more
than 1.0 kR). In comparison with the diffuse aurora, the
proton contribution in the discrete aurora was relatively
small.

3. Discussion and Conclusions

[24] The FUV-WIC images showed a clear dawn-dusk
asymmetry in expansion of the dayside shock aurora during
the initial interval (1836—1840 UT) after the SC onset. As
seen in Figure 3, the auroral extension from the first
emission region (prenoon) to the dawn-dusk terminator
was faster in the dawn sector than in the dusk sector.
Similar dawn-dusk asymmetry in the shock aurora has been
reported by previous studies based on the Polar UVI [Zhou
and Tsurutani, 1999] and IMAGE FUV-WIC [Meurant et
al., 2004] instruments. For our event, the shock aurora in
the morning sector expanded within about 4 min from the
prenoon to the nightside sector. The western edge of the
shock aurora reached the ~9.0 MLT sector at 1836:09 UT
and the ~6.0 MLT sector at 1838:14 UT. Assuming —75°
MLAT as an average latitude, the average longitudinal speed
is ~11 km/s, comparable to that estimated by Zhou and
Tsurutani [1999]. The propagation speed in the polar
ionosphere could correspond to that of the IP shock travel-
ing along the magnetopause flank. During the same interval,
the SI12 indicated the opposite dawn-dusk asymmetry
(faster extension in dusk) in the proton aurora. As men-
tioned above, for this event the pseudobreakup activity in
the postmidnight sector preceded the shock aurora. Pseudo-
breakups are often accompanied by a localized injection of
electrons/ions with a few keV [Yahnin et al., 2001]. If such
particle injection took place in the postmidnight, it is
expected that a drifting/trapped electron (proton) population
might be distributed mainly in the dawnside (duskside) as a
preconditioning of the magnetosphere before the SC. Basi-
cally, the averaged energetic electron (proton) population
tends to be abundant on the dawnside (duskside) rather than
the duskside (dawnside), even if the magnetosphere is quiet
[Hardy et al., 1987]. In either case, it is likely that the faster
extension of the electron (proton) shock aurora in the
morning (afternoon) sector is linked to the shock-induced
precipitation of the drifting/trapped energetic particles. It is
suggested that the precipitation is probably caused by
adiabatic compression [Zhou and Tsurutani, 1999] and/or
reductions in the mirror ratio [Liou et al., 2002] induced by
the Psw-induced magnetospheric compression. If so, the
morning shock aurora form detected by the WIC is expected
to be diffuse.

[25] In the afternoon sector, the ground-based optical
observations can confirm development of two different
types of shock aurora, diffuse and discrete. Before ~1840 UT,
we found that the afternoon shock aurora detected by the
WIC was of diffuse type and appeared mainly equatorward
(=70° to —73° MLAT) of the ASI field of view. The
diffuse-type shock aurora was detected only at 557.7 nm
(no signature at 630.0 nm) and its eastern edge propagated
tailward by a speed of 5—-8 km/s. As shown in Figure 6
(left), the SI12 and SI13 images indicated proton precip-
itation in the diffuse 557.7 nm emission was much
stronger than electron precipitation. Several previous
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authors reported that proton precipitation contributes to
the optical emissions at the major electron auroral lines,
such as 557.7 nm, 427.8 nm, and 630.0 nm [e.g., Srivastava
and Singh, 1988; Rees, 1989; Lummerzheim et al.,2001]. Itis
thought that the auroral emissions are contributed from the
secondary electrons under proton precipitation [Rees, 1989].
According to the model prediction of Srivastava and Singh
[1988], if the proton contribution were significant in the
diffuse 557.7 nm emission, the characteristic proton energy
might be more than 10 keV because the diffuse emission was
detectable only at 557.7 nm. Our results suggest that the
preceding diffuse-type shock aurora in the afternoon sector
was caused by precipitation of keV protons as well as
electrons, entering the loss cone as the result of the shock-
induced magnetic field and plasma compression of the outer
magnetosphere.

[26] At ~1840 UT (Figures 4d and 5d), in addition to
further enhancement of the diffuse-type shock aurora at
557.7 nm, a new discrete-type shock aurora began to appear
near the zenith in the ASI field of view. The discrete arc was
seen at both 557.7 nm and 630.0 nm. The highly structured
auroral forms (like multiple fan arcs) dynamically changed
and the major emissions propagated eastward (tailward).
The significant discrete-type shock aurora was located
between —73° and —76° MLAT, exactly corresponding to
the stronger auroral emission in the middle of the afternoon
oval observed by the WIC/SI13 (see Figure 6, right). The
SI12 indicated that proton precipitation had little contribu-
tion in the discrete aurora emission. Therefore, the discrete-
type shock aurora results from intense precipitation of
electrons, rather than protons.

[27] The characteristic electron energy producing the
discrete shock aurora can be speculated from the emission
ratio of different filters on the basis of the numerical model
results by Rees and Luckey [1974]. During the discrete-
type shock aurora the 630.0/427.8 ratio estimated from
the photometer data at SPA was 0.5~1.0, roughly
corresponding to electrons in a few keV or less energy
range. The contribution of lower-energy (less than 1 keV)
electrons to the discrete-type shock aurora is indirectly
supported also by the 630.0 nm ASI images. The precipi-
tating lower-energy electrons in the afternoon shock aurora
were reported by the previous studies using direct in situ
satellite observations [Meurant et al., 2003; Zhou et al.,
2003]. They demonstrated that the precipitating lower-
energy electrons are highly structured and predominant at
higher latitudes (~75° or more MLAT). The precipitation of
the highly structured lower-energy electrons via some field-
aligned acceleration processes is generally believed to cause
the discrete auroral emission as seen in the present study.

[28] Some possible mechanisms of the Psw-induced field-
aligned currents (FACs) at the magnetopause were dis-
cussed by Zhou et al. [2003]. For our event, however, the
main location of the discrete forms was in the middle of the
auroral oval observed with the WIC, not at the poleward
edge. This implies that the Psw-induced FACs originate
from somewhere inside the magnetosphere, rather than at
the magnetopause. Therefore, we can rule out any mecha-
nism that is based on the Psw-induced FAC generation at
the magnetopause. Kozlovsky et al. [2005] recently pro-
posed another mechanism of the FAC generation to explain
westward/poleward motions of Psw-induced prenoon arcs.

7 0of 9



A07209

However, such an explanation cannot apply to our obser-
vations because the polarity and motion of the Psw-induced
FACs predicted by Kozlovsky et al. [2005] do not match
development of the afternoon discrete auroral forms pre-
sented here.

[29] As the most plausible mechanism for this case study,
the afternoon discrete-type shock aurora, if not all, may be
associated with generation of upward FACs for the main
impulse (MI) of SC. During the interval when the discrete-
type shock aurora was predominant, the geomagnetic H
component at SPA showed the MI of SC. It is well known
that the MlI-related FACs consist of a pair of downward
current on the dawnside and upward one on the duskside
[Araki, 1994]. Under the large-scale MI-related FAC struc-
ture, one can expect that the discrete-type shock auroral
emissions are more detectable on the duskside than the
dawnside. Using a numerical simulation, Fujita et al. [2003]
investigated the three-dimensional current circuit associated
with MI. They demonstrated that the MI-related upward
FAC first appears in the postnoon polar ionosphere (~70°,
~13 MLT) about 3—4 min after the arrival of a Psw
enhancement at the subsolar point, and then move to the
dusk terminator with increasing the intensity. During this
period, the center of the upward FAC around 15 MLT is
73°~75°. The temporal and spatial variations of the dis-
crete-type shock auroral emission presented here are well
similar to those of the upward FAC. This suggests that the
afternoon discrete-type shock aurora appears coincident
with the MlI-related FAC developing after passage of a
fast-mode shock. According to their simulation results, the
Ml-related FAC system originates around the inner edge of
an enhanced pressure region well inside the magnetosphere,
not just inside the magnetopause. This is in better agreement
with our result that the afternoon discrete emission was seen
in the middle of the oval. Also, the FAC system appears to
be connected with the current generator in the cusp region
through the off-equatorial plane (Figure 10 of Fujita et al.
[2003]).

[30] The observed discrete auroral emission had small-
scale fine structures (multiple arcs) varying dynamically in
both space and time. Probably, the individual arcs could be
associated with highly structured FACs embedded in the
large-scale upward FAC system for MI. If the ionosphere
was nonuniform in conductivity and electric field via
various physical processes in the magnetosphere (genera-
tion of additional Alfven waves), the ionosphere would play
a passive role in the formation of multiple auroral structures,
as demonstrated by Zhu et al. [2005]. The small magnetic
field perturbation superposed on the MI signature at SPA
(see Figure 2, top) might be a manifestation of the addi-
tional Alfven waves. However, further observational and
numerical investigations are required to establish generation
mechanism responsible for the multiple small-scale struc-
tures of shock aurora.

[31] It is well known that IMF changes lead to discrete
arcs (precipitation of accelerated electrons) on the dayside,
especially around the ionospheric foot points of large-scale
upward FACs [cf. Newell et al., 1996]. During the discrete-
type shock aurora seen in the afternoon sector, the IMF
underwent a short-time (~3 min) southward excursion with
~—3 nT about 7 min after the IP shock. The southward IMF
excursion was accompanied by a small Psw increase (from
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~5 to 6 nPa). The ground response to the small Psw
increase indicated a small positive change of the magnetic
H component at Kakioka between 1848 and 1853 UT
(Figure 2, bottom). This result implies that, if the effect of
the IMF change appears on the polar ionosphere, it is
~8 min after the appearance of the discrete-type shock
aurora, or later. Therefore, the weak southward IMF excur-
sion was not likely a direct cause triggering the present
discrete aurora, although its effect might somewhat be
superposed on the developing discrete-type shock aurora.

[32] We presented a case study of a postnoon shock
aurora event that occurred on 14 June 2005, on the basis
of simultaneous ground-satellite optical observations. To
our knowledge, such an opportunity of observing the
dayside shock aurora is extremely rare, except for Kozlovsky
et al. [2005]. Simultaneous optical observations from
ground and space provided good similarities for spatial/
temporal evolution of the shock aurora. Especially, the ASI
observations at SPA allow us to identify when and where
diffuse- and discrete-type shock auroral forms develop in
the afternoon sector. The major findings of the postnoon
shock aurora for this case study are as follows: (1) two-step
development of the postnoon shock aurora (the diffuse-type
shock aurora first appeared and expanded, and ~5 min later
the discrete-type one began to develop), (2) the diffuse-type
shock aurora was detectable only at 557.7 nm equatorward
of the oval (—=70° to —73° MLAT), while the discrete-type
one at both 557.7 nm and 630.0 nm in the middle of the
oval (—=73° to —76° MLAT), (3) relative contribution of
proton versus electron precipitation to each shock auroral
form, and (4) the discrete-type shock aurora coincided with
the MI of SC. Identifying temporal/spatial features of both
shock auroral forms is very important to clarify the pre-
dominant precipitation mechanism(s) of nonaccelerated or
accelerated particles in the developing shock aurora. The
two-step development of the observed postnoon shock
aurora suggests that shock-induced precipitation mecha-
nisms are a two-step process.
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