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[1] On May 23, 2000, proton auroras observed by IMAGE FUV

on the dayside were very dynamic. Auroral pattern at the cusp

footpoint is well correlated with IMF and solar wind parameters. A

proton aurora brightened at high latitude poleward from the dayside

oval after solar wind ion temperature increased while solar wind

density and bulk speed were steady. It then vanished after IMF

turned southward. Under this IMF condition, auroral activity

occurred only in the dayside oval. As IMF Bz reverted to northward,

cusp proton aurora reappeared at high latitude. The location of the

cusp proton aurora changes with the IMF By polarity, consistent

with previous reports. These results suggest an upstream source for

the observed high-latitude cusp proton aurora. One possible

explanation is that bow shock energetic ions are transported into

the cusp via the high-latitude magnetic merging process to induce

optical emissions in the ionosphere. INDEX TERMS: 2704

Magnetospheric Physics: Auroral phenomena (2407); 2716

Magnetospheric Physics: Energetic particles, precipitating; 2407

Ionosphere: Auroral ionosphere (2704); 2455 Ionosphere: Particle

precipitation; 2451 Ionosphere: Particle acceleration

1. Introduction

[2] Energetic ions originating from the bow shock are fre-
quently observed in the northern cusp when the interplanetary
magnetic field (IMF) is northward [Chang et al., 1998; Trattner et
al., 2001]. Studies have shown that energetic proton precipitations
can produce aurora [e.g., Eather and Mende, 1972; Gérard et al.,
2000]. Therefore, proton aurora may appear at the footprint of the
high-latitude cusp under the northward IMF condition.
[3] Imaging proton aurora on a global scale in space was not

possible until the launch of NASA’s IMAGE spacecraft on March
25, 2000. According to IMAGE observations, proton aurora
frequently appears in a region poleward from the dayside auroral
oval when IMF is northward [Frey et al., 2002]. A statistical study
shows that 2-keV solar wind protons can make a significant
contribution to the observed high-latitude proton aurora [Frey et
al., 2002]. In this paper, we present proton auroras observed by
IMAGE on May 23, 2000. For this event, the cusp auroral pattern
is well correlated with the IMF and solar wind parameters,
consistent with a bow shock source of cusp energetic ions.

2. Observations

[4] IMAGE has a 90� inclination, 7 RE by 1000 km orbit and a
spin period of 2 min. The Spectrographic Imager (SI) of the Far

Ultraviolet Imaging (FUV) on board IMAGE has a channel, SI12,
imaging Doppler-shifted Lyman-a emissions induced by proton
precipitations [Mende et al., 2000]. The instrument is only sensi-
tive to protons with energy above 1 keV and more sensitive to 8-
keV protons. IMF and solar wind data are acquired with the
Magnetic Field Investigation (MFI) [Lepping et al., 1995] and
Solar Wind Experiment (SWE) [Ogilvie et al., 1995] on board
Wind, respectively.
[5] On May 23, 2000, proton auroras observed in the dayside

northern hemisphere by FUV/SI12 were very dynamic. At about
1918 UT, a proton aurora located poleward from the dayside oval
faded away in 2 min shortly after its brightening. Since then,
auroral activity occurred only in a small section of the dayside
oval. Later around 2006 UT, a proton aurora reappeared at high
latitude and shifted around in local time whereas auroral intensity
of the dayside oval remained relatively constant. IMF and solar
wind parameters also showed large variations during these events
and they were correlated very well with the auroral activity.

2.1. Event 1 (Around 1916 UT)

[6] Before 1916 UT, the auroral oval and polar cap observed by
FUV/SI12 were relatively quiet for more than an hour. Excluding a
portion of afternoon auroral oval, these regions were filled with
diffuse emissions and occasionally visible but weak auroral spots
or arcs. Figure 1 presents three consecutive SI12 images projected
onto the magnetic latitude (MLAT) and magnetic local time (MLT)
plane from 1916 to 1920 UT. The color scale on the right indicates
auroral intensity. Beginning at 1916 UT moderate photon emis-
sions were detected in the high-latitude polar cap whereas aurora in
the oval changed very little. By 1918 UT, a proton auroral arc had
fully formed with intensity comparable to the oval. This arc joined
the postnoon oval and extended to high latitude into the polar cap.
The arc then vanished in 2 min leaving a small trace of its prior
existence at the poleward edge of the oval. Because the FUV
instrument had not been fully optimized during the early stage of
the IMAGE mission, SI12 images for the May 23 event do not
have the spatial resolution to pinpoint aurora location with high
precision. Nonetheless, we can still determine relative locations
between the auroral arc and oval in these images.
[7] While the high-latitude arc was diminishing after 1918 UT,

proton aurora in the postnoon section of the oval greatly intensified.
The intensity growth in this region exceeded 100%. Two minutes
later (SI12 image not shown), the remnant of the high-latitude arc
completely vanished and the afternoon oval became even more
intense. This part of oval lasted for a few more minutes before it
gradually faded away. By 1928 UT, the dayside oval almost dis-
appeared. It then gradually intensified again. During the evolution of
oval, polar cap stayed very quiet without any noticeable emissions.

2.2. Event 2 (Around 2006 UT)

[8] Auroral pattern after 2004 UT is quite different from the first
event. Figure 2 presents three consecutive proton auroral images
from FUV/SI12 in the same format as Figure 1. At 2004 UT, visible
aurora only appeared in the afternoon oval. The polar cap was filled
with diffuse emissions. Two minutes later, aurora in a small area
poleward from the oval around the magnetic local noon began to
brighten. At this moment, the afternoon oval was much brighter than
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this region. By 2008 UT, this high-latitude aurora has intensified and
shifted to the prenoon sector and to higher latitude. It then moved
back to the local noon in 2 min while maintaining its brightness.
After 2010 UT, the high-latitude aurora gradually faded away and
then brightened again. This pattern lasted for about one hour.
[9] Since its appearance, the high-latitude aurora was never

connected to the visible part of the auroral oval for �20 min. At the
beginning, this part of oval extended from midnight to �15 MLT.
It then slowly expanded toward the local noon. The intensity of
auroral oval remained relatively constant during the expansion.

2.3. Upstream Condition

[10] The Wind spacecraft was very close to the Sun-Earth line
and �50 RE upstream from the Earth for this event. Figure 3
presents the three GSM components of IMF observed by Wind/
MFI and solar wind density, ion temperature, and bulk speed
deduced from SWE measurements from 1845 to 2015 UT. Proton
aurora intervals that are properly time shifted are given in the
bottom panel of Figure 3. IMF Bx was mostly negative and By was
mostly positive. The latter turned negative at �1948 UT and stayed
negative for �5 min before both Bx and By became negligible. Bz

was the dominant component except around 1904 and 1949 UT
when it changed sign (lines B and E in Figure 3). It was initially
northward, turned southward, and then reverted to northward.
[11] After IMF Bz turned southward at 1904 UT, solar wind

density gradually increased from 10 cm�3 to 24 cm�3. It then
sharply decreased at �1915 UT. A density dropout lasted for �6
min (lines C and D in Figure 3). Density then rose again and
slowly reduced just before Bz turned northward at 1949 UT. Solar
wind ion temperature sharply increased at 1900 UT (line A), �4
min ahead of the Bz southward turning and density increase. Solar
wind bulk speed was �616 km/s. This yields a propagation time of
�6 min to the bow shock and several minutes more to the
magnetopause.

3. Discussion and Conclusion

[12] The May 23, 2000 proton auroral event is rich of important
features. Timeline for this event is given in Table 1. Variations in
solar wind ion temperature (Tsw), density (nsw) and IMF Bz, are
compared with changes in proton aurora to estimate the time delay
(�t). It is�16 min for the three cases involving changes in the high-
latitude proton aurora and 7–10 min for the other two cases

involving the dayside oval. Main results from IMAGE and Wind
observations include the following. (1) Precipitating energetic ions
presumably from the cusp are the cause of the high-latitude proton
auroras. (2) The high-latitude proton aurora brightens after solar
wind ions are heated. (3) The high-latitude proton aurora vanishes
once IMF turns southward. (4) A proton aurora reappears at high
latitude after IMF Bz reverts to northward. (5) The high-latitude
proton aurora is located at the postnoon, local noon, and prenoon
sector when IMFBy > 0,�0, and <0, respectively. (6) Although solar
wind is mostly much hotter and denser for southward IMF, polar cap
is very quiet and aurora activity remains only within the oval.
[13] These observations can be explained in terms of antipar-

allel merging [Crooker, 1979]. Figure 4 illustrates the process of
the first proton aurora event on the basis of this model. Before the
brightening of the high-latitude proton aurora at 1916 UT, IMF By

and Bz are positive and relatively steady for more than one hour. As
shown in Figure 4a, this favors the high-latitude merging poleward
of the cusp in the postnoon sector and a sunward flow in the cusp
as in the four-cell convection pattern [Burke et al., 1979]. Such a
merging process magnetically connects the cusp to the upstream
bow shock region [Chang et al., 1998]. Energetic protons upstream
from the cusp can directly enter the cusp and precipitate into the
high-latitude ionosphere.
[14] Given the evidence presented above, the brightening of the

cusp proton aurora at 1916 UT is most likely a consequence of
increased solar wind ion temperature at 1900 UT. Because of the

Figure 1. Three consecutive proton auroral images taken by
IMAGE FUV/SI12 from 1916 to 1920 UT on May 23, 2000.
Images are projected onto the MLT-MLAT plane.

Figure 2. Same as Figure 1, three consecutive SI12 images taken
from 2004 to 2008 UT on May 23, 2000.

Table 1. Timeline for the May 23 Event

Wind IMAGE

�tUT Parameter UT
Location of

Proton Aurora

1900 Tsw " 1916 high latitude 16
1904 Bz + ! � 1920 auroral oval 16
1918 nsw, Tsw # 1928 xxx 10
1925 nsw, Tsw " 1932 auroral oval 7
1949 Bz � ! + 2006 high latitude 17

Figure 3. Top to bottom: IMF GSM components observed by
Wind/MFI and solar wind density, ion temperature, and bulk speed
derived from Wind/SWE data for the May 23, 2000 event. Time
shifted proton aurora intervals observed by FUV/SI12 at high
(shaded) and low (hatched) latitudes are marked in the bottom
panel.
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change in temperature but not density and bulk speed, solar wind
thermal ion flux reduces by �90%. Thus 2-keV solar wind
protons, that can be responsible for similar high-latitude proton
auroras under large solar wind dynamic pressure [Frey et al.,
2002], cannot account for the observed auroral feature. Energetic
proton fluxes in the solar wind are not sufficient to produce aurora
either. However, it is well known that solar wind ions are heated at
the bow shock by waves or electric field [e.g., Fuselier et al., 1995,
and references therein] and bow shock is capable of injecting solar
wind ions by themselves [e.g., Scholer et al., 2000]. Energetic ions
in the solar wind can become a seed population for further
acceleration at the shock [e.g., Ellison, 1987]. Ions entering the
cusp will also gain energy at the magnetopause [e.g., Cowley,
1995, and references therein]. Thus, energized solar wind protons
appear able to produce the observed cusp proton aurora. The
inferred 16-min time delay accounts for several time scales as
discussed in details later.
[15] This high-latitude cusp aurora is short-lived because IMF

Bz turns southward at 1904 UT soon after solar wind ions are
heated. According to antiparallel merging the merging site shifts to
low latitude and the flow in the cusp becomes antisunward as
shown in Figure 4b. Thus the cusp footpoint moves equatorward
accordingly. In this case, the previous region of cusp aurora is now
on the lobe field lines and maps to the downtail bow shock region
instead of the upstream region. Much less energetic protons are
produced there and transported to the high-latitude ionosphere to
yield visible aurora. Open field lines merged earlier at the high-
latitude magnetopause may still contain remnant of energetic ions
that continues to precipitate into the poleward edge of the auroral
oval. The fact that the brightening and diminishing of the high-
latitude cusp aurora are 4 min apart (1916–1920 UT) and the solar
wind ion temperature enhancement and IMF southward turning are
also 4 min apart (1900–1904 UT) further supports the previously
stated causal relation between the cusp aurora and temperature
enhancement.
[16] After IMF reverts to northward in event 2, the merging

geometry similar to Figure 4a is restored and energetic protons
have regained access to the high-latitude region. However, the
local time of cusp proton aurora is different from event 1. It is
prenoon for By < 0 and local noon for By � 0 in event 2 and
postnoon for By > 0 in event 1. These results agree with the
prediction of the antiparallel merging and also agree with previous
findings [Frey et al., 2002]. Furthermore, cusp locations deduced
from the IMAGE FUV/SI12 observations for various IMF By and
Bz orientations in both events also agree with Polar UVI observa-
tions [Milan et al., 2000] and DMSP plasma observations at the
low-altitude cusp [Newell and Meng, 1988].

[17] The high-latitude proton auroral pattern is well correlated
with the solar wind ion temperature and IMF Bz with �16 min
delay. Since Wind is close to the Sun-Earth line, the observed solar
wind and IMF are very likely to impact the bow shock with a very
high timing accuracy [e.g., Collier et al., 1998]. The 16-min delay
is consistent with the sum of four time scales: propagation of solar
wind from Wind to the bow shock (�6 min), shocked solar wind
from shock to the subsolar magnetopause and then to the high-
latitude magnetopause (�5 min), ion acceleration at the shock
(�1–2 min) [e.g., Scholer et al., 1980; Mitchell and Roelof, 1983;
Chang et al., 2000], and a few more minutes for transport of
energetic protons from magnetopause to ionosphere.
[18] Unlike the northward IMF case, aurora activity in the

dayside oval for southward IMF is less correlated with solar wind
density and temperature as indicated by a broader range of time
delay (7–10 min). Factors attributing to a larger uncertainty in the
time delay include multiple sources, such as the solar wind and
magnetosphere, and multiple processes of plasma transport, such as
direct entry and diffusion. Part of the dayside oval maps to the low-
latitude boundary layer (LLBL) which can be open or closed and is
often mixed with solar wind and magnetospheric plasmas. [e.g.,
Haerendel et al., 1978; Newell et al., 1991]. In addition, dayside
boundary plasma sheet ions with similar cusp ion energy may also
contribute to the observed aurora [Newell and Meng, 1988].
Nevertheless, further studies are required to understand the dynam-
ics of proton aurora in the dayside oval.
[19] In summary, similar to the results of previous studies [Frey et

al., 2002], the source of precipitating energetic protons in the high-
latitude cusp footpoint is most likely from upstream for the May 23
event. IMF Bz plays an important role in setting up the magnetic
connection between the high-latitude ionosphere and the upstream
bow shock region through magnetic merging. This connection
provides an effective way to transport bow shock energetic protons
to the high-latitude ionosphere. Without this path, bow shock
energetic protons may not be effectively transported there even
though proton fluxes are abundant following the arrival of the
pressure/density pulse during the southward IMF interval. Further
study is required to determine which mechanism among the shock
drift acceleration, Fermi acceleration, and magnetospheric leakage
mostly accounts for the bow shock energetic protons that are
responsible for the observed high-latitude cusp proton auroras.
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