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Introduction

Although the dominant loss processes for terrestrial ring 
current ions are collisional, including charge exchange with 
the neutral geocorona and Coulomb collisions within the plas-
masphere, wave-particle interactions are also believed to play 
an important role as they provide a mechanism for the rapid 
decay of the ring current during the early recovery phase of 
geomagnetic storms [Kozyra et al., 1997]. Resonant interac-
tion between energetic ring current ions and electromagnetic 
ion cyclotron (EMIC) waves results in pitch angle scattering 

and subsequent precipitation of the energetic ions into the 
upper atmosphere. Considerable attention has been given 
to regions of spatial overlap between energetic, anisotropic 
ring current ions and cold, dense plasmaspheric material 
that should be particularly conducive to the growth of EMIC 
waves [Cornwall et al., 1970; Lyons and Thorne, 1972]. 

In terms of magnetospheric dynamics, global magneto-
spheric convection and substorms act to energize and trans-
port plasma sheet particles into the inner magnetosphere, 
building up the ring current [e.g. Fok et al., this volume]. 
Convection also acts to erode the plasmasphere, and plasma-
spheric material is transported sunward [e.g., Goldstein and 
Sandel, this volume] and into the path of westward-drifting 
ring current ions. Previously stable energetic ions distribu-
tions encounter the cold, dense plasma, become unstable to 
the growth of ion cyclotron waves, and some fraction of the 
energetic ions are scattered into the loss cone. 

The free energy for wave growth in the electromagnetic 
ion cyclotron instability is provided by the temperature 
anisotropy of energetic ring current ions (T^>T ê ê). Energy 
and momentum exchange can occur when the Doppler 
shifted wave frequency matches the cyclotron frequency 
of the individual resonant particles. According to linear 
Vlasov dispersion theory, the kinetic energy of protons that 
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can resonate with a given frequency wave decreases with 
increasing cold plasma density [Kennel and Petchek, 1966]. 
The wave growth rate is then proportional to the temperature 
anisotropy of the energetic protons and the fractional number 
of protons near resonance. For example, at geosynchronous 
orbit on the dayside, the introduction of moderate densities of 
cold plasma (10 to 50 cm-3) can reduce the resonant proton 
energy so that it falls within the range of the bulk of the ring 
current ( <200 keV), and thus, more energetic protons are 
available for resonance. If the energetic proton temperature 
anisotropy is sufficiently large, waves will grow and scat-
ter the protons until the distribution has stabilized. The 
maximum amplification of the ion cyclotron waves occurs 
near the equatorial plane, where magnetic field values are 
low, and for wave normal vectors parallel to the magnetic 
field direction [Thorne and Horne, 1992]. Also, heavy ions 
(He+, O+) which are present in both the hot and cold plasma 
distributions significantly modify the ion cyclotron wave 
frequencies and growth rates including the formation of stop 
bands above the heavy ion gyrofrequencies [Young et al., 
1981; Kozyra et al., 1984]. 

The effects of wave scattering have been including in global 
ring current models [e.g. Kozyra et al., 1997, Jordanova et 
al., 2001, Khazanov et al., 2003]. Jordanova et al. [2001] 
developed a time-dependent global EMIC wave model to 
study the spatial and temporal evolution of precipitating pro-
ton fluxes during different phases of a geomagnetic storm. 
The most intense fluxes of precipitating protons are found 
along the duskside plasmapause during the storm main and 
early recovery phases. The global precipitation patterns 
move to lower L shells during the main phase as the plas-
masphere is eroded and recede to larger L shells during the 
storm recovery as the plasmasphere refills. 

Although the global impact of wave-particle interactions 
has not been experimentally verified, a large body of sup-
porting observational evidence does indicate that they may 
at times have an important influence on the evolution of the 
ring current. The inner edge of the ion ring current can at 
times penetrate the duskside plasmasphere by 0.5 to 2 RE 
[Frank, 1971; LaBelle et al., 1988; Burch et al., 2001], and 
numerous event studies have reported ion cyclotron waves 
and changes in pitch angle distributions consistent with 
expectations from wave scattering in this overlap region 
[Williams and Lyons, 1974; Taylor and Lyons, 1976; Kintner 
and Gurnett, 1977; Mauk and McPherron, 1980; Young et 
al., 1981]. More recently, Erlandson and Ukhorskiy [2001] 
found a direct correlation between EMIC wave spectral 
density and the flux of energetic protons in the loss cone. 
Similarly, Yahnina et al. [2000] reported a close association 
between ground based observations of Pc1 pulsations and 
precipitating energetic protons. 

Statistically, EMIC waves (in the range 0.1–5 Hz) have 
been found to be primarily a phenomenon of the outer day-
side magnetosphere (L>7) [Anderson et al., 1992]. However, 
at lower L values (L=4 to 7) the occurance as well as wave 
amplitude is strongly peaked in the afternoon local time 
sector [Anderson et al., 1992; Fraser and Nguyen, 2000; 
Erlandson and Ukhorskiy, 2001] in the region where sunward 
extensions of cold plasma have been frequently observed 
[e.g. Chappell, 1974]. Although Fraser and Nyguyen [2000] 
showed that the plasmapause itself is not necessarily the 
primary source region for waves in this L region, the vast 
majority of the wave events did occur where the cold plasma 
density exceeded 10 cm-3. 

2. Afternoon Detached Subauroral  
Proton Arcs

Global imaging of the proton aurora by the Far Ultraviolet 
(FUV) Spectrographic Imager (SI) [Mende et al., 2000] 
onboard the IMAGE satellite [Burch, 2000] has led to the 
identification of arcs of precipitating protons at latitudes 
equatorward of and separated from the main proton oval. 
The detached subauroral proton arcs appear over several 
hours of local time in the afternoon sector, and satellite 
observations magnetically connected to the detached arc 
confirm the presence of precipitating protons and an absence 
of precipitating electrons [Immel et al., 2002; Burch et al. 
2002]. The afternoon detached subauroral arcs can persist 
for about thirty minutes up to several hours. Thus, they are 
distinct from other recent observations of so-called subauro-
ral dayside proton flashes which last only for tens of minutes 
and are triggered by sudden increases in solar wind dynamic 
pressure [Zhang et al. 2002; Hubert et al. 2003]. 

Wave-particle interactions within the plasmasphere have 
been suggested as a precipitation mechanism for the after-
noon detached arcs, and in one of the reported events, 10 Nov 
2000, the Magnetospheric Plasma Analyzer (MPA) [Bame et 
al., 1993] onboard the geosynchronously orbiting 1989-046 
spacecraft observed enhanced fluxes of plasmaspheric ions 
in the region where the equatorial extension of the subauroral 
arc was expected to map [Burch et al., 2002]. Another event 
study by Spasojević et al. [2004] indicated that the detached 
arc on 18 June 2001 was directly associated with a globally 
observed plasmaspheric plume. Predicted by numerical mod-
eling for many years [e.g., Grebowsky, 1970; Chen and Wolf, 
1972], plasmaspheric plumes, also referred to as plasma tails, 
are regions of cold plasma which extend sunward from the 
plasmasphere and are formed during periods of enhanced 
magnetospheric convection. They were first observed globally 
by the IMAGE Extreme Ultraviolet (EUV) imager [Burch et 
al., 2001; Sandel et al., 2001]. The EUV instrument [Sandel et 
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al., 2000] images the plasmasphere by detecting 30.4-nm solar 
radiation resonantly scattered by plasmaspheric He+ ions. 

For the 18 June 2001 event, the assertion that the proton 
arc was a result of wave induced scattering was supported 
by two main arguments [Spasojević et al., 2004]. First, the 
auroral arc when mapped to the magnetic equatorial plane 
overlapped with the plasmaspheric plume as defined by 
a broad region of enhanced cold plasma density observed 
globally by IMAGE EUV and in situ at geosynchronous 
altitude by LANL-01a MPA. Second, wave growth calcula-
tions based on MPA observations of the hot and cold plasma 
parameters [e.g. Gary et al., 1995] indicated positive growth 
of the proton cyclotron instability within the plume region 
whereas the energetic proton distributions were stable out-
side the plume. The wave growth calculations suggest that 
subauroral proton precipitation may occur at times when 
the hot and cold plasma distributions are similar to those 
observed on 18 June 2001. 

Previous studies have shown that plasmaspheric plumes 
form readily in the afternoon local time sector during peri-
ods of enhanced convection with cold ion densities (in the 
range of ~1–130 eV/q) at geosynchronous orbit commonly 
exceeding 40 cm-3 [e.g., Moldwin et al., 1995; Spasojević  
et al. 2003]. However, at the time of the detached arc on 
18 June 2001, the hot ion density (in the range of 0.13–45 
keV/q) observed by LANL-MPA was about 1.5 to 2 times 
larger than the average value at the same local time under 
similar geomagnetic conditions (Kp » 5) [Korth et al., 1999]. 
Hence in order to further explore the relationship between 
detached proton arcs and plasmaspheric plumes, we examine 
how often the plasma parameters at geosynchronous orbit 
are similar to those of 18 June 2001, and more specifically, 
whether subauroral detached proton arcs are also observed 
at those times. 

The association of detached arcs with plasmaspheric 
plumes and corresponding wave growth calculations provide 
only indirect evidence that the precipitation is due to EMIC 
wave scattering. Thus, we also investigate observations of 
ion cyclotron waves by the Polar Magnetic Field Experiment 
(MFE) [Russell et al., 1995] near the geomagnetic equator in 
association with detached arc events. 

3. Identifying Detached Arc Events Based 
on Geosynchronous Particle Signatures

In order to identify intervals when subauroral proton pre-
cipitation may be expected, we searched the MPA data set to 
find times when the hot ion moments were similar to those 
reported for the 18 June 2001 event. Specifically, we identi-
fied intervals during which a LANL satellite was located 
on the dayside, 06 > MLT > 18, and for at least 30 minutes 

or more MPA observed a hot ion density, nih, greater than 1 
cm-3 and a hot ion temperature anisotropy, A º T^/T ê-1, 
greater than 0.25. No restrictions were placed on the cold ion 
density as we wanted to independently determine whether 
the presence of cold plasma was a necessary condition for the 
observation of the detached arcs. The intervals were then fur-
ther restricted to times when IMAGE FUV was imaging in 
the northern hemisphere. We performed the search over four 
months of data using the two LANL satellites with the best 
data coverage for each month. The intervals were all from 
2001, in the months March (using satellites 1989–046 and 
1994–084), May (1991–080 and 1994–084), June (1991–080 
and 1994–084), and July (1991–080 and 1994–084). 

The months of May through July 2001 were chosen 
because at that time the IMAGE orbit geometry was par-
ticularly favorable for EUV imaging of the plasmasphere and 
long intervals of high quality images are available during 
each orbit. During March 2001, the Polar spacecraft crossed 
the magnetic equator just outside of geosynchronous orbit in 
the post-noon sector and thus, for portions of its orbit, was 
in a suitable location for monitoring wave activity associ-
ated with detached arcs. Some EUV data are also available 
during March 2001. 

Once the intervals meeting the MPA hot ion criteria 
(nih> 1 and A > 0.25) were identified, we surveyed the FUV 
S12 images for several hours around each MPA interval in 
search of subauroral detached proton arcs. Figure 1 gives an 
overview of the arc events identified using this technique 
over the four month study period. Overall, 13 intervals were 
identified when the MPA hot ion criteria were met. Of those, 
11 had detached proton arcs observed by FUV, indicated by 
the solid vertical lines in Figure 1. The proton arcs were not 
necessarily observed at the same universal time or local time 
sector as the MPA hot ion observations. For the remaining 
2 intervals, indicated by the dotted vertical lines in Figure 
1, no evidence of detached subauroral precipitation was 
observed, and we will show that in these two cases there 
was no cold plasma extending to large radial distances in 
the afternoon sector. 

3.1 Arc Events with MPA Criteria Met

We will now explore the relationship between the subauro-
ral proton arcs and regions of enhanced cold plasma density. 
For each of the 11 arc events identified as a result of the 
MPA search criteria (nih> 1 and A > 0.25), a characteristic 
FUV image was selected and the subauroral proton arc was 
mapped to the equatorial plane so that its location could be 
compared with global EUV observations of the plasmasphere 
as well as in situ cold ion density measurements along geo-
synchronous orbit. 
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3.1.1 Proton Arc Event: 05 Mar 2001 An example event 
from 05 Mar 2001 is shown in Figures 2–4. On that day 
LANL 1994-084 observed elevated hot ion densities and 
ion temperature anisotropies which exceeded the hot ion 
criteria for about an hour from 02:35 to 03:45 UT in the 
local time sector from 9.2 to 10.4 (segment between the 
two gray diamonds in Figures 2 and 4). The FUV imager 
observed subauroral proton precipitation in the afternoon 
sector for about a 3.5 hour period from about 02:45 to 05:15 
UT around the time of minimum Dst for that disturbance 
interval (Figure 1). The subauroral precipitation appears 
to fade and rebrighten several times within the 3.5 hour 
period. At 03:47 UT the proton precipitation consisted 
of several bright spots in the afternoon sector generally 
extending from a magnetic latitude of ~68º at 14 MLT to 
~60º at 17 MLT (Figure 3). 

There appears to be a strong association between the 
mapped precipitation region and a plasmaspheric plume, as 
illustrated in Figure 4. Points bounding the subauroral arc 
were selected and mapped to the Solar Magnetic (SM) equa-

torial plane using the T96 magnetic field model [Tsyganenko 
and Stern, 1996] and prevailing solar wind conditions, (open 
squares in Figure 4). This is the same region indicated by 
the white dashed line in Figure 3. Overlayed are the plasma-
pause locations (black dots) extracted from an EUV image 
at 03:54 UT (center of the 10-minute integration window). 
The plasmapause locations were determined by selecting 
points along the sharp brightness gradient in the EUV image, 
finding the field line with the minimum apex along the line 
of sight to each point using the T96 magnetic field model, 
and tracing that field line to the SM equatorial plane. A 
plasmapause location was selected only at local times for 
which a sharp brightness gradient could be reliably identi-
fied in the EUV image [Goldstein et al., 2003]. A distinct 
plasmaspheric plume can be seen extending sunward in 
the afternoon sector having been formed as result of a pro-
longed period of enhanced magnetospheric convection. The 
proton precipitation region maps within the region of the 
plasmaspheric plume, just inside the duskside plasmapause 
as determined by EUV. 

Figure 1. Geomagnetic indices Dst (black line) and Kp (light gray bars) for the months of March, May, June and July 
2001. The solid vertical lines indicate times when subauroral detached proton arcs where observed and the in situ hot ion 
criteria were met (see text). The dotted lines indicate times when the hot ion criteria were met but no detached subauroral 
precipitation was observed. The dashed lines indicate arc events found when the hot ion criteria were not met. The regions 
covered by dark gray boxes are times when FUV data are unavailable (late Mar) or of poor quality (9–10 Jun).
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Unfortunately, there were no simultaneous in situ measure-
ments of the hot and cold plasma parameters directly within 
the mapped precipitation region. However, several hours later 
LANL 1994-084 transversed the plume in afternoon sector 
as indicated by the region between the two gray triangles in 
Figures 2d and 4. Convection had weakened in the interven-
ing time such that the eastern edge of the plume as measured 
by MPA at 10:06 UT was located at a later local time as 
compared to the EUV image at 03:47 UT. The average ion 
density across the plume was 31 cm-3, and as is typically 
seen at geosynchronous altitude, the plume contained highly 
irregular density structure (Figure 2a) [Moldwin et al., 1995, 
Spasojević et al., 2003, Goldstein et al., 2004]. 

All 11 arc events identified as a result of the MPA search 
criteria appear to be associated with regions of enhanced cold 
plasma density as determined by either global EUV images 
of the plasmasphere or in situ cold plasma density measure-
ments at geosynchronous orbit. In characterizing associa-
tion between the proton arc and regions of cold plasma, we 
found that the events could be broken down into one of two 
categories: 

1. 	�All or a significant part of the arc directly maps inside 
the EUV field of view and within regions of enhanced 

density. Events of this type include the 05 Mar 2001 
event described above as well as 19 Mar 2001, 09 May 
2001, 18 June 2001, 24 July 2001, and 31 July 2001. 

2.	�T he majority of the arc maps outside the EUV field of 
view, but EUV images indicate that a plasmaspheric 
plume likely extends to the mapped precipitation region. 
Events of this type include 07 May 2001, 13 May 2001, 
28 May 2001, 02 June 2001, and 15 July 2001. 

For events of both types, there are supporting MPA obser-
vations of enhanced cold ion densities in the vicinity of the 
mapped precipitation region. 

Of the 11 proton arc events identified as a result of the 
MPA hot ion criteria (solid lines in Figure 1), 10 occurred 
during periods of at least moderately enhanced geomag-
netic activity. Correspondingly, each of those 10 arcs was 
associated with plasmaspheric plume type extensions in 
the afternoon sector resulting from prolonged periods of 
enhanced convection. The one exception is the arc event of 
24 July 2001 which occurred during a period of relatively 
weak geomagnetic activity. The proton arc in this event is 
associated with a quiet time “duskside bulge” type feature 
[e.g. Carpenter, 1970] within which the MPA instrument 
observed hot ion densities and temperature anisotropies in 
excess of the selected threshold criteria. 

3.1.2 Proton Arc Event: 09 May 2001 Another example of 
the first type of event can be seen in Figures 5 and 6. Like 

Figure 2. LANL 1994-0084 MPA observations on 05 Mar 2001 
of (a) cold ion density (b) hot ion density, (c) hot ion temperature 
anisotropy along with (d) the satellite magnetic local time. The 
MPA hot ion criteria threshold is indicated by the dashed horizontal 
lines in (b) and (c). The MPA observations exceeded the threshold 
over the segment between the two gray diamonds in (d), and later 
that day MPA observed a plasmaspheric plume in the segment 
between the two gray triangles. 

Figure 3. FUV SI12 image of the proton aurora on 05 Mar 2001 
at 03:47 UT mapped onto the magnetic APEX coordinates with 
noon to the right. A subauroral detached proton arc can be seen 
in the afternoon sector between ~60º to 68ºmagnetic latitude, as 
indicated by the dashed white line.
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the previous event, on 09 May 2001 the LANL 1991-080 
MPA instrument observed hot ion densities and temperature 
anisotropies (not shown) in excess of the selected threshold 
criteria in the morning sector (region between the gray dia-
monds in Figure 6), and there were no observations of the 
hot ion parameters in the afternoon sector at the time of the 
detached arc. Although the subauroral proton arc on 09 May 
2001 was nearly twice as bright (Figure 5) as the 05 Mar 
2001 event, FUV observed the arc for only about a half hour, 
from 19:45 to 20:15 UT. The arc was located at a later local 
time (17–19 MLT) and lower magnetic latitude (56º–60º)  
than any other event identified thus far. In addition, it is the 
only subauroral arc in this study which mapped completely 
within the EUV field of view (Figure 6) lying primarily 
within 4 RE just inside the duskside plasmapause. 

3.1.3 Proton Arc Event: 02 June 2001 The 02 June 2001 
arc event is an example of the second type described above, 
where the majority of the arc maps outside the EUV field of 
view. The proton arc persisted from about 04:30 to 05:00 
UT and maps to the equatorial plane outside of a radial dis-

tance of ~ 6 RE ( Figure 7). In addition, the arc was closer 
to noon than the previous examples. The EUV images at that 
time show a broad region of enhanced density extending 
from prenoon across the afternoon sector, corresponding to 
early stage plume development [Spasojević et al., 2003]. A 
period of enhanced magnetospheric convection began near 
00:20 UT on 02 June 2001 as determined by the the first 
evidence of inward motion of the nightside plasmapause 
and also corresponding to a strong southward turning of the 
interplanetary magnetic field (IMF) (indicated by upstream 
solar wind monitors) [Goldstein et al., 2004]. The proton arc 
was observed after only about 4 hours of enhanced convec-
tion whereas for the two previous examples (05 Mar 2001 
and 09 May 2001) the period of enhanced convection began 
12 or more hours before the proton arc was observed. Thus, 
the observed plumes in those events (Figure 4 and 6) were 
narrower in local time extent as a result of the long duration 
of combined sunward convection and eastward corotation 
on the dayside. 

The proton precipitation region on 02 June 2001 maps 
outside the EUV field of view but likely within the sun-
ward extension of the plasmaspheric plume. At the time of 
the mapped images in Figure 7, the LANL 1994-084 was 
located near the western edge of the plasmaspheric plume 
(gray star in Figures 7 and 8) where the MPA instrument 
observed a cold ion density of ~50 cm-3. MPA continued to 
observe plume material as it traversed the afternoon sector 
(region between the gray triangles). The plume began to 

Figure 4. EUV plasmapause locations (black dots) from 05 Mar 
2001 at 03:54 UT are shown along with the mapped proton pre-
cipitation region (open squares) from the FUV SI12 image at 03:47 
UT. The region over which the MPA hot ion criteria were met is 
indicated by the gray diamonds, and MPA observations of the 
plasmaspheric plume were made several hours later in the region 
indicated by the gray triangles (as also shown in Figure 2). The 
sun is to the right, dotted circles are spaced 1 RE apart, and dashed 
circles are at 4 and 6.6 RE. 

Figure 5. FUV SI12 image of the proton aurora on 09 Mar 2001 
at 19:58 UT. A subauroral detached proton arc can be seen near 
dusk extending from ~60º near 17 MLT to ~56º near 19 MLT, as 
indicated by the dashed black line.
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rotate eastward when convection decreased around 06:00 
UT and thus LANL 1994-084 did not exit the plume until 
11:53 UT. In addition, LANL 1994-084 observed enhanced 
hot ion densities and temperature anisotropies across much 
of the dayside (Figure 8b–c). 

3.1.4 Proton Arc Event: 28 May 2001 A second example 
of a proton arc which maps outside the EUV field of view 
is the event of 28 May 2001 (Figure 9). Again in this event, 
EUV observed a well defined plume in the afternoon sec-
tor. The proton precipitation region observed by FUV maps 
completely outside of the EUV field of view but to a narrow 
local time region in what appears to be the radial extension 
of the plume. 

3.2 MPA Criteria Met Without Subauroral Precipitation

For two of the 13 intervals which met the MPA hot ion 
criteria, there were no indications of subauroral proton pre-
cipitation in the FUV images. EUV images for both of these 
events indicate the absence of plasmaspheric plumes or 
bulges that extend to large radial distances in the afternoon 
sector. 

The extracted plasmapause locations on 24 Mar 2001 from 
an EUV image during the interval over which MPA observed 

enhanced hot ion densities and temperature anisotropies is 
shown in Figure 10a. At this time, the average plasmapause 
location was at L » 3.6. A remnant of a small plume can be 
seen centered at ~ 21 MLT. The EUV observations over the 
previous several days suggest that the plasmasphere was 
severely depleted during the large magnetic storm which 
occurred 19–21 Mar 2001 (Figure 1) and did not recover prior 
to the subsequent disturbance beginning on 22 Mar 2001. 
Thus, despite a period of prolonged enhanced convection, a 
well-defined large scale plume did not form during the sec-
ond disturbance period. MPA observations on 24 Mar 2001 
also confirm the absence of cold plasma at geosynchronous 
altitude (not shown). 

The other MPA hot ion criteria interval for which no sub-
auroral precipitation was observed is 11 July 2001. EUV 
images from during this time (Figure 10b) indicate that 
the plasmasphere was inside 4 RE except for a slight bulge 
extending to 5 RE in the afternoon sector. Prior to the EUV 
data shown in Figure 10b, the IMF had been southward for 
the past ~ 18 hours, so it is somewhat puzzling that a large 
scale plume had not formed. One possibility is that convec-
tion electric field was effectively shielded from the inner 
magnetosphere on this day by the inner edge of the plasma 
sheet and the Region 2 field-aligned current system [e.g., 

Figure 6. EUV plasmapause locations (black dots) from 09 May 
2001 at 19:55 UT are shown along with the mapped proton pre-
cipitation region (open squares) from the FUV SI12 image at 19:58 
UT. The region over which the MPA hot ion criteria were met is 
indicated by the gray diamonds. 

Figure 7. Plasmapause locations (black dots) and the mapped 
proton precipitation region (open squares) on 02 June 2001. LANL 
1994-084 was at the location of the gray star at the time of the 
EUV and FUV observations, and MPA observed enhanced cold 
plasma density over the region between the gray triangles as shown 
in Figure 8. 
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Jaggi and Wolf, 1973]. This interpretation is supported by 
observations by the solar wind monitors of a gradual rota-
tion in the IMF from northward to southward over a period 
of about six hours which could have allowed an effective 
shielding layer to be established. 

Therefore, for the events of 24 Mar 2001 and 11 July 2001, 
it is possible that the lack of subauroral precipitation may be 
related to the absence of cold plasma outside ~ 4 to 5 RE  even 
though the hot ion parameters observed by MPA were similar 
to those during other subauroral detached proton arc events. 

4. Additional Detached Arc Events

In addition to the subauroral detached arc events discussed 
thus far, five more arc events were found within the four 
month study interval at times when the in situ hot ion criteria 
were not met. These events are indicated by the dashed lines 
in Figure 1 and were identified as a result of a visual survey 
of the FUV SI12 images for the months of March, May, 
June and July 2001. In contrast to the arc events discussed 
in Section 3.1, these arc events on average occurred under 
quieter geomagnetic conditions and were located at higher 
magnetic latitudes. For each of these five events, the entire 
proton precipitation region maps to the equatorial plane 
outside of geosynchronous orbit, and thus it is not unex-
pected that the criteria used to identify arc events based on 
geosynchronous particle observations would be insufficient 
to identify these events. Also since the arcs map to such 

large radial distances, it is not possible, using EUV images 
and MPA observations alone, to unambiguously assess the 
relationship between the arcs and regions of enhanced cold 
plasma density for each of these events. 

4.1 Proton Arc Event: 22 May 2001

One such example is 22 May 2001 as shown in Figure 
11a. The detached proton arc at 20:19 UT maps to a radial 
distance of between 8 and 10 RE in the pre-dusk sector. At 
the time of the arc, the IMAGE satellite was still at relatively 
low altitude such that the plasmasphere completely filled the 
EUV field of view. By 22:06 UT, the satellite was closer to 
apogee and the EUV extracted plasmapause locations indi-
cate a large bulge in the dusk to midnight quadrant which 
extends to edge of the EUV field of view to at least 7–8 RE. 
It is possible this bulge was collocated with the proton arc but 
in the subsequent two hours corotated eastward. Similarly, 
for the events of 12 Mar 2001, 03 May 2001, and 23 May 
2001, the association with cold plasma using the existing 
EUV and/or MPA data is difficult to establish precisely . 

4.2 Proton Arc Event: 15 May 2001

One detached arc event which is clearly unrelated to any 
plasmaspheric density structure occurred on 15 May 2001 
(Figure 11b). The proton arc at 16:45 UT maps to a radial 
distance of ~ 10 RE, further out than any other arc in this 

Figure 8. Same as Figure 2, except the gray star in (d) indicates 
the location of LANL 1994-084 at the time of the EUV and FUV 
observations in Figure 7. 

Figure 9. Plasmapause locations (black dots) and the mapped pro-
ton precipitation region (open squares) on 28 May 2001.
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study. Although high quality EUV data was not available 
at the time the arc was present, observations at 19:02 UT 
indicated that the plasmasphere was devoid of any large 
scale bulges and the plasmapause was located at ~ 4.5 RE 
in the dusk sector. 

5. Relationship between Detached Arcs 
and Geomagnetic Activity

The spatial distribution of all 16 detached proton arc events 
is shown in Figure 12. Each dot is the centroid of the the 
mapped precipitation region determined from one FUV 
image during the event with the gray dots corresponding to 
detached arcs identified by the MPA hot ion criteria (solid 
lines in Figure 1) and the open dots to those that did not 
meet the specified criteria (dashed lines in Figure 1). As 
previously mentioned, the open dots map to larger radial 
distances. The average location of all the proton arcs events 
is r = 7.4 RE. There is a clear correlation between the radial 
distance of the mapped arc centroid and the level of geomag-
netic activity as measured by the Dst index (Figure 13). The 
arcs tend to be located at lower latitudes, and thus map closer 
to the Earth, during geomagnetically disturbed periods. The 
linear correlation coefficient is 0.69 (high statistical signifi-
cance). The correlation between arc radial distance and Kp 
was similar (r = 0.70). Conversely, there was no correlation 
found between geomagnetic activity and the local time of 
the arc centroid. 

6. Relationship between Detached Arcs and Solar Wind 
Conditions

Previous studies have reported that subauroral detached 
proton arcs can be observed after a change from negative to 

positive of either the Bz or By component of the interplanetary 
magnetic field (IMF) [Burch et al., 2002; Spasojević et al., 
2004]. As a result of either IMF transition, the main proton 
oval in the afternoon sector contracts poleward, while the 
equatorward part of the oval remains at its original latitude. 
Thus, a separation of several degrees in latitude is created 
between the new oval position and the presumably pre-exist-
ing proton arc. In addition, the previously reported detached 
arc events occurred during periods of relatively high solar 
wind dynamic pressure. 

To further explore the relationship between detached pro-
ton arcs and solar wind conditions, we performed a super-
posed epoch analysis of the parameters IMF Bz, By and 
solar wind dynamic pressure using all 16 arc events (Figure 
14). The solar wind data was taken from either the ACE or 
WIND satellites, and the data for each event interval was 
appropriately time shifted to account for propagation to the 
magnetopause. The epoch time of 0 hours (solid vertical line) 
corresponds to the time the detached arc was first observed. 
Thus, each panel in Figure 14 represents the average value 
of each solar wind parameter from eight hours prior to four 
hours after the detached arc was first observed. 

For IMF Bz, there is a clear pattern of southward IMF for 
about six to eight hours prior to the arc occurrence. This is 
not unexpected given that most of the arcs occurred during 
negative excursions of Dst and were associated with plasma-
spheric plumes which form during periods of enhanced mag-
netospheric convection. However, at the time the arc is first 
observed and in the hours that follow, the average value of 
Bzis close to zero. In examining the 16 individual Bz records, 
in about half of the events, the arcs appear after a northward 

Figure 10. EUV plasmapause locations on a) 24 Mar 2001 and b) 
11 July 2001 at times when MPA hot ion parameters exceeded the 
selected threshold, but FUV did not observe any detached subau-
roral precipitation. Dotted circles are 2 RE apart and dashed circles 
indicate 4 and 6.6 RE. 

 Figure 11. EUV plasmapause locations and FUV mapped precipi-
tation regions for a) 22 May 2001 and b) 15 May 2001. The MPA 
hot ion criteria were not met during these detached arc events. 
Dotted circles are 2 RE apart and dashed circles indicate 4 and 
6.6 RE. 
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IMF turning, and there are particularly abrupt transitions for 
the events of 05 Mar 2001, 18 June 2001 and 31 July 2001. 
On the other hand, in the remaining half of the events the 
IMF remains southward or near zero. Thus, a negative to 
positive IMF Bz transition is not a necessary condition for 
the formation of detached proton arcs. However, the fact that 
some of the arcs are only visible after a northward turning, 
which causes the main proton oval to contract poleward, 
suggests that at other times ring current precipitation as a 
result of interaction with the plasmasphere may contribute 
to the equatorward portion of the auroral oval even though 
a distinct and detached arc is not present. There does not 
appear to be a systematic trend in the IMF By in either the 
superposed epoch analysis, in which the average value before 
and after the arc observation is close to zero, or in the inspec-
tion of the By records for individual events. 

The detached proton arcs are in general associated with 
extended periods of enhanced solar wind dynamic pressure 
consistent with the previously reported case studies. The 
average dynamic pressure both before and after the arc 
observation is ~ 3.4 nPa while the average dynamic pres-
sure for the entire four month period is ~ 2.0 nPa. Only one 
of sixteen arc events did not occur during elevated dynamic 

pressure, so while high dynamic pressure is perhaps not a 
necessary condition, arcs are more likely to be seen during 
the high pressure intervals. The afternoon detached arcs do 
not appear to be associated with pressure pulses such as has 
been reported for another class of so-called dayside subauro-
ral proton flashes [Zhang et al., 2002; Hubert et al., 2003]. 

7. Observations of Ion Cyclotron Waves in 
Association with Detached Arcs

The close association between afternoon subauroral 
detached proton arcs and regions of cold, dense plasma-
spheric material for the majority of arc events in this study 
supports the previous assertions of Burch et al. [2002] and 
Spasojević et al. [2004] that the precipitation may be due to 
pitch angle scattering of energetic protons by electromag-
netic ion cyclotron (EMIC) waves which may preferentially 
be amplified in regions of enhanced cold plasma density. In 
addition, Immel et al. [this volume] reported ground obser-
vations of magnetic pulsations in the Pc1 range in associa-
tion with four detached arc events. However, ion cyclotron 
waves are likely generated near the equatorial plane, and 
may be damped in the off-equatorial regions or affected by 
ionospheric transmission [Fraser et al., 1996; Mursula et 
al., 2000]. 

During March of 2001 Polar crossed the magnetic equato-
rial plane at radial distances of 7–8 RE in the post-noon local 
time sector. We identified conjunction intervals during that 
month when Polar was near the magnetic equator while the 
IMAGE spacecraft was positioned at high northern latitudes 
imaging both the proton aurora and the cold plasma distri-
bution. Fortunately, two of the three detached arc events 
identified in March 2001 (12 Mar 2001 and 19 Mar 2001) 
occurred during conjunction times. Although Polar does not 
pass directly through the mapped precipitation region, the 
Magnetic Field Experiment (MFE) observed strong EMIC 

Figure 12. The spatial distribution of all 16 subauroral detached 
proton arcs identified in the four month study period. Each dot 
is the centroid of the mapped precipitation region determined 
from one FUV image during the each event. The gray dots are the 
events which were identified during intervals which the MPA hot 
ion criteria were met while the criteria were not met for the open 
circles. Dotted circles are 1 RE apart and dashed circles indicate 4 
and 6.6 RE.  

Figure 13. Correlation between the radial distance of the arc cen-
troid and the Dst magnetic index at the time of the arc. The circle 
designations are the same as in Figure 12. The linear correlation 
coefficient is 0.69 (highly significant). 
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wave activity during both events. In analyzing the Polar 
MFE data for the remainder of the month, we found that 
there are no other periods of strong wave activity during 
IMAGE conjunctions, nor are there observations of detached 
arcs during conjunction times in the absence of waves. The 
third detached arc event of the month, 05 Mar 2001, did not 
occur during a conjunction with Polar. 

7.1 Proton Arc Event with EMIC Waves: 19 Mar 2001

On 19 Mar 2001, FUV observed a detached proton arc 
during the main phase of a large geomagnetic storm (Figure 
1). The detached arc maps to the equatorial plane directly 
within a plasmaspheric plume observed by EUV (Figure 
15). About two hours earlier, the Polar spacecraft crossed 
the equatorial plane at slightly earlier local time than the 
mapped precipitation region. In Figure 15, the location of 
the Polar spacecraft from 20:00 to 22:00 UT was traced to 
the SM equatorial plane using the T96 magnetic field model. 
The magnetic field observations over that interval (Figure 
16) show the presence of strong ion cyclotron waves that are 
confined to below the He+ gyrofrequency (dashed line). We 
verified that the waves are left-hand polarized and propagate 
along the magnetic field direction. 

7.2 Proton Arc Event with EMIC Waves: 12 Mar 2001

The detached proton arc on 12 Mar 2001 occurred near the 
onset of a small geomagnetic disturbance and the precipita-
tion region at 09:16 UT maps to the equatorial plane outside 
of geosynchronous orbit ( Figure 17). There were no EUV 
images available at the time of the detached arc, but about 

five hours earlier, EUV observed a rather expanded plas-
masphere with the plasmapause on the nightside extending 
to a radial distance of ~ 6 RE. The plasmapause location on 
the dayside could not be reliably identified due to sunlight 
contamination. The MPA instrument on LANL 1994-084 
observed cold plasma with densities greater than 10 cm-3 in 
the afternoon sector (region bounded by the gray triangles in 
Figure 17a,b). At the time the proton arc was observed, MPA 
measured a cold plasma density of ~ 35 cm-3 just Earthward 
of the proton arc (location of the gray star). 

From 08:15 UT to 10:00 UT, Polar MFE observed ion 
cyclotron waves at about the same radial distance as the 
mapped proton precipitation region but at an earlier local 
time. In this event, ion cyclotron waves were primarily above 
the He+  gyrofrequency (dashed line in Figure 18) although 
near 08:30 UT there is some wave energy below the He+ 
gyrofrequency. 

In both detached arc events (19 Mar 2001 and 12 Mar 
2001), the ion cyclotron waves are observed at about the same 
radial distance as the mapped precipitation region but Polar 
was at a slighter earlier magnetic local time. The difference 
in the wave spectra in the two events can be attributed to dif-
ferences in the heavy ion content of the plasma [Kozyra et al., 
1984]. In the non-storm time event, 12 Mar 2001, the wave 
energy was above the local He+ gyrofrequency and thus the 
energetic ions were likely primarily composed of protons. If 
a significant amount of cold plasma was present, it was also 
likely primarily protons. For the storm time event, 19 Mar 
2001, waves above the He+ gyrofrequency were absent and 

Figure 14. Superposed epoch analysis of a) IMF BZ, b) IMF BY and 
c) solar wind dynamic pressure for all 16 subauroral detached pro-
ton arcs. The solar wind data was propagated to the magnetopause 
for each event, and the epoch time of 0 hours refers to the time the 
detached arc was first observed. 

Figure 15. Plasmapause locations (black dots) and the mapped 
proton precipitation region (open squares) are shown for 19 Mar 
2001 along with the location of the Polar spacecraft, mapped to 
the SM equatorial plane, for a two hour period during which MFE 
observed strong EMIC waves as shown in Figure 16. 
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high fractions of heavy ions have been shown to suppress 
wave growth in this range. Clearly, there was a significant 
amount of He+ in the plume region of the plasmasphere since 
EUV instrument images the He+ distribution, but there may 
have also been enhanced heavy ions in the hot plasma distri-
bution as is typical of the storm time ring current. 

8. Discussion

We have investigated the occurrence of afternoon subauro-
ral detached proton arcs observed by the IMAGE FUV SI12 
instrument and their relationship with regions of enhanced 
cold plasma density, electromagnetic ion cyclotron waves as 
well as geomagnetic and solar wind conditions during the 
months of March, May, June and July 2001. 

In situ measurements of energetic ion parameters can be 
useful in identifying intervals when the detached proton arcs 
are likely to occur. Over the four month study period, we 
identified 13 intervals when enhanced hot ion densities and 
temperature anisotropy were observed at geosynchronous 
orbit on the dayside. FUV observed subauroral detached 
proton arcs during 11 of the 13 intervals. Although the exact 
choice of the hot ion criteria (nih > 1 and A > 0.25) was 
somewhat subjective, it was based upon measured values of 
18 June 2001, a time when wave growth would have been 
expected based on instability calculations using the in situ 
hot and cold plasma parameters inside the mapped precipi-
tation region [Spasojević et al., 2004]. Only two of the 13 
hot ion criteria intervals did not appear to have subauroral 
precipitation (24 Mar 2001 and 11 July 2001), and EUV and 
MPA observations for those events indicate that plasma-

sphere was rather compact and no cold plasma extended to 
geosynchronous orbit. 

Five additional arcs were identified during intervals that 
did not meet MPA hot ion criteria. In general, these events 
occurred under quieter geomagnetic conditions and mapped 
to the equatorial plane well outside of geosynchronous orbit. 
Therefore, it is not unexpected that the criteria used to iden-
tify arc events based on geosynchronous particle observations 
would be insufficient to identify these events. Statistically, 
energetic proton distributions become more unstable to 
wave growth with increasing radial distance [Anderson et 
al., 1992], but due to a lack of satellite observations outside 
of geosynchronous orbit, we are unable to verify this effect 
for these higher latitude arc events. 

We found highly significant statistical correlation between 
the level of geomagnetic activity, using Dst and Kp, and 

Figure 16. MFE spectrogram for the portion of the Polar orbit 
shown in Figure 15. The solid and dashed black lines are the H+ 
and He+ gyrofrequencies respectively. In addition to universal 
time, magnetic latitude, magnetic local time and L value (based 
on a dipole magnetic field) are also shown. 

Figure 17. a) Same as Figure 15 for 12 Mar 2001. The MFE data for 
the segment of the Polar orbit is shown in Figure 18. Also included 
is the location of the LANL 1994-084 at the time of the FUV obser-
vation (gray star). b) LANL 1994-084 MPA measurements of cold 
ion density. MPA observed cold plasma with density > 10 cm-3 in 
the region between the gray triangles in a) and b).
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location of the detached arc. During disturbed conditions, 
the arcs tend to map in the equatorial plane to smaller radial 
distances (that is, the arc is located at lower magnetic lati-
tudes) while during quiet conditions, the arcs map to larger 
radial distances (located at higher latitudes). 

Overall, the majority of detached arc events in this study 
occurred during periods of moderate to strong geomagnetic dis-
turbance. For each of the disturbance-time events, there is a clear 
association between the mapped proton precipitation region and a 
global scale plasmaspheric plume. Supporting MPA observations 
of cold ion densities in the range of 20–50  cm-3 within the plume 
are also available for many of these events. 

In contrast, since the events which occurred under quieter 
conditions map further out, it is not possible to unambigu-
ously confirm the presence of enhanced cold plasma. For the 
events of 12 Mar 2001, 03 May 2001, 22 May 2001, and 23 
May 2001, EUV observes a large, expanded plasmasphere, 
typical of quiet times, and MPA observes cold plasma at geo-
synchronous orbit. However, it is still difficult to link these 
observations of cold plasma to precipitation regions that 
map out to > 8 RE. In addition, the 15 May 2001 detached 
arc event appears to be completely unrelated to any plasma-
spheric structure. It is possible that the detached arcs which 
map to larger radial distances are still a result of wave scat-
tering, but the wave amplification proceeds in the absence of 
cold plasma [Kozyra et al., 1984]. Another possibility is that 
they may be related to detached blobs of cold plasma trapped 
in the outer magnetosphere in the aftermath of periods of 
enhanced convection [Carpenter et al., 1993]. 

Hot-cold plasma interaction provides an attractive mech-
anism for the formation of the proton arcs since it could 
explain why the arcs appear detached from the main proton 
auroral oval. In absence of cold plasma, the conditions for 
wave growth become more favorable as the magnetopause 

is approached due to reduced magnetic field strength and 
increased temperature anisotropy resulting from drift shell 
splitting. Enhanced cold plasma in the middle magneto-
sphere (5–7 RE) might provide an isolated region closer to 
the Earth where wave growth and scattering is enhanced. 
The proton precipitation region in the ionosphere would 
then appear isolated and detached from the main oval. 

We also analyzed the solar wind conditions for each of 
the sixteen detached arc events. There is a preference for 
the arcs to occur during periods of enhanced dynamic 
pressure with the average dynamic pressure before and 
during the arc events about 1.7 times higher than the 
overall average dynamic pressure for the entire four month 
study interval. None of the detached arcs were associated 
with solar wind pressure pulses. There is also a clear trend 
of southward IMF for up to 8 hours before the detached 
arc is first observed. This is not surprising given the fact 
that most of the events occurred during disturbed peri-
ods and were associated with plasmaspheric convection 
plumes. Some arcs appear only after northward turning 
of the IMF such as was previously described by Burch 
et al. [2002] and Spasojević et al. [2004]. This suggests 
that the equatorward edge of the proton oval may have 
contributions from ring current-plasmasphere interac-
tions at other times, but the precipitation region does not 
appear distinct and detached from the main oval unless 
a northward turning causes the main oval to retreat to 
higher latitudes. On the other hand, some arc events are 
still seen in the absence of northward turnings, such that 
the value of Bz  in the hours after the arc is first observed 
averages to zero in the superposed epoch analysis of all 
sixteen arc events. 

In order to further link the detached proton arcs with 
wave scattering, we explored Polar MFE observations of 
EMIC waves during conjunctions with the IMAGE satel-
lite in the March 2001. Two of the previously identified 
detached arc events occurred during conjunction intervals 
and MFE observed strong ion cyclotron waves at about the 
same radial distance as the mapped precipitation region 
but at an earlier magnetic local time. For the rest of the 
month, there were no other periods of strong wave activity 
as Polar crossed the equatorial plane during conjunctions 
with IMAGE. Also, no other detached arcs were observed 
in the absence of waves. 

9. Conclusions

It has long been recognized that energetic protons could be 
precipitated from the ring current as a result of wave-particle 
interactions occurring within the duskside plasmasphere. 
Imaging of the proton aurora and plasmasphere has allowed 

Figure 18. Same as Figure 16 for the segment of the Polar orbit 
shown in Figure 17. 
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us to extend previous observational work by exploring this 
process from a global perspective. We find that arcs of pre-
cipitating protons which occur in the afternoon local time 
sector equatorward of and detached from the main proton 
auroral oval during geomagnetic disturbances are consis-
tently associated with sunward extending regions of cold 
plasma or plasmaspheric plumes. We continue to explore 
the occurrence of electromagnetic ion cyclotron waves in 
association with the precipitating protons by means of in situ 
observations presented here as well as the ground based mea-
surements reported by Immel et al. [this volume]. Finally, the 
afternoon subauroral proton arcs provide an excellent basis 
for comparison with predicted proton precipitation patterns 
from wave scattering included in the increasingly sophisti-
cated global ring current models. 
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