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First medium 'energy neutral atom (MENA) images 
of Earth's magnetosphere during substorm 
and storm-time 
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Abstract. Initial ENA images obtained with the MENA 
imager on the IMAGE observatory show that ENAs ema- 
nating from Earth's magnetosphere at least crudely track 
both Dst and Kp. Images obtained during the storm of 
August 12, 2000, clearly show strong ring current asymme- 
try during storm main phase and early recovery phase, and 
a high degree of symmetry during the late recovery phase. 
Thus, these images establish the existence of both partial 
and complete ring currents during the same storm. Further, 
they suggest that ring current loss through the day side mag- 
netopause dominates other loss processes during storm main 
phase and early recovery phase. 

1. Introduction 

Energetic ions in Earth's magnetosphere charge exchange 
with the extended neutral atmosphere to produce energetic 
neutral atoms (ENA) that are imaged by ENA 'cameras' 
on the Imager for Magnetopause-to-Aurora Global Explo- 
ration (IMAGE) observatory [Burch et al., 2000.] The Low 
(LENA; [Moore et al., 2000), medium (MENA; [Pollock et 
al., 2000]) and high (HENA; [Mitcn•t• et a•., 2000]) energy 
neutral atom imagers on IMAGE observe ENAs from 15 eV 
up to 500 keV per nucleon, allowing visualization of the mag- 
netosphere. This enables exploration of global structures 
and processes, and their response to solar wind driving. 

The ring current, plasma sheet, cusp, and their low alti- 
tude extensions produce ENA fluxes in the MENA energy 
range. Increases in ENA flux are induced by plasma in- 
jections associated with geomagnetic storms and substorms 
[Roelof, 1987; Henderson et al., 1997], as well as by en- 
hanced magnetospheric convection [Liemohn et al., 1999; 
M. Thomsen, private communication, 2000]. At IMAGE, 
the dominant source of ENAs above a few keV is the ring 
current. ENA fluxes are therefore expected to correlate with 
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ring current enhancements as indexed by D st [Tinsley, 1979; 
Williams et al., 1992; Fok et al., 1996; Jorgensen et al., 
1997]. Ring current ENAs have been discussed from the 
point of view of mid-latitude aurora and plasma heating by 
PrSlss [1973] and, with photometric observations, by Tinsley 
[1979]. Tinsley cited Dessler and Parker [1959] and $ckopke 
[1966] in noting the proportionality of the time derivative 
d(Dst)/dt and ring current loss processes, including ENA 
emissions. Roelof et al. [1985] discussed ring current loss 
by ENA emission and the implication of the Dessler-Parker- 
Sckopke relation in detail. Using the CEPPAD instrument 
on Polar, Jorgensen et al. [1997] found that storm time 30- 
50 keV ENA flux was proportional to Dst, particularly dur- 
ing storm recovery. 

Observations consistent with an incomplete or asym- 
metric ring current have been presented and discussed e.g. 
by Frank et al. [1970], Kawasaki and Akasofu [1971], and 
Greenspan and Hamilton [2000]. Recently, models [Liemohn 
et al. 1999] have shown a compact asymmetric ring current 
during storm main phase, and its evolution into a larger, 
more symmetric configuration during late recovery. This is 
due to enhanced convection during the main phase, which 
places the bulk of the ring current on open drift paths. De- 
creasing convection during recovery allows the ring current 
to grow radially and become more symmetric as drift paths 
circumscribe the Earth. 

We present initial MENA observations and compare them 
with both Dst and Kp, thereby demonstrating the sensitiv- 
ity of observed ENA rates at IMAGE to magnetospheric 
activity. From the morphology of the ENA fluxes observed 
during the storm of August 12, 2000, we clearly observe evo- 
lution from a compact, asymmetric ring current during main 
phase to an expanded and more symmetric one during late 
recovery. 

2. Observations 

MENA images respond sensitively to geomagnetic activ- 
ity and graphically portray magnetospheric dynamics. We 
present observations from two days. One (July 26, 2000) 
displayed mildly disturbed (Kp - 3- 4) conditions. The 
other (August 12, 2000) allows study of storm dynamics 
and global ring current evolution. 

July 26• 2000 Figure I shows a full day of obser- 
vations from July 26, 2000. This day was mildly active, 
with two instances of enhanced activity (Figure lf). Most 
of the day was characterized by negative IMF B• compo- 
nent (mean value at ACE between 0400 and 2300 UT was 
-6.1 nT). Solar wind speed and density displayed typical 
values near 350 km s- x and 10 cm-S. 
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Figure 1. MENA observations and magnetospheric activity indices on July 26, 2000. Bottom panels show quantities plotted versus 
UT and orbital parameters. Dst (left) and Kp (right) appear in the bottom panel. The second panel from the bottom shows MENA 
coincidence rates, with IMAGE spin phase plotted on the ordinate and time on the abscissa. Two white lines indicate Earth's limb. 
Geophysical ENA emissions are ordered with respect to Earth. Detector voltages are reduced in the radiation belts, leaving gaps 
early on this day, and also between 1200-1600 UT. They are also reduced each spin for sunward viewing. Vertical bands of counts 
are due to charged particles energetic enough to overcome the electrostatic collimator deflection. The four panels across the top show 
4-minute MENA images. Each is annotated with geomagnetic dipole field lines at MLT = 6, 12, 18, and 24 hours and at L = 4 and 
L = 8. Noon and midnight field lines are labeled "S" (sunward) and "A" (anti-sunward). The circle at the center of each image 
indicates Earth. The four images are of ENAs from 5.2-12 keV, assuming the species is hydrogen. Separate color bars to the right 
provide logarithmic scaling for the coincidence rates and the images. 

Figure le shows few ENA counts through the first quar- 
ter of the day. Beginning near 0615 UT, counts are observed 
from near Earth. These are due to ENAs from the ion in- 

jection that gives rise to increases in Kp and Dst. After 
1600 UT, ENA fluxes subside and broaden due to reduced 
activity and the lower IMAGE altitude. Then, near 1830 
UT, another injection yields enhanced count rates of ENAs 
and a small increase in Kp. 

ENA images from before and after the first ion injection 
are shown in a 180 ø fisheye projection in Figures la (0600- 
0604 UT) and lb (1030-1034 UT). Few ENAs are observed 
prior to the onset of activity (la, le). Subsequently (lb), 
substantial emissions from the anti-sunward region are seen, 
as expected for a night side plasma injection (counts near 
the top of the image are due to contamination from the 
sunward direction and should be ignored). Evident in these 
and other ENA images for specific observation geometries 
is the dominance of low altitude emissions. These originate 
from the MLT region opposite the spacecraft location and 
arise from the large density of charge exchange targets at 
low altitudes [Noelof, 1997]. As the magnetospheric activity 
subsides, so do the ENA fluxes, though not quite back to 
the low levels seen prior to 0615 UT. 

Figures lc (1715-1719 UT) and ld (1910-1914 UT) show 
the inner magnetosphere before and after a second ion in- 
jection on July 26. Reduced fluxes are seen at 1715 UT, 
from an expanded volume as compared with those in lb, 
still emanating primarily from the night side. Then, an- 
other injection is observed near 1830 UT (ld), on the night 
side. 

Augus• 12, 2000 Figure 2 displays observations of a 
geomagnetic storm on August 12, 2000, in a format similar 
to Figure 1. Images from three energy channels and at three 
times are arranged in columns (times) and rows (energy). 
We note here a saturation nechanism in MENA that is not 

yet fully understood. When the flux is large, we observe 
elongation in the imaging direction that is not geophysical. 
This is most evident in Figure 2g and 2h. It does not affect 
the main results of this paper, but will modify quantitative 
results in Table 1. 

Dst peaked on this day near 1000 UT, at a value near 
-230 nT. ENA observations are obscured during the first 
seven hours of the day. There is a large difference between 
the MENA images obtained during the storm main phase 
and those obtained during late recovery. Emissions are more 
intense and localized at the earlier times (2a, 2d, and 2g) 
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Figure 2. MENA observations and magnetospheric activity indices from August 12, 2000 (DOY 225). Format is similar 
to that of figure 1, except that 4-minute images in three energy ranges, assuming the species is hydrogen, are shown. 

than they are later (2c, 2f, and 2i). The viewing geometry 
is similar and optimal (from over the pole) at the two times 
so that any effect due to viewing angle is minimal. 

We can quantify ring current symmetry properties at 
these two times by measuring the ratio of counts in the 
dawn, noon, and dusk quadrants to those near midnight. 
Results for the energy range 5.2-12 keV are shown in Ta- 
ble 2. This demonstrates the asymmetry in the main 
phase ring current, as compared to the late recovery phase. 

The center column (2b, 2g, 2h) shows the ring current 
during early recovery phase. The viewpoint here is from 
lower latitude. Viewing effects thus make it more difficult to 
determine the ring current distribution in MLT, nevertheless 
the emissions are clearly asymmetric. 

These results are consistent across a range of MENA en- 
ergies, though at the highest energy there are too few counts 
to confirm a symmetric ring current at 2240 UT. Most no- 
tably, the count rate decreases monotonically with energy. 



1150 POLLOCK ET AL.: FIRST MEDIUM ENERGY NEUTRAL ATOM (MENA) IMAGES 

Table 1. ENA counts from the dawn (0200-0900), noon (0900- 
1500), dusk (1500-2100), and midnight ("MN"; 2100-0300) MLT 
quadrants during storm main phase (0930 UT) and late recovery 
phase (2200 UT)are compared. 

CaaWn Cnoon CaUS• 

0930 UT 0.63 0.45 0.77 

2200 UT 0.99 0.98 1.2 

This is driven both by the reduction of source ion flux and 
the decreasing charge exchange cross section with increasing 
ion energy. 

3. Discussion 

The near-Earth magnetosphere emits more ENAs during 
periods of geomagnetic activity than during quieter times 
[TinsIcy, 1979]. MENA observations during mildly dis- 
turbed and storm times confirm this dependence. Further, 
they show a remarkable variety of emission morphology, ow- 
ing to both geophysical and geometric viewing effects. 

MENA imagery from the August 12, 2000, storm clearly 
shows evolution from asymmetric to symmetric ring current. 
The ratio of ENA flux from the noon quadrant to that from 
the midnight quadrant is • 0.45 during main phase and 
early recovery, and • 0.98 during the late recovery phase. 

These observations confirm the existence of both partial 
and symmetric ring currents, a subject of current interest 
[ Grafe, 1999; Greenspan and Hamilton, 2000]. Further, they 
show that the partial ring current evolves to a symmetric 
ring current at these energies over the life of the storm. 
Our observations suggest that the ring current lies mostly 
on open drift paths during storm main and early recovery 
phases and on closed drift paths during late recovery phase 
[Liemohn et al., 1999]. 
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