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Abstract.

We present a new global magnetospheric index that
measures the intensity of the Earth’s ring current
through energetic neutral atoms (ENAs). We have
named it the Global Energetic Neutral Index (GENI),
and it is derived from ENA measurements obtained by
the Imaging Proton Spectrometer (IPS), part of the
Comprehensive Energetic Particle and Pitch Angle Dis-
tribution (CEPPAD) experiment on the POLAR satel-
lite. GENI provides a simple orbit-independent global
sum of EN As measured with IPS. Actual ENA measure-
ments for the same magnetospheric state look different
when seen from different points in the POLAR orbit. In
addition, the instrument is sensitive to weak ion pop-
ulations in the polar cap, as well as cosmic rays. We
have devised a method for removing the effects of cosmic
rays and weak ion fluxes, in order to produce an image
of “pure” ENA counts. We then devised a method of
normalizing the ENA measurements to remove the or-
bital bias effect. The normalized data were then used
to produce the GENI. We show, both experimentally
and theoretically the approximate proportionality be-
tween the GENI and the Dst index. In addition we
discuss possible implications of this relation. Owing to
the high sensitivity of IPS to ENAs, we can use these
data to explore the ENA/Dst relationship not only dur-
ing all phases of moderate geomagnetic storms, but also
during quiescent ring current periods.

Introduction

Energetic Neutral Atom (ENA) measurements have
been reported since the 1970’s. Hovestadt and Scholer
[1976] first suggested that highly anisotropic energetic
hydrogen measurements were observations of energetic
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neutrals generated by the charge exchange of ring cur-
rent particles with the tenuous hydrogen geocorona.
The first association of ENA flux with ring current ac-
tivily was made by Roelof et al. [1985]. They ana-
lyzed ENA measurements from IMP 7/8 and ISEE 1,
and demonstrated, using hourly averages, a rough cor-
respondence between ENA count rate and the rate of
ring current recovery as measured by the Dst index.

Recently, Lui et al {1996] have reported on the first
direct composition measurements of ENAs. They re-
ported data from a single GEOTAIL pass around the
day side of the earth, in which the ring current ENA flux
was observed continuously for about 12 hours. Results
from the Swedish ASTRID/PIPPI ENA imager were
reported by Barabash et al. [1997], and C:son Brandt
et al. [1997].

We demonstrate further the value of ENA measure-
ments using data from the Imaging Proton Spectrome-
ter (IPS), part of the Comprehensive Energetic Particle
and Pitch Angle Distribution (CEPPAD) experiment
[Blake et al., 1995] on the POLAR satellite. The first
ENA images from IPS have previously been reported by
Henderson et al. [1997]. In apparent contrast to pre-
vious reports, our observations suggest a relationship
between ENA production and the Dst index, rather
than the time derivative of the Dst index, although we
suggest that this difference is not a contradiction, but
rather reflects two different complimentary approaches
to the same problem.

Data set and analysis

Although designed primarily to measure energetic
ions, the IPS has the ability to detect ENAs. ENAs
are identified as a weak signal of highly directional par-
ticles coming from the general direction of the earth (see
for example figure 2a in Henderson et al. [1997]) In this
paper we use data from the integral energy channel,
which samples the complete unit sphere in 256 “pix-
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els”: 9 look directions from parallel to anti-parallel to
the spacecraft spin axis and 32 sampling intervals (sec-
tors) in each spacecraft spin (except for the spin-aligned
look directions, which sample 16 times per spin). This
channel integrates over the full energy range of the IPS
(15 keV-1500 keV) every 6 second spin. This covers
the full range of energies responsible for the bulk of the
ring current and plasma pressure in the inner magneto-
sphere.

From the full resolution 6 second data, 20 minute
averages are produced at 10 minute intervals. In re-
gions where there are no (or only very few) energetic
ions, the signal observed by the IPS has two compo-
nents: the ENA flux from the magnetosphere; and an
isotropic cosmic ray/weak ion background. The IPS is
also sensitive to light, and consequently some pixels are
contaminated by earthlight or sunlight. The first step
in the reduction is to identify these pixels, and exclude
them from our analysis. The next step in the reduc-
tion is to subtract out the background due to cosmic
rays and weak fluxes of energetic ions. A very sim-
ple method which has proved adequate in most cases is
to assume that the background is isotropic. This is a
very good assumption for cosmic rays, and even works
well for subtracting out occasional weak Polar Ener-
getic Particle (PEP) [Spence, et al., 1997a] signatures.
Then the background can be computed as the average
count rate in the pixels that look away from the So-
lar Magnetospheric (SM) equatorial (XY) plane. When
POLAR is at large distances from the earth, presum-
ably all ENAs are emitted relatively near to the XY SM
plane, and therefore pixels that look away from the XY
SM plane observe only the background. This computed
background is then subtracted from each of the pixels
looking towards the XY SM plane. The result of these
computations leaves us with a data set of “pure” ENA
counts measured by the pixels looking towards the XY
SM plane. Since a typical ENA count rate in a pixel
is 2-10 cts/sec (during storms) or greater, and a typi-
cal background count rate is 0.8 cts/sec, the 20 minute
data set has typical counting uncertainties of 2-10%.

Next we introduce the measure that we call the
Global Energetic Neutral Index (GENI). GENI is the
total ENA count rate (summed over all pixels looking
onto the XY SM plane) that would have been measured
by the IPS instrument if it were situated at a standard
reference point at 9 Re along the northern magnetic
pole. In general the measured ENA count rate will de-
pend on the relative location of the ENA source region
(the ring current) and the satellite. The standard loca-
tion is therefore introduced in an attempt to create a
measure free of orbit biases. But in order to calculate
GENI, we must have some method for transforming
count rates from an arbitrary location in the magne-
tosphere to count rates at the standard location. To
do so, we assume that ENAs measured in each pixel
are emitted isotropically from a point source located at
the projection of the center of the pixel’s look direction
on the XY SM plane. The count rate from that point
source can be calculated at any point, by multiplying it

JORGENSEN, ET AL.: DST AND ENAS

with the ratio of distances squared between the point
source, and the standard location, and the point source
and the actual location of the satellite. Figure 1 illus-
trates this process graphically, and mathematically it is
expressed as

2
N ()

: |Fstd — Tprj il (1)
where the sum is over all pixels that look onto the XY-
SM plane, n; is the ENA count rate in each pixel, 7sq¢ i8
the location of the satellite, ©p.; is the location of each
point source, and 7y;q is the location of the standard
point.

Because most of the ENAs are emitted from the ring
current region, we should expect some sort of direct re-
lationship between GEN T and Dst. Indeed we find that
the GENI tracks the provisional Dst index produced
by the World Data Center C2 in Kyoto, remarkably
well, as shown in Figure 2. The fact that the abso-
lute magnitudes of the GENI and Dst index are nearly
identical is purely a coincidence. It is important to note
in figure 2 that GENT tracks Dst not only during the
recovery phase of moderate storms (January 10 and on-
wards) but also during storm main phase (February 9)
and during prolonged quiet periods (Early February).

Discussion

There are several assumptions that we have made in
producing the GENI. First, we assume that all ENA
production takes place in the XY SM plane at a point
which is the center of the projection of the correspond-
ing pixel in IPS. This is obviously not true, since ENAs
are produced wherever there are both neutrals and en-
ergetic ions - a region that extends quite far out of the
XY plane. However when POLAR is at a sufficiently
high altitude (for example Z-SM > 3 Re) this is proba-
bly a reasonable zeroth-order assumption. The other as-
sumption we make is that from every point where ENAs
are produced, they are emitted isotropically. This is ob-
viously not true either, since the charge-exchange pro-
cess that produces ENAs preserves pitch-angle infor-
mation, and thus the ENA flux observed along a line of
sight from a given location depends not only on the pro-
duction rate at that location, but also on the angular
anisotropy at that location (a combination of the pitch-
angle distribution and orientation of the field line). The

-reason that the assumption of isotropy is probably more

reasonable than stated above is that each pixel of IPS
is integrating over a large volume of space with a great
variety of anisotropies, and field orientations in most
cases, and therefore tends to diminish the importance
of any local anisotropies.

The association between ENAs and the Dst index has
previously been discussed theoretically by Roelof et al.
[1985]. They derived a relationship between the recov-
ery rate of the ring current as measured by dDst/dt, and
the total ENA production in the magnetosphere. Us-
ing this relation they concluded that charge exchange
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Figure 1. GENI is calculated by re-normalizing the
ENA counts to some standard location. This is done
by first projecting the pixel count rates to the equator,
and then recalculating the expected count rate at the
standard position, from the projected points

dominates the ring current recovery. They only ap-
plied their relation to the storm recovery phase at times
when the charge exchange process is thought to domi-
nate the ring current loss and thus the recovery rate of
Dst (dDst/dt). With POLAR we observe an approxi-
mate proportionality between ENA production and the
Dst index even during periods when the ring current is
growing (i.e. storm main phase). Such periods were not
considered directly by Roelof et al. [1985] so we explore
along parallel arguments why ENAs should track Dst
at all times.

The Dessler-Parker-Sckopke relation can be rewritten

AB <E>N
B - B @

where N is the total number of energetic ions in the
ring current, < E > is their average energy, By is the
surface magnetic field strength at the equator, AB is
the magnetic field deviation at the center of the Earth,
and Ejp is the total energy of the magnetic field out-
side the Earth. The total ENA production rate can be
written as follows:

Npwa = / dr / dE / Qjion(F, B, Q, ) (E)nu(P),
(3)
which by use of the mean value theorem can be reduced

to

Nena = o(Eo)nu ()N, (4)
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where Ep and rj are a “characteristic” energy and ra-
dius vector for the ring current respectively. Assuming
that AB is a good approximation for Dst, we can elim-
inate N from (4) and (2) to obtain

_ Ep [o(Eo)na (o)
Nena = B [———< > (5)

Since our measurements indicate that Dst =
KNgna, where K is a constant, the bracketed term
in (5) must be constant. This most likely implies that
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Figure 2. Dst and ENA as a function of time for
the first 2.5 months of 1997, as well as closer looks at
the January 10, 1997 storm and the February 8-9, 1997
storm.
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Ey, < E > and 7y are constant and independent of Dst
for the storms we have observed, since both o and ny
are rapidly varying functions of their parameters.

By careful inspection of ENA and Dst data values, we
find that occasionally there is a tendency for measured
ENA values to overshoot during main phase (i.e. too
much ENA is produced to maintain a proportionality
with Dst), and occasionally there is a tendency for ENA
values to undershoot during recovery phase. This would
be consistent with the inward motion of the ring current
during storm main phase. As of yet these measurements
are inconclusive, but they do yield the possibility of
independently measuring the motion and energization
of the ring current from GE NI measurements on a scale
smaller than the pixel size. In addition, the energy of
the ring current ions can be measured through ENAs,
fixing two of the three unknown variables, thus allowing
us to determine the variation of 7y from small variations
in the scaling factor between Dst and Ngna

Our discussion of the direct relation between Ngna
and Dst actually does not contradict the results of
Roelof et al [1985]. During storm recovery, the exponen-
tial decay of Dst with time means that dDst/dt & Dst.
Thus we should expect GENI to be proportional to
both Dst (our finding) and its derivative (during storm
recovery only) [Roelof et al., 1985]. During main phase,
when the ring current is being formed, only the gen-
eral form of the equation from Roelof et al. (1985)
can be used. Their equation 10 includes a ring cur-
rent source term which can be neglected during recov-
ery phase (conclusion of their paper) but not during
main phase (solutions not considered in their paper).
This source term must be sufficiently larger than the
loss term (ENA production) to grow the ring current
at a rate such that Dst tracks ENA production. So in
principle equation 10 of Roelof et al. (1985) can be used
to measure the ring current energy injection rate given
the derivative of the Dst index and the ENA production
rate.

We have shown that it is possible to reproduce the
Dst index accurately from a particle based measure-
ment, dominated by inner magnetosphere contribu-
tions. This allows for the possibility of settling the con-
troversy of the relative contributions of the ring current
and the magnetotail current to the Dst index. Initial
analyses indicate that the tail contribution may not be
significant.

Lastly, it should be noted that even given that the as-
sumptions stated earlier are valid, GENI is not a per-
fect measure of the total ENA production rate. Rather,
the GENI represents a family of indices, of which
we have here explored only what may be called the
GENIgp,. A more true measure of global ENA pro-
duction would be GEN I, which gives equal weight to
all parts of the magnetosphere, rather than weighting
higher the near earth regions as does GENIgg,.
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Conclusion

We have created a Global Energetic Neutral Index
(GENTI), which reproduces with surprising accuracy
the Dst index. We have shown that this index is an
excellent proxy for the Dst index not only during storm
recovery, but also during all levels of moderate geomag-
netic activity. Smaller variations in the scaling factor
between Dst and GENI may be used to explore de-
tails of the ring current evolution, such as the radial
location of the ring current on a scale smaller than the
instrument resolution. This study amply demonstrates
the power of ENAs for probing quantitatively details
of the global magnetosphere. For example, it appears
that the Dst index is dominated by the ring current
contribution, as opposed to other current systems.
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