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Global view of refilling of the plasmasphere
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[1] We use observations by the IMAGE Extreme
Ultraviolet Imager (EUV) to characterize the outflow of
He" from the ionosphere to the plasmasphere under quiet
conditions. The view afforded by the IMAGE orbit
encompasses the entire plasmasphere in a single exposure,
enabling us to examine for the first time the globally-
averaged properties of plasmasphere refilling. We focus on
a study period that begins with a moderate erosion event,
and follow refilling during multiple orbits for a period of
69 hours. The inferred volume refilling rate, averaged over
azimuth and time, ranges from ~1 He" ecm > h™'at L=3.3
to ~7 x 107> He" em > h™' at L = 6.3 and is generally
consistent with earlier, more local measurements. We show
that the measured radial abundance profiles match those
predicted by the Sheffield University Plasmasphere
Ionosphere Model (SUPIM) for 2 < L < 4.
Citation: Sandel, B. R.,, and M. H. Denton (2007), Global
view of refilling of the plasmasphere, Geophys. Res. Lett., 34,
L17102, doi:10.1029/2007GL030669.

1. Introduction

[2] The plasmasphere is a region of cold (<1 eV) and
relatively dense plasma in the inner magnetosphere. It
extends from Earth’s upper atmosphere (and is in some
senses an extension of the atmosphere) to an outer boundary
called the plasmapause. The plasmasphere is populated by
ions and electrons in dynamic equilibrium with the upper
ionosphere. The principal positive ions are H and He",
very roughly in the ratio of 10:1, with a variable component
of O". This plasma does not experience magnetic gradient
and curvature drifts because of its low energy, but rather
corotates (approximately) with Earth, often lagging behind
corotation by 10—15% in angular velocity [Sandel et al.,
2003].

[3] The location of the plasmapause varies with magnetic
activity. During quiet periods, the plasmasphere expands
past L = 7 toward a “saturated” configuration. During
active times, enhanced magnetospheric convection leads
to erosion of the outer regions of the plasmasphere, and
the plasmapause moves inward to L ~ 3, and occasionally
to L ~ 2. Thus the plasmasphere is constantly in a state of
change, contracting in a few hours in response to increasing
activity and refilling over a period of a few days in quiet
times [e.g., Kersley and Klobuchar, 1980].

"Lunar and Planetary Laboratory, University of Arizona, Tucson,
Arizona, USA.

*Department of Communication Systems, Lancaster University,
Lancaster, UK.

3Previously at ISR-1, Los Alamos National Laboratory, Los Alamos,
New Mexico, USA.

Copyright 2007 by the American Geophysical Union.
0094-8276/07/2007GL030669$05.00

L17102

[4] Both processes have received much experimental and
theoretical attention [e.g., Lemaire and Gringauz, 1998].
Recently, global imaging has played an important role in the
study of one of these processes, namely erosion [e.g.,
Goldstein et al., 2003, 2005]. However, the advantages of
global plasmasphere imaging have not yet been fully
exploited in studies of the physics of plasmasphere refilling,
and that is our focus here. These global measurements
augment and complement recent, more localized measure-
ments using in situ techniques [e.g., Su et al., 2001;
Carpenter et al., 1993], and ground-based magnetometers
[e.g., Chi et al., 2000; Dent et al., 2006].

[s] Here we study refilling of the plasmasphere after an
erosion event. We compare radial profiles and refilling rates
determined from the Extreme Ultraviolet Imager (EUV) on
the IMAGE Mission with results from the Sheffield Uni-
versity Plasmasphere Ionosphere Model (SUPIM). We ad-
just the initial conditions of the model to match the eroded
plasmasphere, and then compare modeled and measured
refilling. From the measured column abundances, we infer
volume refilling rates near the plane of the magnetic equator,
and compare with earlier measurements and models.

2. Observations

[6] We use observations of the plasmasphere by EUV
[Sandel et al., 2000, 2003] during the interval 27—-30 June
2001. EUV maps the distribution of He" in the plasma-
sphere by imaging light scattered by He" at its resonance
wavelength of 30.4 nm. Because the plasmasphere is
optically thin at this wavelength, the recorded brightness
is proportional to the column abundance of He" integrated
along the lines of sight corresponding to each pixel. The
time resolution of each image is about 10 min and the spatial
resolution is 0.6°, or about 0.1 Rg in the plane of the
magnetic equator seen from apogee.

[7] The best time to study plasmasphere refilling is
during an extremely quiet period following a moderate
erosion event. Then there would be no confounding effects
such as episodes of weak convection, which could decrease
apparent refilling rates. We could confidently ascribe any
changes in plasma abundances to upward flow from the
ionosphere. Such ideal conditions occur infrequently. The
time period during the IMAGE Mission that best fulfills
these criteria, and offers good coverage by EUYV, is 27-30
June 2001 (2001/178 to 181) and we focus on this period
here. At this time, the apogee of the IMAGE satellite was at
high northern latitudes, affording excellent views of the
entire plasmasphere. This viewing geometry has already
been used to advantage in previous investigations of this
event using IMAGE data [Denton et al., 2007].

[8] The line plots in Figure 1 show the magnetic con-
ditions. Prior to # = 0 h, the Z-component of the solar wind
magnetic field was predominantly southward; we expect
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Figure 1. (top) Brightness of the 30.4-nm resonance line of He" in the plasmasphere for the early, middle and late parts of
the period used for the refilling study. (bottom) Geomagnetic conditions and solar wind B, in the GSE system (from ACE/
MAG) before, during, and after the study period. The vertical dotted lines mark the times of the six images used here.

convection to erode the plasmasphere, moving the plasma-
pause inward [Goldstein et al., 2003]. A long period of
quiet began a few hours after =0 h. Until ¢ ~ 70 h, B, was
positive (or slightly negative for short intervals), Kp < 2,
and Dst was near zero or positive. Because for these quiet
conditions the plasmapause is expected to lie near or outside
L = 6 [O’Brien and Moldwin, 2003], loss of plasmaspheric
material by convection should be minimal, so that we can
ascribe the net observed changes in ion abundance to
refilling from the ionosphere.

[v] We select several EUV frames from near apogee in
each of six consecutive IMAGE orbits, spanning the time
t = 0—69 h. For each orbit set, we project the frames to the
plane of the magnetic equator [Sandel et al., 2003] and sum
them. We use two sets of projections, one with magnetic
longitude as the azimuthal coordinate (Set A) and one with
magnetic local time (Set B). Figure 1 shows three of the
resulting six images from Set A, used for this illustration
because nearly corotating features are smeared less by the
extended integration time. As expected, convection eroded
the plasmasphere so that at + = 0 h the plasmapause is
sharply defined near L ~ 3—4. At 28 h, the plasmasphere
has expanded, its interior is structured in azimuth, and the
plasmapause is diffuse. Finally, at 69 h the plasmapause lies
outside L = 6 and the interior is less structured in azimuth.

[10] To focus on the global-scale behavior of the plasma-
sphere, we bin each of the six images in Set B in steps of
0.5 Rg in radius, summing over all local times, but
excluding Earth’s shadow. Converting the measured He"
30.4-nm brightness to He" column abundance using the

method described by Gallagher et al. [2005] gives the
azimuthally-averaged radial profiles of column abundance
in Figure 2. The number of pixels in the annular bins ranges
from ~700 at L = 2.25 to ~1900 at L = 6.25. The
summations for each orbit include 5 to 8 images, with the
average value being 5.8. Owing to the many pixels in each
spatial bin and the summation of several 10-min images, the
statistical uncertainties in the points are smaller than the

Py T T T T T
< 12
c 10 EUV 00 h e—e -
O 13h e—e ]
‘q‘: 28h e—e ]
Q
G

1L _
S 10 E
=]
re)
<
g i

10
5 107 ¢ 3
N k
) SUPIM Filled ]
o b ------ SUPIM Eroded
T 10° . . . .

2 3 4 5 6
L

Figure 2. Radial profiles of He" column abundance for six
times during the refilling study. The abundance profiles
increase steadily with increasing time, reflecting refilling of
the plasmasphere. The black lines without points show
column abundances calculated from SUPIM for the same
observing geometry.
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Figure 3. Volume refilling rates at the equator for He".
The EUV curve shows the refilling rate for our study period,
and the symbols show other measurements and models. For
most of the measurements, we have estimated the He™ rate
from other measured quantities. The vertical lines for the Su
et al. [2001] and Dent et al. [2006] measurements represent
the range of reported values.

plotted symbols. Based on our ground photometric calibra-
tion, updated in flight by observations of the Moon, we
estimate that systematic errors arising from the uncertainty
in calibration are about 20%.

[11] The profiles in Figure 2 show that, for this study
period, the effects of erosion and refilling were confined to
regions for which L > 3. The refilling progression is quite
orderly and smooth, with higher column abundances at each
succeeding time-step for almost all values of L within the
affected region. The step between 0 h and 13 h is smaller
than for the later intervals. The history of B, in Figure 1
suggests a cause: the period of erosion extended a few hours
past £ = 0 h, so that the time devoted to refilling between
images from the first pair of orbits was atypically small,
compared to later pairs. This behavior is also qualitatively
consistent with a lower early-time refilling rate [Su ef al.,
2001]. Because of the uncertainties in the initial conditions
and the limited time resolution of our analysis, it is difficult
to quantify this in detail.

3. Comparing With SUPIM

[12] The Sheffield University Plasmasphere lonosphere
Model (SUPIM) solves coupled time-dependent equations
of continuity, momentum and energy balance along closed
magnetic field lines for six ion species (O, H', He", N3, O,
and NO") and the electrons [Bailey et al., 1997]. Inputs
include the solar EUV flux from the EUVAC model
[Richards et al., 1994], the MSIS 86 neutral atmosphere
model [Hedin, 1987], and the HWM90 model of meridional
and zonal wind velocities [Hedin et al., 1991]. Outputs
include the ion and electron densities, temperatures, and
field-aligned fluxes. In the current model we calculate the
He" (and electron) densities along 159 individual flux tubes
in the range 1 < L < 13.5 to generate 2D meridional slices
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through the plasmasphere/ionosphere system at fixed
longitudes.

[13] To compare the model results with the measured
profiles, we first compute column abundances for the model
using realistic observing geometry, and then average over
azimuths in a way similar to that used for the EUV images.
We began the model comparison by adjusting the initial
conditions of the model to match the column abundances
measured for the eroded plasmasphere at ¢+ = 0. This was
achieved by increasing the neutral helium density in the
MSIS 86 neutral atmosphere used as input to the model
sixfold. We also experimented with increasing the He"
density by increasing equatorial E x B drifts, but this was
less effective. Owing to the relative inertness of He and He ",
increasing their abundance does not lead to large changes in
the ionospheric chemistry.

[14] The lower of the SUPIM curves (“Eroded”) in
Figure 2 shows good agreement with the # = 0 h profile.
From this starting plasma distribution, the model predicts
the radial profiles of column abundances at later times. The
upper SUPIM curve (“Filled”) in Figure 2 shows the model
profile corresponding to that measured by EUV at ¢ = 69 h.
The excellent agreement between the SUPIM curve and the
measured profile for £ =69 h shows that the model has done
a good job of correctly predicting refilling rates for this time
interval over the range 2 < L < 4. Beyond L ~ 4, SUPIM
densities diverge increasingly from the EUV observations,
and in fact there appears to be a point of inflection in the
curves shown in Figure 2. This difference between model
and data is probably a signature of physical processes not
accounted for in SUPIM in the region beyond L ~ 4, an area
that is currently under investigation.

4. Volume Refilling Rates

[15] In the previous section we used information from
SUPIM on the distribution of He" along the field lines to
compute model column abundances and then compared
these directly with the EUV measurements. However, most
previous measurements of plasmasphere refilling have been
interpreted to yield the volume rate of refilling near the
magnetic equator, and that is also the quantity computed by
most models. In this section we use the time derivative of
the EUV column abundances to estimate the volume refill-
ing rate near the equator, so that we can compare EUV
measurements with these earlier measurements and models.

[16] The time derivative of the column density is easy to
compute from the curves in Figure 2. We convert these
results to volume rates at the equator using the concept of
effective pathlength along EUV lines of sight [Gallagher et
al., 2005]. Since SUPIM provides a good fit to the radial
profiles, we estimate the radially-varying effective path-
length by comparing model volume abundances with the
column abundances computed from the same model. Typ-
ical values of the effective pathlength range from ~1.7 Rg
at L =2 to ~2.3 Rg at L = 6. The EUV plot in Figure 3
shows the volume refilling rate at the equator determined in
this way, and averaged over the full 69-h study interval. The
statistical uncertainties propagated from the curves in
Figure 2 are again smaller than the plotting symbols.
However, computing volume rates from column abundances
using the effective path length introduces an additional
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source of error. We estimate that the combined systematic
errors do not exceed 50% [Gallagher et al., 2005].

[17] Figure 3 also shows the He" refilling rates inferred
by Gallagher et al. [2005] for a special circumstance: the
target area was a notch in the plasmasphere, observed when
geomagnetic activity was more complex than in our study
period. The two groups of three points (at L = 2.25, 2.75,
and 3.25) represent refilling inferred from two pairs of
orbits, and in the intervening pair, Gallagher et al. [2005]
observed depletion. In spite of the special circumstances,
these points fit fairly well with the general trend from our
new measurements, which are based on a more comprehen-
sive data set.

[18] To compare He" refilling rates inferred from EUV
with other measurements and models, we must account for
the fact that the quantities reported from the measurements
and models usually do not include the He" abundance
specifically. For example, to convert rates based on meas-
urements of electron or ion density [e.g., Carpenter et al.,
1993; Su et al., 2001], we have used an estimate of the ratio
a = n(He")/n(H") from the parameterization described by
Craven et al. [1997]. The value of o ranged from 0.094 at
L =2 to 0.018 at L = 6.6. Further, we have used the
approximation that H" and He" are the only positive ions,
but in fact some heavier ions, particularly O", are present.

[19] The measurements of Su et al. [2001] encompass a
wide span of times and conditions at geosynchronous orbit,
but here we simply represent the full range of their deter-
minations by a vertical bar. For consistency, we use the
parameterization of o to infer a He' refilling rate, even
though the measurements used by Craven et al. [1997] to
define «v extend to a distance of only 4.7 Rg. The value of «
decreases at a rate of ~50% Rg'. If our extrapolation
underestimates « at 6.6 Ry, then the He" refilling rate that
we infer from the Su et al. measurements should be
increased, and would then agree better with EUV measure-
ments.

[20] Inferring the He" refilling rate from the mass density
measurements [e.g., Chi et al., 2000; Dent et al., 2006] in
this way carries more uncertainty because heavier ions
contribute proportionally more to the mass density than to
the charge density. Since we have neglected the contribution
of heavier ions, in particular O, it is likely that we have
over-estimated the He" refilling rate from the mass density
measurements. Assuming a 3% fraction of O" reduces the
inferred He" rate by ~30%. Nevertheless, the measurement
of Chi et al. [2000] is consistent with a value obtained by
extrapolating the EUV curve to lower L.

[21] The measurements of Chi et al. [2000], Dent et al.
[2006], and Carpenter et al. [1993] refer to specific loca-
tions and times, and hence to particular geomagnetic con-
ditions, which differ from those during our study interval.
The Dent et al. measurements come from a more active time
(Kp = 2 to 4, with some B, excursions to —5 nT). For the
Carpenter et al. measurements, K varied from 2" to 1, and
the Chi et al. measurements followed a large storm.

[22] For the refilling rates credited to the model of Wilson
et al. [1992], we used the data on H' densities in their
Figure 9 and averaged over 48 h, the longest time for which
information was available from the figure. Because the
abundance profiles measured by EUV changed only slightly
between the samples at # = 55 and 69 h, the EUV and
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models results should be approximately comparable. Nev-
ertheless the model falls substantially below EUV measure-
ments, and departs more at larger L. The departure at larger
L may reflect our use of an inappropriate extrapolation of «
as described above.

5. Discussion

[23] The curves in Figure 2 indicate that refilling had
asymptotically slowed by an elapsed time of 69 h. Some
work has found a longer time to this condition of ““satura-
tion” [e.g., Kersley and Klobuchar, 1980; Carpenter et al.,
1993]. But we remember that our measurements refer to the
He" refilling rate, which is usually not the quantity mea-
sured or modeled in earlier work. It is possible that
interspecies differences in refilling rates contribute to the
differences mentioned above. We plan additional work to
investigate this possibility by comparing He" abundances
measured by EUV with electron abundances from IMAGE/
RPI, and continued work with SUPIM.

[24] The supply of plasma from the ionosphere to the
plasmasphere is a fundamental aspect of ionosphere-
magnetosphere coupling. Owing to its global view, IM-
AGE EUV can measure many radial profiles of He" column
abundance simultaneously. No other technique gives infor-
mation on many positions in L and local time simultaneously.
Furthermore, using EUV observations, we can avoid inter-
preting changes in abundance driven by sub-corotation as
purely temporal changes, an error to which in situ and
ground-based techniques may be subject. We plan to exploit
this by further investigations of such questions as early vs.
late refilling rates, the dependence on magnetic and solar
activity, and possible longitude dependencies.
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