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[11 The extreme ultraviolet (EUV) imager on the IMAGE satellite provided the first
global images of the plasmasphere leading to enhanced understanding of plasmapause
structure and dynamics. However, few studies have investigated the structure and
dynamics of the inner plasmasphere (regions interior to the plasmapause), which previous
in situ observations have shown to often be highly structured. This study is the first to
systematically analyze global images of the density structure of the inner plasmasphere by
using data from the EUV imager on the IMAGE satellite. We find that the inner
plasmasphere exhibits both fine and meso-scale structure characterized by rapid density
fluctuations and density enhancements of varying amplitudes (factors of ~ 2—5) and spatial
scales (from 10 s of minutes to 6 hours MLT) that occur regularly in the aftermath of
geomagnetic storms. The level of variability within the azimuthal structure was found to
increase with increasing geomagnetic activity. The observations suggest that some
meso-scale azimuthal density structure observed in the inner plasmasphere is from
“fossil” plasmapause features entrained inside the expanding and refilling plasmasphere.
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1. Introduction

[2] Over the years much has been learned about the struc-
ture and dynamics of the plasmasphere from ground-based,
in situ and remote space-based sensing technologies. Various
studies have provided a better understanding of many aspects
of the plasmasphere such as the changes in plasmaspheric
morphology in response to magnetic disturbances (i.e., plas-
maspheric erosion and refilling processes) and the interplay
among global magnetospheric convection and small scale
electric fields [Carpenter et al., 2000]. Several studies have
shown the plasmaspheric density structure to be highly spa-
tially variable in response to changes in geomagnetic activity
[e.g., Moldwin et al., 1995]. Many of the studies have gen-
erally focused on the dynamics and features of the plasma-
pause [e.g., Elphic et al., 1996; Moldwin et al., 2003, 2004]
and the outer plasmasphere [e.g., Moldwin et al., 1995;
Ganguli et al., 2000]. Moldwin et al. [1995], using the Los
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Alamos (LANL) geosynchronous magnetospheric plasma
analyzer (MPA) data, found that for moderate to high levels
of geomagnetic activity the dusk sector of the outer plasma-
sphere has a fine-scale density structure. In another study,
Moldwin et al. [2004] used the Combined Release and
Radiation Effects Satellite (CRRES) plasma wave receiver
measurements to characterize the plasmasphere-like features
observed outside the plasmapause. In spite of these and many
other studies on the structure and dynamics of the plasma-
sphere [e.g., Ganguli et al., 2000; Carpenter et al., 2002;
Goldstein et al., 2003; Sandel et al., 2003; Goldstein, 2004;
Darrouzet et al., 2008], some broad gaps in our knowledge of
the plasmasphere still remain. One such gap is with regards to
the azimuthal density structure and dynamics internal to the
plasmasphere. Carpenter et al. [2000] observed and dis-
cussed deep density troughs inside the plasmasphere which
appear in the aftermath of the plasmasphere erosion episodes
and found this to be associated with the near-equatorial
manifestations of geomagnetic field-aligned cavities. LeDocq
et al. [1994] used the CRRES satellite data and obtained
instances when the satellite encountered large quasiperiodic
fluctuations in the electron number density inside the plas-
masphere. Several other studies have examined the origins of
the small-scale variability in the plasmasphere (both the outer
and inner plasmasphere) [e.g., Fok et al., 1995; Adrian, 2004;
Liemohn, 2004; Goldstein et al., 2005; Liemohn et al., 2006].

[3] Many other studies have analyzed the Extreme Ultra-
violet (EUV) data from the IMAGE satellite and have
identified a variety of plasmaspheric density structures of
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Figure 1. An original EUV image and its background-subtracted version. The images show sharp differ-
ences illustrating the usefulness of background subtraction. (a) Original image and (b) background

subtracted.

varying scale sizes [e.g., Sandel et al., 2003; Goldstein, 2004;
Gallagher et al., 2005; Pierrard and Cabrera, 2005]. For
example, the plasmapause is characterized by a sharp drop in
plasma density during geomagnetically disturbed conditions
[Goldstein et al., 2003; Gallagher et al., 2005]. A significant
plasmaspheric density structure is the plume formed due to
enhancement of the global cross-tail electric field caused by
magnetospheric convection [Nishida, 1966; Goldstein, 2004].
Other notable density structures include notches, plasmaspheric
channels [Sandel et al., 2003], crenulations and shoulders
[Darrouzet et al., 2008]. Notches have been observed to extend
radially inward to less than L = 2 in some circumstances
[Gallagher et al., 2005]. These structures are most distin-
guishable at the plasmapause and their connection to the inner
plasmasphere are not fully understood.

[4] The inner plasmasphere exhibits a variety of other
density enhancements that are only partially described and
more work remains with regard to quantifying their scale
sizes. The purpose of this work is to quantify the scale sizes
of the azimuthal density structure of the plasmasphere inter-
nal to the plasmapause as seen by the Extreme Ultraviolet
(EUV) imager on the IMAGE satellite. The study also also
provides a better understanding of the origin of the density
flactuations and how the observed features evolve with
respect to enhanced geomagnetic activity.

2. Methodology

[5] The IMAGE satellite operated from 2000 to 2005 and
the IMAGE EUV instrument provided global images of the
plasmasphere and has been used in various studies to char-
acterize the dynamics and features of the plasmasphere
[Sandel et al., 2001]. Figure 1a shows an illustrative obser-
vation of the plasmasphere as viewed by the EUV instru-
ment on the IMAGE satellite and shows a variety of
plasmaspheric structures showing the Earth at the center,
ionospheric airglow (bright arch) on the dayside and the
shadow on the nightside. Photon counts increase logarith-
mically from dark green to light green and then white.

[6] The IMAGE spacecraft is in an elliptical polar orbit and
the EUV instrument was designed to provide global snapshots

of the entire plasmasphere when the spacecraft is at apogee.
The EUV instrument consists of three cameras sensitive to
30.4-nm extreme ultraviolet light that is resonantly scattered
by the He" ions in the plasmasphere. Assuming an optically
thin plasmasphere, the column-integrated brightness of scat-
tered EUV photons as viewed from the spacecraft is directly
proportional to the density of He" ions integrated along the
EUV instrument’s line of sight [Ganguli et al., 2000; Galvan
et al., 2008]. Thus brightness changes in an EUV image gen-
erally correspond to density variations in the plasmasphere
[e.g., Ganguli et al., 2000; Sandel et al., 2003].

2.1.

[7] The processing procedure included applying a back-
ground subtraction routine on each EUV image before azi-
muthal brightness values were extracted. This was done to
reduce the uncertainties in the mean pixel brightness values
caused by changes in the scattered sunlight contamination
(illustrated in Figure 1). This therefore ensures that the dif-
ference in brightness between different images considered is
mostly due to density variations in the plasmasphere [ Galvan
et al., 2008]. The background subtraction serves to increase
the signal-to-noise ratio of the azimuthal profile.

[8] Figures la shows an original EUV image taken at
18:45 UT on 02 June 2001 and Figure 1b shows the same
image after background subtraction. The sharp contrast
between the images shows the importance of doing back-
ground subtraction. The background-subtracted images were
corrected for perspective effects by mapping points in the
image to the geomagnetic equatorial plane along magnetic
field lines using dipole geomagnetic field geometry [Roelof
and Skinner, 2000; Sandel et al., 2003]. This procedure re-
positions the brightness value of each pixel and the result is a
projected image shown in Figure 2a for the same image in
Figure 1. In addition, the mapping routine also identifies
which pixels lay on the areas of seam overlap between the
three EUV sensors and the Earth’s shadow producing a
shadow-mask image shown on Figure 2b.

[9] The shadow-mask image is useful for determining
which pixels in the resultant image are valid and potentially
reliable for photometry. In the areas of seam overlap between

Data Processing
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Figure 2. (a) Representation of the final image mapped to the geomagnetic equatorial plane. (b) Repre-
sentation of the shadow-mask image showing location of the seams between the three EUV sensors
(the black narrow bars) and the dark bar on the left represents Earth’s shadow. The blue circles represent
the annulus from which mean pixel brightness values were extracted.

the three EUV sensors, brightness values are unreliable as
structure arises from incompletely corrected vignetting at the
edges of the camera fields, while values in the shadow region
are lower because of reduced illuminations. In either case,
these regions are not useful for photometry.

[10] The blue circles in Figure 2 represent the annulus of
thickness L = 0.5 and centered at a radius of L = 2.5 from
which the brightness profiles were extracted. The annulus
was divided into 128 bins separated by =11.25 min in
magnetic local time (MLT). The brightness values for each
bin were calculated by averaging the brightness values of the
pixels in each bin. The typical number of pixels in the bin
ranged between 75 and 95. As a measure of the uncertainty
of the mean brightness for each bin, the standard deviation
(01) of the mean for the brightness values of pixels in the
given bin was used. The study is focused on the inner plas-
masphere, therefore the range in L-shell of the annulus was
chosen so that the brightness values are taken from a region
of relatively uniform volume of plasmaspheric plasma free
from the features of the plasmapause and trough at L-shells
Z3 and free from the effects of airglow at L-shells 2.

2.2. Data Analysis

[11] The mean brightness profiles taken from an annulus
at L = 2.5 of the EUV images allow us to characterize the
azimuthal structure of the inner plasmasphere. This allows
us to quantify the spatial scales in magnetic local time of the
observed density structures. The analysis also enables a
quantitative study of the relative amplitude of the density
depletions/enhancements with respect to the adjacent walls
of the identified plasmaspheric density structures as well as
to characterize typical scale sizes of the azimuthal structure
and how they evolve with respect to geomagnetic activity.
Analysis involved fitting a high-order polynomial, whose
order was chosen to fit the diurnal trend [e.g., Galvan et al.,
2008] (described in the section that follows).

3. Results

[12] Figure 3b displays a representation of the azimuthal
brightness profile extracted from the image shown in

Figure 3a. Note the diurnal variation of the mean brightness
(photon count) which shows a slight decrease in the day time
sector followed by a large increase to a maximum in the
noon sector and then drops to a minimum in the nighttime.
Fitting a high-order polynomial and subsequently subtract-
ing it from the original data shows that there are considerable
brightness fluctuations within the azimuthal structure of the
plasmasphere. This is evident in the plot of the residuals
shown at the bottom of Figure 3b. The error bars shown on
the original data curve (red) represent the standard deviation
of the mean brightness value in each bin (o). This provides
an estimate of the noise level in the brightness profiles and
enables us to ensure the identified density structures repre-
sent actual geophysical signatures and not noise and artifacts
related to the viewing geometry, the camera seams and the
Earth’s shadow. Brightness fluctuations with amplitudes that
fall below the standard deviation of the mean represented by
the error bars are not considered significant.

3.1. Density Structures

[13] The plots of the residuals in Figures 3b, 4a, 4b and 4c
reveal brightness fluctuations of a wide range of amplitudes
within the single UT snapshot of a 24 hour of MLT azi-
muthal profiles of the Earth’s plasmasphere. This suggests
that there is density structure of varying amplitudes in the
inner plasmasphere. Some density structures such as notches
are clear and distinct and can be easily identified from the
EUYV images e.g., the notch labeled in Figure 3a. The drop in
brightness observed between 12:00 and 15:00 MLT in
Figure 3b corresponds to this notch. The plot reflects a rel-
ative drop in photon count of ~30 (50%) with respect to the
adjacent walls associated with the notch and the width in
MLT is ~3 hours. This represents an example of a broad
notch that extended deep into the inner regions of the plas-
masphere to less than L = 2.5 [Gallagher et al., 2005].
Figure 3¢ shows the same notch approximately 6 hours later,
and the corresponding brightness profile shown in Figure 4c
shows that, in addition to shifting to the dusk sector as a
result of corotation, the notch was depleted further to ~40
(~70%) photon counts below the adjacent walls represent-
ing a further drop by a factor of 1/3. Examining Figure 3a in
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Figure 3. (a) The EUV image (taken on day 19 June 2001 at 02:23 UT) mapped to the geomagnetic
equatorial plane. The blue circles represent the annulus from which the (b) mean brightness profile was
extracted. Shown on the brightness profile are the seam regions and the Earth’s shadow region. The error
bars indicate the variability of the pixel to pixel brightness within each bin. The plot of the residuals at the
bottom of Figure 3b were calculated by fitting a 7th order polynomial to the profile. (c) The EUV image
taken 6 hours after the image in Figure 3a showing the notch shifted to the dusk sector within the 6 hour

period.

comparison with Figure 3c taken 6 hours apart shows that
the plasmapause expanded outward either due to refilling or
outward radial motion or other potential mechanisms that are
discussed in more detail in the discussion section.

[14] The brightness profiles also reveal other significantly
large morphological features characterized by density
enhancements and rapid density fluctuations that are not
easily noticeable by visual inspection of the original EUV
image shown in Figure 3a. For example the brightness pro-
file (Figure 3b) extracted from the image shows considerable
brightness enhancements (>25%) observed between 01:00
and 02:00 MLT and also between 11:00 and 13:00 MLT.
The brightness profile also shows some fairly large rapid
fluctuations (with amplitude enhancements of about 10-30%
and periods of around half an hour) between 03:00 and
06:00 MLT.

[15] The same structures are observed on the images taken
at subsequent UT times shown on Figure 4, however, they
are shifted to different magnetic local time sectors as a
consequence of the plasma corotating with the Earth. For
example the brightness enhancement feature observed at the
01:00-02:00 magnetic local time sector (at the edge of the

shadow region) on Figure 3b moved to the 04:00-06:00
magnetic local time sector on Figure 4c which was taken
approximately 6 hours later. Further investigation of the
profiles (Figures 3b, 4a, 4b and 4c) shows about four regu-
larly spaced peaks over the entire azimuthal length. This
suggests some quasiperiodic azimuthal structure of approx-
imately 6 hours MLT within the plasmasphere. [Adrian,
2004] also reported similar apparent periodic azimuthal
structures in the plasmasphere when they analyzed the
bifurcated radial enhancements in the He' distribution
observed by IMAGE EUV. In addition to the structures with
fairly large amplitude undulations, the profiles also show
some rapid brightness fluctuations of relatively smaller
amplitudes and length-scales. The observed fluctuations
indicate that the inner plasmasphere exhibits both fine-scales
(order of 10s of minutes) and meso-scale (order of a few
hours) structure.

[16] Investigation of the geomagnetic activity conditions
during the period when these images were taken, shows
that a relatively strong geomagnetic storm (with maximum
Kp ~ 5) occurred between June 17 and 20, 2001 shown by
the plot of the Kp index on Figure 5. The images where
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Figure 4. Brightness profiles, for 3 images taken at different UT times after the image shown on
Figure 3a. The profiles show the density enhancement features identified in Figure 3b present, however

corotated to different local time sectors.

taken in the aftermath of this storm. To investigate the ori-
gins of the observed structures, the images were analyzed in
comparison with those taken before and during the storm
period. Figure 5 shows a plot of the Kp index for the
June 17-20 storm and the labels (a, b, c and d) indicating the
respective moments when the brightness profiles shown in
Figure 6 were taken. For this storm, the images taken during
the main phase of the storm were not usable and are not
included in the analysis.

[17] Figure 6 shows the brightness profiles for four ima-
ges: two (Figures 6a and 6b) taken at the commencement

and the other two (Figures 6¢ and 6d) taken in the aftermath
of the storm. Analysis of the images taken at the different
stages of the storm activity shows that the density structures
appear enhanced and the quasiperiodic behavior is more
pronounced in the images taken in the aftermath of the
geomagnetic storm. For the two profiles taken prior to the
storm, the fluctuation amplitudes are relatively smaller and
the quasiperiodic structure is generally absent.

[18] Four other geomagnetic storm periods (shown in
Figure 7) that had a maximum Kp of at least 5 and had EUV
images that were usable were identified. For all the storms,
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Figure 5. Kp index plot for the period 17-20 June 2001. The labels a—d indicate moments when the
selected IMAGE EUYV images shown on the corresponding plots in Figure 6 were taken.

the same trend was observed with the images taken after the
storm having enhanced rapid density fluctuation amplitudes
forming a quasiperiodic structure while those taken prior to
the storm had lower fluctuation amplitudes and the periodic
structure generally missing. The observations here are con-
sistent with interpretation of Chappell [1974], Carpenter
et al. [1979] and Goldstein et al. [2003] that much of this
fine-scale structure originates from the interplay among
global scale magnetospheric convection and electric fields
associated with the Earth’s rotation. Moldwin et al. [1995],
determined that the presence of fine-scale density structure
in the outer plasmasphere is correlated with substorms and is
possibly caused by the penetrating electric fields associated
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with a substorm. These observations suggest that the fine-
scale and meso-scale density structure internal to the plas-
mapause are driven by storm dynamics. These observations
demonstrate the complexity of the azimuthal plasmaspheric
behavior, not only at the plasmapause, but inside the main
plasmasphere as well.
3.1.1. Scale Sizes and Amplitudes

[19] The length scales of the observed meso-scale density
structures are on the order of ~2-3 hours of MLT and the
relative amplitudes with respect to the adjacent walls range
between ~10-60 photon counts representing relative
enhancements or depletions (A)—;’) by factors of ~2-5. The
fine-scale rapid amplitude fluctuations are on the order of
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to images taken in the aftermath of the storm.
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Figure 7. Plots showing the relationship between the Kp index and the level of variability indicated by

the rms during four geomagnetic activity events.

10s of minutes to an hour. Owing to their relatively small
scale sizes, these density structures are not easy to identify
by visual inspection of the original EUV images. Analysis of
the EUV images by extracting the brightness values, there-
fore enables us to identify more density structures within the
inner plasmasphere and also to estimate their scale sizes.
3.1.2. Variability

[20] Analysis of the brightness profiles has revealed sig-
nificant meso-scale and fine-scale density fluctuations
within the azimuthal plasmaspheric structure. As observed,
the scale sizes of the fluctuations vary significantly from
image to image. To investigate this variability, the root mean
square of the residuals (rms) shown on each plot was cal-
culated from the fitted polynomial and is used to quantify the
level of variability for each profile. The rms indicates an
estimate of the deviations of the data around the fitted
polynomial and provides a measure of the small scale den-
sity variations about the mean (the polynomial fit). A large
value of the rms indicates increased variability. Figure 7
displays four geomagnetic storm events of similar rise in
the Kp index value with maximum Kp ~ 5. Each plot shows
the rms calculated for images taken at different stages of
each geomagnetic storm activity plotted together with the Kp
index. The Kp index provides the measure of geomagnetic
activity. It is clear from the plots that the fluctuations are
greater during the disturbed periods as shown by the greater
value of the »ms for a high Kp value. This represents a rel-
ative increase in variability of about 13% corresponding to a
rise in Kp of about 2 to 3. This shows how the level of

variability changes as a function of geomagnetic activity
showing a general trend of increasing variability with
increasing Kp.

4. Discussion

[21] We have analyzed the azimuthal brightness profiles
extracted from successive snapshot images during selected
IMAGE passes for 5 storm intervals to characterize the azi-
muthal structure and dynamics of the inner plasmasphere.
The results revealed that the inner plasmasphere exhibits
both meso-scale (the large ‘density enhancement and/or drop
features’ with scale sizes of 2-3 hours in MLT and ampli-
tudes of 10—40 photon counts above the adjancent walls) and
fine-scale (‘rapid density fluctuations’ with scale sizes of 10s
of minutes to an hour and amplitudes of less than 10 photon
counts above the adjancent walls) structure. The meso-scale
features observed in Figure 3b can also be tracked in the
subsequent images (Figures 4a, 4b and 4c). This suggests
that the features represent actual density structures and not
just noise related to the Earth’s shadow or the camera seams.
The rapid density fluctuations suggest that, like the outer
plasmasphere as observed by Moldwin et al. [1995], the inner
plasmasphere also exhibits significant fine-scale density
structure. Another observation worth noting is that the azi-
muthal structure shows considerable undulation behavior. The
‘density enhancement structures’ appear to occur at quasi-
regular intervals of approximately 6 hours of MLT in the
aftermath of enhanced geomagnetic activity, an observation
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that indicates a systematic azimuthal distribution of density
in the inner plasmasphere. We have demonstrated this for
five events, and all the events consistently have the same
behavior.

[22] Comparison of many successive snapshot images
during a selected IMAGE pass demonstrate how the density
structures corotate with the Earth [e.g., Gallagher et al.,
2005; Sandel et al., 2003; Burch et al., 2004; Galvan
et al., 2010]. This study has also provided more insight
into the dynamics of the inner plasmasphere showing how as
the plasmapause moved outward due to refilling and radial
motion following a plasmaspheric erosion episode, the notch
initially seen at the plasmapause is seen deeper inside the
plasmasphere suggesting that some structure internal to
the plasmasphere is from “fossil” plasmapause features. The
observed plasmasphere’s outward expansion could also be
attributed to a redistribution of plasmaspheric plasma hap-
pening through the corotation of the plasmasphere onto the
elongated drift paths as the bulge in the dusk sector rotates
toward the morning sector [Carpenter, 1967; Horwitz et al.,
1981]. However, in this case we observe a more localized
expansion restricted to the region outside the dusk sector.
Such expansion is presumed to occur through the filling of
flux tubes that were depleted during the previous geomag-
netically disturbed period [Horwitz et al, 1981]. The
“notch” remains observable in the inner plasmasphere while
the plasmapause expands outwards to larger L. This indi-
cates that the meso-scale density feature is somewhat dis-
connected from the new plasmapause dynamics and hence
we refer to it as a “fossil” feature.

[23] Computing the rms of the residuals and using this to
provide a measure of the level of variability in each image
and determining how the variability evolves with respect to
convection enhancements shows a trend where increase in
magnetic activity corresponds to increased variability. Ima-
ges taken during the most disturbed activity periods have
higher density variability within the plasmaspheric azi-
muthal structure. This suggests that the increase in variabil-
ity may be imposed by changes in the large-scale convection
electric fields during geomagnetic storms. A high value of
Kp (>3) indicates enhanced geomagnetic activity which
essentially corresponds to increased magnetospheric con-
vection [Goldstein et al., 2003] strong enough to cause
motion of the plasmasphere and cause erosion of the plas-
mapause [see also Siscoe, 1966; Hughes, 1988]. This
observation is in agreement with the findings by Goldstein
et al. [2003] that rapid fluctuations in convection strength
lead to azimuthal structure being created by inhomogeneities
in the global convection field and by finite penetration of
this convection field to inside of the plasmasphere. The
results presented in Figure 7 suggest that the observed rela-
tive increases in variability are caused by convection
enhancements. Other processes such as the ring current also
can influence the plasmasphere structure and dynamics
through the injection of a high-energy plasma component
into the plasmasphere [Ganguli et al., 2000]. The processes
by which the ring current can interact with the plasmasphere
include Coulomb collisions [see Fok et al., 1995], charge
exchange and wave-particle interactions [Hughes, 1988;
Ganguli et al., 2000]. Waves affect the macroscopic plasma
state by influencing the transport properties and therefore do

SIBANDA ET AL.: AZIMUTHAL PLASMASPHERIC STRUCTURE

A11204

play an important role in the overall dynamics of space
plasma.

5. Summary and Conclusions

[24] Much can be learned about the azimuthal structure of
the inner plasmasphere from the IMAGE EUV data by
analyzing brightness profiles extracted from a region inside
the plasmasphere. The inner plasmasphere exhibits density
features of varying scale sizes characterized by density
enhancements and rapid density fluctuations.

[25] This study found that the inner plasmasphere displays
significant fine-scale and meso-scale azimuthal density
structure. The level of variability is strongly related with the
convection enhancements as indicated by the Kp index with
the variability considerably higher during geomagnetically
disturbed periods. The increase in the level of variability is
likely associated with rapid fluctuations in convection
strength that are a result of the combination of inhomoge-
neities in the global convection field and the finite penetra-
tion of this convection field to inside of the plasmasphere.
The observed structure may also be attributed to enhanced
storm-time outflow, such as from subauroral infrared arcs,
where localized heating could extend the ionospheric scale-
height and outflow to produce a localized enhanced plas-
maspheric density.

[26] The interpretation of the observations presented here
are consistent with observations made in previous studies of
the features of the plasmasphere such as the suggestions by
Goldstein et al. [2003] that rapid fluctuations in convection
strength may lead to azimuthal structure being created in the
inner plasmasphere. In addition, observations presented here
suggest meso-scale azimuthal structure observed inside the
inner plasmasphere are “fossil” remnants of plasmapause
azimuthal structure suggesting sharp gradients can last for
10s of hours deep inside the plasmasphere.
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