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[1] Global images of the plasmasphere obtained by the Extreme Ultraviolet (EUV)

imager on the IMAGE satellite are used to study the evolving structure of the
plasmasphere during two geomagnetic disturbances. By tracking the location of the
plasmapause as a function of L shell and magnetic local time, quantitative measurements
of radial and azimuthal motions of the boundary are made for intervals 7 hours in
duration with a time resolution of 10 min. The two cases presented are 26–27 June 2001, a
relatively weak but isolated geomagnetic disturbance, and 9–10 June 2001, a moderate
event with a multistaged onset and recurring substorm activity after the main disturbance.
In both cases the onset of the disturbance, correlated with a southward turning of the IMF,
is characterized by inward motion or erosion of the plasmapause and a smoothing of any
existing azimuthal variations across the nightside. Over a period of many hours, a
plasmaspheric plume forms in the afternoon sector as a result of sunward flows from dusk
and corotational flows across the dayside. Azimuthal variations in the plasmapause radius
tend to form in the local time sector from dawn to the western edge of the plume,
including mesoscale (0.5 in L and 2 hours in local time) crenulations and larger-scale
shoulder features, while the nightside boundary remains featureless. In the 26–27 June
2001 case, the magnetosphere entered a period of deep quiet after the main disturbance,
and the plasmaspheric plume began to corotate with the main plasmasphere from the
afternoon sector across the nightside. In contrast, the plume in the 9–10 June 2001 event
became wrapped around the main plasmasphere and a second plume formed in the
afternoon sector, perhaps due to continued substorm activity. In situ density data for these
events show highly irregular density structure within the plumes as measured at
geosynchronous orbit, whereas a measurement by IMAGE RPI suggests that there may be
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1. Introduction
4

[2] The plasmasphere is a region of dense, 10 – 10
electrons cm3, plasma that encircles the Earth and extends
to geocentric equatorial distances ranging from 2 – 7 Earth
radii. It is populated by the outflow of ions and electrons
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from the underlying ionosphere along middle and lowlatitude geomagnetic field lines. These charged particles,
with typical energies less than 1 – 2 eV, undergo magnetic
flux preserving bulk motions primarily due to the rotation of
the Earth. Protons are the principal plasmaspheric ion
species followed by singly ionized helium with the ratio
of He+ to H+, typically in the range of 0.03 to 0.3 [Craven
et al., 1997]. The plasmapause is an approximately fieldaligned surface at the outer boundary of the plasmasphere at
which there typically exists a sharp density gradient in
the equatorial density profile on the order of a factor of
5 density decrease over a region of less than 0.5 L
[Carpenter and Anderson, 1992].
[3] Outside the plasmapause in the plasmatrough, the
cold plasma density drops to 1 – 10 cm3. These low
densities are indicative of bulk motion along trajectories
that do not enclose the Earth (or have not ‘‘recently’’ done so)
due to solar wind induced flow within the magnetosphere.
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Convection in the outer plasmasphere and trough is
unsteady due to recurring geomagnetic storm and substorm
activity.
[4] The size and shape of the plasmasphere vary considerably with the level of geomagnetic activity. Empirical
models of the plasmapause location [e.g., Carpenter and
Anderson, 1992; Moldwin et al., 2002] show that the
plasmasphere shrinks or erodes quickly during periods of
enhanced activity and slowly grows or refills during recovery times. In ISEE satellite data on plasmapause crossings,
the plasmasphere has been found to be roughly circular in
an average sense [Carpenter and Anderson, 1992], an effect
suggested by an early study of low altitude plasmapause
crossings by Brace and Theis [1974]. However, outlying
features are also regularly observed in the dusk sector and
may appear to satellites or whistler stations as localized
extensions or bulges [e.g., Carpenter et al., 1993]. Statistically, such bulges tend to be detected at earlier local times
during periods of increased disturbance and at later local
times (or not at all) during quiet periods [Carpenter, 1970;
Higel and Wu, 1978; Elphic et al., 1996].
[5] A large body of evidence indicates that the global
distribution of cold plasma in the magnetosphere at any
given time can be quite complex [e.g., Carpenter and
Lemaire, 1997, and references therein]. For example, the
existence of variations in the plasmasphere radius of a few
tenths of an RE over 20 in longitude was noticed by
Angerami and Carpenter [1966]. Chappell [1974] reported
regions of high-density cold plasma outside of the main
plasmasphere. These ‘‘detached’’ plasma regions are found
particularly in the afternoon-dusk sector. Moldwin et al.
[1994] studied the complex structure and variability of the
outer plasmasphere and bulge region. Inside the main
plasmasphere, cavities with a factor of 5 or more decrease
in density, multiple gradients and plateaus in the electron
density profile have been reported [Horwitz et al., 1990;
Carpenter et al., 2000].
[6] In terms of experimental work on plasmasphere
erosion and recovery, evidence has previously been found
of inward drift motions in the outer plasmasphere of the
order of 0.5 Earth radii per hour in the postmidnight sector
[e.g., Carpenter et al., 1979]. These motions were found to
be correlated with the expansion phases of substorms.
However, the measurements were confined to meridians
near a ground whistler station. Meridional displacements of
the projection of the plasmapause boundary at low altitudes
at a given magnetic local time have been tracked by
individual polar orbiting satellites on time scales of the
order of 90 min, revealing both what appear to be inward
displacements during disturbed periods as well as rotation
with the Earth of structures developed in earlier local time
sectors [e.g., Carpenter and Park, 1973]. Dayside observations of the plasmasphere erosion process have been few, a
rare example being whistler case studies of the outer
plasmasphere showing cross-L outward surges in the afternoon sector during substorms [Carpenter and Seeley, 1976].
[7] Numerical models have been used extensively to
study the process of plasmaspheric erosion and recovery
(for a comprehensive review see Lemaire and Gringauz
[1998]). The models typically use a parametrized potential
distribution, which includes the effects of the corotational
electric field and the solar wind driven convection electric

field, to calculate the temporal evolution of the plasmapause
by following the E  B drift trajectories of plasma flux
tubes from an initial location [e.g., Grebowsky, 1970; Chen
et al., 1975; Kurita and Hayakawa, 1985]. More sophisticated codes [e.g., Spiro et al., 1981] include dynamic
shielding of the inner magnetosphere by plasma sheet
particles and the effect of the ionosphere on the mapping
of high-latitude potentials.
[8] A consistent result of these models is the sunward
transport of portions of the outer plasmasphere during
periods of enhanced convection and the formation of
plasmaspheric plumes, sometimes referred to as plasma
tails, which extend from the main plasmasphere toward
the magnetopause in the afternoon sector. Chen and
Grebowsky [1974] used an MHD model to show that the
prominent outlying or ‘‘detached’’ density structures in the
noon to dusk quadrant observed on OGO 5 could be
interpreted as plumes, which on a global scale are in fact
attached to the plasmasphere.
[9] MHD modeling efforts have been criticized [e.g.,
Lemaire and Gringauz, 1998] for failing to adequately
explain the formation of the sharp density gradient at the
plasmapause. Lemaire [2001] proposes that in conjunction
with enhanced magnetospheric convection, convective
instabilities and interchange motion in the postmidnight
local time sector contribute to the formation of a new
boundary.
[10] As noted, the plasmasphere erosion and recovery
processes have been studied from the perspective of individual (or, occasionally, multiple) ground stations and from
in situ data on plasmapause/plasmasphere crossings. However, many fundamental questions have remained unanswered or unaddressed because of a lack of global views
of the evolving plasmasphere system.
[11] Now with newly available global-scale multihour
images of the plasmasphere from the Extreme Ultraviolet
Imager (EUV) [Sandel et al., 2000] of the IMAGE mission
[Burch, 2000], we can address ongoing questions such as
those raised by Carpenter and Lemaire [1997]. For example, where and when are new plasmapause boundaries
formed? Where and when do plasmaspheric drainage
plumes form? Where and when do larger scale irregularities
in the plasmapause radius form? Answers to these questions
are needed as part of efforts to understand the physics
governing the interplay among hot and cold magnetospheric
plasmas and the ionosphere in subauroral regions.
[12] We present below the results of two case studies of
the evolution of the plasmasphere during periods of moderate disturbance and recovery. The events occurred in June
2001, when the orbit of IMAGE, with apogee at high
northern latitudes, was particularly favorable for viewing
the plasmasphere for long intervals during each orbit.

2. Data Sets
2.1. EUV Imager
[13] The EUV instrument images the He+ distribution in
the Earth’s plasmasphere by detecting resonantly scattered
solar 30.4-nm radiation. EUV integrates the intensity of
30.4-nm emissions, which is directly proportional to the
He+ column density along the line of sight, over five spins of
the IMAGE satellite. Overlapping fields of view from three
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plasmapause boundary can then be plotted as a function of L
(or R) and magnetic local time. (See Goldstein et al. [2003a]
for a discussion of the uncertainty associated with this
method.) The mapping onto the magnetic equatorial plane
of the image in Figure 1 can be seen in Figure 5b.
[16] A plasmapause location is selected only at local
times for which a sharp brightness gradient can be identified. For example, in Figure 1, the plasmapause boundary
appeared to be outside of the field of view for local times
between 1200 and 1500. Also, between local times of
1500 to 1600 (upper right hand corner of the image) no
brightness gradient could be reliably identified. Goldstein et
al. [2003a] and Moldwin et al. [2003] have estimated the
lower sensitivity of the EUV cameras to be equivalent to
30– 50 electrons cm3. Initial observations by the EUV
instrument of convection tails (or plumes), density depletion regions (‘‘voids’’) enhanced density regions (‘‘fingers’’), and ‘‘shoulder’’-shaped azimuthal variations have
been reported [Sandel et al., 2001; Burch et al., 2001a,
2001b].

Figure 1. An EUV image of the plasmasphere taken on 26
June 2001 at 2104 UT when the IMAGE satellite was near
apogee. The Earth is indicated by the dashed circle and
manually selected points along the plasmapause boundary
are indicated as white squares. The equatorial mapping of
these points is shown in Figure 5b.

camera heads are then merged to form one complete image
every 10 min. EUV collects images for 7– 9 hours out of
each 14-hour orbit, generally operating where Ldipole  14.
Spatial resolution of EUV is 0.1 RE in the equatorial plane
as seen from apogee (8 RE).
[14] Figure 1 shows an example EUV image from 2104 UT
on 26 June 2001 when the satellite was at a geocentric
distance of 7.35 RE and 79 magnetic latitude. The size and
location of the Earth are indicated by the dashed circle, and
the Sun direction is indicated by black arrow. The shadow
of the Earth is faintly visible in the anti-sunward direction.
Imperfect flat-fielding in the three camera heads appear as
two vertical dark narrow bands across the image, indicated
by the two white arrows. The haze around the Earth is the
He+ distribution in the plasmasphere. Although the He+
distribution as well as the He+ to H+ mixing ratio vary both
spatially and temporally [e.g., Craven et al., 1997], a
statistical study by Goldstein et al. [2003a] showed that a
sharp He+ edge in the EUV images can be reliably identified
as the plasmapause boundary, as indicated by the white
squares in Figure 1.
[15] In order to eliminate perspective distortion due to the
changing altitude and viewing angle along the orbit, the
plasmapause is mapped to the magnetic equatorial plane.
The points corresponding to the plasmapause boundary are
manually selected along the sharp brightness gradient on
each image. The plasmapause is assumed to be field-aligned
in a centered, tilted dipole magnetic field. The field line
with the minimum L (radial distance in the equatorial plane)
along the line of sight to each selected point is found, and

2.2. In Situ Density Data
[17] In support of the global images, in situ density
measurements are available from several instruments. The
density of ions in the range of 1 eV/q  130 eV/q are
provided by the Los Alamos magnetospheric plasma analyzers (MPAs) [Bame et al., 1993; McComas et al., 1993]
on board two geosynchronous satellites (L = 6.6) 1991– 080
and 1994 – 084.
[18] Electron density profiles are also obtained from
passive mode dynamic spectrograms recorded by the
IMAGE Radio Plasma Imager (RPI) [Reinisch et al., 2000]
when the satellite is at low magnetic latitudes. The general
density extraction technique is that of Mosier et al. [1973],
and Goldstein et al. [2003a] describes the uncertainty in
density values extracted from IMAGE RPI data.

3. Case I: 26–27 June 2001
[19] On 26 through 27 June 2001, the magnetosphere
experienced a mild geomagnetic disturbance, and the
response of the plasmasphere was observed globally by
IMAGE EUV and in situ by the LANL MPA instruments
and IMAGE RPI. Although a relatively weak substormrelated disturbance with Kp reaching a maximum value of
4, this is a particularly interesting study period because of the
isolated nature of the event. For over 40 hours prior to the
onset of the disturbance, Kp remained 2, and immediately
after the disturbance Kp dropped to 1- for over 30 hours.
The geomagnetic and solar wind conditions for a 30 hour
period from 0400 UT on 26 June through 2000 UT on
27 June 2001 are shown in Figure 2. From top to bottom,
the panels indicate Kp, SYM – H which is essentially a
1-min version of the Dst index, AE, polar cap potential
(PCP) derived from measurements from the SuperDARN
radar network [Shepherd and Ruohoniemi, 2000], and solar
wind Bz from ACE MAG [Smith et al., 1998] time shifted
by 54.8 min to correspond to the average propagation time
to the magnetopause for this interval. The solar wind
dynamic pressure (not shown) for this interval as observed
by ACE SWEPAM [McComas et al., 1998] stayed relatively
constant at values 3.7 nPa. During this time period, there
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Figure 2. Geomagnetic and solar wind conditions for a 40 hour period from 0400 UT on 26 June 2001
to 2000 UT on 27 June 2001. From top to bottom, the panels indicate Kp, SYM– H, AE, polar cap
potential (PCP), and solar wind Bz (in GSM coordinates) from ACE MAG time shifted by 54.8 min.
Intervals between sets of matching vertical lines indicate time periods for which EUV global images of
the plasmasphere are available.
are three intervals for which global EUV images of the
plasmasphere are available (indicated by the matching sets
of vertical lines): 26 June, 0556 – 1427 UT; 26 June, 1853
through 27 June, 0355 UT; and 27 June, 1022 – 1823 UT.
3.1. Quiet Geomagnetic Conditions
[20] The series of EUV global images from 0556 to
1427 UT on 26 June 2001, between the dashed lines in
Figure 2, captured the onset of the geomagnetic disturbance
on 26 June 2001. Figure 3a shows the EUV extracted
plasmapause location at 0859 UT on 26 June before the
disturbance onset plotted in the equatorial plane as a function
of L (or R) versus magnetic local time (MLT). The view is
from the north pole and the Sun is to the right. Concentric
dotted circles are spaced 1 RE apart, and L = 4 is indicated by
the dashed circle. MLT spokes are drawn every 2 hours. At
this time the average plasmapause location was L ’ 5, as may
be expected under quiet conditions. However significant
azimuthal variation in the plasmapause radius was observed
with a minimum of L = 3.3 near 19.6 MLT and a maximum
of greater than 6.6 on the dayside where between 10.9 and
14.0 MLT the boundary was outside the field of view of EUV.
[21] The MPA instrument on LANL satellite 1994 – 084
also observed a bulge of plasmaspheric plasma along its
geosynchronous orbit (L = 6.6) throughout most of the

dayside (Figure 3b). The local time extent of this bulge is
indicated as the local time between the open square and
open right-facing triangle in Figure 3a.
[22] EUV commonly observes variations in the plasmapause radius with local time on the order of 1 – 2 RE
during quiet periods that can persist for as long as
60 hours [Sandel et al., 2003]. This observation is
consistent with a statistical analysis by Moldwin et al.
[1994] in which it was noted that during low activity
levels, a geosynchronous satellite can commonly encounter bulges of plasmaspheric plasma with range of local
time durations throughout the day and evening portions
of its orbit.
3.2. Disturbance Onset
3.2.1. Erosion on the Nightside
[23] Beginning after 1120 UT, EUV images captured an
inward movement of the plasmapause in the midnight to
dawn local time quadrant. The approximate local time
sector is labeled A in Figure 3a, although by 1120 the
sector had rotated such that the western edge was located
near midnight. No inward movement of the boundary could
be detected at any other local time, yet it should be noted
that the plasmapause in the dusk to midnight quadrant was
already at reduced L.
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32 min the PCP began to rise, and the plasmapause
began moving inward. Then at 1230 UT Bz turned and
remained steadily southward for >5 hours. This longer
period of southward IMF is correlated with the increased
average erosion rate. The instantaneous radial velocity of
the plasmapause in the postmidnight sector calculated
from each of the points in Figure 4b was correlated with
high statistical significance with both the polar cap
potential and the IMF Bz (time shifted by 32 min in
addition to propagation delay from the ACE satellite to
the magnetopause). This result is consistent with the
recent report of Goldstein et al. [2003b] discussing the
timing between the IMF Bz and another EUV observed
plasmaspheric erosion event. The additional time delay for
the IMF Bz is attributed to a combination of the delay due
to propagation from the magnetopause to the ionosphere
and the ionospheric reconfiguration time [Goldstein et al.,
2003b, and references therein].
3.2.2. Smoothing of Azimuthal Features
[26] While the EUV images captured inward motion in
the postmidnight sector, in the premidnight sector flows led
to a smoothing of the azimuthal features labeled sectors B
and C in Figure 3a. For 5 hours from 0900 UT to 1300 UT,
the average rotation rate of the features in sector B was
estimated to be 60% of the corotation velocity. However,
sector C rotated at only 30% of corotation. The differential rotation in the dusk to midnight quadrant led to
distortion and essentially a smoothing of the azimuthal
features seen in Figure 3a.
Figure 3. (a) The EUV extracted plasmapause location
at 0859 on 26 June 2001 before the onset of a weak
geomagnetic disturbance. The view is from the north pole
and the Sun is to the right. Concentric dotted circles are
spaced 1 RE apart, L = 4 is indicated by the dashed circle,
and MLT spokes are drawn every 2 hours. (b) The electron
density observed along geosynchronous orbit indicating a
dayside bulge of plasmaspheric plasma.

[24] Figure 4a shows the progression of the boundary
plotted as L shell versus magnetic local time. Each curve
represents the extracted plasmapause location at the universal time specified in the legend. Near the end of the interval
as the IMAGE satellite moved toward perigee, the plasmapause boundary began to move outside of the field of view
of the EUV instrument. Hence after 1305 UT, the plasmapause location was available in only a limited local time
sector until EUV cameras were turned off after the image at
1427 UT. Figure 4b shows the average plasmapause location in the local time sector 3  MLT  4 plotted as L
versus UT. Plasmapause locations from all available EUV
images from 1000 UT to 1430 UT are included. Beginning
after 1130 UT, the plasmapause began moving inward in
L at an average rate of 0.20 L per hour of UT, calculated in a
linear least-squares sense. Subsequently, from 1315 to
1427 the average erosion rate increased to 0.56 L per hour
of UT.
[25] Both the initial onset of erosion and the increase in
the rate were correlated with southward turnings of the IMF
Bz. At 1100 UT a southward turning of the IMF which
lasted about 45 min reached the magnetopause. After

3.3. Disturbance Main Phase
[27] After 1427 UT, the EUV cameras were turned off for
4.5 hours as the IMAGE satellite passed through perigee.
The next available sequence of EUV images, identified as
the time period between the solid vertical lines in Figure 2,
captured the formation of a plasmaspheric plume in the
noon to dusk quadrant. The interval began with Kp at its
maximum value of 4 for the disturbance. The IMF Bz
component was primarily southward during this interval
but approached and remained near zero for several hours.
The end of the EUV measurement interval at 0355 UT on
27 June, coincided with an abrupt northward turning of the
IMF and a drop in the cross polar cap potential after which
Kp and AE began to steadily decline and SYM– H (Dst)
began to recover from its minimum value of 33 nT.
[28] Figure 5 shows a sequence of selected EUV plasmapause locations from this interval. Figure 5a corresponds to
the image taken at 1933 UT when the satellite was still at a
relatively low magnetic latitude (l ’ 64) such that the
plasmapause gradient in the noon to dusk sector was outside
of the field of view of the EUV cameras. A comparison of
Figure 3a and Figure 5a shows the inward displacement of
the plasmapause boundary across the morningside and the
loss of a large volume of plasma especially from 8 to
10 MLT.
[29] By 2104 UT (Figures 1 and 5b), IMAGE had moved
to a higher latitude and the duskside plasmapause had come
into the field of view. Near midnight, the plasmapause was
located at L ’ 3.5 while plasmaspheric plasma extended to
L > 6 between noon and 16 MLT. The azimuthal irregularities in the plasmapause radius in the dusk to midnight
quadrant seen in Figure 3 are no longer apparent, and in fact
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Figure 4. (a) The plasmapause location in L for in the 0 – 5 MLT sector at selected universal times.
(b) The average plasmapause location between 3 and 4 MLT in all EUV images between 1000 and 1430 UT.

the nightside plasmapause through the entire sequence
appears smooth at least to the resolution of EUV.
3.3.1. Plume Formation
[30] The formation of a plasmaspheric plume can be seen
in this sequence as the plasmapause appeared to stagnate in
the pre-dusk sector forming the eastern edge of the plume
while the western edge of the plume, indicated by the arrow
in Figure 5a, moved steadily across the noon sector. By

0334 UT (Figure 5h), a distinct plume of cold plasma
extended sunward and the minimum plasmapause radius
of L = 2.5 was located in the local time sector just west or
noonward of the plume.
[31] Figure 6 tracks the rotation rate of western edge of
the plume as a function of UT. Each point represents the
MLT location at which the plasmapause on the western edge
of the plume crossed L = 4.5 for each EUV image from

Figure 5. EUV extracted plasmapause locations from 26– 27 June 2001, showing the formation of a
plasmaspheric plume and a morningside shoulder. The black square in Figure 5f and the triangle in Figure
5h indicate the approximate UT and MLT times between which in situ density observations of the plume
were available (Figure 7).
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Figure 6. The MLT location at which the western edge of
the plume crossed L = 4.5 is tracked as function of UT. The
plume rotated at 0.79 of corotation until it crossed MLT ’ 14
where it slowed to 0.21 of corotation.

1930 UT on 26 June to 0400 UT on 27 June. From 1930 to
0020 the plume edge moved from 10 to 14 MLT at a rate
of 0.79 hours of MLT per hour of UT (or equivalently
at 79% of corotation). Once the edge of the plume crossed
14 MLT, its rotation rate slowed considerably to 21% of
corotation.
[32] While azimuthal flows on the dayside formed the
western edge of the plume, the location of the plasmapause
boundary across the afternoon and evening sector remained
relatively stationary, thus forming the eastern edge of the
plume. However, there was some motion in those local
time sectors. For example from 0009 UT to 0110 UT
(Figures 5e – 5f ) at 18 MLT the plasmapause moved
earthward about 0.6 RE. This motion can be attributed to
unsteady convection due to the variable solar wind IMF
during this period. For instance, the radial velocity of the
plasmapause at 22 MLT during this period (1933 UT –
0355 UT) was correlated with high statistical significance
to the strength of IMF Bz with southward IMF leading to
radially inward motion. For maximum correlation, the IMF
data was shifted an additional 20 min.
[33] On the other hand, there does not appear to be a
correlation between a change in the IMF and the decrease in
the azimuthal velocity of the western edge of the plume
(Figure 6). It appears that the transition in azimuthal flow
may be attributed to the spatial distribution of the magnetospheric flow pattern rather than a temporal change in that
flow although it is perhaps unexpected that the transition
should occur over such a narrow range in local time.
3.3.2. Plume Density Structure
[34] The black square in Figure 5f at MLT ’ 13.5 and the
triangle in Figure 5h at MLT ’ 15.7 indicate the approximate universal and magnetic local times between which the
MPA instrument of the LANL 1991– 080 satellite encoun-
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tered the plume at L = 6.6. The location of the western edge
of the plume (square) is well correlated between the EUV
and MPA measurements. However, there is disagreement in
the location of the eastern edge (triangle) possibly due to the
sensitivity threshold of EUV or the dipole field assumption
used in the mapping routines.
[35] The cold ion density profile measured by MPA
within the plume is shown in Figure 7a. Although not
apparent in the global image (perhaps due to the line of
sight integration), the plume contained a great deal of
irregular structure with average fluctuations that were
60% of the mean density value.
3.3.3. Azimuthal Structure
[36] In addition to the formation of the plume, there are
several other features of interest in Figure 5. Although the
nightside plasmapause location varies considerably from
L = 5.1 at dusk to L = 3.4 at dawn, the variation is quiet
smooth in azimuth. Yet in the local time sector from
approximately dawn to the western edge of the plume, the
plasmapause exhibited highly irregular azimuthal structure.
This irregular structure can be seen particularly well in
Figures 5b– 5e, which correspond to EUV images taken
when the IMAGE was at the highest magnetic latitudes and
thus distortion of the images due to viewing angle was
minimized. The mesoscale variations or ‘‘crenulations’’ on
the plasmapause surface are on the order of a few tenths of
an RE and appear to be limited to the local time sector
between dawn and the western edge of the plasmaspheric
plume.
[37] The formation of a morningside bulge or plasmaspheric ‘‘shoulder’’ was also seen during this event. The
appearance of shoulders in EUV global images was first

Figure 7. In situ density measurements of the plume made
by LANL satellites 1991 –080 and 1994 – 084 at geosynchronous orbit. (a) The density structure within the plume as
it was observed early in the day on 27 June 2001 in the
afternoon sector. (b) The reduced densities in the plume
later in the day after it had rotated to the premidnight sector.
The square and triangle (star and right-facing triangle) in
Figure 7a (7b) correspond to the L and MLT locations
indicated in Figure 5 (8).
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Figure 8. EUV extracted plasmapause locations from 27 June 2001, showing the rotation of the plume
across the nightside. In situ density measurements are available between the down-facing triangle and the
diamond (star and right-facing triangle) in Figure 9 (7).

reported by Burch et al. [2001a, 2001b]. Goldstein et al.
[2002, 2003c] in studying two such EUV observations,
24 May 2000 and 28– 29 July 2000, have proposed that
plasmaspheric shoulders can be created in response to an
overshielding condition triggered by sudden and strong
northward IMF turnings. Overshielding leads to radially
outward flows concentrated in the predawn local time
sector, producing a bulge which then rotates eastward.
The authors acknowledge that shoulders may also form
under other circumstances as well (for example as a result of
outflows in the prenoon sector resulting from an undershielding condition), and unfortunately in both events
studied the initial formation of the shoulder was not
observed only its subsequent rotation across the dayside.
[38] The shoulder formation of 26– 27 June 2001 appears
to be initiated by a northward turning of the IMF at 2115 UT.
After a time delay of 30 min, outward motion was
observed across the entire nightside plasmapause while
the plasmapause location in the postdawn sector remained
about the same (Figures 5c – 5d). Then at 2315 the IMF
turned southward, and again after of delay of 30 min, the
nightside plasmapause began moving inward (Figures 5e – 5f ).
However, in the intervening time between the northward
and southward turnings, plasma from the predawn sector
corotated to the postdawn sector so that after the southward turning and the inward motion predawn, a bulge
remained in the postdawn sector (arrow in Figure 5e). The
bulge or shoulder continued to rotate eastward and, as it
approached the prenoon sector, began moving outward in
L (Figures 5g– 5h).
3.4. Recovery Phase
[39] By the time of the third EUV interval indicated as the
time period between the dot-dashed lines in Figure 2,
geomagnetic conditions had quieted significantly and the
magnetosphere was in a recovery phase.
3.4.1. Plume Rotation
[40] A sequence of four EUV extracted plasmapause
locations from this interval is shown in Figure 8. Figure 8a
was taken 6.8 hours after Figure 5h, in which time the
entire plasmaspheric plume rotated 4.25 hours of magnetic
local time to the postdusk sector. The irregular azimuthal
structure observed earlier just west of the plume still

persisted and a wide bulge had formed prenoon. It is likely
that the plume began to rotate through the dusk sector
sometime around or after 0400 UT corresponding to the
abrupt drop in the polar cap potential.
[41 ] By using the same technique as illustrated in
Figure 6, the rotation rate of the plume was measured by
tracking the MLT location of the L = 4 plume crossing for
each EUV image from 1022 to 1743. Both the western and
eastern edges of the plume rotated at 87% of corotation for
the entire interval.
3.4.2. Density Structure
[42] Prior to the EUV image at 1022, the IMAGE satellite
passed through perigee, and the electron density profile
along the orbit was measured by RPI (Figure 9a). Figure 9b
is a dawn to dusk meridional slice (viewed from the Sun
direction) indicating the orbit of the IMAGE satellite along
with shading where RPI encountered regions of enhanced
electron density. On the inbound portion of the orbit (dawn),
RPI measured the steep plasmapause gradient at L ’ 3.4.
Then as the satellite traveled outbound in the dusk sector,
RPI measured a steep gradient at L ’ 2.6 which corresponds
to the sector of low L just west of the base of the plume in
Figures 5h and 8a. An outlying region of enhanced density
was then observed between L ’ 4.5 and L ’ 6.1. This
outlying density region was the midlatitude field-aligned
extension of the plasmaspheric plume at an intermediate
MLT position between Figures 5h and 8a. The black
diamond and triangle in Figure 8a correspond to those of
Figure 9 and indicate the L extent of the plume as measured
by RPI.
[43] The peak electron density in the plume region was
168 cm3 located at lower L edge of the plume (which
corresponds to the western edge as observed by EUV), and
the density within the plume varied relatively smoothly.
Although the RPI data show a smoother profile than that
observed by MPA (Figure 7a), it should be noted that the
spatial and temporal resolution of RPI (147 s, 520 km in the
plume region) is about half that of the MPA instrument
(86 s, 254 km).
[44] In Figure 8c in the local time sector between the star
and the right-facing triangle, the LANL 1994 –080 satellite
passed through the plume, and the observed density profile
is shown in Figure 7b. The average density within the
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disturbance onset and recurring substorm activity after the
main disturbance.
[47] Four EUV image collection intervals are indicated in
Figure 10 by the sets of matching vertical lines with the
beginning of the first interval and end of the last interval
outside the range of the plot. Unfortunately, due a spacecraft
pointing error, only a total of 20 high-quality EUV images
were available for the first ttwo intervals of Figure 10, and
therefore precise calculations of radial or azimuthal motions
for these intervals cannot be presented only general trends.
Full 10-min resolution images were available for the third
and fourth EUV intervals.

Figure 9. (a) The in situ electron density profile observed
by IMAGE RPI along the orbit of Figure 9b. (b) Shaded
regions indicate where RPI encountered the main plasmasphere in the dawn and dusk sectors as well as an outlying
density enhancement at dusk.
plume has been reduced to 10 cm3 from 33 cm3 as
measured in the previous geosynchronous encounter some
12 hours earlier. The density reduction in the plume is
presumably due to the loss of plasma resulting from
sunward outflows during the earlier periods of enhanced
convection.
[45] In the EUV images from later in the day on 27 June
to early hours of 28 June 2001, the remnants of the plume
could still be seen as it rotated across the dayside. However,
due to refilling, the edges of the plume became quite hazy
and less distinct.

4. Case II: 9–10 June 2001
[46] The second study interval, 9 – 10 June 2001, was a
slightly larger and more complicated disturbance than the
previous example. Geomagnetic and solar wind conditions
for a 46 hour period from 0200 UT on 9 June to 2400 UT on
10 June are shown in Figure 10. The bottom panel displaying ACE MAG solar wind Bz data has been time shifted by
59.4 min from the beginning of the interval to 1200 UT on 9
June and 44.5 min afterward to account for the average
propagation delay to the magnetopause during those intervals. Quiet conditions prevailed prior to the disturbance
with Kp remaining below 2+ on 8 June 2001, and during the
peak of the disturbance Kp reached a maximum of 5+ and
SYM – H a minimum of 44 nT. However the evolution of
the plasmaspheric density structures differs considerably
from the 26 – 27 June 2001 case due to a multistaged

4.1. Multistaged Onset
[48] The plasmapause location, extracted from the EUV
image of 9 June, 0259 UT, prior to the disturbance commencement is indicated by the curve connecting the solid
triangles in Figure 11a. The average plasmapause location
was L = 5.3, yet in the dusk sector an azimuthal variation of
>1.5 RE was present within 1 hour of magnetic local time.
[49] An increase in geomagnetic activity on 9 June 2001
occurred in two stages, as perhaps can be seen best in the
SYM– H index in Figure 10. SYM –H dropped sharply after
0400 UT in response to a southward turning of the IMF
about 20 min earlier, remained fairly steady for many hours
until 1800 UT when it began to decline, again correlated
with a southward IMF turning about 20 min prior.
4.1.1. Initial Nightside Erosion and Plume Formation
[50] An inward motion of the plasmapause boundary
was first captured in eight EUV images between 0400 and
0800 UT, and the plasmapause location at 0747 UT is
indicated by the line connecting the hollow circles in
Figure 11a. The plasmapause location on the entire
nightside (dusk to dawn) was reduced by 1 RE with
the bulk of that motion occurring before 0600 UT. The
azimuthal variation near dusk was smoothed, apparently as
a result of sunward flows in that sector. Also, a sunward
motion of plasma moved the plasmapause outside of the
EUV field of view across much of the dayside.
[51] The plasmapause location at 1705 UT (second EUV
interval) after 9 hours of fairly steady conditions is
indicated by the hollow squares in Figure 11b. The plasmapause in the premidnight sector was located at approximately the same radial distance as at 0747 UT but had
drifted slightly inward postmidnight. A plasmaspheric
plume had formed in the afternoon sector due to corotation
flow across the dayside as was shown in Figure 5 for 26–
27 June 2001. In addition, azimuthal variations in the
plasmapause radius had formed from dawn to the western
edge of the plume.
4.1.2. Secondary Erosion and Sunward Surge
[52] The combined effects of the second stage of geomagnetic activity can be seen from the location of the
plasmapause at 2121 UT (solid diamonds in Figure 11b).
The plasmapause moved inward 0.7 RE at midnight, and
sunward flows moved the eastern edge of the plume to
earlier local times with the L = 6 crossing moving from
MLT = 17.3 to MLT = 16.2. However, the most pronounced motion from 1705 UT to 2121 UT was a sunward
surge of plasma on the dayside. For example at a magnetic
local time of 1400, the plasmapause moved from L = 4.4
to L  6. This outward motion effectively moved the
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Figure 10. Geomagnetic and solar wind conditions for a 46 hour period from 0200 UT on 9 June to
2400 UT on 10 June. The format is identical to that of Figure 2. Four EUV image collection intervals are
indicated the sets of matching vertical lines with the beginning of the first interval and end of the last
interval outside the range of the plot.

western edge of the plume to an earlier magnetic local
time.
4.2. Recurrent Substorm Activity
[53] After 0600 UT on 10 June, the IMF Bz hovered
near zero, but the AE index indicated that substorm activity
continued throughout the remainder of the day. The evolution of plasmaspheric density structures during the third
EUV interval from Figure 10 is captured in Figure 12. At
0544 UT (Figure 12a) a well-defined plume was present in
the dusk sector with the plasmapause at L = 2 in the local
time sector just west of the plume. The subsequent snapshots show that this low L sector along with the western
edge of the plume rotated toward midnight while the eastern
edge of the plume remained stationary.
4.2.1. Wrapping of the Plume
[54] Using all the extracted plasmapause locations from
0550 UT to 1324 UT, the azimuthal motion of the western
edge of the plume was tracked as a function of L. Various
symbols in Figure 13 indicate the L shell crossing of the
western edge of the plume from L = 2.5 (hollow circles) to
L = 4.5 (hollow inverted triangles) as function of MLT and
UT. The slope of the line fitted to each set of points yields
the azimuthal motion of the boundary in hours of MLT per
hour of UT or equivalently as a percentage of corotation. At

L = 2.5, the plume rotated at 0.73 of corotation, at L = 3.5 it
rotated at only 0.36 of corotation, and at L = 4.5 the plume
edge was basically stationary. Differential rotation of the
western edge of plume in L and the stagnation of the eastern

Figure 11. EUV plasmapause locations on 9 June 2001 at
the times indicated in the legends.
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Figure 12. EUV plasmapause locations on 10 June 2001, showing the wrapping of the plume around
the main plasmasphere and the formation of prominent bulge or shoulder on the dayside. In situ density
measurements in the region between the square and the triangle in Figure 12c are shown in Figure 14.

edge led to the formation of a low density channel and the
wrapping of the plume around the main plasmasphere.
4.2.2. Plume Density Structure
[55] The 1994 –084 satellite passed through the plume
along its geosynchronous orbit in approximately the region
indicated between the black square and the triangle in
Figure 12c. The cold density measured by the MPA instrument (Figure 14) shows the highly irregular density structure within the plume with average density fluctuations that
were 90% of the mean.
4.2.3. Azimuthal Structure
[56] The sequence of Figure 12 also captured the development of a shoulder type feature on the dayside. In Figure 12a
the shoulder can be seen as a slight (0.1– 0.2 RE) bulge just
postdawn which moved outward as it corotated to become a
large scale protrusion near noon in Figure 12d. The outward
motion of the shoulder was tracked by following the plasma-

pause location at a magnetic longitude of 95 as shown in
Figure 15. From 0422 UT to 0655 UT, the shoulder moved
outward at a rate of 0.18 L per UT hour after which the rate
doubled to 0.37 L per hour.
4.2.4. Multiple Plume Formation
[57] At 1330 UT the EUV cameras were turned off for
several hours, and at the start of the fourth EUV interval
of Figure 10, Figure 16 shows the extracted plasmapause
location from the EUV image taken at 1929 UT. The
channel of low-density cold plasma between the main
plasmasphere and the plume extended from 21 MLT to
06 MLT. The width of the channel was 0.5 to 0.6 RE
from midnight to 05 MLT. Again mesoscale crenulations
on the plasmapause surface have have formed on
dayside.
[58] A second plasmaspheric plume was present that
appears to have been formed by the rotation of the shoulder
feature into the dusk sector. Differential azimuthal velocities
in L on the western edge have formed the distinct plume
shape. Using the results of a numerical simulation, Lemaire
[2000] proposed that plasmaspheric plumes could be
formed in just this manner. The model predicts that a bulge
can develop in the prenoon sector as a result of enhanced
sunward convection in the 08– 14 MLT sector which then
rotates eastward and develops into a plume like feature as a
result of smaller azimuthal velocities at larger equatorial
distances. In the subsequent EUV images of this interval,
the plume that was present in the dusk sector at 1929 UT

Figure 13. The rotation rate of the western edge of the
plume is tracked at different L values. The plume rotated
faster at lower L.

Figure 14. In situ density measurements of the plume at
geosynchronous orbit corresponding to the local time
between the triangle and square in Figure 12.
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Figure 15. The outward motion of the shoulder on 10
June 2001 at a magnetic longitude of 95 is tracked by as
function of L and UT.

IMF Bz with a time delay on the order of 20 to 30 min.
For the 26– 27 June 2001 event the instantaneous velocity
of the plasmapause on the nightside was highly correlated
to the strength of the IMF Bz. Also, any azimuthal variations in the plasmapause radius existing across the nightside
appear to become smoothed out near the onset of erosion. A
distinct plasmaspheric plume forms after a period of 12
hours as result of sunward flows from dusk which form the
eastern edge of the plume and corotational flows across the
dayside which form the western edge of the plume.
[62] Bulges or shoulders are frequently observed in the
morning sector during disturbed periods. In the 26– 27 June
case the formation of a shoulder was attributed to a combination of a northward turning of the IMF followed 2 hours
later by a southward turning. In the 9– 10 June 2001 event a
particularly large shoulder feature developed into a plume
shape in the afternoon sector as a result of differential
rotation velocities in L. This does not appear to be the
primary plume formation mechanism, as such large dayside
bulges have not been observed in the other cases studied so
far. Further work is required to determine how often plumes
may form in this manner.
[63] In addition, crenulations on the plasmapause surface
on the order of 0.5 in L and 2 hours MLT are regularly
observed during disturbed times, and their formation
appears to be limited to the local time sector between dawn

began to wrap around the main plasmasphere while the
channel across the nightside became less distinct, possibly
due to the refilling of this region from the underlying
ionosphere.

5. Discussion and Conclusions
[59] We presented here two detailed case studies of the
global dynamics of the plasmasphere during geomagnetically disturbed periods. This work is part of a larger set
of case studies, the initial results of which appear
consistent with the general morphology presented for
the 26– 27 June and 9 –10 June 2001 events. Among
our findings are both essentially new results and also
results that confirm and extend previous work. We find
that the plasmasphere is highly structured and complex,
but clearly reproducible features evolve during disturbed
periods.
[60] When geomagnetically quiet conditions have prevailed for a day or two, the EUV imager observes an
expanded plasmasphere, and although the average plasmapause radius can extend to greater than L ’ 5, significant
azimuthal variations that have formed during previous
disturbed periods can persist. Thus quieting had evidently
not led to the large dawn-dusk asymmetry or tear-drop form
that has been used in introductory discussions of the
‘‘steady state’’ plasmasphere shape [e.g., Parks, 1991; Wolf,
1995]. Furthermore, the mesoscale irregularities in radius
are not predicted in traditional explanations of plasmasphere
behavior during recovery periods [e.g., Chen and Wolf,
1972].
[61] At the onset of a geomagnetic disturbance, inward
motion of the plasmapause across the nightside can be
observed, with rates greater than 0.5 L per hour, along with
a sunward surge of plasma on the dayside. The onset of
erosion is correlated with a southward turning of the

Figure 16. EUV extracted plasmapause location from
1929 UT on 10 June 2001. The plasmaspheric plume has
wrapped around the main plasmapause and second plume
has formed as a result of the rotation of the shoulder into the
dusk sector.
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and the western edge of the plume. Conversely, the nightside plasmapause tends to remain rather smooth throughout
the disturbance.
[64] For 26– 27 June 2001, after the main disturbance, the
magnetosphere entered a period of deep quiet, and thus
corotational flows dominated the inner magnetosphere. The
plasmaspheric plume was observed to rotate rather rigidly
with the main plasmasphere from the afternoon sector
across the nightside at a rate slightly less than the corotation
velocity.
[65] In contrast, for 9 – 10 June 2001, the plume became
wrapped around the main plasmasphere and a low-density
channel was formed between the plume and the main
plasmasphere. The wrapping of the plume is attributed to
the lingering geomagnetic activity after the main disturbance as indicated by the AE index. By tracking the eastern
edge of the plume in the afternoon sector, we were able to
observe the transition from primarily corotational flows at
low L to sunward directed convection, associated with
substorm electric fields, at higher L.
[66] In situ density data for these events show highly
irregular density structure within the plume as measured
at geosynchronous orbit (L = 6.6) whereas a measurement by IMAGE RPI suggests there may be less
structure near the base of the plume closer to the main
plasmasphere. This assertion requires further investigation
in view of the lower temporal and spatial resolution of
RPI.
[67] The ability to track the plasmapause on a global
scale has led to new or broader insights on the plasmasphere dynamics during relatively weak to moderate geomagnetic disturbances. However, many additional questions
remain to be answered such as those concerning the
response of the plasmasphere during great magnetic storms,
the loss of plasma along and perpendicular to the magnetic
field, and the behavior at densities below the present EUV
threshold.
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