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CRRES observations of density cavities inside the plasmasphere
D. L. Carpenter,' R. R. Anderson,> W. Calvert,® and M. B. Moldwin*

Abstract. Deep density troughs inside the plasmasphere in which electron density was a factor of from

~2 to 10 below nearby plasmasphere levels were found in ~13% of 1764 near-equatorial electron density
profiles derived from the sweep frequency receiver data acquired in 1990-1991 by the CRRES satellite.
These "inner troughs” appeared in the aftermath of plasmasphere erosion episodes and are interpreted as
the near-equatorial manifestations of geomagnetic-field-aligned cavities. Inner troughs were found at all
local times but were most common in the 1800-2400 magnetic local time (MLT) sector and least common
between 0600 and 1200 MLT. Their inner boundaries, plasmapause-like in form, were mostly at L < 3.5
but in ~30% of the cases were at L < 2.5 under geomagnetic conditions that traditionally have been associ-
ated with plasmapause radii in the L = 3-3.5 range or beyond. The trough outer walls were exceptionally
steep, in several cases exhibiting a factor of 4 or more density change within less than 100 km along the
near-equatorial satellite orbit. The extent of the troughs in L ranged from AL ~ 0.5 to 2, and various forms
of evidence, including earlier studies, suggest an extent of more than 20 °in longitude. Such evidence in-
cludes plasma waves propagating in a free space mode within the inner trough while extending in frequency
well above the upper limit of trapped continuum radiation detected beyond the plasmasphere. We suggest,
as have previous authors, that the troughs are translated vestiges of plasma configurations established dur-
ing preceding periods of plasmasphere erosion. In some such cases, dense plasma features lying beyond the
troughs were probably connected to the main plasmasphere in a local time sector to the east of the observ-

ing longitude. However, in some of the cases of troughs with steep outer walls the dense plasma feature
beyond that wall may have been shaped by a mechanism for detaching plasma from an originally larger
outer plasmasphere, such as by shear flows in the premidnight sector associated with subauroral ion drifts.

1. Introduction
1.1. The Plasmasphere: Known, Yet Unknown

Much is known about the plasmasphere, as is demonstrated by
Lemaire and Gringauz [1998] in their recent monograph on the
subject. Their work recalls the efforts made 30 years ago to de-
scribe certain main features of the plasmasphere and to interpret
the available observations in terms of the interplay among (1)
global-scale magnetospheric convection, (2) the electric field asso-
ciated with the Earth's rotation, and (3) interchange fluxes that
couple the ionosphere to overlying regions. This monograph covers
many aspects of the present knowledge and interpretation of the
plasmasphere, including changes in plasmaspheric morphology that
occur in response to storms and substorms, the role of instabilities
in the plasmasphere erosion process, plasmaspheric refilling
through interchange fluxes, and the ion composition and thermal
structure of the plasmasphere. There is also an extensive bibliog-
raphy, to which the reader is referred.

This monograph brings together within a relatively coherent
framework materials that have been widely dispersed in the
literature while also pointing to broad gaps in our knowledge and
understanding. These gaps should arouse interest among those in
the community who may believe that the plasmasphere is already
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well known and well understood. One such gap involves the cycle
of plasmaspheric erosion and recovery. Much has been learned

about the shape of the plasmasphere and of the density replen-
ishment process at various stages of a plasmasphere erosion/
recovery cycle, for example, from measurements at geosynchronous
orbit [e.g., Moldwin et al., 1994; Moldwin, 1997]. Theoretical

models of plasmaspheric dynamics have also had some success in
explaining reported observations [e.g., Weiss et al., 1997; Ober et
al., 1997]. However, the plasmasphere exhibits a number of den-
sity features that until now have only been partially described and
which are far from understood [e.g., Carpenter and Lemaire,

1997]. This paper concerns one such feature, a low-density region
inside what appears to be the main body of the plasmasphere. This
inner trough or "plasmaspheric cavity" appears to be fundamental
to the way the cold plasma evolves in the aftermath of periods of
enhanced convection. As such, it is relevant to as yet unanswered
questions about the physical processes that control the geoelectric
field at subauroral latitudes and about the physics involved in the
establishment of a plasmapause boundary at a new location.

1.2. Previous Observations

1.2.1. Illustration. Figure 1 shows how the plasmaspheric
cavity effect is manifested in a near-equatorial electron density
profile obtained from the sweep frequency receiver (SFR) data on
ISEE 1 [Gurnett et al., 1979] along an inbound orbit in the dusk
sector. The density rose steeply at L ~ 4.2 to plasmasphere levels
from values typical of the "main plasma trough," or "magneto-
spheric cavity," as it is often called. Then at L ~ 3.5 a steep outer
wall of another trough was encountered. Within this inner trough
the density was a factor of ~5 below nearby plasmaspheric levels.
A relatively steep interior wall of the trough was detected at L ~
2.8 as the density returned to plasmaspheric levels and the end of
the data stream was reached.

1.2.2. Early work on trough effects. Several forms of density
depression separating regions of cold, dense plasma have been de-
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Figure 1. A near-equatorial electron density profile from ISEE 1
showing an example of a plasmaspheric cavity in the dusk sector
at 1900 -1700 MLT on September 17, 1983. The electron density
was derived from the sweep frequency receiver (SFR) records of
plasma wave emissions as described for CRRES in section 2.1
(adapted from Carpenter and Anderson [1992)).

scribed previously. In the early 1970s, Chappell et al. [1971] em-
ployed an ion mass spectrometer on OGO $ to study the near-equa-
torial ion density distribution in the magnetosphere. They reported
finding regions of dense plasma of the order of 1 Ry in extent be-
yond the main plasmasphere in the outer afternoon-dusk sector. It
was inferred that these outlying dense plasma features or outliers
had been detached from the main plasmasphere during preceding
periods of enhanced convection activity [e.g., Chappell, 1974].
Early indications of plasmaspheric trough effects within the
plasmasphere were also reported by Carpenter [1970], who found
from whistlers that within the duskside plasmasphere bulge region,
the density profile out to a distance corresponding to that of the
afternoon (prebulge) plasmapause was frequently not joined
smoothly to the plasmaspheric-level segment beyond. In some ca-
ses the transition was marked by a trough-like depression by a
factor of ~2 in density. Further evidence of trough-like features
within the plasmasphere was provided by Taylor et al. [1971, p.
6806] from an ion mass spectrometer on the polar orbiting satellite
OGO 4. Drawing upon earlier evidence of a link between light ion
troughs in the ionosphere and the plasmapause [e.g., Taylor et al.,
1969; Carpenter et al., 1969; Grebowsky et al., 1970; Mayr et al.,
1970], the authors described a sequence of latitudinal profiles at
~900 km altitude that exhibited
"a pronounced inner trough, in which the ambient H+ concentrations
decrease by an order of magnitude near L = 2 and subsequently recover
to midlatitude concentration levels before a more pronounced and
persistent trough is encountered at higher L positions. The time
evolution of the trough boundaries observed during a sample of five
consecutive satellite orbits following the peak of the magnetic storm on
September 21, 1967, suggests that the observed structure results from

a plasma tail or elongation of the plasmasphere that tends to corotate
with the Earth."

Later, from whistler data acquired in Antarctica in 1965 and
1966, Ho and Carpenter [1976] reported on three cases of plas-
maspheric density troughs that were detected for periods of 12
hours or more under conditions of quieting following moderate
magnetic disturbance. These observations employed a scanning
process involving relative east-west motion, at about one-tenth of
the Earth's angular velocity or greater, between density features
and the observing whistler station or stations. These authors [Ho
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and Carpenter, 1976] reported "outlying high density regions at
~ 4- 6 Ry that are separated from the main plasmasphere by trough-
like depressions ranging in width from ~0.2 to 1 R.." They sug-
gested that "at least a major class of the density structures that
develop near 4 Ry are tail-like in nature, joined to the main body
of the plasmasphere.”

A key finding was reported in 1990 by Horwitz et al. [1990],
who presented results of a statistical study of plasmasphere
structure from the retarding ion mass spectrometer (RIMS) on
DE 1. Their density profile categories included a class of ion den-
sity troughs of the order of AL = 0.5 in width that were apparently
embedded in the plasmasphere, typically at L < 3. Such profiles
were found to occur predominantly in the dusk sector, on roughly
10% of the orbits studied. Profiles similar to those reported by
Horwitz et al. had also been encountered in surveys of the large
body of ISEE SFR data on near-equatorial electron density, as
illustrated in Figure 1.

An apparently related phenomenon was also reported by Oya
[1991], who studied electron density profiles from an SFR on
EXOS D (Akebono), which was ina 75 ° inclination orbit with and
apogee of ~10,000 km. On some orbits during periods of recovery
from disturbance, depressed densities were found near the equator
at L ~ 2.5. When apogee was near the equator, the corresponding
electron density-versus-time profiles exhibited conjugate density
peaks at off-equatorial latitudes, indicating a belt of higher-density
plasmabeyond L =2.5. The off-equatorial peaks were described as
"donkey ears."

The SFR data from the CRRES satellite provides a unique
opportunity for an in-depth description of plasmaspheric cavity
phenomenon. In the following, a variety of well-defined trough
events are illustrated, and attention is called to features such as the
steepness of the outer cavity walls and the occasional location of
their plasmapause-like inner walls at L < 2.5 under geomagnetic
conditions for which a plasmapause at L < 2.5 would not be ex-
pected. In section 2.3 we will also discuss the presence of plasma
wave emissions within and near plasmaspheric cavities, and in
section 2.4.5 we will use these emission data to draw inferences
concerning the spatial extent of the cavities. The main observed
features of the troughs are then summarized. Finally, we discuss
ways in which the cavities appear to challenge the conventional
wisdom about the behavior of the plasmasphere.

2. Observations
2.1. CRRES Measurements

The CRRES data were acquired over a 14 month period in
1990-1991 along near-equatorial orbits with a perigee altitude of
350 km and an apogee at 6.3 Ry geocentric distance. The SFR
sampling interval, which was 8 s for the frequency bands 6.4-50
kHz and 50-400 kHz, 16 s for 0.8 - 6.4 kHz, and 32 s for 0.1-0.8
kHz [dAnderson et al., 1992], provided spatial resolution in electron
density measurements of the order of 50 km at typical plasmapause
distances, a factor of 4 improvement over that achievable from the
ISEE SFR (32 s in all bands). The CRRES orbital period of about
10 hour also made it possible to identify certain important changes
in the plasmasphere that can take place in response to multihour
periods of substorm activity.

Figure 2a provides an example of the SFR data format for a full
10-hour orbit. Electric field emissions from 1-400 kHz are plotted
versus time as CRRES moved outward through the plasmasphere
to an apogee at L ~ 7.3 and back during orbit 145 on September
23, 1990. In Figure 2b is a corresponding plot of the electron den-
sity versus time that was derived from the upper hybrid resonance
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Figure 2. Sweep frequency receiver data from CRRES showing an unusually simple configuration of the
plasmasphere and main plasma trough. (a) A 10 hour grayscale record displaying wave activity from 1 to 400
kHz versus time along orbit 145 on September 23, 1990. Arrows and labels identify several of the wave emis-
sions commonly encountered by CRRES. The value of the local electron gyrofrequency along the orbit is
marked fy,. (b) Corresponding plot of electron density versus time derived from variations with time in the upper
hybrid resonance (UHR) emission band and the plasma frequency cutoft. The model curves are from empirical
equatorial density models developed by Carpenter and Anderson [1992], where the upper curve represents quiet
plasmaspheric conditions and the lower curve represents the nightside main plasma trough.

(UHR) emissions [Gurnett et al., 1979] or the plasma frequency
cutoff [Gurnett and Shaw, 1973]. Also note in Figure 2a and on
later SFR records that there is often a sudden change in the spec-
tral density at 50 kHz. At this frequency the receiver bandwidth
changed from 400 Hz in the band from 6.4 - 50 kHz to 3.2 kHz in
the band from 50-400 kHz. The channel gains for these bands
were set so a strong monochromatic signal would appear contin-
uous across the band boundary. Because of the increase in band-
width, a weak diffuse signal near the noise level will therefore
often appear to become artificially weaker at this frequency.
Within the plasmasphere the UHR emissions are usually well
defined, as shown on the left in Figure 2a, appearing as a narrow
band separating a quiet part of the spectrum immediately below
from a higher-frequency region that is often populated by type-IlI
solar bursts or auroral kilometric radiation (AKR). Beyond the
plasmasphere, in the main plasma trough region, the UHR is usu-
ally not well defined. The electron density is then determined from

the lower limiting frequency of continuum radiation, which is in-
terpreted as a plasma wave cutoff at the plasma frequency [Gurnett
and Shaw, 1973]. The experimental error that is associated with
measuring the UHR or plasma frequencies on the SFR records is
estimated to be +6%, which corresponds to +12% in density.
Note that the 400 kHz upper limit of the SFR data imposes an
upper limit of ~2000 el cm™ on the electron density that can be
measured by this method.

Figure 3 puts the density profile of Figure 2b into spatial
perspective by plotting the log of the electron density vertically
with respect to a plane that is defined by satellite L value as a
function of magnetic local time. The viewpoint is at an elevation
angle 60 °above the L-MLT plane and along the midnight merid-
ian. Because of the satellite's low magnetic latitude (usually < 30°),
the radial coordinate is a rough measure of geocentric distance. In
both Figures 2b and 3 the model curves are from ISEE-based em-
pirical models of Carpenter and Anderson [1992]. The upper curve
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Figure 3. A plot in cylindrical coordinates of the data of Figure 2b
in which the logarithmic electron density is shown vertically as a
function of L value and magnetic local time along orbit 145. The
viewpoint is from the midnight meridian at an elevation angle of
60 °above the L-MLT plane.

represents quiet time conditions within the plasmasphere and the
lower curve represents nighttime (~0200 MLT) conditions in the
low-density main plasma trough region.

On the SFR records the distribution of plasma wave phenomena
offers insight into plasma density structure, since certain classes of
waves tend to be excluded from, or confined within, particular fea-
tures of the plasma. On the record of Figure 2a are marked a num-
ber of emissions typically observed in the CRRES data, among
them a type-IlI solar burst, bursts of auroral kilometric radiation
(AKR), continuum radiation. and n + % electron cyclotron har-
monic (ECH) radiation. The n + % ECH bands are usually con-
fined to the main plasma trough region outside the plasmasphere.
The manner in which they track the local gyrofrequency f;, as
indicated by the thin dark curve in Figure 2a, implies that they are
electrostatic in nature [e.g., Kennel et al., 1970; Shaw and Gurnett,
1975; Hubbard and Birmingham, 1978; Ashour-Abdalla et al.,
1979; Paranicas et al., 1992]. In contrast, the continuum radi-
ation, also confined to the low density region in this case, is often
found to extend upward from a lower limit that is inferred to be the
local plasma frequency [Gurnett and Shaw, 1973]. When inter-
preted as "trapped continuum" it is believed to represent a free
space electromagnetic mode propagating back and forth between
the plasmapause and magnetopause but limited in frequency to the
maximum plasma frequency in the magnetosheath [Gurnett and
Shaw, 1973; Kurth et al., 1981].

2.2. Plasmaspheric Troughs

2.2.1. Orbits 145 and 146: Structure during quieting. Den-
sity profiles as simple as those shown in Figures 2b and 3 are not
common, appearing on only about 10% of the CRRES orbits for
which SFR records are available. Qutbound in the post midnight
sector (see Figure 3), the density followed quiet plasmaspheric
levels and then at L ~ 4 fell off relatively steeply by a factor of 20.
In the main plasma trough region the profile smoothly followed the
nighttime model, reaching a density minimum of ~1 el cm™ near
local dawn. In the morning sector the effects of dayside refilling
were apparent, since the main trough density rose steadily with in-
creasing local time in proportion to the nighttime model level.
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Then, at L ~ 3.8 inbound, a steep plasmapause was again encount-
ered and the profile rose to near the quiet time plasmaspheric
levels.

A much different density configuration was observed on the
next orbit, illustrated using a similar format in Figures 4 and 5.
Magnetic conditions had been calm during the orbit of Figure 2
(Kp ~ 2+). The following hours were still quieter, and one might
have expected some redistribution into the postmidnight and dawn
sectors of outlying dense plasma previously accumulated in the
afternoon and dusk sectors. Indeed, dense, highly structured plas-
ma now extended well beyond the plasmapause L values found on
the previous orbit, and density troughs with well defined outer
walls appeared both inbound and outbound within the L = 3-4
range.

Outbound in the post midnight sector (Figure 5), the density
fluctuated rapidly by ~50 % over spatial scales of order 100 km.
Then at L ~ 3 the density dropped by a factor of ~5 into a narrow
trough-like region. Larger, factor of 2-3 irregularities with scale
lengths ~200-300 km appeared in the region of steep negative
density gradients and just beyond in the trough proper. At L ~ 3.7,
at the outer edge of the trough, the density returned abruptly to
comparatively high plasmasphere values and then fell gradually
but steadily out to L ~ 4.7, where it dropped sharply toward the
nighttime main trough model level. Near apogee the density varied
smoothly at a level close to that of the previous orbit (compare
Figures 2b and 4b). Then, inbound near L = 6 in the morning
sector, CRRES encountered several isolated irregularities with
density enhancement factors of 2 to 4 and with spatial extent in the
range 500-1000 km (see Figure 4). A plasmapause-like boundary
was crossed at L ~ 5.5 and was followed by a profile that roughly
mirrored the outbound distribution. A dense but irregular region
was followed by an inner trough between L ~ 4 and ~ 3.6 and then
irregularities in which the peak density rose to quiet plasmasphere
levels near . = 3. Note in Figures 4 b and 5 that while the densities
near L = 6 were near the nighttime main trough model, the den-
sities inside the inner troughs were nearly a factor of 3 above the
model level at similar L values.

Figures 3 and 5 show how quickly the plasmaspheric config-
uration in a particular local time sector can change and that the
change can include the appearance of interior cavities. Some of the
differences between orbits might then be attributed to changes in
convection in which a complex structure that is established at an
earlier local time rotates into the local view of CRESS. In sections
2.2.2-2.2.4 we show additional evidence of plasmaspheric cav-
ities, with emphasis on well-defined cases at L <3.

2.2.2. Orbit 813 and 808 through 815. Figure 6 shows the
SFR record and associated density-versus-time plot for orbit 813,
on which apogee was at ~1800 MLT. ~12 hours from the time of
apogee in Figure 5. In the density profile in Figure 6 b there appear
to be two troughs, at the left a broad one leading to an outlier at
L ~ 5.5 and at the right a much narrower one. The situation is clar-
ified by the corresponding plot of density versus satellite position,
shown in Figure 7f as part of the orbital sequence 808 through 815.
Outbound in the early afternoon sector the plasmapause was
crossed at L ~ 2.3, and the densities were then characteristic of the
dayside main trough [e.g., Carpenter and Anderson, 1992] until an
outlier was reached. The outlier appeared in the local time sector
~1500-1600 MLT, where crossings of extensions of the plasma-
sphere by geosynchronous satellites are relatively common [e.g.,
Higel and Wu, 1984; Moldwin et al., 1994; Gallagher et al., 1995].
In fact, the plasma analyzer on geosynchronous satellite 1989-046
passed through a localized region of patchy, dense plasma between
1500 and 1700 MLT at approximately the time of this outlier en-
counter by CRRES. Later, along the inbound CRRES orbit at local
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Figure 4. (a) SFR record for CRRES orbit 146, showing a plasma wave distribution substantially different
from that observed only 10 hours earlier (Figure 2a). (b) Corresponding plot of electron density, showing highly
structured plasma distributions that included narrow density troughs both inbound and outbound.
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Figure 5. Perspective plot of the density data of Figure 4 b, show-
ing by comparison to Figure 3 how quickly the plasma distribution
in a given local time sector can change, even during calm geo-
magnetic conditions. Dense, structured plasma appeared well
beyond the plasmaspheric limits along the preceding orbit.

times after dusk, the density moved lower, closer to the nighttime
main trough model level (see also Figure 6b). At L ~ 4.2, CRRES
appeared to enter the plasmasphere but then encountered an inner
trough with a steep outer boundary at L ~ 3.3 and a well-defined
inner limit near L = 2.3. Within the trough the density varied
smoothly at a level that was a factor of 5 below the quiettime
model but still a factor of 2 or 3 above an inward projection of the
trough model that is indicated for the main trough region beyond
L = 4 (see Figure 6 b).

How does one distinguish the broad trough in the afternoon sec-
tor at the left in Figure 6b from the narrower one in the evening
sector on the right? Both lie between a plasmapause-like density
decrease and a dense outlier. As our later discussion suggests, the
two may represent only slightly different stages in the plasma-
spheric erosion and recovery cycle. However, for descriptive con-
venience we separated the two by requiring that the outer wall of
an inner trough be at L < ~4.5. This usually meant that the inner
limit of the trough was at L < 3.5. Thus, among the eight profiles
in Figure 7, the afternoon (outbound) structures on orbits 810 and
811 (Figures 7c and 7d) may be somewhat arbitrarily classified as
inner troughs. Our inner trough criteria also have a counterpart in
terms of plasma temperature. On the SFR records a broad after-
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Figure 6. (a) SFR record from orbit 813, when the CRRES apogee was at ~1800 MLT. (b) Corresponding
electron density plot, showing evidence of a well-defined plasmaspheric cavity at the right.

noon trough may show some indications of n + %2 ECH wave
bands, as at the left in Figure 6a, whereas during crossings of most
well-defined inner troughs, as at the right in Figure 6a and in both
cases in Figure 4 a, such wave bands did not appear.

In the data of Figure 7 a well-defined inner trough in the dusk
sector appeared on successive orbits 812 and 813 (Figures 7e and
7f), and a less well defined, shallower trough appeared on orbit
814. The density distributions on orbits 812 and 813 were remark-
ably similar except for a data gap on the inbound leg of orbit 812.
As in Figure 5, these inner troughs appeared during a quieting
trend in geomagnetic activity. The AE index for the period of
Figure 7, from June 22 to June 26, 1991, is shown in Figure 8,
with the 8 orbital periods in Figure 7 indicated below. There was
a pronounced surge of the AE index on June 23 to peaks above
1000 and a subsequent quieting trend punctuated by brief surges
to 600 -700.

A notable feature of Figure 7 is the repeated appearance of an
outlying high-density region in the afternoon sector. During and
immediately following the surge in AE (orbits 809 - 811), this
outlier appears to have broadened in extent along the orbit as its
inner edge was displaced to lower L values. As quieting developed
during and following orbit 812, the outlier became narrower in
extent along the orbit and was displaced to higher L values. Cor-

responding outlier positions at geosynchronous orbit at various
times during CRRES orbits 808, 811, 0813, and 814 were found
in low-energy plasma analyzer data [e.g. McComas et al., 1993]
from the Los Alamos National Laboratory (LANL) satellite 1989-
046. Overall, the afternoon outliers appear to have behaved as ex-
pected from previous measurements at geosyiichronous orbit [e.g.,
Elphic et al., 1996] as well as from convection modeling studies
applied to periods of enhanced convection [e.g., Weiss et al.,
1997]. However, the same cannot be said for the evening sector
troughs. Their detection after CRRES appeared to have reentered
the plasmasphere, and their extent inward to L ~ 2.3, are further
cause for reexamination of assumptions about the simplicity of the
plasmaspheric system.

2.2.3. Orbit 1033: Trough during moderately high Kp. An-
other example of density cavity effects just beyond L = 2 and of
highly structured plasmas in the dusk sector is shown in Figures 9
and 10. In this case, from orbit 1033 on September 27, 1991, the
current geomagnetic activity was higher than in the examples
described in section 2.2.2, with Kp in the range 5 to 5+ following
a 48-hourr period of Kp values between 4+ and 6. Figures 9a and
9b show, respectively, the 10-hour SFR record and on an expanded
scale the same data for the 2-hour period 1620-1820 UT, during
which an inner trough was crossed. The disturbed geomagnetic
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Figure 7. (a-h) Sequence of eight perspective plots for CRRES orbits 808 - 815 showing duskside density
variations during a period of increased disturbance activity and subsequent quieting that extended from June

22 to June 26, 1991, as shown in Figure 8.

conditions during orbit 1033 are indicated in Figure 9a by fluctua-
tions in the average value of the gyrofrequency f;,, especially in the
1430-1530 UT period. The pulsations along the gyrofrequency
curve are an instrumental effect, produced by a beat between the
30 s CRRES spin period and an offset in the measured Z axis mag-
netic component. In Figure 9b the striations in the wave activity
below the gyrofrequency are similarly instrumental, representing

a beat between the satellite 30 s spin period and the 16 s data sam-
pling interval.

Figure 10 provides a plot of the density along orbit 1033 from
a perspective along the 2100 MLT meridian. Outbound in the pre-
noon sector (Figures 9a and 10) the satellite entered a trough-like
region at L ~ 2. Then at L ~ 2.2 it encountered a narrow high-
density feature bordering a broad low density region beyond. Near
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L=6,at~1130 UT (~1300 MLT), an extended, irregular patch of
dense plasma was detected along a 10,000-km orbital segment,
after which the density again dropped and varied irregularly. Later,
at ~1530 UT (~1530 MLT) but still near L = 6, CRRES entered a
region of plasmaspheric density. The region exhibited a number of
narrow, deep fissures but otherwise extended relatively smoothly
inward to L ~ 3.7, where an inner trough began as the density
dropped by a factor of ~5 within a distance estimated to be less
than 100 km. The density then varied smoothly at a level that was
about a factor of 5 above the nighttime model curve for the main
plasma trough. At L ~ 2.2 an inner plasmapause appears to have
been crossed, but was only narrowly indicated owing to the
400-kHz upper limit of the SFR data.

2.2.4. Orbit 141: Troughs a low L values in the morning
sector. An example of plasmaspheric cavities in the morning
sector, similar in local time of occurrence to the case of Figure 5
but differing in many details, is shown in Figures 11-13. The
geomagnetic conditions in this case, for orbit 141 on September 21,
1990, were less disturbed than in the cases from the dusk sector
just noted, with Kp at 3 to 3+ following a brief increase to 5+ about
24 hours earlier. The full 10-hour record is shown in Figure 11,
while details in the trough regions appear in Figures 12a and 12b
and a perspective plot of density along the orbit is shown in Figure
13. On the outbound segment near 0030 MLT (see Figure 13) the
density at first fell off relatively steadily until L ~ 2.2, at which
point the slope increased sharply. Then at L ~ 3.2, after a further
falloff within a trough-like region, the density rose abruptly by a
factor of ~5 within less than 16 s along the CRRES orbit (16 s is
twice the interval between successive SFR scans above 6.4 kHz).
The outlier thus formed ended at L ~ 3.5 as the density dropped by
a factor of ~30 into the main plasma trough region. No dense out-
liers were encountered near apogee as the density level remained
close to the nighttime plasma trough model curve.

On the inbound segment near 0930 MLT (~0300 UT) a more
gradual (compared to the night side) plasmapause was encountered
at L ~3.2. Irregularities with spatial length ~300-400 km, an amp-
litude of ~ 50 el cm™ and still finer small-scale structure, were ob-
served throughout the region of plasmapause gradients (see Figure
12b). Near L = 2.8 the density dropped sharply by a factor of ~5
into an inner trough. A plasmapause-like density increase, more
sharply defined than the change observed outbound near L = 2.2,
also began at L ~ 2.3.

2.2.5. Orbit 290: A widespread depression in plasmaspheric
density. Figures 14 and 15 show a different type of plasmaspheric
density depression. Apogee in this case (orbit 290, November
21-22, 1990) was near 0300 MLT, and the perspective is from a
point on the 2100 MLT meridian. Geomagnetic activity was only
moderate; the Kp index had reached a maximum of ~4 in the pre-
ceding 24 hour period, and prior to that, values had been in the 2-4
range for several days. Outbound on the night side (Figure 15),
density fell off gradually beyond L ~ 2, reaching a level similar to
that found in the inner troughs by L ~ 2.7. It then remained at that
level until about L = 4.2. Beyond L ~ 4.2 the density increased
gradually to a peak near L =5 and then fell offin plasmapause-like
fashion to a relatively smooth main plasma trough. The inbound
profile in the morning sector was similar to the nightside profile,
except for slightly higher densities and displacement of the outly-
ing peak to slightly larger L values. The symmetry of the data
around apogee, as well as the small outbound/inbound differences,
is consistent with approximate rotation of the plasma with the
Earth (see section 2.4.4), accompanied by refilling fluxes from the
ionosphere. This case appears to be one of a class in which (1) the
density beyond some L value less than 3 is reduced by a factor of
~5 below quiet time levels and (2) an outlying higher-density fea-
ture, as that in Figure 14, may or may not be present and, if pres-
ent, differs in form from typical outliers bordering inner troughs.

2.3. Waves Associated with Inner Troughs

2.3.1. Orbit 813. The wave emissions that appear on the SFR
records offer insights into aspects of the density features, such as
their roles as regions of wave generation and their longitudinal
extent and variations. Such emissions can also provide information
on the degree to which plasmaspheric cavities are "open" or
"closed" in terms of access of waves to the region from outside or
the ability of waves to escape from inside.

On orbit 813 (Figure 6a), two type-IIl solar bursts were detected
in the main plasma trough region around apogee. In both cases they
exhibited a lower cutoff at ~28 kHz, which is inferred to be the
plasma frequency in the magnetosheath, below which solar bursts
cannot penetrate into the magnetosphere. In contrast, plasma wave
emissions above ~90 kHz appeared to be trapped in the trough at
upper right, as they were in both troughs seen on orbit 146 in Fig-
ure 4. These emissions extended from the lowest UHR frequency
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Figure 9. (a) SFR record from orbit 1033 on September 27, 1991, showing on the right evidence of a well-
defined plasmaspheric cavity in the premidnight sector. (b) Expanded SFR record for the 2-hour period that

included the inner trough at the right in Figure 9a.

representative of the outer wall to ~150 kHz, near the peak UHR
frequency of the wall. This is presumably a high-frequency equiv-
alent of the usual kind of continuum involving a wave mode that
propagates back and forth between the inner and outer walls of the
cavity, in a manner similar to the trapped continuum that is found
to occur between the plasmapause and magnetopause [e. g., Gur-
nett and Shaw, 1973; Kurth et al., 1981]. The plasmaspheric cavity
in this case appeared to be at least partially closed, in much the
same way that the main plasma trough or magnetospheric cavity is
usually considered to be closed when trapped continuum is ob-
served.

The emissions trapped in plasmaspheric cavities may be related
to the so-called "kilometric continuum" recently reported by Hashi-

moto et al. [1999]. That radiation, which was detected by Geotail
in the frequency range 100 - 800 kHz at an orbital distance of 10-
30 R; in the dayside and evening sectors of the magnetosphere,
also appeared to be generated inside the plasmasphere.

During orbit 813 in Figure 6, AKR was regularly present, as
might be expected from the ongoing substorm activity indicated in
Figure 8. At the right, near 0700 UT, AKR was cut off in frequency
above the high-density feature bordering the trough on the outside.
We suggest that this cutoff was the result of wave refraction
between the high-latitude source region of AKR, presumably at
altitudes ranging from 2000 to 15,000 km [e.g., Benson and Cal-
vert, 1979], and points along the CRRES orbit where the high-
density feature was detected. The rays at frequencies close to the
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Figure 10. Perspective plot of the density data for orbit 1033
(Figure 9a), in this case from a viewpoint along the 2100 MLT
meridian.

plasma frequency at points along the path between the source and
CRRES would miss the spacecraft because of outward bending of
the ray paths as they approached or slightly penetrated the high-
density region just outside the trough, which we assume must have
extended over at least 20 °in longitude to have caused this effect
(see section 2.4.5).

2.3.2. Orbit 1033. The SFR record of Figure 9a shows strong,
diffuse bands of emissions that rose in frequency with time, the
uppermost reaching ~200 kHz. The bands were strongest near local
noon (see orbital track in Figure 10) but disappeared as the
satellite approached 1500 MLT. This appears to be what is called
a "continuum enhancement" by Kasaba et al. [1998], a surge of
radiation, often rising in frequency, that is common during periods
of substorm activity. The surge to frequencies well above the
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magnetosheath plasma frequency may represent an enhancement
of the escaping continuum radiation that is generated at approx-
imately the UHR frequency in the region of steep plasmapause
density gradients in the late morning sector in the aftermath of
substorm-associated plasmaspheric contraction. This would be con-
sistent with the findings of Gurnett [1975] and of Kurth et al.
[1981] that the source region of escaping continuum radiation is
mostly in the morning sector and with the known tendency of the
peak plasma frequency at the plasmapause to increase during a
substorm. The time gap near 0920 UT between the UHR band at
~70-90 kHz and these emissions, as well as the disappearance of
the rising emissions near 1430 UT, may be attributed to movement
of the spacecraft into, and later out of, the radiation pattern of the
emission source.

In the inner trough part of the SFR record (Figure 9b) there was
once again continuum radiation extending up to and slightly above
the upper frequency limit of the outer trough wall (the narrow band
at ~250 kHz is believed to represent interference). The tendency
for these trapped emissions to slightly exceed the upper frequency
limit of the outer trough wall suggests that some of the emission
frequency components originated at nearby longitudes where the
outer wall of the trough rose to higher densities. The variation in
emission amplitude with frequency appears to follow similar
variations in the UHR frequency along the bottom of the trough.
Kurth et al. [1981] inferred a causal connection between electro-
static UHR bands and bands of continuum radiation.

2.3.3. Orbit 141. In both inner troughs on orbit 141 (Figures
12a and 12 b), continuum radiation above 100 kHz appeared to be
trapped, much as in the case of orbit 813 in Figure 6. In the out-
bound trough near 0200 MLT these emissions extended slightly
above the peak UHR frequency in the dense outer wall. On the
other hand. in the inbound case near 1000 MLT in Figure 12b
these emissions only reached an upper limit of ~230 kHz, signifi-
cantly below the maximum UHR frequency of ~340 kHz at the
inner edge of the outer trough wall. A descending type-III radio
burst appeared to extend well below the peak UHR frequency of
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Figure 11. SFR record for orbit 141 on September 21, 1990, showing evidence of plasmaspheric cavities in

the dawn sector.
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Figure 12. Expanded SFR records showing the inner troughs
encountered during the (a) outbound and (b) inbound legs of orbit
141.

the outer wall, where it gradually merged with the pool of trapped
continuum inside the trough. This suggests that the cavity was only
partially closed, in that there was a way for continuum radiation
generated in the cavity above ~230 kHz to escape and conversely
a way for solar burst wave energy down to 230 kHz to enter the
cavity and be detected by CRRES. We suggest that, as on orbit
1033, there was a density variation along the outer trough wall but
in this case a region of reduced density at nearby longitudes.

2.4. Summary of Inner Trough Properties

2.4.1. Occurrence. All of the CRRES 10-hour SFR records
like those illustrated in Figures 2 and 4 were surveyed for the
occurrence of inner troughs. The criteria for a trough included a
trough density at least a factor of 2 below nearby plasmaspheric
levels and a trough width of AL ~ 0.3 or more. Most such cases
exhibited a steep outer density wall and wave emissions within the
trough at frequencies above those of the trapped continuum in the
main trough region. There were gaps in data coverage on some of
the 1017 available SFR records. Altogether, there were 948 out-
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bound cases with plasmaspheric coverage and 798 inbound cases.
Inner troughs were found to occur on 134 or ~14% of the outbound
passes ard on 85 or ~11% of the inbound passes. There were there-
fore a total of 219 trough events on 1746 plasmasphere crossings,
or ~13% of the total. This number is in reasonable agreement with
the findings from DE 1 by Horwitz et al. [1990].

2.4.2. Density Profile. The inner boundaries of the plasma-
spheric cavities were in all but a few cases at L <4 and in over
60% of the cases at L < 3. In roughly half of the latter, or 66 cases,
the inner boundary was found to be at L <2.5. The trough inner
boundaries tended to be plasmapause-like in form, with a density
change by a factor of ~5 within AL < 0.3. On occasion, irregular-
ities appeared in this boundary region or beyond it in the trough
itself. The outer trough boundary was usually in the range L =
3-4.5 and was steeper than the inner boundary, in some cases
exhibiting a density jump by as much as a factor of ~5 within less
than 100 km along the CRRES orbit.

Within the 18-hour interval from 1800 MLT to 1200 MLT, dur-
ing which there were relatively few problems in trough identifi-
cation, the wider troughs were found in the 1800-2400 MLT sec-
tor, with widths ranging from AL ~ 0.5 to AL ~ 1.5. In the few
cases observed near dawn the widths were found to be of order AL
=(.5. The data from orbit 1033 in Figure 10 illustrate this differ-
ence: a broad trough appeared in the early evening sector, and a
narrow one, bordered by a very thin outlier, was crossed in the
postdawn sector.

In several well-defined cases studied in detail the density within
the trough varied smoothly at a level a factor of ~5 below nearby
plasmasphere levels but a factor of ~2 - 5 above levels detected in
the main plasma trough along the same orbit (see Figures 6b, 7e,
7f, 10, and 13 ). In general, in the interval between ~1800 and
1200 MLT, the density levels inside the troughs were lower than
those in the nearby plasmasphere by factors ranging from ~2 to 3.
In the afternoon sector, factor of ~10 density differences from plas-
maspheric levels were found in some cases.

2.4.3. Occurrence in MLT. In the SFR survey, trough cross-
ings were sorted according to the MLT when CRRES passed L =
3 either inbound or outbound. The histogram of Figure 16 shows
that the percentage of orbits containing troughs was highest at
nighttime, being 17% in the 1800-2400 MLT sector, 15% in the
0000-0600 MLT sector, 5% in the 0600-1200 MLT sector, and
12% in the 1200-1800 MLT sector. The percentage for 1200-1800
MLT is the least reliable, for reasons suggested in section 2.2.2
and discussed in section 3.2.3.
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Figure 13. Perspective plot of the density data for orbit 141
(Figure 11), from a viewpoint along the midnight meridian.
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Figare 14. SFR record for orbit 290 on November 21-22, 1990, with apogee near 0300 MLT, illustrating a type
of widespread density depression within the plasmasphere that appears to differ in form from the inner troughs

shown in Figures 4 -13.

2.4.4. Duration. As illustrated in Figures 2 and 4, a deep
trough could appear within 10 hours following a pass in which a
trough was not evident in the same local time sector. Similarly, a
deep trough could disappear between successive orbits. On the
other hand, Figures 7e and 7f suggest that inner troughs in the post-
dusk region could at times last for 10 hours or more.

To a rough approximation, CRRES was moving geosynchro-
nously, since as illustrated in Figure 2, between L ~ 3 outbound
and L ~ 3 inbound roughly 8 hours passed while the spacecraft
advanced by ~ 6 hours in local time. A trough duration of ~8 hours
or more is therefore suggested by Figures 5 and 13, because similar
features occurred both outbound and inbound on the dawn side of
the Earth during magnetically calm conditions. In these circum-
stances, approximate corotation of the plasma with the Earth
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Figure 15. Perspective plot of the density data from orbit 290
(Figure 14) from a viewpoint along the 2100 MLT meridian.

might be expected. On the other hand, on the duskside and partic-
ularly during periods of moderate to strong geomagnetic activity,
the tendency of the plasmasphere to corotate may be effectively
suppressed beyond L ~ 3. Under such conditions, outbound and in-
bound features may differ substantially, as illustrated by essentially
all of the cases in Figure 7.

2.4.5. Extent in Longitude. Several forms of evidence suggest
that a well-defined inner trough can extend for at least 20 °in longi-
tude. This can be argued from the longitudinal extent of the inner
trough segments shown in Figures 7e, 7f, and 10. It can also be
argued in cases like those of Figures 5 and 13, in which CRRES
appeared to detect the same trough outbound and then inbound.
The satellite motion being only approximately geosynchronous, the
trough crossings by CRRES must have been separated by ~ 20 °in
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Figure 16. Histogram of the percentage of CRRES orbits within
6-hour MLT intervals during which inner troughs were detected by
CRRES.
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longitude if one assumes corotation of the trough structure with the
Earth. Another argument can be based upon the efficient trapping
of plasma wave emissions inside a trough, since repeated reflec-
tions at the trough walls are believed necessary for the develop-
ment of trapped continuum [e.g., Gurnett and Shaw, 1973; Kurth
etal, 1981].

2.4.6. Extent along the Geomagnetic Field. We infer that the
observed cavities extended along the field lines to the ionosphere.
but we have not made confirming measurements, since the cases
reported here were observed only within ~ 20 °of the magnetic
equator. We note, however, that the troughs reported in a statistical
study by Horwitz et al. [1990] were made along high-inclination
DE 1 orbits at a range of latitudes. We note further that the main
plasmasphere, to which the inner troughs appear to be related in a
vestigial sense, has been found to extend to ionospheric heights, for
example, in whistler data on flux tube electron content [Angerami
and Carpenter, 1966], in Alouette Il observations of echoes from
the plasmapause at ~1500-km altitude [Clark et al., 1969], and
also in the OGO 4 ion data of Taylor et al. [1971], which showed
evidence that an inner trough extended down to an altitude of ~800
km.

2.4.7. Geomagnetic Conditions. As illustrated for orbits §12
and 813 in Figures 7 and 8, the observed inner troughs usually
appeared in the aftermath of periods of enhanced geomagnetic
activity. They were regularly found in CRRES records during and
following periods in which the Kp index reached 5 or more.

3. Discussion
3.1. Real or Artificial Effects?

The reality of the troughs is supported by the fact that inner
plasmaspheric regiors of reduced density have now been found
under similar geophysical circumstances from ground whistlers
[Carpenter, 1970; Ho and Carpenter, 1976], from ion probes on
OGO 4 [Taylor et al., 1971} and DE 1 [Horwitz et al., 1990], and
from plasma wave instruments on EXOS D [Oya, 1991], ISEE 1
[Carpenter et al., 1993], and CRRES.

The reality of the abrupt density change at the outer edge of a
trough and of other details of the profiles is supported by the SFR
plots themselves. Figures 9a and 9b show an abrupt change in
whistler-mode wave intensity at the outer edge of a trough (~1723
UT). Activity below ~2 kHz was substantially stronger in the dense
region outside the trough, while emissions between 4 and 10 kHz
appeared to be trapped or enhanced within the trough. These
abrupt changes can be attributed to guiding effects and wave re-
flection associated with an abrupt, geomagnetic-field-aligned
boundary. For example, whistler-mode waves inside a trough that
approach the boundary at relatively large wave normal angles (with
respect to the magnetic field direction) would be expected to be
refracted away from the dense outer region because of the rapid
increase in refractive index at its inner edge. The waves would thus
tend to be guided along the boundary in a whispering gallery mode
as their wave normal angles oscillate around the off-axis Gendrin
angle [Gendrin, 1961], at which the ray direction is along the mag-
netic field.

In the cases of Figures 6 and 12, plasma wave emissions largely
filled low-L "biteouts" in the wave activity profiles. This implies
that the bottom frequency in the biteouts can be interpreted as a
local propagation cutoff at either the UHR or the plasma frequency
and hence as a measure of local electron density. The UHR con-
tinued to appear on SFR records within the plasmasphere when
density therein was a factor of ~5 below quiet time levels, as sug-
gested by Figures 9a and 9b and also by Figure 14. In Figures 9a
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and 9b a band of wave emissions at the bottom of the trough ap-
pears comparable in width and definition to the UHR band in the
dense region beyond, and in Figure 14 the UHR appears well de-
fined everywhere interior to the main plasma trough even if the
associated density levels near L = 3 are comparable to those at L ~
3 inside inner troughs such as those in Figures 7e, 7f, and 10.
From a radio perspective, most inner troughs on the SFR records
appeared to be plasmaspheric, in that there was a band of no ac-
tivity below them extending down to the upper limit of whistler-
mode wave activity at near one-half the local gyrofrequency. In the
main plasma trough usually near apogee the spectrum below the
lower limits of the pool of continuum radiation was regularly dom-
inated by n + % ECH emissions [e.g., Kennel et al., 1970; Shaw
and Gurnett, 1975], as illustrated in Figures 6 and 11. Weak n+ %
ECH emissions also sometimes appear in an inner trough, as
shown in Figure 9 near 1730 UT, where their upper cutoft in some
cases was associated with the SFR bandwidth change at 50 kHz.

3.2. Interpreting the Density Profiles

3.2.1. Traditional paradigm. Can the development of inner
troughs be explained in terms of the traditional paradigm involving
the interplay of a large-scale convection electric field and the
Earth's corotation field [e.g., Nishida, 1966; Brice, 1967; Grebow-
sky, 1970; Chen and Wolf; 1972]? According to this paradigm, a
trough should develop at local times after dusk as the intensity of
the convection electric field diminishes and a taillike, sunward
extending dense plasma feature, a residual effect of plasmaspheric
erosion, begins to rotate with the Earth. This implies that the inner
and outer edges of the trough, as well as the outer edge of the
dense region outside the trough, are translated vestigial boundaries
of the taillike feature and main plasmasphere as those features
existed prior to the onset of the quieting trend. Several features of
the inner trough data are consistent with this scenario. As noted
above, the troughs tended to appear in the aftermath of periods of
enhanced geomagnetic activity. The finding that troughs in the pre-
midnight sector were wider than those near dawn is also consistent
with an inward spiraling model of taillike streamers [e.g., Chen
and Wolf, 1972]. The density profiles at the inner limits of the
troughs and the outer limits of the bordering outliers were plasma-
pause-like in structure, in that their scale widths (distance over
which density drops by a fixed factor) and total density changes
were consistent with findings from ISEE plasmapause crossings by
Carpenter and Anderson [1992]. Those two boundary regions also
contained embedded irregularities, as illustrated in Figures 4, 6b,
and 12b. Such irregularities are known to be common in the plas-
mapause region [e.g., Koons, 1989; Carpenter et al., 1993; Le-
Docq et al., 1994; Moldwin et al., 1995). The density levels within
the troughs were also consistent with this scenario, in that in the
evening sector cases studied they tended to be comparable to or
only slightly above those known to exist in the late afternoon main
trough following dayside refilling from the ionosphere. This rela-
tionship can be seen in Figures 7e, 7f, and 10. At other times the
inner trough levels tended to exceed the levels in the nearby main
trough by factors of from ~2 to 5, in which cases the outer regions,
as illustrated in Figures 4, 6b, 7f and 13, are inferred to have rep-
resented night-time main trough conditions. Statistically, these
outer regions have been found to be a factor of ~5 below late
afternoon main trough levels because of more limited exposure to
refilling from the ionosphere [e.g., Carpenter and Anderson, 1992].

Inner trough plasma with a heritage of substantial dayside
refilling might also be expected to be cooler than the main trough
plasma observed by CRRES beyond the main plasmasphere,
especially those with more limited earlier exposure to refilling or



23,336

greater exposure to the hot plasma of the plasma sheet. In their
study of embedded trough effects appearing in 0 to 50-eV ion data
from DE 1, Horwitz et al. [1990, p. 7947] found the associated
plasma to be in all cases "typical cold isotropic plasmaspheric
plasma, albeit at lower densities than the surrounding regions."
That the plasmas in the inner trough regions were indeed cooler
than those beyond the main plasmasphere is also suggested by the
absence of strong n + % ECH bands during trough crossings, as
indicated in Figures 4, 6, and 11. Such bands are considered
indicative of warm plasma conditions [e.g., Kennel et al., 1970;
Shaw and Gurnett, 1975].

Several features of the inner troughs are not easily accommo-
dated by the simple quieting model. They include (1) the inward
extension of a significant number of troughs to L < 2.5; (2) the
steepness of the trough outer walls; (3) the apparent detachment
from the main plasmasphere of the dense plasmas bordering some
inner troughs, and (4) the occasional occurrence of complex density
structure within inner troughs or in their vicinity.

3.2.2. Occurrence of 2 plasmapause at L < 2.5. Judging by
the boundaries of the inner troughs illustrated in Figures 7e, 71, 10,
and 13, and the fact that ~30% of the inner troughs identified in
the CRRES data had boundaries at L < 2.5, it seems clear that the
plasmasphere radius may be reduced, at least locally, to the vicinity
of L =2 under geophysical conditions for which statistical studies
[e.g. Carpenter, 1967; Carpenter and Anderson, 1992] would pre-
dict radii in the range L =3 - 3.5 (preceding Kp index in the range
5 to 6+). Furthermore, the data suggest that in such cases a plas-
mapause could exist at L ~ 2.2 over a wide longitude range. In Fig-
ures 7e and 71, for example, if one compares the inbound data from
orbit 812 with the outbound data from 813, recorded only 1.5 hours
later but 9 hours earlier in MLT, it can be argued that during much
of the time of the two orbits a plasmapause existed at L ~ 2.2 on an
essentially global basis.

There is much scatter in the data on which the predictions of
plasmapause locations are based. Most of those data are from L >3
for reasons having to do with spatial limits on available whistler
and ISEE coverage [e.g., Carpenter, 1967; Carpenter and Ander-
son, 1992]. It is possible that erosion to the depths implied by these
measurements happens more readily near solar maximum, when
CRRES was operating, rather than in the quiet sun years reflected
in the whistler (1963) and ISEE (mostly 1982-1983) data.

Drift meter data from multiple DMSP satellites show that near
dusk, fast, narrowly channeled westward subauroral ion drift
events (SAIDs) are at times embedded in broader regions of west-
ward plasma flow that extend well inside L=3 (P. Anderson, per-
sonal communication, 1999). Furthermore, CRRES double-probe
electric field data from magnetic storm periods have been found to
show larger potential differences between L = 2 and 4 than be-
tween L =4 and 6 [Wygant et al., 1998; Burke et al., 1998]. These
concentrations of storm time electric fields at low L values, in pos-
sible conjunction with the narrower SAID flows, might help to
explain some of the complexities of dusk-sector plasmas, including
the particular effects noted in sections 2.2.2 and 2.2.3.

3.2.3. Steepness of the outer wall and the question of con-
nectivity. Is the dense outlier bordering the inner trough essen-
tially detached from the main plasmasphere or is it connected to
that body in some other local time sector? In their case study of
light ion ionospheric trough effects at L ~ 2 - 3, Taylor et al. [1971]
made a persuasive case for the existence of a connected tail-like
feature. In addition, in a series of case studies involving multiple
satellites and ground whistlers, Carpenter et al. [1993, p. 19,268]
found that "the properties of outliers observed near the plasma-
pause and out to synchronous orbit suggest that many of these are
rooted in or attached to the main body of the plasmasphere."
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However, the authors also found that "the distribution and occur-
rence of dense plasmas observed at L ~ 6 and beyond . . . suggest
that many of those regions are effectively isolated from or detached
from the main plasmasphere."

It is tempting to suggest that in a case in the dusk sector such as
orbit 813 in Figure 7f, the two outliers detected, one before and one
after 1800 MLT, were simply cuts through a single tail-like cold
plasma feature that was more or less fixed in sun-Earth coordinates
for ~10 hours and was connected to the main plasmasphere some-
where on the night side. However, if we believe that the plasma-
pause was at L ~ 2.2 at all longitudes during much of the time of
the two orbits, as suggested above, such a connection becomes
ditficult to visualize.

It is possible that in cases such as this the outlier bordering the
inner trough had previously been detached from a larger plas-
masphere because of localized structure in the convection electric
field, as might occur during subauroral ion drift events [e.g., Gal-
perin et al., 1974; Anderson et al., 1991; Ober et al., 1997], or as
a consequence of instabilities in the plasmapause region [e.g., Le-
maire, 1974, 1975; Kelley, 1986; Carpenter et al., 1993]. Its steep
inner edge might then reflect the physical processes involved in the
detachment.

It might also be argued that the steepness of the inner wall is a
natural consequence of the movement of a preexisting plasmapause
boundary along converging flow streamlines. Although some drift
paths during quieting periods might indeed have a steepening ef-
fect on an existing profile, if an inner trough is simply a mapped
version of the boundaries of the afternoon plasmasphere, and of a
feature extending sunward therefrom, its outer wall would pre-
sumably have a scale width (in which 90 % or more of the density
change has occurred) that is more characteristic of the afternoon
dayside plasmapause, that is, of 1000 km or more, and we would
not expect predominantly corotational motion during quieting to
reduce that scale width to near or less than the 100-km values that
have been observed.

It is noteworthy that the density profiles in Figures 7f and 10
were similar inside L ~ 3 but different in the regions beyond L =3.
Qualitatively, this might be regarded as evidence of domination by
the Earth's corotation electric field inside L ~ 2.5 in comparison to
its influence in the region beyond, where the effects of temporally
varying and spatially structured convection electric fields as well
as instabilities may have been relatively more important. The per-
sistent influence of the convection field at the higher L shells is
suggested not only by the similarity of the outlying density
structures on orbits 812 and 813 but also by the fact that in the
afternoon (outbound) sector on those orbits (and on orbit 1033) the
ratio of the density in the main plasma trough to the model values
for night-time (lower model curve) increased with increasing L.
Such density increases could be the result of increases with L in
flux-tube residence times, and hence in cumulative density replen-
ishment from the ionosphere associated with increases with L in
the influence of the convection electric field.

3.2.4. Relationship of inner troughs to widespread density
depressions. It is not clear how the inner troughs are related to
widespread density depressions such as the one illustrated in
Figure 15. Some such depressions, especially those unaccompanied
by outlying regions of higher density, may reflect deep and persis-
tent penetration of the plasmasphere by convection electric fields,
such that outliers do not remain near the eroded plasmasphere to
form inner troughs. The outlying density increases that are ob-
served in such cases may develop when a radial profile with certain
form undergoes the effects of flux tube compression during cross-L
flow [e.g., Park and Carpenter, 1970]. On the other hand, some of
the widespread depressions may be pronounced versions of the
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localized density depressions, by factors of as much as ~3, that
have been found from whistler measurements inside the eroded
plasmasphere in the aftermath of periods of enhanced convection
[e.g., Park and Carpenter, 1970]. Case studies suggested that
within the longitude sectors affected, this phenomenon involves
dumping into the ionosphere of an amount of plasma comparable
to the amount lost through erosive cross-L motions at higher L val-
ues [e.g., Park, 1973; Carpenter and Lemaire, 1997]. The mecha-
nism of dumping is not yet well understood. Park (1971, 1973]
proposed that it involves the effects of cross-L inward convection
on the distribution of O+ in the ionospheric O+ to H+ charge
exchange region where the low-altitude boundary conditions on
plasmaspheric H+ are determined.

4. Concluding Remarks

Trough-like density depressions in the plasmasphere equatorial
density profile were found in early whistler work [Carpenter, 1970;
Ho and Carpenter, 1976]. In satellite studies, density troughs in
the plasmasphere in the L = 2-3 range were reported from OGO 4
by Taylor et al. [1971], from DE 1 by Horwitz et al. [1990], and
from EXOS D by Oya [1991]. Such inner troughs, which we con-
sider to be manifestations of geomagnetic-field-aligned density
cavities, were found during 13% of the 1746 plasmasphere cross-
ings documented in the CRRES sweep frequency receiver (SFR)
data in 1990-1991. In these observations the plasmapause-like in-
ner boundaries of the troughs were usually at L <3.5, and in rough-
ly 30 % of the cases they were at L <2.5 under geophysical condi-
tions that have traditionally been associated with plasmapause radii
at larger L values, in the L = 3 -3.5 range.

The troughs, found at all local times, were most common in the
1800-2400 MLT secior, in general agreement with Horwitz ef al.
[1990], and least common between 0600 and 1200 MLT. Density
levels in several well-defined troughs were found to be a factor of
~5 below nearby plasmasphere levels. Variations in the depression
factor between ~2 and 10 in the overall data set probably account
for the various stages of density recovery. Trough widths in L var-
ied from AL ~ 0.5 to AL ~ 1.5, where those in the premidnight
sector tended to be wider than those detected near dawn. The
gradients at the outer trough boundaries tended to be particularly
steep, where in one case the density jumped by a factor of ~5 with-
in < 100 km along the satellite orbit, as abruptly as in any observed
plasmapause crossing thus far reported.

As delineated on SFR records by the upper hybrid resonance
emission band, inner troughs often contain a pool of radiation that
is similar to trapped continuum but at a higher frequency. The ap-
parent trapping of this radiation, as well as the shielding of auroral
kilometric radiation from inside the troughs, suggests that the asso-
ciated plasmaspheric cavities extend in longitude over a range of
at least 20; and probably more. Such a longitudinal extent is also
suggested by the length of CRRES orbital segments within troughs.

On some CRRES orbits the plasmaspheric density was found to
be reduced by a factor of ~5 from quiet-time plasmaspheric levels
over wide ranges in L value beginning near L = 2. In such cases a
steep outer boundary of the depressed region was not observed,
although an outer density peak was sometimes present. Such
depressions may be the result of deeply penetrating convection
electric fields that are more persistent than those associated with
the inner troughs. Another possibility is that they are primarily due
to plasma losses to the ionosphere, as opposed to the motions trans-
verse to B that are probably involved in the inner trough effects.

We suggest that the inner trough effects are essentially a quiet-
ing phenomenon, appearing as translated vestiges of plasma con-
figurations established during preceding periods of plasmaspheric
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erosion. In some cases the outlying plasmas involved may be
extensions of the main plasmasphere. However, in the case of
troughs with steep outer walls the preceding plasma configurations
may have involved a mechanism for detaching plasma from an orig-
inally larger main plasmasphere, such as by the shear flows asso-
ciated with subauroral ion drifts (SAIDs). In the case of troughs
with inner boundaries at L < 2.5 the subauroral convection electric
field must have achieved comparable inward penetration. Such
penetration is likely to have occurred near dusk, as suggested by
recent reports from DMSP drift meter studies and from double-
probe electric field measurements on CRRES.

Much can be learned about plasmaspheric cavities from existing
data sets, for example, about their occurrence, about the extent of
correlated ionospheric effects, and about correlated changes in
particle and wave activity. Key questions about the origin and
global extent of the cavities can hopefully be answered during
imaging missions in which photon and radio techniques are used
to remotely investigate the plasmasphere [Williams et al., 1992;
Frank et al., 1994; Calvert et al., 1995; Green et al., 1998].
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