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Abstract. The quiet-time structure of the plasmaspheric den-
sity was investigated using observations of the Los Alamos
geosynchronous satellites, and these observations were com-
pared with theoretical predictions of the quasi-static local-
time variation by a kinetic model. It was found that the
coupling to the ionosphere (via the local-time variation of
the exobase) played a key role in determining the density
structure at 6.6RE . The kinetic model predicts that most
of the local-time variation at geosynchronous orbit is due to
the variation of the exobase parameters. During quiet times,
when the convection electric field is dominated by the coro-
tation field, the effects due to flux-tube convection are less
prominent than those due to the exobase variation. In ad-
dition, the kinetic model predicts that the geosynchronous
plasmaspheric density level is at most only 25% of satura-
tion density, even when geomagnetic activity is low. The low
night-time densities of the ionospheric footpoints, and the
subsequent long trapping time scales, prevent the equatorial
densities from reaching saturation.

Key words. Magnetospheric physics (magnetosphere-
ionosphere interactions; plasma convection; plasmasphere)

1 Introduction

The physical study of the Earth’s plasmasphere has un-
dergone a renaissance in the past decade. Evidence of
this increased interest can be found in the monograph by
Lemaire and Gringauz (1998), the review article by Ganguli
et al. (2000), and the special issue of the Journal of Atmo-
spheric and Solar-Terrestrial Physics dedicated to D. Carpen-
ter (Lemaire and Storey, 2001). Early studies in the 1960s
(e.g. Gringauz et al., 1960 and Carpenter, 1966) were able
to determine the basic observational facts about the global
structure of the plasmasphere and plasmapause, and to de-
duce the basic physics of magnetospheric convection that
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was taking place (Axford and Hines, 1961). Detailed dynam-
ical studies were performed in the 1970s (e.g. Grebowsky,
1970) and much of the inner magnetosphere was thought to
be understood. The space physics community then turned the
bulk of their attention to other areas in the 1980s: for exam-
ple, the magnetopause, tail dynamics, storms and substorms,
and auroral phenomena. However, there remained two fun-
damental processes in which the physical mechanisms had
yet to be definitively determined: the refilling of plasmas-
pheric flux tubes after being depleted, and the formation of
the plasmapause boundary. The first of these is an aspect
of magnetosphere-ionosphere coupling, while the second is
a consequence of the solar wind-magnetosphere interaction
and the resulting convection driven by the large-scale elec-
tric field. Evidence of the importance of these two funda-
mental processes can be found in papers concerning the cou-
pling with the ionosphere (Singh and Horwitz, 1992) and the
physics of plasmapause formation (Lemaire, 1974). The spa-
tial structure of the quiet plasmasphere, an issue related to the
first process (refilling), is the focus of this paper.

One of the underlying properties of the plasmasphere, the
density structure during steady convection and low geomag-
netic activity, is not well known. There are two reasons for
this: it is not often continuously quiet for very long, and, as
with other space studies, the satellite coverage is poor (al-
though the IMAGE and Cluster missions are beginning to al-
leviate the second problem). Here, we investigate this quiet-
time structure using the observations from the Los Alamos
National Laboratory (LANL) geosynchronous satellites, as
well as a kinetic model. First, we identify long (≥ 2 days) pe-
riods of low magnetic disturbance. This implies that the con-
vection electric field is weak, that the plasmasphere extends
out beyond 6.6RE in the equatorial plane, and the geosyn-
chronous flux tubes have had a good chance to at least par-
tially refill. Second, we look at the entire Los Alamos data
set (1990–2000) during these quiet periods, and evaluate the
plasma density as a function of local time. Finally, we com-
pare these observations with our kinetic model that includes
ionospheric coupling via exobase parameters that vary with
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local time.
There have been several recent studies of plasmaspheric

refilling using observations of the LANL satellites at geosyn-
chronous orbit (Thomsen et al., 1998; Lawrence et al., 1999;
Su et al., 2001). This series of three papers character-
izes the temporal variation of the plasma density at geosyn-
chronous orbit that is indicative of the refilling process. One
of their main conclusions was that refilling occurs in a two-
stage process. During the first 24 hours of a quiet period
(called “early time”), the rate of increase of the density is
small (<5 cm−3 day−1), while after the first day (called “late
time”) the rate of increase is larger (≈10–25 cm−3 day−1).
The first 24 hours is also characterized by a low plasma den-
sity (n < 10 cm−3), indicating that the geosynchronous flux
tubes had recently been emptied (this condition is usually
considered to be the plasma trough). In the studies of late-
time refilling, however, the refilling rate was obtained from
the density measurements taken at a single local time on con-
secutive days, and the detailed structure of the local time
variation was not investigated. Here, we focus specifically
on the local time variation with the understanding that this
variation is superimposed on a secularly increasing density
due to refilling. This late time is characterized by a larger
plasma density (n > 10 cm−3), and is usually considered to
be plasmasphere proper.

The kinetic model that we use here, the Multi-Species Ki-
netic Plasmasphere Model (MSKPM) (Reynolds et al., 1999,
2001), is collisionless, so that neither Coulomb collisions nor
wave-particle effects are included directly. The most impor-
tant factors that determine the geosynchronous density are
the conditions at the exobase (i.e. the footpoint of the field
line) and the density of particles that have been trapped (i.e.
scattered from the loss cone into the trapped region of veloc-
ity space).

Including trapped particles effectively includes Coulomb
collisions in an ad hoc manner. Using a parameterization of
the FLIP (Field Line Interhemispheric Plasmasphere) (e.g.
Richards and Torr, 1986) model to represent the conditions
at the exobase and varying the fraction of trapped parti-
cles, MSKPM is able to reproduce the diurnal variation of
the geosynchronous density measurements well. From this
agreement, the maximum refilling percentage is found to be
on the order of 25%. Geomagnetic conditions are probably
never quiet long enough for the geosynchronous plasmas-
pheric density to completely saturate.

In Sect. 2 the criterion used to filter out the geomagnet-
ically quiet periods in the past decade is explained; Sect. 3
describes the observations of refilling at geosynchronous or-
bit; Sect. 4 shows the LANL plasma density observations;
and Sect. 5 compares the predictions of MSKPM with the
statistical observations.

2 Quiet-time criterion

For the purposes of this study we use the magnetic activity in-
dexKp as a proxy for determining whether the plasmasphere

Table 1. Yearly occurrence frequency of different lengths of quiet
periods. Bold numbers are for the entireKp database (1932–2000)
and non-bold refer to the two-year period during solar minumum
(1996–1997)

length extremely relatively
of time quiet quiet quiet

1–2 days 7.1 / 12.0 15.3/ 20.0 22.7/ 32.0
2–3 days 0.9 / 2.0 2.6 / 6.0 5.5 / 10.5
3–4 days 0.1 / 0.5 0.6 / 2.0 1.6 / 2.0
> 4 days 0.0 / 0.0 0.1 / 0.5 0.7 / 2.0

is in a quiet state or a disturbed state. One of the reasons for
this choice is that there is an established correlation between
the solar wind as a driver and the magnetospheric response as
measured byKp (e.g. Crooker et al., 1977). Another reason
is that there has been significant work on the refilling of the
geosynchronous plasmasphere usingKp as a proxy (see the
work cited below in Sect. 3), and we build on this previous
work.

In order for it to be likely thatL = 6.6 is within the plas-
masphere (i.e. in the refilling process), we focus on time
periods whenKp is low. We call these steady periods quiet
and we define three levels of quiet

“relatively quiet” : Kp ≤ 1+

“quiet” : Kp ≤ 1

“extremely quiet”: Kp ≤ 1− .

Which of these is the most suitable criterion for the present
study can be determined from a study of Table 1, which lists
the yearly occurrence frequencies of various lengths of quiet
periods for the entire 69-year history of recordedKp values
(January 1932–December 2000). Of course, such quiet peri-
ods are more likely to occur during solar minimum, and the
yearly occurence frequencies during the quiet years 1996–
1997 are also shown in Table 1. It can be seen that long
periods that are “extremely quiet” do not occur frequently
enough to be statistically useful in the 10 years of satellite
data available. Lawrence et al. (1999) chose the “relatively
quiet” criterion to measure late-time refilling, but we wish
to look at less disturbed periods so that it is more likely that
L = 6.6 is truly within the plasmasphere. Hence, we choose
the “quiet” criterion as our benchmark. In addition, since it
takes several days for the plasmasphere to fill at the equator
of anL = 6.6 field line, only those periods that are quiet for
longer than two days are considered. A list of such periods
in the years 1990–2000 is shown in Table 2.

Periods longer than two days that are less disturbed than
“extremely quiet” happen rarely. For example, the more
stringent condition (Kp ≤ 0+) occurs only about once ev-
ery five years, and it happened only twice during the 1990s.
Periods longer than two days that are more disturbed than
“relatively quiet” happen quite often. For example, the less
stringent condition (Kp ≤ 2−) occurs approximately 14
times per year. While this large number of occurrences
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Fig. 1. Density measured by satellite 1994-084 for six days in De-
cember 1997, andKp for the same time period. This particular
satellite passed through local noon at approximately 05:00 UT each
day, and these times are marked with the vertical dashed lines.

is useful statistically, there is a smaller probability that the
satellites are within the plasmasphere (due to the increased
strength of the convection electric field), and it is more diffi-
cult to argue that this level of activity constitutes quiet. The
longest “quiet” period in the 1990s lasted 5.6 days on 24–29
December 1997. Except for this one instance, however, the
longest “quiet” period in the 11 years under study was 3.3
days. The length of these periods along with the measured re-
filling rate suggest that the plasmasphere at geosynchronous
orbit is rarely, if ever, fully saturated.

3 The refilling process at geosynchronous orbit

There has been considerable work on the refilling process,
both on the physical mechanisms involved, as well as the ob-
servations (Singh and Horwitz, 1992). Most observations,
however, have been made by satellites that did not remain
co-located with a particular flux tube, making it difficult to
evaluate the past history in order to measure the refilling rate.
The Los Alamos geosynchronous satellites are uniquely situ-
ated to provide this type of observation, although the plasma-
sphere does not often extend toL = 6.6, except during times
of prolonged quiet. In addition, these satellites have been op-
erational since 1990, resulting in a large database that spans
a solar cycle.

Thomsen et al. (1998) looked in detail at observations
of early-time refilling as measured by the magnetospheric
plasma analyzers on the Los Alamos geosynchronous satel-
lites. (They analysed several months in 1990, 1991, and
1996.) Specifically, they looked at the occurrence frequency
distributions of the cold ion density in one-hour local-time
bins, and were able to calculate a refilling rate of about
1.5 cm−3 day−1. This result was restricted to the dayside (6–
15 MLT) and took the 25th percentile level as the best mea-
sure of the trough density (this percentile level was steady
and relatively uncontaminated by encounters with the dense

Table 2. The set of 31 periods that were “quiet” for at least two
days during the study 1990–2000

Start
Year Month Day Length

1990 Nov 04 3.3
Nov 13 2.4

1993 May 24 2.5
1995 Mar 20 2.5

Jun 11 3.0
Jul 04 2.1
Jul 09 2.8
Nov 23 2.5

1996 Apr 06 2.1
Jun 12 2.8
Jul 09 2.4
Nov 01 2.6
Dec 05 2.3
Dec 18 2.3

1997 Jan 15 2.1
Mar 08 2.1
May 11 3.0
Jun 12 2.4
Jul 12 3.1
Aug 25 2.0
Oct 04 2.0
Nov 27 3.1
Dec 07 2.5
Dec 12 3.5
Dec 24 5.6

1998 Feb 05 2.9
Feb 15 2.1

1999 Jan 31 2.8
Jun 20 2.3
Dec 21 2.6

2000 Mar 15 2.0

plasmasphere). This value agreed with previous studies, as
well as the model of Carpenter and Anderson (1992).

A more comprehensive study was performed by Lawrence
et al. (1999), who confirmed the early-time refilling rate, but
also investigated the late-time refilling characteristics. Ex-
tending the time period to 4 consecutive years (1993–1997),
they measured the density over the course of several days, but
they looked at the same local time each day of the refilling
(e.g. 11:00–13:00 LT), which captures the secular increase
in density, but not the local time variation on time scales less
than one day. (They defined a refilling event as a period of
Kp ≤ 1+, i.e. “relatively quiet,” for at least 1.5 consecutive
days, as well as requiring that at least one satellite observed
significant plasma density. The fact that not all satellites ob-
served refilling events simultaneously can be understood in
the light of recent observations of the EUV instrument on
the IMAGE satellite (Burch, 2001), where the outer plasma-
sphere is highly structured and is composed of fingers and
shoulders. (This feature has, of course, been known since
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Fig. 2. Occurrence frequency (per half hour bin) of density mea-
surements as a function of local time. The thick line includes all
measurements of the 117 satellite data sets, while the thin lines ex-
clude the low-density measurements.

the early LANL geosynchronous satellites: Moldwin et al.,
1995). Depending on the local time, the measured refill-
ing rate was 10–25 cm−3 day−1, which is significantly larger
than the early-time rate. This evidence was key to the de-
scription of a two-stage refilling process: during the first day
the density is low (less than 10 cm−3) and the refilling rate is
also low, while after the first day, the density typically climbs
to larger than 10 cm−3 and the refilling rate is correspond-
ingly larger and is due primarily to Coulomb collisions.

Both of the above studies, however, assumed that the flux
tubes were exactly corotating with the spacecraft. As an im-
provement, Su et al. (2001) reevaluated the early time results
of Thomsen et al. (1998) and Lawrence et al. (1999) by uti-
lizing a realistic convection electric field, which can modify
the assumed refilling time by up to 2 h, as well as using a
ten-year period (1990–2000). With this more sophisticated
model, the early-time refilling rate was slightly modified to
2.5–6.5 cm−3 day−1. The late-time refilling rate was evalu-
ated in the same way as Lawrence et al. (1999), using the
larger database, and the observed rate was identical. With
late-time refilling, no assumptions about the convection pat-
tern were made, since only the local time was used to de-
termine the rate. Thus, Su et al. (2001) came to the same
conclusions regarding the two stage nature of the refilling
process.

The local time variation of the density can be seen in
some of the figures from these previous studies. For exam-
ple, Figs. 4 and 6 of Lawrence et al. (1999) show that the
early-time density decreases after∼16:00 LT, and the late-
time density fluctuates over the course of 24 h, respectively.
Here, we focus on this diurnal variation during the late time
refilling process.

4 Geosynchronous observations

Figure 1 shows the density measured by satellite 1994-084
during 24–29 December 1997. For comparison, the magnetic
index Kp is also shown. There had been a minor storm on
10–11 December, whereDst reached−50 nT. Another minor
storm occurred on 30 December. Between the two storms,
however, magnetic activity was low, withKp reaching 2 only
a few times. At geosynchronous orbit during this interval, the
density was large on the dayside (∼100 cm−3) and smaller
on the nightside (∼20 cm−3), with several “drainage” events
occurring resulting in empty flux tubes. Figure 1 depicts one
of these drainage events and the subsequent refilling of the
flux tubes. The clear diurnal variation superimposed on top
of the secular increase is what we wish to characterize. Not
all of the quiet-time satellite measurements show a refilling
as clearly as that in Fig. 1, but almost all show a similar lo-
cal time variation. Those that do not show such a variation
typically measure densities less than 10 cm−3 and hence, are
probably not in the plasmasphere proper. In order to exclude
such measurements, we do not include any density measure-
ment smaller than 10 cm−3. Section 4.2 discusses the details
of this choice.

There are 117 satellite data sets over the 31 selected pe-
riods, as anywhere from three to five LANL satellites were
taking data during each period. As mentioned above, the oc-
currence frequency is expected to be larger during solar min-
imum, and this is confirmed by the fact that 17 out of the 31
periods took place in the two years 1996 and 1997.

4.1 Observational statistics

In order to assess the quality of the measurements, a detailed
look at the statistics is in order. The density measurements of
all 117 satellite data sets were grouped into 48 bins (of width
30 min) in local time. Figure 2 shows the number of mea-
surements (or occurrence frequency) in each bin. There are
358 097 measurements in total, with approximately 7 400 in
each half-hour bin, and fairly even coverage over the entire
day. Most of these measurements, however, were of low-
density plasma (n < 10 cm−3), and Fig. 2 also shows the
number of measurements in each bin that had values greater
than 10 cm−3 and greater than 20 cm−3. The occurrence fre-
quencies of the high-density measurements in local-time are
not so even. The reason for this can be seen from a compari-
son with Fig. 1. During the refilling process, even though the
densities in the afternoon sector may reach values of 20 cm−3

or more, the nighttime densities often fall below this value.
Therefore, higher densities are more commonly encountered
in the afternoon, and this is reflected in the occurrence fre-
quency. (This result is well known, and has been observed
by the Los Alamos satellites since their launch.)

Because most of the measurements are of low-density
plasmas, it is illustrative to investigate the occurrence fre-
quency as a function of density, shown in Fig. 3, where bins
of width 0.25 cm−3 are used. It is clear that for densities
larger than 20 cm−3 (corresponding to late-time refilling),
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Fig. 3. Occurrence frequency of density measurements summed
over local time as a function of density. All half-hour bins show a
similar behavior. The bin width here is 0.25 cm−3. The dotted lines
are the best linear fits to the data forn < 5 cm−3 andn > 20 cm−3.

there is no definite peak that indicates a most probable value
for the density. This is in contrast to the densities smaller
than 5 cm−3 (corresponding to early-time refilling), where
a slight peak can be seen. This peak is even clearer when
higher resolution in density is used and a single local time
is selected (Thomsen et al., 1998). In fact, this definite peak
in occurrence frequency was near 1–2 cm−3, which was ap-
proximately coincident with the 25th percentile (see Fig. 10
of Thomsen et al., 1998). This was an additional reason to
conclude that the 25th percentile represented the best mea-
sure of the trough density.

Even though there is no peak in Fig. 3, there is a change
in slope near 10 cm−3, indicating that the character of the
measurements is different for large densities than for small
densities. Also shown in Fig. 3 are the best linear fits to the
occurrence frequency for densities restricted ton < 5 cm−3

(definitely early time) andn > 20 cm−3 (definitely late
time). Since these densities are representative of early and
late-time refilling, the demarcation between the two den-
sity regions must be between 5 and 20 cm−3. The actual
choice is somewhat arbitrary, however, because the change
in slope is gradual. Because Fig. 2 shows that the local time
characteristics do not change dramatically between 10 cm−3

and 20 cm−3, and because 10 cm−3 has historically been
the lower density limit for the plasmasphere at at geosyn-
chronous orbit, we restrict our analysis to those densities
larger than 10 cm−3. A more statistically accurate demarca-
tion can perhaps be determined, but the results of this study
would not be strongly affected.

4.2 Density measurements

In addition, our interest in the high density, late-time refill-
ing plasmasphere leads us to choose the 75th percentile as
our best measure of the appropriate density. Similar to the
early-time criterion, we expect that the 75th percentile level

Fig. 4. The solid curves are the 25th, 50th and 75th percentile densi-
ties, and the dashed curve is the best fit cosine to the 75th percentile,
given byn(cm−3) = 53.2 + 18.0 cos(LT − 13.4 h).

is relatively uncontaminated by encounters with low density
plasma. The exact value of this choice is not critical, as all
percentile levels exhibit similar local-time behavior. In fact,
Su et al. (2001), who chose the 70th percentile, showed that
the choice of percentile level affects the numerical value of
the density, but does not affect the trend of refilling. That is,
they found similar late-time refilling rates regardless of the
percentile chosen. This can be seen in Fig. 4, which shows
the 25th, 50th, and 75th percentile levels (after removing all
measurements less than 10 cm−3). All three show a similar
variation as a function of local time.

Three observations can be made about Fig. 4. First, the
75th percentile is closely represented by a sinusoidal vari-
ation, shown for comparison. It is a cosine with a maxi-
mum near 13.4 h. This phase lag can also be seen clearly
in Fig. 1. Second, this variation is similar to the density of
the ionosphere at 2000 km, as given by the International Ref-
erence Ionosphere. Third, this variation is nearly identical
with the trough density model recently proposed by Sheeley
et al. (2001) that was deduced from CRRES observations.
ForL = 6.6, they obtained (their Eq. 7)

n(cm−3) = 5.29+ 2.28 cos(LT − 13.6 h). (1)

The phase offset from noon is the same as that obtained here,
and while the density is much lower, the amplitude of the
variation is 40% of the average value, compared with 34%
at geosynchronous orbit. The fact that the CRRES satellite
samples many different L-shells and the observations were
not limited to lowKp suggests that typical geosynchronous
densities are fairly low (which is what is observed). The
higher densities only appear during quiet periods.

5 Kinetic theory

MSKPM was developed to address the collisionless nature
of the plasma at high altitudes on closed, dipolar field lines.
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Fig. 5. MSKPM predictions with a uniform exobase and the
parametrized FLIP exobase that varies with local time. The FLIP
exobase is given by Eqs. 3–5, and the uniform exobase is obtained
by using only the constant terms in the FLIP exobase.

Starting with the conditions at the exobase (altitude, density,
temperature, composition), the velocity distribution func-
tions are followed as the particles move along the field lines
and also as they convect diurnally. Particles in the loss cone
(ballistic and passing), as well as those that are trapped are
included, and the convection electric field used is E5D (McIl-
wain, 1986). The phase-space density of the trapped particles
relative to the phase-space density of those in the loss cone
is chosen empirically through the magnitude of a parameter
η, where 0< η < 1. The lower value indicates that there
are no trapped particles, and the upper value indicates that
the trapped region is full, close to diffusive equilibrium. The
loss cone is always full (i.e. for all values ofη).

If η is nonzero, then those trapped particles exist due to
pitch-angle scattering of particles from the loss cone. This
parameterization, therefore, includes the lowest-order ef-
fect of Coulomb collisions. More detailed descriptions of
MSKPM can be found in Reynolds et al. (1999, 2001).

Convection via the radial excursion of flux tubes strongly
affects the density and temperature structure of the outer
plasmasphere. The main effect is a density enhancement in
the post-midnight sector, where the flux tubes are closest to
the Earth (there is also an increase in the parallel tempera-
ture and a decrease in the perpendicular temperature). This
enhancement is shown in Fig. 5, where the dashed lines in-
dicate the density at the magnetic equator of theL = 6.6
field line for the case when the exobase conditions are con-
stant in local time. Theη = 0 case predicts a density that is
uniform in local time, since the compression and rarefaction
of the convecting flux tubes affect only the trapped particle
density. For nonzero values ofη, the post-midnight density
enhancement is clearly seen.

However, the conditions at the exobase also strongly affect
the global structure, and this can overwhelm the effects of
convection (Reynolds et al., 2001). Which one dominates de-

Fig. 6. Comparison between observations and model. The solid line
is the 75th percentile level, the dotted line is the MSKPM prediction
with η = 0.05 reduced by a factor of 2.9, and the dashed line is with
η = 0.10 reduced by a factor of 5.5.

pends on the relative strength of the exobase variation in local
time compared to the asymmetry of the convection electric
field. For the present case of quiet geomagnetic conditions,
i.e. when the dawn-dusk electric field is weak, the exobase
variation almost completely overwhelms the compression of
the flux tubes due to convection.

The original parameterization of the exobase parameters
(Reynolds et al., 2001) predicted by FLIP has been gener-
alized to include the phase of the exobase variation. This
phase shift (away from a strictly noon-midnight asymmetry)
can be seen in Fig. 4, where the density measurements have a
maximum that is shifted 1.4 hours later than noon. The FLIP
calculation also shows this phase shift, and our updated pa-
rameterizations are

n0(cm−3) = 4280+ 2670 cos(LT − 13.6 h), (2)

h0(km) = 3590+ 1960 cos(LT − 23.6 h), (3)

nHe/n0 = 0.0297+ 0.0185 cos(LT − 12.7 h), (4)

T0(K) = 2510+ 1300 cos(LT − 13.4 h), (5)

where h0, n0, nHe and T0 are the exobase altitude, total
density, helium density, and temperature, and LT is the lo-
cal time. With these exobase conditions, the predictions of
MSKPM for four values ofη are shown in Fig. 5. Clearly,
the post-midnight density enhancement due to convection is
overwhelmed by the diurnal variation of the exobase. Also
clearly, the density variation predicted whenη = 0.15 is
much stronger than the measured variation, and that pre-
dicted whenη = 0 has the wrong phase. This implies that
the average value ofη during the late-time refilling phase
is on the order of 0.05–0.10, which means that, while the
flux tube’s density varies diurnally, on average, it is approx-
imately 10% of saturation (the loss cone angle at geosyn-
chronous orbit, for scattering at 3590 km, is approximately
4.9◦, so the volume of velocity space occupied by the parti-
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Fig. 7. Observations of the 75th percentile level during the first day,
second day, and third day of a quiet period (solid lines). The dotted
lines are the best fit MSKPM predictions. For day 1,η = 0.05
reduced by a factor of 13.1. For day 2,η = 0.12 reduced by a factor
of 11.8. For day 3,η = 0.08 reduced by a factor of 5.1.

cles in the loss cone is 0.37% of the total volume, which is
negligible).

The predicted densities assumingη = 0.05 andη = 0.10
are compared with the 75th percentile level of the geosyn-
chronous measurements in Fig. 6. Of course, the predicted
densities are larger than the 75th percentile, but the local-
time variation is almost identical. In order to show them on
the same scale, the MSKPM predictions are reduced by fac-
tors of 2.9 (η = 0.05) and 5.5 (η = 0.10). This simply
means, for example, that the absolute values of the densities
in Eq. (2) are not correct, but that the phase shift and the rel-
ative size of the variation are correct. There are other ways to
reduce the density atL = 6.6 than by reducing the exobase
density, but the effects of Eqs. (3)–(5) are more nonlinear and
not so easily evaluated.

A more useful comparison can be made by realizing that
the amplitude of the variation, and hence, the velocity-space
anisotropy, changes as a function of time. As can be seen
in Fig. 1, there is a secular increase in density along with a
diurnal variation. These observations imply that the density
has not yet reached a saturated state by the third quiet day be-
cause the secular increase is still ocurring. To investigate the
secular behavior, we separate out the density measurements
taken during the first day of each quiet period (i.e. early-time
refilling) from those taken on the second day as well as those
taken on the third day. Table 2 shows that very few quiet pe-
riods last longer than three days, while looking at later times
does not prove statistically meaningful.

Figure 7 shows the 75th percentile of the density measure-
ments on these three days (collected in bins of 30 min, as
before). Here, however, we do not restrict the density to be
greater than 10 cm−3, because this density is rarely observed
on the first day (and is also rare in the post-midnight sector
on later days – which suggests that this local time sector has
saturated by the second day of quiet). For most times, how-

ever, the density continues to increase through the third quiet
day (and probably beyond, although there is not enough data
to state this conclusively).

Also shown in Fig. 7 are least-squares best fits of MSKPM
predictions using various values ofη. Because the amplitude
of the observed diurnal density variation increases with time,
a comparison with Fig. 5 suggests that the value ofη should
increase with time. The first day best fit results in the lowest
valueη = 0.05, but the second day comparison results in a
larger value (η = 0.12) than the third day (η = 0.08). The
fact thatη does not increase monotonically is due to the shape
of the observations from the third day: the best fit agrees well
in the dusk sector, but not very well post-midnight. A simple
modification to the fitting procedure will change this: forcing
only the amplitude to match results in a best fit for the third
day ofη ≈ 0.25. Also, the scatter in the observations (even
after binning in local time) makes the comparison nontrivial,
but the trend is clear –η increases each day.

On the other hand, pitch-angle anisotropy is rarely ob-
served by the LANL satellites, when the cold ion density
becomes larger than 10 cm−3. However, there are occasions
when field-aligned warm and isotropic cold populations co-
exist (Moldwin et al., 1995). These observations do not seem
to be consistent with the physical requirement that the newly
upflowing plasma from the topside ionosphere each morning
should be anisotropic, even after long periods of quiet, when
the densities are on the order of 30–40 cm−3. This paradox
deserves further study.

6 Conclusion

This study has been an attempt to determine the underlying
local-time structure of the plasmasphere. Because the geo-
magnetic activity is not continuously low for extended peri-
ods, the outer plasmaspheric density rarely reaches a steady
state, and this underlying structure is difficult to determine.
In addition, the diurnal variation of a flux tube’s ionospheric
footpoint means that, even for low activity, the outer plasma-
sphere is in dynamic equilibrium. This dynamic equilibrium
consists of the topside ionosphere refilling the loss cone of
the plasmaspheric flux tubes during the day and emptying
the loss cone at night. Of course, this means thatη will, in
reality, vary with local time, as well as because the pitch-
angle scattering rate between the loss cone and the trapped
population will vary. Here, we are able to look at the secular
increase ofη, and we leave the diurnal variation for future
work. Here, our chosen approach to determine the structure
is a statistical study, focusing on times when the geomagnetic
activity was low for at least two consecutive days.

Two conclusions follow from the measured and predicted
local-time structures in Fig. 6. First, the refilling plasmas-
phere simply mimics the variation of the underlying iono-
sphere. This implies that the coupling between the plasmas-
phere and the topside ionosphere is strong, and confirms that
the ballistic time scale for ionospheric particles to populate
the equatorial region is on the order of one hour. However,
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the fact that the maximum value ofη is on the order of 0.25
implies that the scattering time scale is much longer.

Second, the geosynchronous plasmasphere is rarely, if
ever, completely saturated and full of plasma. From a ki-
netic point of view, the processes that scatter particles from
the loss cone occur slowly, and it takes the trapped region
several days (Lemaire, 1989) rather than several hours (while
the footpoint is in sunlight) to be populated. Of course, on
lower L-shells the loss cone is larger, a large density exists at
the field line apex due to the presence of ballistic and passing
particles, and the time scale for scattering into the trapped
region is shorter. This implies that the lower L-shells should
exhibit a weaker local-time density variation. This prediction
is currently being investigated using both data from the EUV
instrument on the IMAGE satellite, as well as ULF resonance
techniques.
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