JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 97, NO. A2, PAGES 1097-1108, FEBRUARY 1, 1992

An ISEE/Whistler Model of Equatorial Electron Density
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An empirical model of equatorial electron density in the magnetosphere has been developed, covering the
range 2.25 < L < 8. Although the model is primarily intended for application to the local time interval ~00-15
MLT and to situations in which global magnetic conditions have been slowly varying or relatively steady in
the preceding ~20 hours, a way to extend the model to the 15-24 MLT period is also described. The principal
data sources for the model were (1) electron density profiles deduced from sweep frequency receiver (SFR)
radio measurements made along near-equatorial ISEE 1 satellite orbits and (2) previously published results
from whistlers. The model describes, in piecewise fashion, the “saturated” plasmasphere, the region of steep
plasmapause gradients, and the plasma trough. Within the plasmasphere the model profile can be expressed as
logne = Zz;, where 21 = —0.3145L+3.9043 is the principal or “reference” term, and additional terms account
for (1) a solar cycle variation with a peak at solar maximum, (2) an annual variation with a December maximum,
and (3) a semiannual variation with equinoctial maxima. The location of the inner edge of the plasmapause
(outer limit of the plasmasphere) Lyp; is specified, with some qualifications, as Lpye = 5.6 ~0.46Kp, .., where
Kpgax is the maximum Kp value in the preceding 24 hours. The plasmapause density profile is described as
logne =logne(Lpp) — (L — Lppi)/App, where App is the scale width of the plasmapause, or distance in
L value over which the density drops by an order of magnitude. For modeling purposes, App is suggested
to be ~0.1 (~600 km) at night and to increase across the dayside, but values no greater than ~ App=0.025
(~150 km), the limiting spatial resolution of the ISEE SFR, have been observed. The inner part of the plasma
trough, prior to significant refilling, is described as ne = re(Lppo) X (L/Lppo)—*>, where Lppo is the outer
limit of the plasmapause segment. The model includes the effects of a factor-of-order ~5 diumal variation in
electron density in the plasma trough region, as well as a relatively abrupt transition near dusk from day to
night trough levels. It also includes an approach at large L values to a limiting low density of ~1 el cm™—3. (It
is possible that the trough levels in the model are a factor of 5-10 higher than trough levels in some nightside
regions during the early phases of substorms.) ISEE data indicate that for those profiles on which one or more
plasmapause decreases can be identified, the mean radius of the innermost plasmapause varies only slightly
with magnetic local time, exhibiting a slight bulge near 18 MLT (dusk/dawn difference ALp,, of order 0.5).
This is apparently due to the strong influence of the nightside plasmapause formation process, the effects of
which are felt over much of the dayside following delays associated with the Earth’s rotation. Structured
regions of dense plasma of plasmaspheric origin are known to appear in the afternoon-evening sector at radii
larger than those of the “main” plasmasphere. These are believed to be the more extended and/or outlying
features of the plasmasphere bulge that have previously been reported; they are not represented by the present
model.

1. INTRODUCTION

This is a progress report on the development of an empirical
model of equatorial electron density in the magnetosphere. Such
a model is needed in studies of propagation and wave-particle in-
teraction phenomena and of the physics of the coupling between
the ionosphere and overlying regions. Useful theoretical and em-
pirical models of total plasmasphere density have been developed
in recent years [e.g., Chiu et al., 1979; Park et al., 1978; Gal-
lagher and Craven, 1988], but only limited attempts have been
made to model the plasmapause and plasma trough regions [e.g.,
Moore et al., 1987]. In the present work we consider the L range
2 < L < 8, thus covering the plasmasphere at L >~2 (typical
plasmapause locations) and major portions of the region beyond.

The work draws upon two large, complementary data sets: the
ISEE 1 electron density data acquired over a multiyear period
along orbits near the magnetic equator, and whistler data acquired
during various intervals since 1957. Comparisons between ISEE
1 in situ electron density measurements and the whistler probing
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technique have shown good agreement in case studies involving
rendezvous situations [Carpenter et al., 1981].

In the case of ISEE 1, the data consist of values of electron
density scaled at ~32-s intervals from information on either the
local upper hybrid resonance (UHR) or the local plasma frequency,
in the manner described by Mosier et al. [1973] and Gurnett et
al. [1979].

Figure 1 shows examples of ISEE 1 profiles acquired on four
outbound dayside passes during 1983. The successive profiles
for days 215, 217, and 219 (orbital period ~57 hours) illustrate
a transition from a profile containing a well-defined plasmapause
at I, ~3 (day 215) to an extended and apparently high-density
plasmasphere on day 219. Five days later, on day 224, follow-
ing renewed disturbance activity, a well-defined plasmapause was
again indicated.

In the case of whistlers, most of the data sources are pub-
lished reports based upon the application of standard analysis
methods [e.g., Park, 1972] to cases in which the time of the
whistler-causing radio atmospheric could be directly identified on

" the records. Figure 2 shows an example of whistler data recorded

over a 7.5-year period from 1957 through 1964 [Park et al., 1978].
The quantity illustrated is proportional to whistler travel time at 5
kHz on paths near L=2.5. As such it provides a measure of tem-
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Fig. 1. Four ISEE electron density profiles illustrating a recovery sequence beginning with a well-defined plasmapause near
L=3 and ending with an extended, dense plasmasphere (days 215, 217, 219). Following renewed disturbance, a well-defined
plasmapause was again established near L=3 (day 224). These were outbound passes in the period August 3-12, 1983, in a

typical case spanning several hours from postdawn to postnoon.
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Fig. 2. Whistler data illustrating secular changes in magnetospheric electron density near L=2.5. Annual and solar cycle
variations are particularly clear. The quantity plotted, Ds=70.7ts, is a measure of whistler travel time at 5 kHz. As such it
is approximately proportional to the equatorial plasma frequency at L=2.5 and hence to n.}/2. The recordings were made at
Stanford University (~110°W). Adapted from Park et al. [1978).

poral variations in equatorial plasma frequency and hence n.!/2,
where n. is electron density. The data show both a year-to-year
decrease in n. as the yearly average sunspot number declined
from 190 in 1958 to 10 in 1964, as well as a persistent annual
variation with peak near December and minimum near June.

ISEE 1 sweep frequency receiver (SFR) data and whistler data
complement one another in several important respects. ISEE sam-
pled the density along its orbit every 32 s and hence was partic-
ularly useful for studying the shape of the density profile within
the plasmasphere, plasmapause, and trough regions, as well as ir-
regularities with scale size greater than the ~150-km spatial SFR
sampling interval. On the other hand, whistlers and magneto-
spherically propagating VLF transmitter signals have been used to
study particular magnetospheric regions for hours, days, or years
at a time and hence are particularly valuable for investigation of
temporal changes.

Because of temporal variations in electron concentration that oc-
cur in essentially all magnetospheric regions (for example, those

illustrated in Figure 1) it was decided to begin the modeling with
estimates of three features, the “saturated,” or quiet-time plasma-
sphere profile, the plasma trough profile, and the plasmapause.
When described over a wide L range, the first two represent up-
per and lower bounds between which most observed profiles are
expected to fall. The saturated plasmasphere, illustrated in Fig-
ure 1 by profile 219 and the portion of profile 217 at L <5, is
of interest because it represents either (1) a condition of 24-hour
equilibrium with regard to ionosphere/magnetosphere interchange
fluxes or (2) an advanced state of plasmasphere refilling by those
fluxes.

Geomagnetic-storm-associated changes in the electron density
profile of a saturated plasmasphere usually consist of (1) decreases
by factors of up to 3 at locations within the outer plasmasphere
[Park and Carpenter, 1970; Smith and Clilverd, 1991} and (2)
decreases by factors of up to two orders of magnitude at locations
beyond any newly formed plasmapause, such that the affected
region becomes part of the plasma trough. Both types of density
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decrease tend to occur beyond some L shell, the value of which
depends upon the intensity of the disturbance activity. Thus in the
outer plasmasphere, the saturated profile tends to lie above any
empirical plasmasphere profile that is obtained from averaging
data acquired under a wide range of magnetospheric conditions. In
spite of this difference, the levels corresponding to the saturation
condition are expected to be well defined in any large data set
such as that from ISEE 1. At low L shells, a quasi-equilibrium
with the ionosphere, and hence saturation, is achieved relatively
quickly after a disturbance, while at higher L, saturation levels
tend to be well defined in a data set that is extensive enough to
cover the later stages of quiet periods. At such times the daily
increments in flux tube electron content tend to be constant or
declining [Park, 1974] and thus give rise to progressively smaller
fractional changes in the total content.

The plasma trough as we define it represents the low-density
outer region as it is first observed at various local times following
disturbance, and hence prior to significant recovery. It therefore
represents conditions near the beginning of a disturbed period, in
contrast to the saturated plasmasphere, which (particularly at high
L values) tends to represent conditions near the end. The trough
is exemplified in Figure 1 by the portions of profiles 215 and 224
between L ~3.3 and 7.5.

The density gradients at the plasmapause (dlogne/dL at the
equator) were expected to be steepest and hence most readily iden-
tified in the hours following a sustained increase in disturbance
activity. This expectation, while consistent with certain theoreti-
cal ideas about the plasmapause [e.g., Richmond, 1973; Lemaire,
1975, 1985], was primarily based upon experience with whistler
data [Carpenter, 1966; Carpenter and Park, 1973] and with satel-
lite records [e.g., Carpenter et al., 1968; Chappell et al., 1970q;
Corcuff et al., 1972; Gringauz and Bezrukikh, 1976; Horwitz,
1983].

The plasmapause radius as a function of MLT was not expected
to be easy to model. Early in a disturbed period, the instantaneous
configuration of the plasmasphere should be difficult to predict,
being heavily dependent upon the initial plasmasphere shape and
upon the spatial and temporal distributions of convection activity.
At later stages, predictions should be easier, to the extent that the
plasmasphere configuration is predominantly an integral measure
of the preceding convection activity and not the result of insta-
bilities acting in concert with convection, as Lemaire [1975] has
suggested. During such later periods the influence of the start-
ing topology should become less important, and the effects of the
spatial and temporal structure in the convection fields should be
reduced due to integration along the trajectories of plasma ele-
ments.

An initial survey of individually plotted ISEE 1 profiles re-
vealed much large-scale structure beyond the innermost identi-
fiable plasmapause in the ~15-24 MLT sector. This was not
surprising, in view of earlier work on the duskside bulge phe-
nomenon [Carpenter, 1966, 1970; Higel and Wu, 1984] and on
outlying dense plasma structures in the afternoon-evening sector
[Chappell et al., 1971; Chappell, 1974; Taylor et al., 1970]. Thus
it was decided to develop an initial model that would be primarily
applicable to the period ~00-15 MLT and to discuss extension of
the model to the 15-24 MLT range in a special section.

2. DEVELOPMENT OF AN EQUATORIAL
ELECTRON DENSITY MODEL

A visual survey was made of plots of logn. versus L that rep-
resent several hundred inbound and outbound passes in the period
from the ISEE 1 launch in 1977 through the end of 1983. These
plots had earlier been prepared under the supervision of one of us
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(R.A.) for purposes of documenting plasma distributions at mag-
netic latitudes less than ~45°. For purposes of studying density
levels, a subset of the profiles or profile segments was selected
for which the magnetic latitudes were less than ~30°. Most of
these cases were from 1977, 1982, and 1983. For purposes of es-
timating plasmapause locations, all of the available profiles were
used. As a practical matter, only those segments of a profile
along which the number density dropped by a factor of 5 or more
within AL <0.5 were considered as candidates for identification
as a plasmapause.

The ISEE electron density data were not adjusted downward to
account for expected differences between actual off-equatorial ob-
serving positions and the equator. Within the plasmasphere, most
such adjustments would be less than ~20%, and in the plasma
trough less than ~30%. The estimated effect of full corrections
on the plasmasphere portion of our model would be a downward
revision of the profile by less than 10% without an appreciable
change in the profile slope. In the wough region, any changes
would be small compared to the variations from orbit to orbit and
to the observed diurnal variation.

The Saturated Plasmasphere: General Properties

Candidate profiles for the saturated plasmasphere were selected
as those with data coverage at I <3 and with electron densities at
L=3 that were not more than a factor of ~1.5 below 1000 el cm™3 ,
a level found from previous whistler research [e.g., Park et al.,
1978] to characterize the relatively quiet plasmasphere. A portion
of each profile was then accepted extending from the low-L limit
of the profile to the first point beyond which the profile became
irregular or exhibited a steepened negative slope. Although vari-
ously subjective, these criteria sexrved to eliminate from considera-
tion many entire profiles and segments of profiles that represented
intermediate states of recovery from initial plasma trough levels.
Many other profile segments not selected represented the outer
plasmasphere, either in a state of irregularity or in a condition of
widespread storm time depletion by a factor of up to 2 or 3 from
the saturation level.

A total of 25 profile segments were thus found for dayside
hours ~09-15 MLT, 5 for nightside hours 00-05 MLT, and 10 for
the dawn sector, 05-09 MLT. Of the 25 dayside profiles, 10 rep-
resented cases in which the plasmapause L value, denoted Ly,
was less than 4; four represented the range 4< Lyp; <5; and 11
represented Lpp; >5 (if Lpp; was identifiable at all within the L
range of the data).

Figure 3 shows a plot of the 11 ISEE 1 dayside profile seg-
ments which extended beyond L=5. These profiles tended to be
representative of very quiet magnetic conditions and appeared to
be well approximated by a linear relation between logn. and L.
For purposes of obtaining a preliminary curve fit, values of all the
25 dayside profiles were recorded at intervals of 0.5 in L. Fig-
ure 4a shows a plot of the values, which were necessarily most
numerous at lower L values because of the varying outer limits
to which the profile segments extended. The best least squares
linear fit to these data is indicated by a line. The expression for
this line is

—0.3145L+3.
ne = 10(03145L+3.9043)

@
3

where n. is expressed in el cm™°. As expected, the slope of
the line, dlogne/dL = —0.3145, is more gradual than values
such as —0.359 deduced by Park et al. [1978] from a month
of plasmasphere whistler data that were acquired under a wide
range of magnetospheric condtions, and which therefore included
the above noted effects of disturbance-associated decreases in the
outer plasmasphere.
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Fig. 3. ISEE profiles illustrating “saturation” conditions in the plasmasphere during the day side hours 09-15 MLT. In each of
the 11 cases illustrated, the plasmapause, if identifiable, was beyond L=5. Only profile portions interior to the plasmapause are

shown.

The Saturated Plasmasphere: Diurnal Variations

Evidence of a diurnal variation in plasmasphere electron den-
sity at L=3 with a postmidnight minimum, an afternoon maxi-
mum, and a range of £10 — 15% around the 24-hour average was
reported from whistlers by Park et al. [1978]. They found that
beyond L=3, diurnal effects could not be identified because of
the large day-to-day variations associated with magnetic storms
and substorms. However, they expected such changes to be small
because of the large values of flux tube electron content associ-
ated with that part of the plasmasphere. Recent time-dependent
modeling shows that the H* density of the plasmasphere should
be relatively independent of local time for L somewhat greater
than 2 [Rasmussen and Schunk, 1990]. However, as L decreases
below L ~2.5, the tube content drops rapidly, and a given upward
flux from the ionosphere may be expected to have a larger effect
(as in the case of the low-content plasma trough region). From
study of the group delay of VLF transmitter signals propagating
near L=2.5 at 75°W, Clilverd et al. [1991] have reported ratios
varying up to ~1.5:1, depending upon season, between electron
densities near dusk and near dawn.

In the present study, the data were insufficient for identification
of dinrnal variations at L <2.5 or for estimates of the smaller
diurnal variations to be expected at L >2.5. Comparisons of the
night, dawn, and dayside data as well as of the dayside data for
various Lyp; did not reveal notable departures from the behavior
of the total dayside data set indicated in Figure 4a. Thus we
propose to use the line shown as a preliminary estimate of the
saturated plasmasphere throughout the 00-15 MLT period, with the
expectation that diurnal variations will be included in the model
when more statistical data on them have been assembled.

The Saturated Plasmasphere: Annual, Semiannual, and Solar
Cycle Effects

Secular variations that should be added to the model include
the annual, semiannual, and solar cycle variations that have been
reported from whistler studies. Each of these varations is in need
of improved documentation as a function of L value, and the an-

nual variation, while relatively well measured near the meridians
of the United States [Park et al., 1978; Clilverd et al., 1991],
is in need of study on a worldwide basis. It is convenient to
use the following expression as a means of incorporating secular
variations in the model:

ne(L,d, B) = 10, @

where d refers to the day number; R is the 13-month average
sunspot number; #=1 represents the present ISEE 1/whistler “ref-
erence” profile and i=2, 3, and 4 represent perturbation terms as-
sociated with the annual, semiannual, and solar cycle variations,
respectively.

The annual variation has been found to be largest within the in-
ner plasmasphere, with a maximum to minimum ratio of 2 or more
near L=2.5 [Park et al., 1978; Clilverd et al., 1991]. Although
early whistler measurements indicated that the variation has the
same phase and approximate amplitude over a ~180° range of
longitudes near solar maximum [Helliwell, 1961; Bouriot et al.,
1967], there are also indications that the amplitude may be smaller
at longitudes away from the 75°W meridian [Park et al., 1978].
Clilverd et al. [1991] have used extensive data on VLF transmitter
group delays at L ~2.5 measured at Faraday, Antarctica, to con-
firm the large amplitude of the annual variation near 75°W and
have argued persuasively that the variation is concentrated near
that meridian, due to locally unique factors affecting densities in
the conjugate ionospheres. We recognize that proper description
of the annual variation may require specification of longitude, but
for present purposes, simply take the December-to-June ratio at
L ~2.5 to be 1.6, smaller than the maximum value observed, and
propose the following term for the annual variation:

o))
z2=0.15ws(%)e_ 15, 3

where the multiplicative exponential factor reflects the noted am-
plitude falloff with increasing L.

A semiannual variation with equinoctial maxima was noted by
Carpenter [1962] and reported by Bouriot et al. [1967]. Its
presence is suggested in the whistler data of Figure 2 by the
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Fig. 4. (a) Plot at intervals of 0.5 in L of data from all 25 of the selected ISEE dayside (09-15 MLT) saturated plasmasphere
profiles. The line shows a best least squares linear fit to the data. This is our “reference” profile; following comparison with
nightside profiles, it has been taken to represent the saturated plasmasphere in the local time range 00-15 MLT. It is intended
to represent an average over the year and sunspot numbers of ~50 (pertinent to the ISEE data used) and does not include the
diumal effects that are expected to become important at L < 2.5. (b) Plot of the reference profile in Figure 4a and of the full
expression for the model under conditions of maximum and minimum expected density levels. The upper curve represents the
saturated plasmasphere profile at sunspot maximum (R=165) and at one of the peaks of the combined annual and semiannual
variations (upper curve), while the lower curve represents sunspot minimum (R=15) and the June-July minimum of the annual

and semiannual variations.

comparative narrowness of the June minima. Behavior broadly

consistent with the envelope of the whistler time series is obtained

by including in the expression for n. a semiannual variation with

amplitude half that of the annual term and with opposite phase,
ie.,

z3 = —0.075 cos(w)e_ 32 . @

365

Whistler studies [Carpenter, 1962; Bouriot et al., 1967; Park

et al., 1978] suggest that at L ~2, the ratio of density at high

sunspot number to that at solar minimum is ~1.5. We postulate a

reduced amplitude of ~1.2-1.3 at =3, as suggested by the data

of Park et al. [1978]. The following term is then proposed:

z4 = (0.00127R — 0.0635) ™ 2 6)
where R is the 13-month average sunspot number and the same
exponential used in (3) provides the L variation.

Figure 4b is a plot of the expressions for the reference profile
(1) and also two examples of the full expression (2). The upper
density profile represents a combination of the effects of high so-
lar activity, R=165, and the late February peak of the combined
annual and semiannual variations, while the lower profile repre-
sents a combination of very quiet solar conditions, R=15, and the
June-July minimum of the annual and semiannual variations.
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The Plasma Trough: General Features

Profile segments representing the plasma trough were selected
as those which began just beyond a well-defined plasmapause and
were largely free of irregular structure other than that imposed on
the data by sampling and scaling limitations (ordinarily + ~20-
30%). A few profiles were accepted which contained narrow
(AL <0.3) factor-of-~2 fluctuations that occupied only a small
fraction of the profile L range. In a few cases the trough extended
to the low-L limits of the scaled data, so that the plasmapause
was not identifiable, but in all cases the density levels beyond
L=3 were a factor of 5 or more below the saturated plasmasphere
levels on the dayside and a factor of 10 or more below on the
nightside. Figure 5a shows seven nighttime (00-05 MLT) trough
segments and Figure 5b eight daytime (09-15 MLT) segments; in
both cases the segments were chosen because of their definition

ISEE 1: NIGHTSIDE P
104 —
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over comparatively wide L ranges. In part due to the selection
criteria imposed, there was only a factor of ~3 spread in the
profile density values at particular L values.

It was expected that the trough profiles would vary roughly as
L™4, in view of evidence from whistlers that flux tube electron
content beyond the dayside plasmapause tends to be roughly con-
stant with L [e.g., Angerami and Carpenter, 1966] and in view of
the roughly L* variation in flux tube volume. The slopes of the
ISEE trough profiles were then studied by means of a transparent
overlay on which curves ne=CL~? were plotted for values of 3
at intervals of 0.5. It was found that indeed, in contrast to the
saturated plasmasphere beyond L ~2.5, the trough profiles ex-
hibited changes in d log ne/dL with L value. Nineteen of the 33
profiles were found to be best fit by the L3 curve at I < 6 and
within ~1-2 Rg of the plasmapause. Twenty-seven of 33 were
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Fig. 5. ISEE plasma trough profiles, illustrating day-night differences in density level. (a) Seven profiles representing the
nightside (00-05 MLT) plasma trough. The dashed line is the plasma trough model for 07 MLT. (b). Eight profiles representing
the dayside (09-15 MLT) plasma trough. The dashed line of Figure Sa is repeated.
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best fit for 4< 8 <5 (the distribution was skewed toward values
of B < 4.5). The profiles tended to decay less steeply beyond
L=6, and in the cases of those defined beyond L=6 (mostly for
the dayside), approached a constant value near 1 el cm 3 beyond
L=8. Thus it was decided to approximate the trough profile with a
variation as L ™43, Plus a term that would provide for an approach
to a constant value beyond L=8.

The Plasma Trough: Diurnal Variation

Apparently because of upward flow from the ionosphere into
depleted flux tubes, the trough region, like the plasmasphere near
L=2, exhibits readily detectable day/night differences in density
[e.g., Angerami and Carpenter, 1966; Park, 1970; Chappell et
al., 1970b; Higel and Wu, 1984]. These differences are evident
in a comparison of Figures 5e (00-05 MLT) and 5b (09-15 MLT).
They contain a common reference curve, which varies as L4
and is intended to represent conditions near 07 MLT.

The diurnal variation for 00-15 MLT was estimated by first
assigning the 11 nightside profiles to the time 02 MLT (based
on an average of their local time coverages), the seven dawnside
segments to 07 MLT, and the 15 dayside segments to 12 MLT. Two
linear variations in the scale level of the trough profiles with time
were assumed, a slower one across the nightside to 06 MLT and a
faster one for the period from 06 MLT onward. The parameters of
the linear variation were then determined from averages at L=4,
4.5, 5, and 5.5 of the night, dawn, and day segments,

The corresponding plasma trough model expressions are as fol-
lows:

L -2
ne = (5800 +3006)L 45 + (1 — e_LTO_!), 00 < t < 06 MLT
(6)

(L=2)
ne = (—800 + 14006)L~* + (1 —e~" 10 ),06 < ¢ < 15 MLT

where the small second term is intended to approximate the de-
crease in decay rate and approach to a constant value beyond
L = 6. Evaluated at [=6.6, these expressions are in good agree-
ment with the data reported from the relaxation sounder on GEOS
2 by Higel and Wu [1984]. Their relation to the ISEE data was
checked by multiplying all the data for a given profile segment by
(L /5)‘4' (so as to refer the data to L=5, on the assumption of
L4 behavior). Assuming that the distribution of profile scale
levels at any particular local time would be skewed in the re-
covery (higher density) direction, we calculated the medians and
estimated the standard errors of the medians [Sachs, 1984] for the
29 night, 24 dawn, and 43 dayside density values. These were,
respectively, 4.8 +0.3, 6.9+0.5, and 11.14+0.6 el cm™3. The
model gave corresponding values of 4.8, 6.7, and 11.7 el cm™3,
respectively, in excellent agreement. This agreement may also be
judged by comparing the model trough segments (plotted in Fig-
ure 10) with the trough profiles for the corresponding magnetic
local times in Figure 5.

The amount of ISEE data examined thus far is insufficient for
identifying possible secular changes in the plasma trough, such as
the annual and solar cycle variations. Since whistler data on these
effects are only available for the plasmasphere, attempts should be
made to estimate the trough variations when it becomes possible
to scale a larger amount of the ISEE data for electron density
information.

The Plasmapause: L Value versus MLT and Magnetic Activity

The location and profile of the plasmapause must be known
if we wish to model a profile containing both plasmasphere and
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plasma trough segments, as in the cases of days 215 and 224 in
Figure 1. Among the 1977-1983 ISEE profile plots, 208 were
found in which a plasmapause could be identified according to
the criterion that a drop by a factor of 5 or more occurs within
AL=0.5. The L value of the plasmapause, Lyp;, was in each
case determined as the L value of the last measured point prior
to a steep plasmapause falloff. In most cases, this point could be
chosen to within § , <0.05 with the aid of a profile plot. When
multiple plasmapause effects could be identified, as in the dusk
sector, only the innermost one was scaled.

Figure 6 provides a plot of the values of Lpp; versus a measure
of preceding disturbance activity for the period 00-15 MLT. In this
case we have used the maximum value of Kp in the preceding 24
hours, although in the case of periods centered at 09, 12 and 15,
respectively, we have ignored the Kp values for one, two or three
immediately preceding 3-hour periods to account for observed
delays in the dayside response to enhanced convection activity
[Chappell et al., 1971; Décréau et al., 1982]. A least squares
linear fit to the data is indicated in Figure 7. It represents the
relation

Lppi = 5.6 — 0.46Kp s Q)

and is virtually identical to the relationship deduced some years
ago by Carpenter and Park [1973] from whistlers recorded in the
postmidnight sector.

ISEE 1: PLASMAPAUSE LOCATION
00-15 MLT

Lpp
"H W Fl

i

S

0 2 4 6 8
Kp (max. In preceding 24 hr)

Fig. 6. ISEE data, mostly from 1977, 1982, and 1983, on Lyp;, the inner
edge of the plasmapause, versus the maximum Kp value in the preceding
24 hours. The period 00-15 MLT is represented. In the case of 3-hour
periods centered on 09, 12, and 15 MLT, respectively, the Kp values for
one, two, or three immediately preceding 3-hour periods were ignored (for
purposes of identifying Kpmax) in order to account for observed delays in
the dayside response to enhanced convection. A least squares linear fit to
the data is indicated.

It was found that the relationships indicated in Figure 6 did
not change significantly when the data were separated according
to night, day, and dawn sector values. The point seems to be
that irrespective of the nature of the process controlling the estab-
lishment of a plasmapause in the nightside profile, the nightside
position tends to be communicated within 24 hours to much of
the dayside and with differences in Lyy; of only ~0.5.

Figure 7a is a plot in coordinates of L versus MLT of all of the
scaled values of Lpp;. All the levels of magnetic activity reflected
in Figure 6 are therefore represented. The distribution in MLT is
relatively uniform, except for limited periods near 0030 and 1530
MLT. Figure 7b represents an attempt to smooth the data of Figure
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Lpp vs. MLT
12:00

00:00

AVERAGED Lpp vs. MLT
12:00

00:00

Fig. 7. (a) The ISEE data on plasmapause L value plotted versus MLT.
In this case, data from all local times were used. (b) Result of applying a
2-hour running mean at 15 min intervals to the data of Figure 7a.

7a by calculating the 2-hour running mean of Lyp; centered at
intervals spaced by 15 min. Thus it provides an indication of
typical plasmapause locations for periods when the criterion for
plasmapause identification is met, that is, when enough time has
passed since the beginning of a plasmapause-forming convection
episode for a well-defined plasmapause to appear locally (of order
10 hours for late afternoon-dusk). The results are at first glance
surprising; instead of an extended duskside plasmapause radius,
we find a distribution that is nearly circular. Typical values of Lyp
near dawn are ~3.5 and at dusk only ~4. Where is the bulge?
The lack of extended plasmapause radii in the dusk sector in
Figure 7b is partly the result of our selection, in each case, of
the innermost (lowest-L) region of density gradients that quali-
fied as a plasmapause. The bulge effects that have been reported
thus far [e.g., Carpenter, 1966, 1970; Chappell et al., 1970b; Tay-
lor et al., 1970; Maynard and Chen, 1975; Corcuff and Corcuff,
1982] suggest that the entrainment of dense plasma during a surge
in convection activity is such that when quieting begins, sizable
(e.g., ~1-3 Rp along satellite orbits) patches of dense plasma
tend to remain in the afternoon-evening magnetosphere. As the
Earth’s corotation field then begins to dominate plasma flow at
L values characteristic of the newly formed plasmapause on the
nightside, the main plasmasphere starts to become roughly cir-
cular and to drag with it, in spiral fashion, the inner parts of the
plasma previously entrained sunward. In such a simplified picture,
the radial density profile near dusk may be expected to exhibit an

CARPENTER AND ANDERSON: EQUATORIAL ELECTRON DENSITY MODEL

inner plasmapause at L values near those characteristic of the
dayside plasmasphere, as well as outlying dense feature(s) that
may have plasmapauselike boundaries. In fact, DE 1 thermal jon
density profiles in the dusk sector regularly exhibit such behavior,
according to Horwitz et al. [1990]. Electron density profiles with
such features have been observed by ourselves in many examples
of ISEE profiles from the dusk sector, and what appears to be
the dragging effect during quieting has been reported from polar
satellite data by Taylor et al. [1971] and from whistlers by Ho
and Carpenter [1976].

Figure 7b also fails to show the noon-midnight asymmetry in
plasmasphere radius, involving a larger dayside radius, reported
from Prognoz and Prognoz 2 by Gringauz and Bezrukikh [1976].
This asymmetry, reported as an L difference in plasmapause lo-
cation of ~1.6 during quiet and moderately disturbed conditions,
was found to decrease with increasing magnetic activity. Its lack
of appearance in Figure 7b is attributed in part to our empha-
sis upon a particular profile steepness critierion for identifying
a plasmapause position; our results appear to favor dayside ob-
servations made in the aftermath of plasmapause formation on
the nightside. We believe that plasmasphere topology is more
complex than many available descriptions would suggest (see, for
example, the case studies by Corcuff and Corcuff [1982]) and
can only be properly understood through empirical and modeling
studies of dynamical processes.

The Plasmapause: Electron Density Profile

As a preliminary basis for describing the plasmapause density
profile, 62 “clean” or “smooth” cases were selected from the total
of 208 cases in which a plasmapause had been identified. The cri-
terion for selection was that irregularities not be present within the
region of steep density gradients (the development of a clean, as
opposed to an irregular, plasmapause profile appeared to depend
upon the occurrence of a comparatively fast and smooth buildup
in convection activity, as indicated by the Kp index). Cases were
rejected in which the slope between successive data points re-
versed sign from negative to positive, or in which a “plateau” or
constant level wider than about 150 km (the approximate separa-
tion between successive data points) occurred between plasmas-
phere and trough levels. Figure 8 shows five examples of smooth
plasmapause profiles on an expanded time scale; a sixth example,
case D, exhibits a large irregularity at midlevel in the profile as
well as irregular structure in the outer plasmasphere and in the
nearby trough region.

The parameters of the plasmapause scaled were the inner and
outer L limits Lyp; and Lppo, which determine the total plasma-
pause thickness or width ALy, and the corresponding fractional
density drop Alogn.. From this the scale width App, the dis-
tance in L or in Kkilometers at the equator within which the
electron density varies by a factor of 10, were determined from
App = ALpp /Alogne.

In some cases there was uncertainty in identifying the inner
and outer limiting data points of the plasmapause profile, but the
corresponding uncertainty in the determination of App tended to be
less than ~30%. When obvious, this uncertainty usually occurred
as the result of small-scale ~30-50% structure in the outermost
plasmasphere. In many cases, such as A, B, E, and F in Figure 8,
the limiting points were well-defined, while in some others, such
as case C, a change in the identification of the plasmapause inner
limit, and hence of ALp,, produced a change of similar sign in
Alogne and thus only a small effect on App.

Figure 9a shows the distribution versus MLT of the values of
App in kilometers and Earth radii, while Figure 9b shows the
corresponding distribution of Alog ne. Most of the clean profile
data represent values of Lyy; <5, but inside that limit, as sug-
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ISEE-1 PLASMAPAUSE PROFILE EXAMPLES
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Fig. 8. Five examples of “smooth” plasmapause profiles (A,B,C,EF) from ISEE, presented on an expanded L scale. Individual
data points are connected by straight lines. A sixth case, D, exhibits a large irregularity at midlevel in the profile, as well as
irregular structure in the outer plasmasphere and nearby trough region. The table indicates the magnetic local time as the inner
limit of the plasmapause was crossed, and App represents the scale width of the plasmapause, or distance within which the

electron density dropped by a factor of 10.
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Fig. 9. (a) Distribution versus MLT of plasmapause scale width App
in kilometers and in Earth radii, where App is defined as the distance
within which the density changed by a factor of 10. These data represent
the 62 of the 208 cases of Figure 8 that were identified as “smooth.” (b)
Distribution versus MLT of Alogne, the fractional density drop across
the plasmapause, for the subset of smooth plasmapause profiles.

gested by Figure 8, the steepness of the profiles did not appear to
vary strongly with Lyp; and hence with the intensity of the as-
sociated convection activity, The cases were relatively uniformly
distributed across the nightside but decreased in number across
the dayside, reaching 4 minimum in late afternoon. The occur-
rence of fewer smooth profiles on the dayside is believed to be a
real effect, but the afternoon minimum cannot be assessed with-
out further study of orbital coverage. Most of the App values in
Figure 9a fell in the range 250-1250 km, or less than 0.2 Rg.
Median values in units of Earth radii for the 6-hour MLT inter-
vals, 0-6, 6-12, 12-18, and 18-24 were 0.11, 0.17, 0.17, and 0.11,
respectively. These differences are consistent with reports from
satellites in which the nightside plasmapause gradients were found
to be steeper than those on the dayside [Gringauz and Bezrukikh,
1976; Horwitz, 1983; Nagai et al., 1985].

There were four cases of App < 250 km; two are illustrated
as cases B and F in Figure 8. In these four cases, which were
observed at about 20, 23, 04 and 06 MLT, only an upper limit to
the scale width can be estimated, due to the limited, 32-s (~150
km) resolution of the SFR. On the other hand, the mean profile
slope and hence App were relatively well resolved in cases such
as those of A and E in Figure 8.

The data on Alogn. of Figure 9b show a density variation
from a factor of roughly 15 after midnight to less than 10 in the
afternoon sector. This change, noted in the earlier discussion, is
largely attributed to dayside filling of the plasma trough region.
Median values of Alogn. for the intervals 00-06, 06-12, 12-18,
and 18-24 were 1.18, 1.12, 0.95, and 0.97, respectively.

As a model of the smooth plasmapause profile, we propose a
linear relation in logn, versus L, as in the plasmasphere, i.e.,

(L=Lppi)
ne =ne(Lppi) X 107~ 2pp ®)

where Lyp; is determined from considerations of plasmapause
location, and ne(Lpp;) from relation (2) for the plasmasphere. To
reflect the day/night differences in App, it is suggested that the
day value be twice the night value (for night values of >0.05)
and that typical day and night values be 0.2 and 0.1, respectively.
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(These values are not offered as a statistical measure of the widely
scattered data of Figure 9¢. However, they fall well within the
range of the observations and roughly approximate the median
values noted above.) To simulate the steepest plasmapause profiles
observed from ISEE, with its limiting ~150-km spatial resolution,
the-value App=0.025 may be used for the nightside. The trough
segment of a given profile may now be defined as beginnng at
Lppo, where Lpp, is determined from a simultaneous solution of
(5) and (7).

3. SUMMARY OoF THE MODEL

Definitions: R, 13-month-average sunspot number; Lypi»
plasmapause inner limit; Lppo, plasmapause outer limit; d, day
number.

1. Plasmapause inner limit Lypi, from (6):

Lppi =5.6 — 0.46Kp__, .

where Kpmax is the maximum Kp value in the preceding 24 hours.
Exceptions: for Lyy; in the MLT intervals 06-09, 09-12, and 12-
15, omit one, two, or three immediately preceding Kp values,
respectively, from consideration in determining Kp,,,. -

2. The saturated plasmasphere segment, from (1), (2), (3), and
(4); 2.25< L £ Lypi:

27x(d +9)

logne = (—0.3145L +3.9043) + [0.15(cos 365

— L2
~0.5c0s %) +0.00127F — 0.0635]~ 15
3. The plasmapause segment, from (7); Lpp; < L < Lppo:
(L—=Lypny)

Ne = "c(Lpps') x 10~ U.f ,

00 <t < 06 MLT

(L—Lppi)
ne =ne(Lppi) x 10”7 35-170-“{(‘-555, 06 <t<15MLT
4. The extended plasma trough, from (5); 2.25< L < 8:
ne = (5800 + 300¢)L +(1-—e ), 00<t<06MLT

L=2
ne = (—800 + 1400)L 45 + (1 — e~ 202), 06 <t <15 MLT

5. The plasmapause outer limit Lppo, determined by solving
simultaneously for the plasmapause segment and the extended
plasma trough.

6. The plasma trough segment, from (6); Lppo < L < 8:

L _ _@=2
ne =ne(Lppo) X (m) 454 (1-e )

4. COMMENTS ON THE MODEL AND ITS APPLICATION

The model draws upon two extensive data sources in order to
provide a more extensive and unified picwre of the equatorial
profile than has previously been available. We find the model to
be consistent with previous empirical work, in terms of typical
number density levels in the plasmasphere [e.g., Storey, 1953;
Angerami and Carpenter, 1966; Gringauz and Bezrukikh, 1976;
Park et al, 1978; Corcuff and Corcuff, 1982; Nagai et al., 1985;
Gallagher and Craven, 1988; Horwitz et al., 1990, in the plasma
trough region [e.g., Angerami and Carpenter, 1966; Corcuff and
Corcuff, 1982; Décréau et al., 1982; Higel and Wu, 1984], and
with respect to typical plasmapause radii [e.g., Carpenter, 1966,
1967; Chappell et al., 1970a; Maynard and Grebowsky, 1977;
Décréau et al., 1986].

Under both saturated plasmasphere and plasma trough condi-
tions, the slope of the equatorial profile appears to be dominated
by the physics of plasma interchange with the ionosphere along
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magnetic flux tubes. Under the low-density conditions of the
plasma trough, the density profile, especially its inner part, tends
to vary as L5 or roughly inversely with flux tube volume, and
is thus dominated by the integrated effects of upward fluxes from
the ionosphere that are roughly constant with L (see discussions
by Angerami and Carpenter [1966], Park and Carpenter [1970],
Chappell et al. [1970b], Rasmussen and Schunk [1990] and Mof-
fett [1991]). However, as Figure 10 and Figure 4 show, under
conditions of saturation, the profile, in particular its low-L part,
tends to fall off more gradually than would be expected if the
power law observed in the trough were to persist. The change
from the power law relation to a generally more gradual slope
may be attributed to the change from flux tube content that is
roughly constant with L to flux tube content that increases with
L. The latter condition develops because higher- L, higher-volume
tubes continue to fill after lower-L, lower-volume tubes become
saturated [e.g., Rasmussen and Thomas, 1991].

In its present form the model is limited to a piecewise descrip-
tion of the equatorial electron density profile in the range ~00-15
MLT, as illustrated in Figure 10. Among the special features of
the model are the identification of the “saturated” plasmasphere
profile; inclusion of solar cycle, annual, and semiannual variations
in the plasmasphere; quantitative estimates of density gradients at
the plasmapause; and identification of the radial and diumnal den-
sity variations in the inner part of the trough region.

The model is idealized in that irregularities other than the
plasmapause itself are not included and in the fact that the plasma-
sphere segment of the model represents a condition of substantial
recovery, while the rough segment represents conditons prior to
substantial recovery. Real profiles representing such conditions
do exist following relatively large and abrupt increases in distur-
bance levels, as illustrated by the profiles for days 215 and 224
of 1983 in Figure 1.

The circumstances of most ISEE 1 and whistler observations
have not yet permitted systematic study of what may be the earliest
and most deeply depleted conditions of the plasma trough. The
trough levels observed at particular local times are remarkably
repeatable in the ISEE data but may represent a multihour stage
of refilling that follows a much shorter and hence observationally
elusive transient refilling period during which there is a rapid
initial buildup from largely unobserved lower “starting” levels,
The existence of lower-density levels, in the range ~0.1-1 el cm™>
in the premidnight sector at synchronous orbit, was suggested by
Higel and Wu [1984] in their study of GEOS 2 data from the
bulge region.

The predictive capability of the model should be best in terms
of density levels in the plasmasphere late in recovery and in the
trough in the early stages of recovery. The plasmapause location
and density profile are more complex (and still not well known)
functions of preceding activity, and while predictable in an average
sense, require due caution in particular cases. For example, a well-
defined plasmapause on the dayside at values of Lyp; near those
prevailing at night tends to appear only after an initial multihour
time lag with respect to the nightside plasmapause development.

Although the model was not developed for application to the
15-24 MLT sector, it may be extended to that region for certain
limited purposes and with a number of caveats. Plasmasphere
levels should be roughly the same as for the 00-15 MLT period.
Valves of Lyp; may be chosen somewhat larger than predicted by
(7), as suggested by the smoothed data of Figure 7b. The day-
side increases with time in plasmapause scale width and plasma
trough scale density indicated above may be continued to ~20
MLT, where a transition to nighttime conditions should be im-
posed. The transition might consist of a linear variation of rele-
vant quantities between 19 and 20 MLT at all L values, or possibly
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Fig. 10. Ilustration on a piecewise basis of the density model. The plasmasphere segment repeats the “reference” profile of
Figure S5a. The night trough segment represents 02 MLT, and the day trough segment 12 MLT. The nightside and’ dayside
plasmapause values were arbitrarily chosen as L=4 and 4.5, for convenience in illustration. The nightside plasmapause scale
width was taken to be 0.1L. The dayside value represents 12 MLT and is 0.166L (see the summary of the model).

of discontinuous changes along some curve in local time-L space.
That curve might begin at ~19 MLT at the plasmapause and move
to earlier magnetic local times with increasing L.

Under nighttime conditions prior to 24 MLT, the plasmapause
scale width should be the same as the value specified for the
postmidnight period. In this premidnight region the density scale
factor for the trough may increase at the rate of 300 el cm™3
per hour as indicated in (6) but with its minimum immediately
following the “day-night” transition.

5. FURTHER DEVELOPMENTS OF THE MODEL

Planned further developments include model description in
terms of continuous functions, such as those proposed by Gal-
lagher and Craven [1988]. Further refinements will include es-
timates of the profile beyond L=8 and extensions of the basic
model to the 15-24 MLT sector.

Challenging problems lie ahead. There is a need to study and
model the dynamics of the plasmasphere, including the temporal
evolution of the profile from disturbance onset to recovery, the
development of irregular structure at and near the plasmapause,
and the structure, location and motion of outlying cold-plasma
features. The afternoon-dusk sector requires special attention; ob-
servations of plasma structure in the outer plasmasphere or bulge
[e.g. Horwitz et al., 1990; Carpenter et al., this issue], of outlying
high-density plasma regions near synchronous orbit and beyond
[e.g., Chappell, 1974; Corcuff and Corcuff, 1982], and of the ef-
fects of ring current penetration of the plasmasphere [e.g., LaBelle
et al., 1988] all suggest that this sector is one of important but
observationally elusive interaction processes.
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