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Abstract. The global core plasma model (GCPM) provides empirically derived core plasma den-
sity as a function of geomagnetic and solar conditions throughout the inner magnetosphere. It is
continuous in value and gradient and is composed of separate models for the ionosphere, plasma-
sphere, plasmapause, trough, and polar cap. The relative composition of plasmaspheric H*, He*,
and O™ is included in the GCPM. A blunt plasmaspheric bulge and rotation of the bulge with
changing geomagnetic conditions is included. The GCPM is an amalgam of density models in-
tended to serve as a framework for continued improvement as new measurements become available
and are used to characterize core plasma density, composition, and temperature.

1. Introduction

By mass, the magnetosphere is dominated by plasma with ener-
gies below 100 eV. Beginning with the earliest ground-based whis-
tler [Storey, 1953; Pope, 1961; Smith, 1961] and spacecraft [Gringauz
et al., 1960a, b] observations, these core plasmas have been studied
for many years. Plasma wave frequencies, particle heating, and in-
stability growth rates can be strongly influenced by the presence and
concentrations of core plasmas. Spacecraft charging and the result-
ing risk of electric discharge and damage to spacecraft electronics
can also be mitigated by core plasma.

During these many years of study, quantitative analytical models,
based on observations, have been developed for various magneto-
spheric regions. The work by Persoon et al. [1983] is now often used
as a reference for polar cap densities. In the plasmasphere and trough
the recent work by Carpenter and Anderson [1992] can be used.
Core plasma densities in the auroral zone might be obtained from
the observational paper of Rycroft and Thomas [1970], although we
are not aware of a statistically derived model for auroral zone core
plasma densities. At lower altitudes the models incorporated into the
international reference ionosphere (IRI) [Bilitza et al., 1993] are com-
monly used to represent ionospheric densities at low to intermediate
latitudes. Although there has been recent interest in characterizing
ionospheric densities at high latitudes, we are not aware of any new
high-latitude extensions to IRI or other new empirical models for
this region. The work by Rycroft and Jones [1985, 1987] provides a
description of the ionosphere and plasmasphere by joining the IRI
with a diffusive equilibrium model for the plasmasphere.

These models have been developed for the purpose of summariz-
ing observational knowledge about various magnetospheric regions.
The values of typical densities and how they vary with location and
conditions, such as geophysical and solar activity, have wide-
ranging applications. The theoretical modeling of core plasma must
relate to observations for guidance and validation. Our understand-
ing of wave-particle interactions and wave propagation must often
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rely on observationally based typical conditions in regions of inter-
est. Empirical models of magnetospheric conditions also serve as a
vital resource in the engineering design and operation of manmade
spacecraft systems.

This article acknowledges these applications for magnetospheric
core plasma densities by taking the next logical step in the develop-
ment of practical, empirical products for the space science research
and engineering communities through the formation of a global model
for core plasma or the GCPM. The GCPM is an integration of
region-specific models for core plasma density that have been de-
veloped over the years. The objective is to develop an integrated
analytical representation that is continuous in value and derivative.
The GCPM is intended to take advantage of existing models, includ-
ing the IRI at low altitudes, and be able to accommodate future ad-
vances in empirical modeling of magnetospheric systems. On the
basis of the work by Craven et al. [1997], this initial GCPM also
includes estimates for the relative concentrations of H*, He*, and O+
ions in the plasmasphere. Improvement in the description of ion con-
centrations and the inclusion of ion temperatures into the GCPM
can be accommodated in future versions of the GCPM. Improve-
ments in regional density descriptions will also be needed. One such
region is the altitude range between the F, peak and ~6000 km.
Plasma density measurements are available in this altitude range,
but none have yet been used to statistically characterize typical den-
sities in the region. Satellites such as the Defense Meteorological
Satellite Program (DMSP) series, Alouette 1, Alouette 2, Interna-
tional Satellite for Ionospheric Studies (ISIS) 1, and ISIS 2 have
measured plasma densities in this altitude range and are possible
sources for future improvements in the GCPM.

Existing regional models for thermal plasma density do not gen-
erally support their use in a continuous, smooth global model. For
example, Carpenter and Anderson [1992] derive an analytical ex-
pression for trough plasma densities, which consists of the concat-
enation of two linear increases in density with increasing magnetic
local time (MLT) from O to 15 hours. In another example, neither the
plasmaspheric density model of Gallagher et al. [1988] nor that of
Carpenter and Anderson [1992] properly describe the transition of
densities from high altitude into the ionosphere. Where possible, the
present model builds on existing models. Where not possible, we
use satellite measurements and related physical models to sufficiently
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quantify thermal plasma distributions, so that a complete global pic-
ture emerges. Furthermore, with this picture we develop a single,
global framework in which existing and future empirical, regional
models can be placed.

Although the GCPM depends on the geophysical parameter K,
and the solar luminosity, as given by F,, 5, it does not include fea-
tures in magnetospheric density, which result from time-dependent
changes. Researchers intending to reproduce the details of observed
density fluctuations will find it necessary to make use of time-
dependent simulations of the magnetosphere not the GCPM. Em-
pirical characterization of thermal plasma also remains incomplete.
The GCPM depends on physical modeling to bridge the gap in high
topside ionosphere/plasmasphere measurements. Polar cap density
measurements have yet to be quantified in terms of latitude, day-
night ionospheric illumination, or geophysical conditions. However,
we believe that a “critical mass” of measurements and regional models
have been reached for their assimilation into a single global model.
The GCPM is a global model that provides reasonable estimates of
thermal plasma density throughout the inner magnetosphere and over
a range of geophysical conditions. With the GCPM it is hoped that
the empirical description of terrestrial thermal plasma will attain a
level of structure long enjoyed for the magnetic field and for the
ionosphere.

In that context, the authors are engaged in the implementation of
the GCPM in FORTRAN computer code. The code will be made
widely available upon publication of this work.

2. Overview of the Global Core Plasma Model

The GCPM is intended to provide typical total electron densities
and relative concentrations of the major ions for various solar and
geophysical conditions. It is also intended to support improvements
when new regional models become available in the future. The cur-
rent GCPM includes the ionosphere, plasmasphere, magnetospheric
trough, and polar cap. The IRI is used to represent the ionosphere.
Ion densities along auroral field lines are dependent on densities found
in the IRI and on the extension of ionospheric densities to magneto-
spheric altitudes along magnetic field lines. Each region is repre-
sented by analytical functions chosen for simplicity or for the
capability of associating fit coefficients to physical features of the
region. Densities are smoothly varying and available throughout the
volume of the inner magnetosphere. Neither the magnetopause nor
the plasma sheet are explicitly included in the GCPM: at this time,
however, nightside trough densities almost certainly include a near-
Earth plasma sheet contribution. There is no explicit outer boundary
for the GCPM, but practical use of the current GCPM is limited to
the inner magnetospheric region, extending from 90 km out into the
plasmaspheric trough. Dayside use of the GCPM may be reasonable
into the outer magnetosphere. Nightside use is limited to magnetic
field lines, which approximate a dipolar configuration.

A detailed description of the GCPM elements and their deriva-
tion are provided in the sections below. Rather than “wading” through
that detail first, we present here the features and limitations of the
GCPM. Densities are derived as a function of Kp, F 0.7, the annual
mean sunspot number, season, and position. The global K, index is
used to define the location of the plasmapause and bulge and the
magnetospheric trough profile. The solar ultraviolet luminosity
(through F, ), sunspot number, and date/time are used as input
parameters to the IRI, which includes a seasonal dependence. Varia-
tions in IRI polar cap densities are currently allowed to raise and
lower density along those high-latitude field lines, even though IRI
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is not well defined at high latitudes. There is also a slight seasonal
dependence separately included in the plasmaspheric model [Car-
penter and Anderson, 1992].

A sampling of the GCPM is presented graphically in Plate 1. From
top to bottom, the three rows represent planar slices through the model
in the dawn-dusk, noon-midnight, and equatorial planes, respectively.
From left to right, the three columns represent states of inner mag-
netospheric density distribution corresponding to K, equal to 1, 3,
and 5, respectively. Density is color coded, as indicated by the color
bar on the right edge. Dashed lines at radial distances of 2, 4, 6, and
8 R are shown in the equatorial plane slice, along the bottom row.

Many of the GCPM features can be seen in Plate 1. The first to
note in the bottom row is the presence of a blunt plasmaspheric bulge
that rotates sunward and decreases in size with increasing geomag-
netic activity. The blunt profile differs from the classic teardrop pre-
dicted by theory [e.g., Nishida, 1966] and that derived empirically
for steady state geomagnetic conditions [Gallagher et al., 1995]. This
bulge profile corresponds to a statistically derived distribution of
plasmapause locations that will be more typical of the distribution of
core plasma. The models of Nishida [1966] and Gallagher et al.
[1995] describe theoretical and empirical bulge profiles, respectively,
that correspond to the asymptotic conditions of extended steady state
convection conditions. The more blunt plasmaspheric bulge profile
presented here is believed to better represent the typical distribution
of plasma in this region. Also evident in the equatorial images is the
diurnal pattern of magnetospheric trough densities. Trough densities
vary as L4 across L shell (L), increase linearly with MLT starting
predawn, and decrease linearly with MLT starting just before the
bulge centroid [Gallagher et al., 1998]. Plate 1 (top and middle)
shows meridianal slices through the model in the dawn-dusk and
noon-midnight planes, respectively. These plots reveal the changing
shape of plasma distribution with Kp in the plasmasphere, trough,
and polar cap. The dayside polar cap broadens equatorward some-
what with increasing Kp. A shrinking cross section with increasing
K, dominates changes that can be seen in the plasmasphere. A more
detailed inspection than that provided in Plate 1 would show that the
plasmapause L shell first increases and then decreases near dusk,
with increasing K, owing to the competition between a sunward
rotation of the bulge and a shrinking plasmasphere. Although some-
what difficult to see in this presentation, the noon-midnight slices
through the GCPM also show dayside ionospheric and polar cap
densities to be enhanced relative to nightside values.

A more quantitative display of GCPM densities is shown in Fig-
ure 1. Line plots of density versus geocentric radial distance are shown
along the solar magnetic x axis, with the dayside to the left. The
outer to inner traces represent successively higher levels of geomag-
netic activity for Kp =1, 3, and 5. Figure 1 is produced for summer
conditions and shows somewhat higher densities in the dayside iono-
sphere. The dayside trough is higher in density than the nightside
trough, which also experiences reductions in density owing to the
sunward rotation of the plasmaspheric bulge. As mentioned before,
trough densities begin to decrease with increasing MLT just west-
ward of the bulge. As the bulge rotates sunward (westward) with
increasing activity, the onset of falling trough densities moves to
earlier local times, thereby leading to lower trough densities at
premidnight local times.

3. The Glue Between Models

There is no single analytical expression that can be used through-
out the magnetosphere to represent total electron density, or at least
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Plate 1. Core plasma densities from the global core plasma model (GCPM) are shown in nine plots, where color is
used to indicate density as demonstrated in the color bar at the right. The three columns correspond to low, medium,
and high levels of magnetic activity as given by K, =1, 3, and 5. The top row shows a planar cut in the dawn-dusk
meridianal plane. The middle row is the noon-midnight plane. The bottom row is an equatorial cut. The displays are in
solar magnetic coordinates.
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Figure 1. Line plots of density versus geocentric radial distance are shown along the solar magnetic x axis, with the
dayside to the left. The outer to inner traces represent successively higher levels of geomagnetic activity for K,=1,3,
and 5. Figure 1 is produced for summer conditions and shows somewhat higher densities in the dayside 10nosphere
The curves demonstrate the smooth joining of ionospheric, plasmaspheric, and trough density models. They also
display the usual shrinking of the plasmasphere with increasing magnetic activity.

one that would not be burdened by a large collection of fitted param-
eters. A series expansion of orthogonal functions would obscure any
easy physical insight that might otherwise be obtained from fit coef-
ficients, as compared to other possible functional forms. The method
used here is to identify a limited number of analytical functions that
are then joined spatially using the hyperbolic tangent function. Each
analytical function is chosen either for simplicity or by the ability to
relate the function to general physical properties of the region.

The hyperbolic tangent function is used to connect one regional
description to another because its argument has unlimited range and
the function is asymptotic to £1. It is used here between regions
represented by differing analytical functions to “turn on” one re-
gional empirical model while “turning off” another. To use this func-
tion for a variety of spatial transitions, it has been posed in the form

tanh (3 45345~ %0) x‘))]
Ax

2

y= +0.5 , M
where x is the midpoint for the transition from off to on and Ax is
the range over which the transition occurs. The constant (3.4534) in
equation (1) is chosen such that the hyperbolic tangent is <0.001 or
20.999 when x=xy+Ax. This will allow us to control the spatial
interval of the transition from the empirical model of one region to
that of another, in the units of the spatial dimension where the transi-
tion is to occur.

Use of equation (1) is illustrated in Figure 2. Two arbitrary power
law functions are shown in Figure 2a, labeled 1 and 2. Equation (1)
is separately used to “turn off” curve 1 and to “turn on” curve 2,

corresponding to potentially different values for x,, in equation (1).
The three dashed curves, labeled 3, 4, and, 5, show the resulting
addition of the product of the two power law functions and its corre-
sponding hyperbolic tangent function for varying transition points.
Figure 2b shows the pairs of hyperbolic tangent functions for the
three different separations between the pairs of functions. The solid
line is used with curve 1 and the dashed line with curve 2. Figure 2b
(top) shows the pair of hyperbolic tangent functions, where x(curve
1) < xg(curve 2). For this situation, curve 1 in Figure 2a begins to
turn off somewhat earlier than curve 2 begins to turn on. The result is
curve 3 in Figure 2a. Curve 4 in Figure 2a corresponds to the situa-
tion where x;(curve 1)= xy(curve 2). Here curve 1 turns off in the
same proportion that curve 2 turns on. Curve 5 corresponds to Fig-
ure 2b (bottom), where xg(curve 1) > x, (curve 2). Curve 5 in Figure
2a represents the only use of equation (1) where the slope and curva-
ture changes monotonically across the transition between the two
original curves. For this reason, the application of equation (1) in
curve 5 is the approach used between regional models in the GCPM.

It is through the use of equation (1) that unique functions for each
distinct region of the magnetosphere are joined. Functions will be
given for the plasmasphere (plasmapause), trough, auroral zone, and
polar cap. Equation (1) will be used for model transitions in L shell
and altitude. Wherever used, the units for x, x,, and Ax will be cho-
sen as needed. For example, these units will be in kilometers where
a transition in altitude between functions is sought. An alternative is
to use one of the Epstein functions introduced by Booker [1977] and
discussed further by Rawer [1984]. These functions are used exten-
sively in the IRI but are not considered for use in the GCPM at this
time.
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Figure 2. (a) Representative density versus radial distance curves are displayed for the purpose of demonstrating the
smooth joining of two intersecting power law density curves (solid lines, numbered 1 and 2). (b) Curves 3, 4, and 5
(dashed lines) in Figure 2a correspond to progressively shifted hyperbolic functions, which are used as coefficients to
additively turn off one power law function while turning off the other. The hyperbolic function is used to join indepen-
dent, regional density models.

4. Plasmasphere and Plasmapause
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from the first term to better support the transition to trough densities.

For a saturated plasmasphere the function g can be obtained from

The plasmasphere and plasmapause electron densities are repre- Carpenter and Anderson [1992]
sented by
2m(t+9)

rp =1087-1, @, (—O.3145L+3.9043)+[0.15(c0s e

where g and h are functions for the inner plasmasphere and for the (L-2)

plasmapause, respectively. Equation (2) is a modification of that used
by Gallagher et al. [1988], where the term for the ionosphere has

-0.075cos i‘i’%—?—)j+ 0.00127R - 0.0635}
i 3
- been dropped in favor of IRI and where the constant 1 is subtracted
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Figure 3. Inner plasmaspheric densities obtained from the Dynamics Explorer 1 Retarding Ion Mass Spectrometer
(DE I/RIMS) instrument are shown in a scatterplot of density versus L shell. Only those densities obtained when the
3-day weighted K, <1.3, corresponding to extended quiet conditions, are used. All local times and latitudes are in-
cluded. The solid line is a least squares fit of a straight line to the log,,(density) versus L shell. The dashed line is the
saturated density function obtained from Carpenter and Anderson [1992].

The plasmaspheric densities given by equation (3) depend on L, the
day of the year £, and the 13-month-average sunspot number R . Equa-
tion (3) does not depend on MLT; therefore it represents an azimuth-
ally symmetric inner plasmasphere. The diurnal variations commonly
observed in the ionosphere are not readily evident in the plasmasphere.
The first term in equation (3) represents the large-scale dependence
of density on L shell inside the plasmasphere. The second term con-
tains the small seasonal and sunspot number dependencies of
plasmaspheric density derived by Carpenter and Anderson [1992].
It is not appropriate, however, for the GCPM to represent saturated
plasmaspheric densities, as it is our intent that the GCPM represent
typical densities. The more typical situation is that outer
plasmaspheric L shells will be less well filled owing to continuous
random erosion resulting from fluctuations in the convective electric
field. The more interior the plasmaspheric L shell, the less often it
will be affected by convective erosion. The expectation is that densi-
ties inside the plasmapause will often be more sharply decreasing
with L than that represented in equation (3). Gallagher et al. [1988]
obtain a logarithmic plasmaspheric density slope ranging from —0.87
to —0.75, corresponding to noon and midnight MLTs, respectively.
More complete first-moment analysis data of Dynamics Explorer 1
Retarding Ion Mass Spectrometer (DE 1/RIMS) are now available
than was used by Gallagher et al. [1988]. A sample of that data is
shown in Figure 3, where density is plotted versus L shell. These
total densities are obtained from measurements made during quiet
geomagnetic conditions for all local times and latitudes inside the
plasmasphere. Quiet conditions were chosen to ensure that only those
measurements inside the plasmasphere are included; however, noth-
ing has been done to specifically limit the data set to saturated flux
tube conditions. The solid line represents a linear least squares fit to
the logarithm of density, which is given by

logyo(n,)=-0.79L+5.3 . 4)
The dashed line is obtained from the Carpenter and Anderson [1992]
expression given in equation (3) and is based on measurements be-
tween O and 15 hours MLT. What is clear from this comparison is
that more needs to be done to characterize both typical and saturated
densities in the plasmasphere. At low L shells, Carpenter and Ander-
son [1992] find saturated plasmaspheric densities clearly below that
measured by the DE 1I/RIMS instrument. However, the Carpenter
and Anderson [1992] densities were obtained using the International
Sun Earth Explorer 1 Plasma Wave Instrument (ISEE 1/PWI) and
under different solar cycle conditions than those by DE 1/RIMS.
The DE 1/RIMS-derived density values, used in Figure 3, do not
show significant dependence on MLT. Therefore the differences be-
tween local time sampling in our data set and that of Carpenter and
Anderson [1992] do not appear to be the source of the differences in
the derived inner plasmaspheric density gradient. An independent
study of plasmaspheric densities using DE 1/RIMS, DE 1/PWI, and
ISEE 1/PWI is being conducted and will be reported. In the interim,
the interior plasmaspheric density profile given by equation (4) will
replace that for saturated densities in equation (3) in the current
GCPM, as shown in equation (5). In addition, the seasonal and sun-
spot number dependence for inner plasmaspheric density obtained
by Carpenter and Anderson [1992] is retained in equation (5):

2
¢ = (0.79L+53)+| 0.15[ cos 2ZLE2)
365

(L-2)

4 _ (L-2)
—0.075cos——7%22j+0.0127R—0.0635} 15 . )
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Figure 4. Plasmapause slope values from Carpenter and Anderson [1992] are plotted against MLT as open squares.
The solid line is the model fit from Carpenter and Anderson [1992] for the MLT range from 0 to 15 hours. The dashed

line results from fitting a sinusoidal curve to the data.

The importance of these additional dependencies remains to be
determined by a more complete study. The function £ is from
Gallagher et al. [1988],

6

A2

ag

The fitted parameters in equation (6) are defined so that the
plasmapause location and slope reproduce that derived by Carpen-
ter and Anderson [1992], except for the presence of a slight bulge.
The term ag is the location of the midpoint of the plasmapause den-
sity falloff. The term ag controls the plasmapause gradient. Both terms
are a function of the maximum K, in the preceding 24 hours, re-
ferred to as KPmax' The plasmapause gradient, as presented by Car-
penter and Anderson [1992], varies with MLT, and hence the term
ag also varies with MLT. The plasmapause gradient or scale width
(App ) is defined by Carpenter and Anderson [1992] to be piecewise
continuous in two linear segments:

App=0.1 00<:<06 MLT

App=0.1+0.011(t-6) 06<t<15MLT .

The plasmapause scale width, as defined by Carpenter and Ander-
son [1992], is

App=—7— >
og

where ALp is the L shell width of the plasmapause and corresponds
to the fractional density drop across the plasmapause.

For our application the term ag must be both continuous and peri-
odic; therefore we have revisited the derivation of App by reproduc-
ing Figure 9a from Carpenter and Anderson [1992] in our Figure 4.
To Figure 4 we have added the fit provided by Carpenter and Ander-
son [1992] as the solid line. The derived values for App appear to
peak near noon and minimize near midnight, even though the varia-
tion is small relative to the scatter. To produce a periodic expression
for the terms in equation (6), a sinusoidal function is least squares fit
to the App values in Figure 4. The fitted sinusoid peaks just after
12 hours MLT, but owing to the limited statistics and scatter in App
the peak is placed at noon, and the fit is plotted as a dashed line in
Figure 4. The dashed line for App is given by

App=0.036sin[2”(%—i)]+0.14 . (7)

Equations (5) and (7), when combined with a location for the
plasmapause, define the density profile for the plasmasphere and
plasmapause. However, they do not directly define the values for ag
and ag to be used in equation (6) in the GCPM. As an initial step to
obtain these quantities, equation (8) is fit to the density profile de-
fined by equations (5) and (7), assuming the plasmapause L shell
(Lpp,.) as a function of Kp derived by Carpenter and Anderson
[1992]: e

Lppi =56-046K, .
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Therefore, before including a bulge in the plasmapause azimuthal
profile, the fitted values for ag and a4 are found to be

asg :ble +b2
(®

ag =b3Kp+b4 N

where

LT
b = 0.0027003(—1‘%71:)—0.448

by = 0.0373cos( MliT n)+5.7 47

LT
by= O.8352cos( M2 717] -3.809

by 8.415005( MIZ'T n)+ 41.53 .

Although already stated, it is worthwhile to call attention to the basis
for equation (8) again. Equation (8) defines the parameters that
are used in equation (6) to define the location and slope of
the plasmapause. These parameters have been derived so that equa-
tion (6) reproduces the plasmapause properties derived by Carpen-
ter and Anderson [1992]. Not yet included is the extension of cold
plasma in the bulge region.

Table 1. Local Time Profile of the Plasmapause

GALLAGHER ET AL.: GLOBAL CORE PLASMA MODEL

To more fully address the azimuthal distribution of near-Earth
dense plasma, it is necessary to be clear about our objective. Refer-
ences to plasmaspheric plasma most often bring with it an implicit
assumption about the convective motion of that plasma; that is, that
magnetic flux tubes containing the plasmasphere corotate with the
Earth. Our interest here, however, is to identify typical core plasma
densities, regardless of whether that plasma is on closed, open, or
stagnant convective paths. As reviewed below, an extension of dense
plasma often exists near evening local times and has often been re-
ferred to as the plasmaspheric bulge. Whether this plasma convects
on Earth-encircling trajectories or is a nearly stagnant accumulation
of plasma outside the plasmasphere, its frequent presence identifies
it as important to our study. Therefore, although we will use the lan-
guage of those we reference to discuss their observations of core
plasma in the bulge region, we do not address the convective motion
of core plasma.

With that in mind, our first step is to review studies that have
empirically characterized the azimuthal or bulge density profile.
Table 1 summarizes the results. Some studies have found the azi-
muthal distribution of plasma to be symmetric. Each of those studies
has an entry in the symmetric data column in Table 1. The entries
describe any limitations relevant to their determination of a symmet-
ric plasma distribution. For example, the Carpenter and Smith [1964]
result is limited to the analysis of densities at L=3. The Gringauz
and Bezrukikh [1976] study is limited to conditions of high Kp. Itis
evident from Table 1 that azimuthal density profiles are symmetric
for the inner L shells and low altitudes.

Also clear is that there often exists an extension of dense plasma
to higher altitudes at evening local times. A few studies identify an
evening bulge distribution that is rounded in local time, such as that

Source Symmetric Rounded Teardrop Rotation
Carpenter and Smith [1964] L=3
Taylor et al. [1965] L<5
Carpenter [1966] low K. p moderate K p
Binsack [1967] Kp<l hint
Carpenter [1970] yes yes*
Chappell et al. [1970] consistent
Taylor et al. [1970] consistent
Chappell et al. [1971] 18 hours MLT
Freeman [1973] yes
Gringauz and Bezrukikh [1976] high K},
Brace and Theis [1974] 3000 km
Maynard and Grebowsky [1977] postdusk
Park et al. [1978] 3<L<45
Knott et al. [1979] at 100 cm™3
Decreau et al. [1982] near 18 hours MLT
Higel and Lei [1984] consistent yes
Gallagher et al. [1988] L<3 L>3
Comfort et al. [1988] L<4.5 L>45 L>45
Horwitz et al. [1990] high K, p
Carpenter and Anderson [1992] 0-15 hours MLT
Moldwin et al. [1994] highly structured highly structured highly structured yes
Gallagher et al. [1995] yes

*Activity is high in the afternoon, steady at 18 hours MLT, and quiet at 19-20 hours MLT.

See Rycroft [1975].
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by Carpenter [1970). Chappell et al. [1971] found a rounded bulge
centered at18 hours MLT. Maynard and Grebowsky [1977] find a
rounded bulge centered at postdusk local times. Comfort et al. [1988]
found the distribution of plasma to be symmetric inside L=4.5 and
extended or bulged outside this L shell. More sharply bulged or tear-
drop distributions have also been identified. Carpenter [1966] re-

0 Hours

(b)

0 Hours

0 Hours
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ports a teardrop profile for moderate K, conditions. Chappell et al.
[19701, Taylor et al. [1970], and Higel and Lei [1984] report their
observations to be consistent with a teardrop profile, while Binsack
[1967] only shows evidence that hints at that profile. When mea-
surements have been sensitive to local time movement of bulge plas-
mas with varying magnetic activity, the bulge has been found to move
toward earlier MLT with increasing activity, as documented in the
rotation data column in Table 1. Gallagher et al. [1995] derived a
strongly teardrop-shaped plasmasphere but only for prolonged, steady
geomagnetic conditions. Our interest here is to characterize typical
densities of core plasma, which can be expected to have distribu-
tions somewhere between symmetric and teardrop.

Figure 5a shows the statistical azimuthal plasmapause location
presented by Carpenter [1966] (dotted line), Taylor et al. [1970] (dot-
dashed line), Chappell et al. [1971] (outer solid line), Maynard and
Grebowsky [1977] (inner solid line), and Gallagher et al. [1988]
(dashed line). Three of the studies reveal remarkably similar
plasmapause profiles [Carpenter, 1966; Maynard and Grebowsky,
1977; Gallagher et al., 1988]. Each of these three studies tended
toward the identification of the innermost plasmapause boundaries.
Carpenter [1966] specifically states that the innermost knee of a gra-
dient in plasmaspheric density was selected on the basis of ground
whistler observations. Maynard and Grebowsky [1977] relied on satu-
ration of the direct current double-probe instrument on Explorer 45,
which occurs near a density of 65 cm™3. The Gallagher et al. [1988]
study selectively studied plasmaspheric density profiles that were
smooth, with only a single, sharp plasmapause. Such simple density
profiles appear to most often identify the region Carpenter et al.
[1993] describe as the main plasmasphere, a region that does not
include the bulge. Bulge plasmas appear to result from time-varying
convection, which typically leads to a more structured distribution
of plasma with L shell in the dusk region. For this reason, the studies
of Carpenter [1966], Maynard and Grebowsky [1977], and Gallagher
et al. [1988] tend to exclude significant portions of the distribution
of thermal plasma in the outer dusk region.

Studies by Taylor et al. [1970] and Chappell et al. [1971] identi-
fied their boundary locations by finding sharp density gradients. Tay-
lor et al. [1970] additionally required that a steep density dropoff be
followed by at least three consecutive low-density samples. They
report that densities in the outer dusk plasmasphere become highly
structured during times of changing activity. The additional require-
ment that low densities persist following a sharp density drop, with
increasing L shell, appears to have the effect of including outer
plasmaspheric structures inside their identification of the plasmapause

Figure 5. (a) The statistical azimuthal plasmapause location pre-
sented by Carpenter [1966] (dotted line), Taylor et al. [1970] (dot-
dashed line), Chappell et al. [1971] (outer solid line), Maynard and
Grebowsky [1977] (inner solid line), and Gallagher et al. [1988)
(dashed line) is shown. (b) The plasmapause profile shown with the
dot-dashed curve is from Taylor et al. [1970], and the solid curve is
from Chappell et al. [1971]. To these curves, two dotted partial circles
have been added. These curves correspond to the inner edge of the
plasmapause boundary identified by Carpenter and Anderson [1992]
for Kp=2 and 4 (outer and inner dotted curve, respectively). (c) This
plot repeats the same azimuthal density profile as Figure 5(b), but
this time two new dotted curves have been added. These curves are
based on the Carpenter and Anderson [1992] variation of plasmapause
L shell, with a bulge profile based on fits to the Taylor et al. [1970]
and Chappell et al. [1971] azimuthal density profiles at different lev-
els of magnetic activity. The outer and inner dotted curves corre-
spond to Kp=0.9 and 3.5, respectively, in equation (9).
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boundary. The Chappell et al. [1971] study was sensitive to densities
down to 0.1 cm™3 and apparently also includes closely spaced den-
sity structures within identified plasmaspheric boundaries. The im-
plication is that these two studies consistently include dense thermal
plasma in the bulge region, outside of the main plasmasphere [Car-
penter et al., 1993].

An additional perspective might be gained by comparing these
two azimuthal density profiles with that given by Carpenter and
Anderson [1992], as done in Figure S5b. Again, the dot-dashed curve
is from Taylor et al. [1970], and the solid curve is from Chappell
et al. [1971]. To these curves, two dotted partial circles have been
added. These curves correspond to the inner edge of the plasmapause
boundary identified by Carpenter and Anderson [1992] for K,=2
and 4 (outer and inner dotted curve, respectively). There is sufficient
correspondence between these curves near dawn to suggest that the
deviation of the azimuthal profiles away from a circular shape at
other local times is what we need here to include bulge plasmas in
our description of typical “plasmaspheric” densities. The Chappell
et al. [1971] and Taylor et al. [1970] plasmapause profiles are re-
ported to include a similar range of geomagnetic activity. Both also
show considerable scatter.

Figure Sc repeats the same azimuthal density profiles, but this
time a new dotted curve has been added. This curve is based on the
Carpenter and Anderson [1992] variation of plasmapause L shell at
dawn, with a bulge profile based on a fit to the average of the Taylor
et al. [1970] and Chappell et al. [1971] azimuthal density profiles.
The expression used to create this fit is based on the approach pre-
sented by Gallagher et al. [1995}):

L,y =(56-0.46K , J[1+ f(x)]
€))
—1.5x* }+0.08x-0.7

f(X)=e( ,

where x is the azimuthal angle relative to the bulge centroid in radi-
ans. The form of equation (9) is chosen so as to isolate the main
plasmasphere (first term) from the bulge profile (second term). For
Figure Sc the bulge centroid is located at 18 hours MLT. For equa-
tion (9) to be incorporated into equation (6) through the parameter
ag in equation (8), it is necessary to restate ag as

(-—1.5x2+0.08x—0.7):} (10)

ag =(ble+b2){l+e

Note that equation (10) retains the dawn plasmapause position as a
function of geophysical activity derived by Carpenter and Anderson
[1992] as well as the variation of the plasmapause gradient given in
equation (7). This final expression for ag now also contains the ex-
tension of thermal plasma typically observed in the evening sector.
The form of equation (10) also leads to a reduction in the size of the
plasmasphere with increasing activity derived by Carpenter and
Anderson [1992]. The same inward motion of the plasmapause with
increasing K|, derived for dawn is applied to all local times, includ-
ing the bulge region.

As mentioned earlier, the rotation of bulge plasmas sunward with
increasing geomagnetic activity has often been observed (Table 1)
and should be included in our description of typical conditions. An
expression for the MLT location of the bulge center is derived by
Gallagher et al. [1995] to be

Q)B(hours)=%+ll.3 . an
L +3.
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This result is based on the statistical observations of Higel and Lei
[1984] and Moldwin et al. [1994]. Equations (10) and (11) are used
together to define the plasmapause and bulge location in the GCPM.
The equations are combined by using equation (11) to define the
MLT corresponding to x=0 in equation (10).

The relative concentration of He* to H* ions in the plasmasphere
can be obtained from Craven et al. [1997]. These authors empiri-
cally derive the following expression for the ratio:

nl'le+ -3
log;o " =-1.541-0.176r+8.557x10"" P
H+

-1.458x10° P2 | (12)
where r is radial distance in R and P is a proxy measure of solar
activity derived by Richards et al. [1994]. It is defined as

p= (Fio7+F1074) i
2

where Fq 7 is the 81-day average of the daily 10.7-cm solar flux
(F0.7)- Relative O* concentrations are derived for early DE 1 RIMS
measurements by Comfort et al. [1988]. In this study, the ratio of O*
to H* density is found to vary from ~1% in the morning to as high as
10% in the local evening. Concentrations are also found to minimize
near L=2 and increase toward the outer plasmasphere. The RIMS
measurements used in this study were obtained during October and
November 1981 shortly after the launch of DE 1. This was a period
of high solar activity and moderate, variable magnetic activity. The
current availability of the entire DE 1/RIMS data set suggests that
this analysis can be extended to provide a more complete description
of O* concentrations throughout the plasmasphere and for varying
geomagnetic conditions. That analysis will be left for later study.
Here we will adopt a constant 1% relative concentration of O* to H*
in the plasmasphere. Also, left for later development is the smooth
transition between IRI ion concentrations in the ionosphere and those
found in the plasmasphere. Using equation (12) and our assumption
for O* plasmaspheric concentrations, the density for each of these
three ions can be described by

n, + =RHe+n

He H*

no+ = o* nH+

nge =(14Ry,s +Ro: I,

where each equation gives the corresponding ion density, where Ry;,*
and R+ are the corresponding ion density ratios with H* and where
n, is the total electron density.

5. The Trough

The trough density model suggested for static conditions by
Gallagher et al. [1995] will be used in the GCPM. In this empirical
model, nighttime densities at geosynchronous orbit are assumed to
minimize at 0.18 cm=3 between 1 and 3.5 hours MLT. Filling starts
near 3.5 hours MLT at a rate of 0.5630.08 cm™3 h~! until reaching an
MLT given by

®7p=0.145K 2 -2.63K , +21.86 hours. (13)
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The Gallagher et al. [1995] studies report a density decrease
at a rate of —0.83£0.15 cm™3 h~! following the MLT given in equa-
tion (13). The decrease begins just before the bulge centroid. The
bulge centroid MLT rotates eastward with decreasing activity. If ac-
tivity is low enough, the onset of decreasing trough densities may
not start early enough in MLT to reach the level previously stated for
the postmidnight sector. In a time-dependent analysis like that done
by Gallagher et al. [1995] this does not present a problem. The ap-
pearance of a higher density at midnight translates into higher densi-
ties in the following day as trough plasma convects into and across
the dayside. In a static model, like the GCPM, it is necessary to en-
sure that the description of trough density is periodic and continuous
through midnight, without a discontinuity. To accommodate the east-
ward rotation of the bulge with decreasing activity, the rate of trough
density decrease may need to be advanced to ensure that a disconti-
nuity at midnight is avoided. Trough density is assumed to return to
the nighttime minimum density stated above and the rate of density
decrease is increased, if necessary, to accomplish that result.

The variation of trough density with L cheil is taken from Car-
penter and Anderson [1992]. In that paper, trough density is found to
vary with L=45, Therefore densities thrcughout the trough are deter-
mined by first finding the density at geosynchronous orbit, which is
defined above in text and equation (12), and then by scaling in
L shell.

6. Low-Altitude Transition: Plasmasphere
and Trough to IRI

Plasmaspheric and trough densities observed by Gallagher et al.
[1988] and Carpenter and Anderson [1992] extend inward only to
~2 Rg. The IRI can be used up to ~600 km, where IRI densities
become constant at unrealistically high values. The solid line in Fig-
ure 6 shows the densities returned by IRI along an L=2 field line for
arbitrarily chosen conditions and local time. The single dot shows
the corresponding equatorial density returned by the plasmaspheric
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model. The dashed curves in Figure 6 show the IRI and plasmaspheric
density profiles along the geomagnetic equator. All densities are for
12 hours MLT. These profiles along and across the magnetic field
are globally representative of the inherent discontinuity that exists
between the IRI and the GCPM plasmaspheric model. Figure 6 dem-
onstrates that a transition must be made between the steep topside
ionospheric densities from IRI and our plasmaspheric empirical
model.

Interpolating between the topside ionospheric profile of IRI and
the plasmaspheric density profile, using the following power law
function, accomplishes the necessary transition in altitude:

Ed—-i-dl
n,=e° )

(14)
where d is the altitude in kilometers and d,, and d, are constants. The
origin of equation (14) is discussed below. Along the magnetic equa-
tor, equation (14) is separately used to extend densities upward from
the ionosphere and downward from the plasmasphere. The transi-
tion from IRI to the extrapolated curve is made at the altitude of the
maximum negative density gradient above the F, peak. The free pa-
rameters, d; and d,, in equation (14) are fit to the slope and density
at this point. Equation (14) is separately fit to the equatorial
plasmasphere density gradient, so that it is extended inward across
L shells. The transition in density at the intersection of the two fitted
versions of equation (14) is smoothed by equation (1), as is the tran-
sition just above the F, peak. It is in this way that continuous values
in equatorial density are derived for the ionosphere, through the
plasmasphere, and into the trough.

A somewhat similar operation is performed to obtain densities
away from the magnetic equator along magnetic field lines. How-
ever, equation (14) is only applied once to extend ionospheric den-
sity outward along plasmaspheric and trough field lines. The free
parameters in equation (14) are again determined at the height of
maximum negative density gradient above the F, peak, except that a
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Figure 6. Density versus height are shown along the L =3 magnetic field line (solid line and single dot) and along the
magnetic equator (dashed lines) from the international reference ionosphere (IRI) and plasmasphere models. The
curves demonstrate the limitation of the IRI topside densities above ~600 km and the need to interpolate between the

ionospheric and plasmaspheric models.
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Figure 7. The sum of H* and He™* densities from the DE 1/RIMS instrument are shown in a concatenated, “broken”
density scale versus solar magnetic latitude. For all magnetic activity conditions and local times the densities are
grouped into four 0.5-wide L shell ranges centered at L=3.25, 3.75, 4.25, and 4.75. The solid horizontal lines are the
mean densities in each L shell “bin” with these average values shown on the right. The solid lines extend to latitudes
corresponding to geocentric distances of 2 Ry in the Northern and Southern Hemispheres. The density along L shells
is found to be without significant trend with latitude down to this distance.

constant additive term is included in equation (14). The purpose of
this term is to cause the function to become asymptotic at the equa-
torial density for a given L shell.

Previous studies of core plasma density variation near the equator
and along magnetic L shells have seen little variation with latitude
[e.g., Decreau et al., 1986]. A notable exception is the work by
Angerami and Carpenter [1966], who found field-aligned density
variations consistent with diffusive ccuilibrium in the plasmasphere
and with 1/R* in the trough. To complete the GCPM along
plasmaspheric and trough field lines, it is necessary to quantify the
density variation along field lines.

Figure 7 is a composite plot of density versus latitude, inside the
plasmasphere, from the RIMS on the DE 1 spacecraft. All available
reduced plasmasphere measurements from RIMS in four L shell
ranges and for all geomagnetic conditions and local times are shown
in this scatterplot. Immediately evident is the remarkable, nearly
constant value of density in each of the 0.5-wide L shell ranges, cen-
tered at L=3.25, 3.75, 4.25, and 4.75. The solid lines show the aver-
age density for each L shell range. The line length is chosen to
extend down to an altitude of 1 R for the middle of each L shell
range. That altitude is chosen because it appears that the core plasma
density remains nearly constant from the equator down to that alti-
tude, particularly at the lower L shells.

Note in Figure 7, at the highest L shell range presented, that a
density increase appears to be present within ~20° latitude of the
magnetic equator. Individual pass plots of density versus latitude,
derived from the PWI on DE 1, have been separately examined for
those times when DE 1 is outside the plasmapause in the trough.
These data also show very little systematic variation of density with
latitude, although measurements near the magnetic equator and in
the trough are limited on DE 1. To the extent that any systematic
variation is evident, the DE 1/PWI-derived densities often show a

profile that appears similar to that shown with DE 1/RIMS measure-
ments in the L=4.75 “bin” plotted in Figure 7. That is, PWI also
observes an increase in density near the magnetic equator. Enhanced
density at the equator might be associated with flux tube filling; how-
ever, that is in contrast with Olsen et al. [1987], who reported essen-
tially constant density across the equator in the vicinity of the
plasmapause. The relatively small equatorial variation in density
found at the highest L shell in Figure 7 is not included in this version
of the GCPM. It is assumed that the density in both the plasmasphere
and trough regions is nearly constant along L shells down to an alti-
tude of 1 Rg.

At high altitudes the power law in altitude used here to represent
density variation along L shells is little different from a power law in
radial distance. The equatorial densities, determined above, constrain
the field-aligned profile at the top of the field line. The IRI con-
strains the profile at its base. It is at lower altitudes where the differ-
ence between radial distance and altitude power laws become great.
Relative to the power law in radial distance, the power law in alti-
tude rises rapidly at low altitudes. The form of equation (14) was
chosen because it corresponds to that most often found (P. D. Cra-
ven, private communication, 1999) in flux tube modeling with the
field line interhemispheric plasma model [Torr et al., 1990; Richards
et al., 1991; Craven et al., 1995]. The altitude power law satisfies
the need to connect the relatively high densities of the topside iono-
sphere with the low densities of the plasmasphere and trough. It also
yields a relatively flat density profile at high altitudes, which is not
measurably different from a constant value near the equator. The
result of adopting the presented altitude power law profile for den-
sity along field lines in the plasmasphere and trough leads to a simi-
lar, favorable comparison to Alouette densities as that performed by
Angerami and Carpenter [1966, Figures 14 and 15]. A much more
complete analysis of the validity of the power law interpolation be-
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Figure 8. Solid lines mark the poleward edge of the auroral oval
obtained from Comfort [1972] and Feldstein and Starkov [1967,
1968]. Azimuthal angle in the dial plot is solar MLT. Magnetic lati-
tude is shown radially down to 50°, with circles drawn every 10°.
The innermost to the outermost line corresponds to Kp= 1, 3, 5,
and 7.
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tween IRI and plasmaspheric densities can be performed with densi-
ties measured by the Air Force DMSP satellites. That study has been
initiated and results will be reported later (F. Rich, private commu-
nication, 1999).

7. Polar Cap

In the polar cap the density variation along field lines is assumed
to transition from that described previously to something similar to
that by Persoon et al. [1983]. The latitude for the poleward edge of
the auroral zone is obtained from Comyfort [1972] and Feldstein and
Starkov [1967, 1968]. These papers provide a simple, K, »-dependent
location for the poleward edge of the auroral oval used here to allow
separate treatment of polar cap and lower latitude field line densities.
The location of the poleward edge of the auroral oval, based on these
references, is shown in Figure 8 for values of K, = 1,3,5,and 7. The
transition between closed and open magnetic field line density pro-
files will be accomplished using equation (1), where the transition is
centered at the poleward edge of the auroral oval and occurs over an
L shell range of 1. A more complete treatment for defining the au-
roral zone as a function of the interplanetary magnetic field and geo-
physical activity is available but will be left for future addition to the
GCPM.

The density profile in the polar cap will be obtained from the work
of Persoon et al. [1983]. Persoon et al. used measurements by the
PWI on the DE 1 spacecraft to derive densities as a function of radial
distance in the polar cap. Those averaged values are reproduced with
asterisks in Figure 9, where in this case, densities are plotted versus
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Figure 9. Average polar cap densities versus altitude are shown from DE 1/PWI (asterisk-solid line), from DE 1/
RIMS in northern winter (plus-solid line), from DE 1I/RIMS for low F 107 conditions (plus-dashed line), from DE 1/
RIMS for northern summer (cross-solid line), from DE 1/RIMS for high Fq ; conditions (cross-dashed line), and
from the Alouette and ISIS spacecraft (circle-solid line) [Persoon et al., 1983; Chandler et al., 1991]. The linear line
on this logarithmic-logarithmic display is a linear least squares fit of log, o (density) versus the log 4 (altitude). It better
represents the available statistical polar cap densities than the lower dashed curve from Persoon et al. [1983]. The
upper dashed curve is from the IRI model to which the linear fit is matched to represent polar cap densities.
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altitude instead of radial distance. Also included in this display are
the densities from Alouette/ISIS topside sounding measurements pre-
sented by Persoon et al. [1983, Figure 12] and densities derived from
the RIMS instrument on DE 1 by Chandler et al. [1991]. Chandler
et al. presented individual ion densities for O*, H*, and He*, which
are summed here to obtain total density. RIMS-derived densities from
Chandler et al. [1991] are shown for summer, winter, low F, ,, and
high F'| ; conditions. For summer and high F| 5 conditions the den-
sities are somewhat higher than for winter and low F ; conditions.
For all conditions this display of density versus altitude reveals an
approximately linear trend (on a logarithmic-logarithmic scale) that
includes all three data sets. A linear least squares fit to the logarithms
of density and altitude results in the expression

logyo(n, )= ~3.0910g,o(h)+13.5 (15)
where d is altitude in kilometers and n, is density in cm™3. The solid
line in Figure 9 corresponds to the fit shown in equation (15). The
dashed line in Figure 9 corresponds to the fit obtained by Persoon
et al. [1983] for PWI-derived densities as a function of geocentric
radial distance. We find these densities better ordered as a function
of altitude, rather than a function of radial distance.

Not treated yet are the changes in density with seasonal and solar
variations reported by Chandler et al. [1991]. The transition to iono-
spheric densities is also not yet included. In both cases, density in-
creases with increasing illumination. Since only the observations of
Chandler et al. [1991] (in Figure 9) include changes with varying
conditions, it is not possible to directly model these variations with
the current work. This is an area in which new POLAR spacecraft
observations are available and will be used for improving the GCPM
in the future. Since the IRI is already being used at lower latitudes
and as a placeholder for better high-latitude ionospheric modeling,
IRI will be used in the polar cap for the ionosphere. A sample of IRI-
derived densities is shown in Figure 9 with a dash-dotted line. The
dominant variation in the IRI-derived density profile at high lati-
tudes is a variation in the height of the F, density peak. There are
small changes in peak density and in the topside scale height. The
approach that we use here to join the IRI and equation (15) is to
adjust the constant term in equation (15), so that this equation inter-
sects the IRI density profile at an altitude 200 km above the F, peak
along any given field line. As the polar cap ionosphere “breaths”
with changing conditions, the densities all along the field line will
adjust upward or downward correspondingly, while preserving the
power law density profile above the ionosphere.

8. Discussion

There are many things that the GCPM is not. It does not include,
except on a statistical basis, features ir: cold plasma distribution that
result from time-dependent effects; e.g., there are no sunward
extended plasmaspheric tails. It also does not include all possible
sources of data. Region-specific studies that make use of new sources
of cold plasma density measurement can improve the characteriza-
tions provided by this first version of the GCPM. Assumptions and
approximations have had to be made where no better information is
available; e.g., the scale lengths over which transitions are made from
trough to polar cap densities and the height along magnetic field
lines where densities transition from ionospheric to plasmaspheric
profiles. Enhanced auroral zone ionization is not yet explicitly rep-
resented, except insofar as the IRI represents these enhancements
and the GCPM properly extends that effect to high altitudes. Iono-
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spheric density profiles at high latitudes are provided by the IRI,
even though it is not well defined at these latitudes.

The GCPM is at least two things: a framework and an approach
for representing typical cold plasma properties throughout the vol-
ume of the inner magnetosphere. This property of the GCPM is in-
tended to support its continued improvement. The GCPM provides a
reference for typical core plasma densities throughout the inner mag-
netosphere. The densities returned by the GCPM are continuous in
value and gradient. As discussed above, the relative densities of H,
He*, and O* (obtained for the plasmasphere) are also represented.
The GCPM provides core plasma density as a function of solar mag-
netic coordinate position, geomagnetic activity (Kp), solar luminos-
ity (F|o.7), average annual sunspot number, and time.

There is a great need in the science and engineering commu-
nities to obtain generalized descriptions of the magnetospheric
environment. The GCPM is our attempt to provide a first global
approximation of the typical properties of cold plasma in the inner
magnetosphere. It is also our attempt to include many of the contri-
butions made by the research community to generalize and model
cold plasma densities in various magnetospheric regions. The intent
is that the GCPM will serve as a framework upon which future ad-
vancements in empirical descriptions of regional or global thermal
plasma properties can be incorporated.
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