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ABSTRACT

We present a comparison between the electron densities and temperatures measured by the Millstone Hill incoherent-
scatter radar in the topside ionosphere and by the instruments on board the EXOS-D satellite in the plasmasphere and
the electron densities and temperatures from the time-dependent model of the ionosphere and plasmasphere during the
undisturbed and geomagnetic storm periods of 25-29 June, 1990, and 20-30 January, 1993. We have evaluated the value
of the additional heating rate of electrons that should be added to the normal photoelectron heating in the plasmasphere
to explain the high electron temperatures (~7200-10700 K) measured in the plasmasphere into the Millstone Hill
magnetic field flux tube. Wave-particle interactions, which can cause increased photoelectron scattering, and Coulomb
collisions between ring current ions and plasmaspheric electrons and ions could be possible sources of this additional
heating of electrons leading to the high electron temperatures measured in the plasmasphere. The additional heating of
electrons found brings the measured and modeled electron temperatures into very large disagreement in the topside
ionosphere (up to 1000-2000 K) if the classical electron heat flux along magnetic field line is used. A new approach of
the flux-limited model based on a new effective electron thermal conductivity coefficient along the magnetic field line
leads to the heat flux which is less than that given by the classical Spitzer-Harm theory and allows the model to
accurately reproduce the electron temperatures observed by the instruments on board the EXOS-D satellite in the
plasmasphere and by the Millstone Hill incoherent-scatter radar in the ionosphere. The ratio of the classical electron
thermal conductivity coefficient to the effective electron thermal conductivity coefficient is a function of the electron
temperature, the electron temperature gradient along the magnetic field, the electron density, and the fitting flux-limited
theory parameter which value was found from the comparison between the measured and modeled electron
temperatures. This ratio has a maximum value in the region between 1800 km and 3200 km. The heat flux in the
plasmasphere and topside ionosphere is carried not only by thermal electrons but also by a  number of superthermal
electrons whose mean free path is much larger than the thermal electron mean free path. The reason for the low thermal
conductivity of electrons in the topside ionosphere and in the most part of the plasmasphere is the deviation of the
electron distribution from the Maxwellian distribution.

INTRODUCTION

The basic physical and chemical processes controlling the behavior of the ionosphere and plasmasphere are presently
believed to be understood. However, as far as the authors know, except of [1,2], there are no published reports of the
comparison between the measured and modeled electron temperature, Te , in the ionosphere and plasmasphere along the
same magnetic field line or close to the same magnetic field line. As a result, there is no other published reports of an
ionosphere-plasmasphere electron energy balance examination based on the electron temperature measurements in the
ionosphere and plasmasphere close to the same magnetic field line. The aim of this work is to discuss the new approach
of [1,2] based on an effective electron thermal conductivity coefficient along the magnetic field line and the success of
this new technique in the explanations of the measured Te in the ionosphere and plasmasphere.

THEORETICAL MODEL AND RESULTS

The model used is the IZMIRAN model of the ionosphere and plasmasphere that has been steadily developed over the
years (see [1,2], and references therein). The model calculates time dependent number densities of O+(4S), H+, and He+

ions and electrons, temperatures of ions and electrons, and photoelectron flux along the magnetic field line from 160 km
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altitude in the Northern Hemisphere through the plasmasphere to the same altitude in the Southern Hemisphere. In the
altitude range 120-700 km in the Northern and Southern Hemispheres at the same magnetic field line, the model
calculates time dependent number densities of O+(2D), O+(2P), O+(4P), O+(2P*), NO+, O2

+, and N2
+ ions, number

densities of vibrationally excited N2 and O2, and horizontal components of the thermospheric wind.

The electron energy balance equation includes the electron thermal flux, qe. The electron thermal flux formula in a fully
ionised plasma containing electrons and a single ion species with the same electron and ion temperatures was derived in
[3] in the limit of small electron temperature gradient, using the linear perturbation theory with λT / Lp <<1 where LP is
the characteristic length of the plasma variation, λT is the mean free path of thermal electrons. The formula was modified
in [4] to allow electron and ions temperatures to differ as

                                                                                 qSH = - KSH s∂
∂

Te,                                                                            (1)

where S is the distance along the magnetic field line, and the value of the electron thermal conductivity coefficient to the
case of a fully ionized gas, in which all the positive ions are singly charged (i.e., the ionic charge Z =1), is given by
                                                                         KSH = CSH Ne k2 Te (me νei)-1                                                                    (2)
Here the electron-ion frequency is determined as νei = 4 (2π)0.5 Ni e4 [3me

0.5 (k Te)3/2 ]-1 ln Λei , the Coulomb logarithm is
defined as Λei = 0.75 [k(Te+ Ti)]3/2 (2πNe)-1/2 |e|-3 , k is Boltzmann constant, Ti is the ion temperature, me denotes the
mass of an electron, e is the charge of an electron, Ne is the electron number density, Ni is the ion number density, the
value of CSH ≈3.203 is obtained from a numerical solution of a Boltzmann’s equation and this value of CSH corresponds
to the result that would be obtained if an infinite number of terms were retained in the Sonine polynomial expansion.

Figures 1-3 show the calculated (lines) and measured (crosses) electron densities (left panel) and temperatures (middle
panel) on 22 January, 1993 (Fig. 1), 24 January, 1993 (Fig. 2), and on 28 June, 1990 (Fig. 3) into the Millstone Hill
magnetic field flux tube. Right panels of Figs. 1-3 show the calculated ratio of the thermal electron mean free path to the
characteristic length of the electron temperature variation along the magnetic field line in the plasmasphere and
ionosphere. The plasmaspheric Te and Ne were measured by the EXOS-D satellite between 10:25 LT and 10:27 LT on
22 January, 1993, between 9:33 LT and 9:37 LT on 24 January, 1993, and between 21:14 LT and 21:17 LT on 28 June,
1990 (UT=LT+04:59). The ionospheric Te and Ne were measured by the Millstone Hill radar at 10:05 LT on 22
January, 1993, at 9:24 LT on 24 January, 1993, and at 21:20 LT on 28 June, 1990. Dotted lines in Figures 1-3 show the
modeled results without an additional electron heating, Qad, in the plasmasphere using qSH. As Figures 1-3 shows, the
modeled Te shown by dotted lines are much less then that measured by the EXOS-D satellite in the plasmasphere.As a
result, to explain the measured plasmaspheric Te we are forced to assume that Qad should be added to the normal
photoelectron heating in the electron energy equation in the plasmasphere region above 5000 km in both hemispheres
along the magnetic field line. The value of Qad is found in [1,2] from the comparison between the observed and
calculated Te in the plasmasphere. Dotted lines in Figures 1-3 show the modeled results with Qad in the plasmasphere
using qSH. Comparison between crosses and dashed lines in Figures 1-3 (middle panels) show that this additional heating
brings the measured and modeled electron temperatures into agreement in the plasmasphere and into very large
disagreement in the ionosphere.

The question of how the electron heat flux, qe, varies as λ/ LP >10-2 is still, as yet, an unanswered question. One
common, ad hoc approach is the flux-limited model given as (see [1,2] and references therein)
                                                                                qe = (qSH

-1 + qsat
-1)-1,                                                                          (3)

where the “saturated “electron heat flux is given by

                                                                      qsat = - fNekTeVT|
∂
∂s

Te|-1
∂
∂s

Te,                                                                 (4)

Here VT =(2k Te me
-1 ) 0.5 is the electron thermal velocity, the magnitude of f is the subject of considerable discussions,

and values of f in two orders of the magnitude range from about 0.01 to about 1 in the literature (see [1,2] and references
therein).In the highly collisional limit, (5) reduces to the classical heat conduction equation, while in the weakly
collisional limit, (5) describes the saturated heat flux of electrons. Equation (5) is modified in [1,2] as

                                                                                   qe = - Ke
∂
∂s

Te,                                                                              (5)

where Ke = KSH/(1+Cλ/Lp), LP = Te |
∂
∂s

Te|-1, C is a constant, λ = VT /νe, νe=∑
i

νei.
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The new approach leads to a heat flux which is less than that given by the Spitzer-Harm theory. The reason for the low
thermal conductivity of electrons in the topside ionosphere and the most part of the plasmasphere where the value of
λ/Lp is larger than 10-2 is the deviation of the electron distribution from the Maxwellian distribution. The heat flux in this
region is carried not only by thermal electrons but also by a number of superthermal electrons whose mean free path is
much larger than that of thermal electrons.

Solid lines in Figures 1-3 represent the model results when Qad and qe with C=10 (solid lines 1), C=20 (solid lines 2),
and C=30 (solid lines 3) are used. Right panel of Figures 1-3 shows that the value of λ/Lp is larger than 10-2 for C=10,
20, and 30 in the ionosphere and plasmasphere. The best agreement between the modeled and measured electron
temperatures is achieved if C=20. The maximum value of the λ/Lp ratio is located in the plasmaspheric region between
1800 km and 3200 km for C=20. As a result of the anomalous reduced electron thermal conductivity, the modeled
electron temperature is higher in the plasmasphere if the higher value of C is used. The difference between electron
temperatures given by solid lines 1, 2, and 3 is negligible below 500 km. Our calculations show that this difference can
be increased if the value of Qad is increased. It should be also noted that the effects of the used additional plasmaspheric
heating of electrons on the electron temperature and density are small at the F-region altitudes if the effective electron
thermal conductivity coefficient is used.
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