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Abstract

The subauroral heat input to the topside ionosphere from two superthermal electron sources, photoelectrons and

plasma sheet electrons, are calculated using a global kinetic model of electron transport in the inner magnetosphere.
Peak rates above 1010 eV cmÿ2 sÿ1 are found for photoelectrons in the midlatitude afternoon region, while the peak
deposition rate for plasma sheet electrons only occasionally approaches 109 eV cmÿ2 sÿ1, and is typically con®ned
to the morningside. Trapped clouds of plasma sheet electrons, however, are shown to have lasting e�ects on the

structure of topside heat input, as the energetic electrons corotate and slowly transfer their energy to the thermal
plasma over a course of days. These energy inputs are compared with other heat sources in the inner
magnetosphere. It is concluded that, while other processes can inject large amounts of energy into the ionosphere in

spatially and temporally localized regions, photoelectrons are the strongest and steadiest heat source into the topside
ionosphere. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Energy deposition to the thermal plasma in the

inner magnetosphere is a vital contributor to the global

energy balance of the ionosphere±magnetosphere sys-

tem. For instance, knowledge of the energy precipi-

tation from the magnetosphere into the ionosphere

and thermosphere is crucially important for accurate

ionospheric prediction. Incorporation of deterministic
values of these quantities is a necessary input to any

large-scale circulation model. Energy transferred to the
thermal plasma in the near-Earth region is conducted
down the ®eld lines into the topside ionosphere, where
it modi®es the thermal, compositional, and optical

structures there (Chandler et al., 1988; Kozyra et al.,
1990; Comfort et al., 1995). The development of an
improved modeling capability for ionospheric speci®ca-

tion and prediction requires detailed knowledge of this
heat input into the upper atmosphere. In the next mil-
lennium, we will see an even greater reliance on satel-

lite communications and radio navigation,
necessitating greater accuracy from the current batch

Journal of Atmospheric and Solar-Terrestrial Physics 62 (2000) 947±954

1364-6826/00/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.

PII: S1364-6826(00 )00033-X

* Corresponding author. Tel.: +1-734-763-6229; fax: +1-

734-647-3083.

E-mail address: liemohn@engin.umich.edu (M.W. Lie-

mohn).



of global ionospheric models, and quantifying the
magnetospheric heat input is an essential step.

In addition to ionospheric rami®cations, inner mag-
netospheric thermal plasma heating has consequences
for upcoming scienti®c missions, such as IMAGE.

Global characterization of the energy deposition to the
thermal plasma must be determined before the e�ects
on electron and ion temperatures and global plasma

distribution out of the equatorial plane can be
addressed. Craven et al. (1991) show considerable
structure in the temperatures of the plasmaspheric

ions, structure which has not been fully explained but
which is almost certainly related to the structure in the
energy sources. These issues should be addressed to
fully utilize and understand the IMAGE plasmasphere

observations.
In this study, one component of the heat input to

the inner magnetospheric thermal plasma is considered

Ð the contribution from superthermal electrons. A
distinctive feature of the inner magnetosphere is the
presence of electrons from a few eV up to a few keV.

This population is formed not only due to ionization
of the atmospheric neutral atoms and molecules by
photoionization, but also due to earthward convection

of the warm plasma sheet electrons. Superthermal elec-
trons play a very important role in a large number of
ionospheric and plasmaspheric processes, notably ther-
mal plasma heating, and a fairly detailed knowledge of

the superthermal electron distribution function is
required (see Khazanov et al., 1994 and Khazanov and
Liemohn, 1995, for a detailed discussion). Our model

of superthermal electron transport calculates the distri-
bution on a global scale throughout the subauroral
magnetosphere (Khazanov et al., 1996a, 1998). Here,

this model is used to determine the energy ¯ux into the
upper ionosphere from the calculated photoelectron
and plasma sheet electron distribution functions in the
midlatitude region. For perspective, these results are

compared to previous calculations of topside heating
from other energy sources.

2. Model

The column heating rates Pi are found by integrat-

ing the Coulomb collision operator between the super-
thermal electrons and the thermal plasma Sea over
velocity space and also along the ®eld line. The linear-
ized version of this integrand has the form
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where a is the thermal plasma species, f � f (t, E, m,
s, R0, j� is the di�erential ¯ux of superthermal elec-

trons, t is time, E is energy, m is the pitch angle cosine,
s is distance along the ®eld line, R0 is geocentric dis-
tance to the ®eld line in the equatorial plane, and j is

magnetic local time around the Earth. The m derivative
yields nothing to the heating rate integral, and the con-
tribution to each thermal plasma species is roughly

equal to the thermal electron heating rate multiplied
by the electron-to-ion mass ratio. Therefore, this study
will focus on the energy input to the thermal electrons

(the largest absorber of superthermal electron energy).
From Eq. (1), the localized heating rate Q has the
form
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and Pi can be written in terms of this as
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�si

s0
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where the i subscript indicates quantities at the iono-

spheric boundary and the 0 subscript is for the equa-
torial plane. The integral only covers half of the ¯ux
tube because the energy deposition is shared between

the two conjugate footpoints of the ®eld line.
The superthermal electron ¯ux distribution function

f �f � 2Ef=m 2� is found by a combination of two

time-dependent, kinetic transport models (Khazanov
and Liemohn, 1995; Khazanov et al., 1998). Details of
this combined model are given in Khazanov et al.

(1998), and so only a brief description will be given
here. The ®rst model is a ®eld-line calculation that
includes all of the atmospheric neutral and ionospheric
collisional interactions, ran many times over a grid of

latitudes and longitudes. The second model is a
bounce-averaged model that includes the e�ects of
cross-®eld-line drifts. The two models are run simul-

taneously, sharing information as needed. The ®eld-
line model provides the source of the photoelectrons
on the dayside, the atmospheric sink of both popu-

lations (especially on the nightside), and the secondary
electron sources from the precipitating electrons. The
energy range extends down to a few electron volts and
up to several tens of keV, thus capturing the entire

superthermal electron energy range in the calculation.
In addition, because the formulation is linear, the two
source terms (photoelectrons and plasma sheet elec-

trons) can be solved independently with the results
summed after the calculations. This allows us to isolate
the heating from each population in order to better

examine their in¯uences to topside heating. The mag-
netospheric thermal plasma is calculated with the
model of Rasmussen et al. (1993), also ran simul-
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taneously with the superthermal electron models, and
the thermospheric and ionospheric inputs are given by

the MSIS (Hedin, 1991) and IRI (Bilitza, 1990)
models, respectively.

3. Results

To begin, two extreme geophysical conditions were

imposed in order to quantify the limits of energy depo-
sition from these two superthermal electron popu-
lations. Both are steady-state results, meaning the

simulations were conducted for several days (48 h of
simulation time) and only the ®nal output is reported.
The two runs hold the planetary index Kp constant at
1 and at 6, representing low and high geomagnetic ac-

tivity, respectively. Integrated electron heating rates

from Eq. (3) for these two runs are shown in Fig. 1.

Note that it is the logarithm of the integrated heating

rate that is being presented vs. MLT and magnetic lati-

tude. It is clear that when activity is low, the plasma

sheet electrons show only miniscule heating to the

ionosphere, and only at higher latitudes. It is also seen

that the photoelectrons show a very strong heat input

to the topside ionosphere, reaching a maximum in the

afternoon sector. Also of interest is the band of heat-

ing throughout the nightside at higher latitudes by the

photoelectrons during low activity. This is produced

by the transport of photoelectrons through the night-

side in a restricted band, cut o� on the low-latitude

side by increased thermal plasma densities and rapid

absorption in the evening sector, and cut o� at high

latitudes by Earthward convection forces from the

tail.When activity is increased, however, these patterns

Fig. 1. Contour plot of log Pi (column heating rates in eV cmÿ2 sÿ1) as a function of latitude and MLT for photoelectrons (left

panels) and plasma sheet electrons (right panels) for Kp � 1 (upper panels) and Kp � 6 (lower panels). Note the intensity scale is

logarithmic (also in Fig. 4).
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change dramatically. The photoelectrons show substan-
tially less heat input into the topside ionosphere, there

is no sign of the nightside heating band, and the
plasma sheet electrons show heat input at all local
times, particularly the morning sector. These energy

deposition trends are expected from the change in the
convection patterns in the inner magnetosphere. As ac-
tivity increases, the cross-tail electric ®eld increases and

dominates over the corotation ®eld, stripping away the
plasmasphere so there is far less thermal plasma to col-
lide with and absorb the energy of the superthermal

electrons. Note that the photoelectrons still dominate
over much of the dayside, and that there is still an
energy deposition minimum in the premidnight region.
This dominance is due not only to the di�erence in

¯ux intensity, but also to the di�erence in character-
istic energy. The photoelectrons have a mean energy of
well under 50 eV, while the plasma sheet electrons

have a mean energy in the hundreds of eV. Because of
the inverse relationship between Coulomb collisions
and superthermal electron energy, as seen in Eq. (1),

more heat is transferred from the photoelectrons than
from the plasma sheet electrons because of their lower
particle energies.

Fig. 2 shows line plots of the results in Fig. 1. Note
that the photoelectrons and plasma sheet electrons
have di�erent MLTs chosen as well as di�erent scales.
It is seen that during quiet conditions, the photo-

electrons provide a large and steady heat input of a
few times 1010 eV cmÿ2 sÿ1 back down into the day-
side ionosphere. Note that this is heating occurring in

the magnetosphere and being conducted down, and
does not include the local heating from these electrons

to the thermosphere and ionosphere near or below the
F2 peak. During active times, however, this steady

heat source is disrupted by the increased convection.
The plasma sheet electron heat input is almost nonexis-
tent during quiet times, but is quite signi®cant during

active times.
These limited cases, however, do not show the com-

plex and time-dependent nature of the heating patterns

that can arise from a realistic scenario of geomagnetic
activity. To examine such a case, the injected cloud-
trapping event in January 1991 will be studied. The Kp

history during this event is shown in Fig. 3, and during
the three peaks in Kp, plasma sheet electrons were
trapped on closed ®eld lines. Each peak contributed
further to the build-up of a cloud of plasma sheet elec-

trons in the inner magnetosphere, a cloud that took
days to disperse. This event has been studied both
observationally (Burke et al., 1995) and theoretically

(Liemohn et al., 1998; Khazanov et al., 1998), and so
here we will only discuss the heating to the topside
ionosphere from this trapped cloud.

Fig. 4 shows contour plots of log Pi for photo-
electrons and plasma sheet electrons during this cloud-
trapping event. The ®rst row is immediately following

the initial injection event, the second row is during the
third (and ®nal) segment of the trapping, the third row
is 12 h later, just after the ®nal injection event, and the
fourth row is over two days later after the cloud was

starting to break up. In reality, the photoelectrons wax
and wane on the dayside but do not really lose their
strength of energy input to the topside ionosphere.

Also, the nightside band of heating is always present
for this Kp history. Note that after the initial injection,
the heating pattern from the cloud is very localized

near midnight. As time progresses, the signature
becomes stronger and spread out, but still shows a
maximum and a minimum in local time. The corota-
tion of the cloud is seen between the second and third

rows as the cloud shifts 12 h of local time, right with
the simulation time change. By the ®nal time shown,
the degradation of the cloud is evident as the heat

Fig. 3. Kp history during the cloud-trapping event of January

1991.

Fig. 2. Column heating rates in eV cmÿ2 sÿ1 versus latitude at

several MLTs for photoelectrons (left panels) and plasma

sheet electrons (right panels) for Kp � 1 (upper panels) and

Kp � 6 (lower panels).
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input away from the peak is greatly reduced and the

width of the heated region is narrower. An interesting

feature of these plasma sheet electron heating plots is

that this Kp history does not allow these particles
inside of about L � 3:5 (magnetic latitudes of about

558). The plasma sheet cloud is able to persist much

longer than the photoelectrons, which degrade rapidly

away from their source region, because of its large

characteristic energy compared to the thermal plasma.
The energy transfer is far slower than for photo-

Fig. 4. Contour plot of log Pi (in eV cmÿ2 sÿ1) as a function of latitude and MLT for photoelectrons (left panels) and plasma

sheet electrons (right panels) for four times during the cloud-trapping event on January 1991.
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electrons, so these trapped plasma sheet electrons
simply circle the globe, losing energy at a modest but

signi®cant rate to the thermal plasma and thus to the
topside ionosphere.
Fig. 5 shows line plots at constant MLT of the con-

tours in Fig. 4. The photoelectron results clearly show
a persistent dawn-to-dusk asymmetry in the high-lati-
tude dayside heating rate to the topside ionosphere.

The plasma sheet electrons begin with a large peak in
heating from the initial injection, which becomes a
round-edged cloud by the third injection, and slowly

degrades from there.

4. Discussion

Energy ¯uxes into the topside ionosphere have been
presented from two superthermal electron sources:

photoelectrons and plasma sheet electrons. Peak rates
of a few times 1010 eV cmÿ2 sÿ1 were found for photo-
electrons, mostly on the dayside, and max rates of

close to 109 eV cmÿ2 sÿ1 were found for plasma sheet
electrons, mostly at higher latitudes on the morning-
side. To put them into perspective, Table 1 lists

expected peak integrated heating rates from various
magnetospheric energy sources, and Fig. 6) shows

schematics of the regions where these peak values typi-
cally occur. The ®rst two entries are photoelectrons

and plasma sheet electrons, with values from this
study. Note that the photoelectron heat inputs match
previously calculated values (Khazanov and Gefan,

1982; Liemohn and Khazanov, 1995). Fig. 6(a) and (b)
illustrate where these maximum heat rates are usually
deposited into the topside ionosphere.

Like electrons, plasma sheet and ring current ions
can also deposit energy to the thermal plasma. Even
with the mass ratio acting to prevent e�cient energy

transfer, the speeds of ring current ions and thermal
electrons are close enough to allow transfer to occur,
and thus deposition to the topside ionosphere is
expected from these populations (Kozyra et al., 1987,

1990; Jordanova et al., 1997). It is interesting to note
that photoelectrons are still the dominant process on
the dayside with the inclusion of hot ion deposition,

and that the plasma sheet electrons and ions are actu-
ally complementary in their regions of energy depo-
sition. In Fig. 6(c), the gap in the prenoon sector does

not indicate that no heating due to ring current ions
occurs here, it is just that there is a minimum at this
location in the heating from energetic ions.

In addition to particle e�ects, plasma waves can also
be a source of energy to the topside ionosphere. In
particular, ion cyclotron waves excited in the ring cur-
rent region get damped when they propagate in the

plasmasphere, and the energy carried by the waves is
often transferred to the background thermal plasma
(Khazanov and Chernov, 1988; Konikov et al., 1989).

These studies used the quasi-linear approximation to
calculate the collision terms for the hydrodynamic
equations, showing that the attenuation of these waves

substantially heats the cold electrons in the outer plas-
masphere. When thermal electrons are in resonance
with ion cyclotron waves, the ®eld-aligned component
of the wave electric ®eld accelerates the thermal elec-

trons in the parallel direction. This selective heating of
one degree of freedom results in a temperature aniso-

Fig. 6. Schematic of the regions where the maximum energy

deposition might occur (see Table 1) for (a) photoelectrons,

(b) plasma sheet electrons, (c) plasma sheet/ring current ions,

(d) ion cyclotron waves, and (e) convection-driven Joule heat-

ing. The vertical axis ranges over the midlatitudes and the

horizontal axis ranges from MLT � 0 to 24 h (as in Figs. 1

and 4.

Fig. 5. Column heating rates in eV cmÿ2 sÿ1 versus latitude at

several MLTs for photoelectrons (left panels) and plasma

sheet electrons (right panels) for four times during the cloud-

trapping event on January 1991.

G.V. Khazanov et al. / Journal of Atmospheric and Solar-Terrestrial Physics 62 (2000) 947±954952



tropy in the thermal electrons. An identical situation

takes place for the cold ions, as a result of induced

scattering processes. These temperature anisotropies

could be then reduced by particle-particle collisions,

leading to warm Maxwellian distributions (Konikov,

1990; Gamayunov et al., 1991). Another energy chan-

nel is wave-wave interactions, where additional modes

are excited that more readily deposit their energy to

the thermal plasma. One such coupling mechanism is

the generation of lower hybrid waves (LHWs). LHW

excitation is a widely discussed mechanism of inter-

action between plasma species in space. Possible mech-

anisms of lower hybrid wave excitation include

accelerated electron beams (Maggs, 1976; Chang and

Coppi, 1981), anomalous Doppler resonance of waves

with precipitating electrons (Omelchenko et al., 1994),

the lower hybrid drift instability in inhomogeneous

plasmas (Davidson et al., 1977; Huba et al., 1978), and

also by the relative drifts caused by the ion cyclotron

waves (Khazanov et al., 1996b, 1997). Such waves are

particularly interesting because they couple well to

both electrons and ions, providing an additional

energy channel to the thermal plasma. However the

energy is transferred to the thermal plasma, this heat

input can be substantial. It is quite localized, though,

restricted to the region of interaction between the ring

current and the plasmasphere, and is often patchy

within this band (Jordanova et al., 1997). Fig. 6(d)

shows the typical location of maximum wave growth

for ion cyclotron waves.

The ®nal form of heating to be considered is Joule

heating following magnetospheric convection intensi®-

cation. According to Krymskiy (1990), thermal ions

can be heated during disturbances as a result of the

process of gyrorelaxation heating (Braginskiy, 1965),

which consists of the following: as the azimuthal cur-

rent intensi®es, the plasma is compressed; the magnetic

®eld increases as BAn; and the thermal ion transverse

energy increases. Redistribution of energy over three

degrees of freedom due to the collisions is an irrevers-

ible process, and it is related to the dissipation and lib-

eration of heat. Thus the viscous and Joule dissipation

during periods of convection intensi®cation provide for

the heating of the plasma, which facilitates the creation
of a warm zone on the periphery of the plasmasphere

(Gringauz and Bezrukikh, 1976). This level rivals that
of the photoelectrons, but is not generally coincident
with it (see Fig. 6). This heating typically occurs on
the nightside, particularly in the post-midnight region,

and only during the growth phase of storms and sub-
storms.
This analysis indicates that superthermal electrons

play a signi®cant role in providing energy input to the
topside ionosphere. In the context of other heat
sources, the photoelectrons are especially vital to pro-

viding energy into the dayside upper ionosphere, and
the plasma sheet electrons to the morningside after
injection events. However, as indicated in Figs. 4 and

5, the plasma sheet electrons can become trapped and
last for several days in the inner magnetosphere, long
after the injection disturbance has subsided. This is not
the case for some other energy sources, however, such

as Joule heating, which also provides heat input to the
morning sector but will only be an in¯uencing factor
during the buildup of disturbed conditions.
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