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Abstract. From incoherent scatter radar observations and space-borne particle
detector data, it appears that energetic proton precipitation can sometimes, for
some locations, be a major source of ionization in the auroral ionosphere and
contribute significantly to the electrical conductances. Here we propose a simple
parameterization for the Pedersen and Hall conductances produced by proton
precipitation. The derivation is based on a proton transport code for computing the
electron production rate and on an effective recombination coefficient for deducing
the electron density. The atmospheric neutral densities and temperatures and the
geomagnetic-field strength are obtained from standard models. The incident protons
are assumed to have a Maxwellian distribution in energy with a mean energy (E)
in the 2-40 keV range and an energy flux (9. The parameterized Pedersen and
Hall conductances are functions of (F) and Qo, as well as of the geomagnetic-field
strength. The dependence on these quantities is compared with those obtained
for electron precipitation and for solar EUV radiation. To add the contribution of
proton precipitation to the total conductances for electrodynamic studies in auroral
regions, the conductances produced by electron and proton precipitations can be

combined by applying a root-sum-square approximation.

1. Introduction

The concept of ionospheric conductances, or height-
integrated conductivities, is useful in studies of the elec-
trodynamics of the high-latitude ionosphere. Because
large parallel electrical conductivity along the nearly
vertical geomagnetic field prevents the establishment
of any significant vertical electric potential gradients,
the horizontal electric field is nearly constant in alti-
tude. Therefore the height-integrated horizontal cur-
rent density associated with the electric field can be
directly computed from the conductances. It is cru-
cial to have an accurate conductance model in order
to infer Birkeland currents and electric field patterns
from magnetometer data [Doyle et al., 1986; Rich et
al., 1987, 1991] or to estimate the Joule heating from
particle and electric field measurements [Richmond and
Kamide, 1988]. Nevertheless, to date, in the electri-
cal conductance models applied to the high-latitude
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regions, energetic electrons have been the only parti-
cles of magnetospheric origin taken into account as a
source of ionization [ Wallis and Budzinski, 1981; Reiff,
1984; Fuller-Rowell and Evans, 1987; Hardy et al., 1987,
Brekke and Moen, 1993]. Energetic protons have been
either neglected or treated as if they were electrons,
which is not an appropriate way to infer their electron
production rate, as explained by Galand et al. [1999].
Even though energetic protons are not a dominant
energy source in the high-latitude region overall, their
contribution to the total auroral energy flux represents
on the average about 15% that of electrons [Hardy et al.,
1989], and they can be important at given locations and
times, particularly in the cusp and at the equatorward
boundary of the auroral oval before midnight, as parti-
cle observations from polar-orbiting satellites [Hardy et
al., 1989, 1991; Newell et al., 1991] and ground-based
optical H emission observations [Creutzberg et al., 1988]
attest. Emphasizing these results, Robinson and Von-
drak [1985], relying on incoherent scatter radar mea-
surements, and Basu et al. [1987], Senior et al. [1987],
and Lilensten and Galand [1998], using simultaneous
space- and ground-based observations from a satellite
and an incoherent scatter radar, have shown that pro-
tons are sometimes the major source of ionization and
can therefore contribute significantly to enhance the
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conductivities [Anderson et al., 1997, Galand et al.,
1999]. Finally, Senior [1991] studied the particle precip-
itation contribution to the height-integrated conductiv-
ities. She compared her results derived from European
Incoherent SCATter radar (EISCAT) data with a statis-
tical model of conductances obtained from precipitating
electron characteristics measured by the polar-orbiting
DMSP satellites [Hardy et al., 1987]. She found that
the EISCAT-derived conductances agree well with the
DMSP model in the morning sector but are systemati-
cally larger than the model in the evening sector. She
suggested that this difference is due to E region electron
production by energetic ion precipitation, which occurs
preferentially in the evening sector.

For these cases where protons are a significant, and
sometimes major, ionization source, we propose here,
for the first time, a simple way to parameterize the Ped-
ersen and Hall conductances. We first present in detail
the calculation of the perpendicular electrical conduc-
tances produced by proton precipitation, assuming a
Maxwellian distribution in energy and a mean energy
in the 2-40 keV range. We next discuss the dependence
of these conductances on the mean energy of the in-
cident protons and compare our results with the con-
ductances associated with electron precipitation. We
then study the dependence of proton-produced conduc-
tances on the geomagnetic-field strength and compare
with that obtained for solar EUV radiation. Finally,
we propose a parameterization for the Pedersen and
Hall conductances produced by proton precipitation,
and we discuss how conductances inferred from different
sources of ionization can be combined.

2. Pedersen and Hall Conductances
Produced by Energetic Protons

To calculate the perpendicular electrical conductan-
ces produced by proton precipitation, three steps are
performed: first, we compute the electron production as
a function of altitude associated with the interaction of
a proton beam with the atmosphere; second, we derive
the electron density profile; and third, we determine the
Pedersen and Hall conductivities and integrate them in
altitude.

For the computation of the electron production rate
P, associated with an incident proton beam, we use
the transport code developed by Galand [1996], which
solves the steady-state Boltzmann equations for pro-
tons and H atoms. The particle fluxes are computed as
a function of altitude, energy, and pitch angle, starting
from a specified incident flux at the top of the atmo-
sphere. The solution is based on the introduction of
dissipative forces to describe the energy loss through
collisions [Galand et al., 1997]. This proton transport
code has been successfully validated by comparison with
rocket particle data [Sgraas et al., 1974] and by com-
parison with the model of Basu et al. [1993] [Galand et
al., 1997]. From the computed particle fluxes and from

the neutral densities and the ionization and stripping
cross sections, it is possible to determine the ionization
rate produced directly by the proton beam. From this
primary electron production P, a secondary electron
production P,, can be estimated as proposed by Lilen-
sten and Galand [1998]: P.; = P.; x 0.006 Ey, where
P.; and P., are in m~3 s~! and the Maxwellian charac-
teristic energy Ep in keV is in the 1-50 range. This ad-
ditional ionization is created by the proto-electrons, en-
ergetic electrons directly produced by the interaction of
the proton beam with the atmosphere, that is, the elec-
trons generated through the primary production. Note
that this secondary electron production is less than 12%
of the primary production when Ey < 20 keV. The total
electron production P, is the sum of Py and Pes.

The incident flux at the top of the atmosphere is as-
sumed to be purely protons and isotropic over the down-
ward hemisphere. Observations from sounding rockets
and from satellites support this pitch angle distribution
le.g., Soraas et al., 1974; Urban, 1981]. However, ob-
servations indicate that sometimes the pitch-angle dis-
tribution is anistropic, peaking along the magnetic-field
lines [Urban, 1981]. We have tested such a distribution,
but the change in the conductances is only a few per-
cent increase. Moreover, the incident proton flux is as-
sumed to have a Maxwellian distribution in energy. The
mean energy of the Maxwellian, (E), is varied from 2 to
40 keV, typical for auroral proton precipitation [Hardy
et al., 1989). For a Maxwellian distribution, the charac-
teristic energy Ejp is half of the mean energy (E); that
is, Eg varies from 1 to 20 keV. The total incident energy
flux integrated over pitch angle and energy, Qo, is cho-
sen as 1 mW m™2, providing normalized results. The
neutral atmosphere is specified by the Mass Spectrom-
eter and Incoherent Scatter model (MSIS-90) [Hedin,
1991], for the location of Chatanika (65.1°N, —147.4°E)
at 2200 local time (LT) in winter, with a magnetic ac-
tivity index A, of 20 and a solar index Fig7 of 150,
representative of average magnetic and solar conditions.
The exospheric temperature is 970 K. The collision cross
section set used is from Basu et al. [1987] and from
Rees [1989]. The collisional energy losses are those pre-
sented by Galand et al. [1997]. The incident beam
is assumed sufficiently broad (larger than 250 km) that
beam spreading associated with the horizontal diffusion
of the hydrogen atoms can be neglected [Jasperse and
Basu, 1982]. No field-aligned electric field or collisional
angular redistribution is considered. The mirroring ef-
fect of the magnetic field is not included, as it does not
have a significant effect on the electron production rate
[(Galand and Richmond, 1999]. The dip angle is 90°.
As for numerical inputs, the altitude grid extends from
800 km down to 90 km on 200 levels. The minimum
energy of the energy grid is 100 eV, and the maximum
energy is at least 10 X (E). The number of levels for the
energy grid is between 100 and 150. The pitch angle
cosine grid is uniform with 10 levels. Figure la shows
the altitude profiles of the electron production rate ob-






