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[1] We present a new parameterization of the altitude profile of the ionization rate in the
Earth’s atmosphere due to precipitating energetic electrons. Precipitating electrons are
assumed to have a Maxwellian energy distribution and an isotropic pitch angle distribution
above the atmosphere. In this study, two electron transport models (whose validity has
been verified by observations) are employed to calculate the ionization rate, to which we
have fit our new parameterization. To derive a new parameterization, we follow a similar
scheme to that of Roble and Ridley (1987) but take into account further functional
dependence on the incident electron energy. As a result, the new method presented in this
paper provides a highly improved prediction for electron impact in a significantly
extended energy range from 100 eV to 1 MeV, spanning 4 orders of magnitude. Note that

we have neglected the contribution of bremsstrahlung X rays generated by energetic
electrons, which are mostly important below 50 km altitude. The comparison of
parameterization results with model calculations shows that the errors generally fall well
within £5% in both the altitude-integrated total ionization rate and the peak value. The
altitude profile as a whole is also accurately predicted, with errors in the altitudes of the
peak and e-folding ionization rates significantly less than 5 km. The proposed new
parameterization method with high accuracy is thus ready to be implemented into global
models to assess the electron impact on the ionosphere and the atmosphere.
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1. Introduction

[2] Energetic electrons of magnetospheric origin repre-
sent the major source of kinetic particle energy to the
Earth’s upper and middle atmosphere. The resulting ioniz-
ing collisions with the neutral constituents significantly alter
the ionosphere properties, and are responsible for sustaining
the high-latitude ionosphere on the night side. Among
precipitating electrons, auroral particles (approximately in
the energy range of 1-30 keV) are considered the main
particle energy source and have been intensively studied.
For efficient calculation in the National Center for Atmo-
spheric Research (NCAR) thermospheric general circulation
model, Roble and Ridley [1987] (hereinafter referred to as

"Laboratory for Atmospheric and Space Physics, University of
Colorado, Boulder, Colorado, USA.

2Geophysical Institute, University of Alaska, Fairbanks, Alaska, USA.

*High Altitude Observatory, National Center for Atmospheric Research,
Boulder, Colorado, USA.

“Atmospheric Chemistry Division, National Center for Atmospheric
Research, Boulder, Colorado, USA.

SNASA Goddard Space Flight Center, Greenbelt, Maryland, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JA013384$09.00

RR87) proposed a parameterization scheme to evaluate
auroral electron impact ionization. RR87 employed an
empirical energy dissipation function derived by Lazarev
[1967], which they extended to yield the ionization rate of a
vertically incident electron beam with a Maxwellian energy
distribution. In order to analyze the Upper Atmospheric
Research Satellite (UARS) measurements, Lummerzheim
[1992] adopted the RR87 algorithm and reported a new
set of parameterization coefficients for precipitating elec-
trons in an isotropic pitch angle distribution. These new
coefficients have subsequently been adopted and widely
used for auroral electron impact ionization in other NCAR
models, like the thermosphere ionosphere mesosphere elec-
trodynamics general circulation model (TIME-GCM)
[Roble and Ridley, 1994] and the Whole Atmosphere
Community Climate Model (WACCM) [cf. Garcia et al.,
2007, and references therein].

[3] In addition to auroral electrons, there are several other
types of electron input of interest to the ionosphere and
atmosphere community. Polar rain, characterized by weak
drizzle of electron precipitation with an average energy
between about 100 and 300 eV, is observed in the polar
cap region [Newell et al., 1996]. Higher-energy electrons
with an energy of over 30 keV (and up to a few MeV) also
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impact the Earth’s atmosphere, originating either from the
ring current or from the plasma sheet in the high-energy tail
[Raben et al., 1995]. As both auroral and polar rain
electrons have been routinely incorporated into the TIME-
GCM and WACCM, it is of particular interest to extend the
models to evaluate the effect of the medium-energy (~30—
1000 keV) electrons on the ionosphere and atmosphere. A
study of Codrescu et al. [1997] made an effort to construct
statistical medium-energy electron precipitation patterns and
assessed the effect of this extra particle source using the
TIME-GCM. It was found that medium-energy electrons
had a significant impact on the mesospheric composition of
minor constituents, like NO and NO,. Recent satellite data
analyses showed that dramatic ozone reduction of around
40% in the middle to upper polar stratosphere can be
attributed to descending NO, (NO + NO,) that is originally
produced by energetic particle precipitation at higher alti-
tudes [Randall et al., 2007]. It is established that medium-
energy particles play a certain important role in the Earth’s
middle and low atmosphere. It is thus desired that the
existing models like the TIME-GCM and WACCM be
capable of modeling medium-energy particles and taking
into account their effects.

[4] However, it is not straightforward to extend the RR87
parameterization to the medium-energy electrons. As noted
by Lummerzheim [1992], the RR87 method is valid in the
same electron energy range as the Lazarev [1967] deriva-
tion, that is, from a few hundred eV to around 32 keV. It
was also found by Lummerzheim [1992] that the RR87
parameterization gave a fairly good estimate of the ioniza-
tion rate over an extended energy range up to 100 keV.
Therefore, to better allow for medium-energy electrons of
>100 keV and the polar rain electrons with an energy as low
as 100 eV, a new parameterization is required. This paper
represents an effort to derive a new parameterization
scheme that covers a significantly extended precipitating
electron energy range from 100 eV to 1 MeV.

[5] An overview of this paper follows. In section 2, our
parameterization technique is described and the limitation of
the RR87 parameterization is discussed. In section 3, our
new parameterization function is obtained from a least-
squares fit to electron transport model results. In section 4,
the validity of our formulas is confirmed through a system-
atic error analysis in the broad energy range from 100 eV to
1 MeV. Finally, the paper’s findings are summarized in
section 5.

2. Numerical Method
2.1. Model Description

[6] In this paper, we study the geoeffectiveness of
precipitating electrons in a Maxwellian energy distribu-
tion. The differential hemispherical number flux
(keV™' em™? s7') is specified by

&Eexp(—ﬁ), (1)

E) =
o) = &
where (@, is the total precipitating energy flux
(keV cm * s7'). E, is the characteristic energy in keV,
defined as the energy at which the spectral flux has a peak.
That is, the characteristic energy in a Maxwellian distribu-
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tion is half of the average energy. It is worth noting that in
situ satellite measurements usually exhibit a non-Max-
wellian feature with a high-energy tail in particle spectral
fluxes [e.g., Frahm et al, 1997]. The Maxwellian
approximation therefore imposes a limitation on atmo-
spheric ionization rate specification at low altitudes. In
addition, the pitch angle distribution at the top side
boundary is assumed to be isotropic. In an attempt to
accurately derive a parameterization function to fit the
altitude profile of the electron impact ionization rate, we
resort to two electron transport models.

[7] In this study, the transport of precipitating £y < 10 keV
electrons and the resulting ionization rate are modeled using
a multistream method [Lummerzheim et al., 1989;
Lummerzheim and Lilensten, 1994]. The electron flux
intensity in the atmosphere is calculated as a function of
altitude, energy and pitch angle by solving steady state
Boltzmann transport equations. The ionization rate can then
be derived with the knowledge of the flux intensity and the
corresponding cross sections. The validity of the model was
justified in comparison with in situ measurements
[Lummerzheim et al., 1989] and laboratory experiments
[Lummerzheim and Lilensten, 1994]. The multistream
method is suitable for modeling auroral and polar rain
electrons as pitch angle scattering during the particle trans-
port becomes more significant when incident electrons have
a relatively low energy.

[8] However, owing to the limitation of the energy grid
setting in the current multistream code, it is not appro-
priate to investigate electron precipitation with a charac-
teristic energy of far above 10 keV without any extension
of the energy grid. Considering that high-energy electrons
penetrate fairly deep into the region of the dense atmo-
sphere where the particles actually do not move any
significant distance away, angular scattering becomes less
important for high-energy electrons. Therefore, a two-
stream electron transport model [Solomon et al., 1988;
Solomon and Abreu, 1989] is adopted here for modeling
incident £, > 10 keV electrons. Good agreement between
the multistream and two-stream models for auroral elec-
tron energies ensures the continuity of electron impact
ionization modeling in this study. In addition, as required
by energy conservation, the altitude profile of the ioni-
zation rate calculated by the two-stream model is further
multiplied by a small normalization factor so that the
mean energy loss per ion pair production is about 35 eV,
which is in accordance with laboratory measurements
[e.g., Rees, 1989]. The scaling factor ranges from 1.06
to 1.15, depending on the precipitating electron energy. It
should be pointed out that both the multistream and two-
stream ion transport models are in agreement with Monte
Carlo simulations [Solomon, 2001], confirming that they
are reliable to be used for parameterization.

[9] In the ionization rate calculation, the contribution of
bremsstrahlung X rays that are generated by precipitating
energetic electrons is not considered. However, by neglect-
ing ionization by bremsstrahlung X rays, calculation results
at low altitudes may be considerably underestimated, as the
ionization produced by the X rays peaks substantially lower
in altitudes than does direct ionization by incident electrons.
The importance of bremsstrahlung X rays in atmospheric
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ionization was demonstrated by analyzing UARS measure-
ments by Frahm et al. [1997].

2.2. Parameterization Scheme

[10] To derive a fit to the modeled altitude profile of
electron impact ionization, we adopt the RR87 scheme as
the core of our parameterization but a further improvement
is required for application to a much broader energy range
of incident electrons. Here we first introduce the basic idea
of the RR87 parameterization and discuss its limitations,
followed by our improvement. Also considering that there
were severe typos in the original formulation of the RR87
paper, it is appropriate to list the key equations here but with
clarification provided.

[11] In the RR87 work, the total electron impact ioniza-
tion rate is calculated by scaling proportional to a normal-
ized energy deposition function /. That is,

_ O 1
qtot—erH ) (2)

where Oy is the total incident electron energy flux
(keV cm 2 s71), and Ae = 35 x 1072 keV stands for the
mean energy loss per ion pair production. H is the scale
height in cm defined by

T

H=—.
mg

3)

In the scale height calculation, & is the Boltzmann constant,
T is the atmospheric temperature, m is the average molecular
weight of the atmosphere, and g is the gravitational
acceleration.

[12] The energy deposition function f'in equation (2) was
found to depend on a normalized quantity y, which is
determined by a combination of the atmospheric density
profile and the characteristic energy through

1 pH 0.606
= (2= 4
"7k (4><1()*6) ’ “)

where E, is the characteristic energy of precipitating
electrons in keV, and p is the atmospheric mass density in
g cm . It is seen that y approximately has a power-law
dependence on the column mass density. It is worth noting
that the incident electron energy is taken into account by the
inclusion of Ej in the y definition.

[13] Inthe RR87 study, the relationship between fand y is
parameterized by the following equation:

f(») = Cy@ exp(—C3p™) + Csy“ exp(—Cp™),  (5)

where the coefficients C; through Cg are constants,
independent of the atmospheric profile or the precipitating
particle energy. The dependence of the energy deposition
function on the characteristic energy of the precipitating
electrons enters into the RR87 parameterization only
through the parameter y. The eight constant coefficients in
equation (5) were established by employing the empirical
relationship derived by Lazarev [1967]. Therefore, the
dependence of fly) on y in equation (5) qualitatively
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illustrates how precipitating particles of a certain character-
istic energy lose their energy through ionizing collisions as
they penetrate the Earth’s atmospheric mass. The desired
physical quantity of the ionization rate can finally be
obtained by applying equation (2).

[14] It should be emphasized that altitude does not
explicitly play a role in the ionization rate calculation in
the above formulation. In other words, it does not matter
whether the position in the atmosphere is measured with
respect to altitude or pressure. In fact, a pressure-based
coordinate system is used in the TIME-GCM and WACCM.

[15] Figure 1 compares the £y = 1 keV electron impact
ionization derived from the multistream model
[Lummerzheim et al., 1989; Lummerzheim and Lilensten,
1994] to the RR87 parameterization for an isotropic particle
precipitation. The Mass Spectrometer Incoherent Scatter
(MSIS-90) model atmosphere for a moderate solar and
geomagnetic activity, Fio7 = ( Fio7) = 150 and 4, = 35,
is used [Hedin, 1991]. Figure la shows the altitude profile
of the atmospheric scale height and the y variable in the
MSIS atmosphere, using equations (3) and (4), respectively.
The model results of the ionization rate are presented as
well. In Figure 1b, the modeled ionization rate is demon-
strated in terms of the relationship between y and f, using
equation (2). The RR87 parameterized relationship
(equation (5)) is also displayed for comparison.

[16] It is shown in Figure 1b that in general the RR87
parameterization is in fairly good agreement with the model
results in the case of £, = 1 keV electron precipitation.
However, the ionization rate peaks at a lower y value and
thus a higher altitude (see Figure la). Although the peak
value of the parameterized energy deposition function f'is a
little larger, the ionization rate actually has a smaller peak
than the modeled value (shown later in Figure 3). This
paradoxical result comes from the fact that their peaks occur
at different altitudes, where the scale height at the higher
altitude is larger, resulting in a smaller ¢,,, (see equation (2)).

[17] As limited by the working energy range of the
Lazarev [1967] approximation, the RR87 parameterization
is expected to be valid for electron precipitation in a limited
energy range. Figure 2 shows the model results in terms of
the y and f relationship for a variety of incident electron
energies, from Ey = 100 eV to 1 MeV. The old parameter-
ized relationship, which is independent of E, is superposed
for comparison (equation (5)). As explained in section 2.1,
the multistream model is used to calculate the ionization rate
for Ey < 10 keV, while the two-stream model is employed
for Ey > 10 keV with an appropriate scaling. To further
examine the sensitivity to the background atmosphere, the
MSIS-90 atmosphere for the ionization rate calculation is
altered by changing both ;7 and 4,, index values. Fj¢ 7 is
changed from 50 to 300 by a step of 50, while 4,, is changed
from 5 to 65 by a step of 10. As a consequence, the
comparison in Figure 2 is made for 42 MSIS atmospheres
in total (6 Fj9.7 by 7 A4, values). Because the C coefficients
in equation (5) are independent of the atmosphere and the
incident energy, it is seen that the parameterized dependence
of f{y) on y is the same for varying electron precipitation in
different atmospheres.

[18] It is worth noting that although a wide range of
atmospheric vertical distributions (that is, p(z) and H(z))
were used in Figure 2, the y versus f profiles closely cluster
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