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Ionospheric electron densities calculated using different EUV flux
models and cross sections: Comparison with radar data

M. J. Buonsanto,! P. G. Richards,2 W. K. Tobiska,? S. C. Solomon,* Y.-K. Tung,!”>
and J. A. Fennelly®

Abstract. The recent availability of the new EUVAC (Richards et al., 1994) and EUV94X (Tobiska,
1993b, 1994) solar flux models and new wavelength bin averaged photoionization and photoabsorp-
tion cross section sets led us to investigate how these new flux models and cross sections compare
with each other and how well electron densities (V,) calculated using them compare with actual
measurements collected by the incoherent scatter radar at Millstone Hill (42.6°N, 288.5°E}. In this
study we use the Millstone Hill semiempirical ionospheric model, which has been developed from
the photochemical model of Buonsanto et al. (1992). For the F2 region, this model uses determina-
tions of the motion term in the N, continuity equation obtained from nine-position radar data. We
also include two simulations from the field line interhemispheric plasma (FLIP) model. All the
model results underestimate the measured N, in the E region, except that the EUV94X model pro-
duces reasonable agreement with the data at the E region peak because of a large Lyman 8 (1026 A)
flux, but gives an unrealistically deep E-F1 valley. The ionospheric models predict that the O,* den-
sity is larger than the NO* density in the E region, while numerous rocket measurements show a
larger NO* density. Thus the discrepancy between the ionospheric models and the radar data in the
E region is most likely due to an incomplete understanding of the NO* chemistry. In the F2 region,
the photoionization rate given by EUV94X is significantly larger than that given by the EUVAC and
earlier models. This is due to larger EUV fluxes in EUV94X compared to EUVAC over the entire
300-1050 A wavelength range, apart from some individual spectral lines. In the case of EUVAC,
this is partly compensated for by larger photoelectron impact ionization due to the farger EUV fluxes
below 250 A. The differences between ionospheric model results for the different cross-section sets
are generally much smaller than the differences with the data.

1. Introduction

Modeling of iocnospheric electron and ion densities requires
knowledge of EUV and soft X-ray solar fluxes, photoelectron
fluxes, photoionization and photoabsorption cross sections, chemi-
cal reaction rates for each species, and neutral composition. While
the photochemistry of the F2 region is relatively simple compared
to the E and F1 regions, modeling the F2 region also requires
knowledge of neutral winds, electric fields and diffusion processes,
which together give the motion term Ve (N _v) inthe electron den-
sity (N,) continuity equation

N,
5= a-BN,-Ve(N,») M
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Here g is the production rate due to photoionization and secondary
photoelectron impact, P is the recombination rate, and v is the
plasma drift velocity.

In the past few years a photochemical model of the midlatitude E
and F1 regions has been developed at Millstone Hill (42.6°N,
288.5°E) and results compared with incoherent scatter daytime
observations taken at this location [Buonsantoe, 1990; Buonsanfo et
al., 1992]. This model has been improved and extended to the F2
region by including a more comprehensive minor ion chemistry,
allowing diurnal variations, and combining the photochemical cal-
culations with measurements of the motion term in the continuity
equation obtained from a nine-position radar experiment. This
yields a semiempirical model of the ionosphere above Millstone
Hill which may be compared with radar data at a variety of heights
and for a variety of conditions to give information about the accu-
racy of the model chemistry and inputs. A strength of this model is
its flexibility, in that it is designed to be used with a variety of EUV
flux models and cross-section sets. Recently, two new wavelength
bin averaged EUV flux models have been published, the EUVAC
model [Richards et al., 1994] and the EUV94X model [Tobiska,
1993b, 1994]. Richards et al. have also published a new set of bin-
averaged photoionization and photoabsorption cross sectionms,
based on the detailed compilation of Fennelly and Torr [1992].
These new solar flux models and cross sections have been included
as possible options for use by the updated Millstone Hill iono-
spheric model. The purpose of this paper is to investigate how these
new solar flux models compare with each other, and how N, calcu-
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where T is the optical depth at wavelength A, zenith angle %, and
height z,, the summation j is over the three neutral species O, N,
and O, the densities of which (r;) are obtained from the MSIS-86
model, 6% is the photoabsorption cross section for species j at
wavelength A, and R is the Earth’s radius.

Nighttime sources of ionization have now been included, based
on [Strobel et al., 1974, 1980, J. E. Titheridge, personal communi-
cation, 1992]. The sources included are starlight, scattering of solar
radiation off interplanetary H and He, and resonantly scattered air-
glow. In our simple parameterization, starlight contributes to the
900-1000A continuum and at Lyman B (1026A) and has a simple
seasonal variation, the interplanetary background contributes at
584A (He Iy and at Lyman B and has a seasonal and solar cycle
dependence, and airglow contributes at 34A (HeID), 584A (He 1),
and Lyman B and has a zenith angle and solar cycle variation. Air-
glow is the dominant photoionization source closer to sunrise and
sunset. Starlight and the interplanetary background make signifi-
cant contributions closer to midnight, with starlight more
important. Additional details are provided by Tung [1993). While
these nocturnal sources have little effect on the F region, they pro-
vide a source for the residual nighttime ionization in the E region.

The pe/pi ratio is the rate of ionization by secondary photoelec-
tron impact divided by the photoionization rate. The model
currently has three options for this. These are the formulation of
Lilensten et al. [1989], the formulae by Richards and Torr [1988],
or values directly read into the program from the global airglow
(GLOW) model [Solomon et al., 1988; Solomon and Abreu, 1989].

2.1.2. F2 region. For modeling the F2 region the photochemistry
described above has to be combined with jonospheric motions
induced by winds, electric fields, and diffusion. These motions give
the motion term Ve(N,v) in the continuity equation (1). In our
semiempirical modeling approach, Ve (N ,v) is measured directly
from nine-position incoherent scatter radar data above Millstone
Hill, as described previously [Buonsanto and Holt, 1995]. In brief,
analysis of data from nine positions allows us to estimate spatial
gradients in the components of the ion drift vector v and in the ion-
ospheric scalar parameters N,, T,, and T;. The spatial gradients in
components of v and in N, allow estimation of Ve (N, v). We can
calculate N, from

N =

e

[q-aN,/dt-Ve(N,v)1/B 3)

where ¢ and [ are obtained from the photochemical calculations
and the MSIS-86 neutral atmosphere model, and 0N,/ d¢, Ve (Nv)
are measured. The seven-value magnetic index array is input to
MSIS-86 to specify the magnetic activity over the 59 hours prior to
the current time [Hedin, 1987]. In practice, an equation of the form
of (1) is solved for each ion species included in the model (O*(*S),
0*(2D), 0*(3P), NO*, 0,*, N,*, and N*), and the results combined.
Alternately, we estimate § for OT(*S) from

B=[g—aN,/0t-Ve(N,V)] /N, )

where g is the modeled production rate for O*(*S), and

dN,/0t, Ve (N,v), and N, are the measured values multiplied by
the fraction of ions which are O*(*S) in the model (usually ~ 98-
100% in the F2 region). We compare the results of (4) with calcu-
lations of B using

B=#kK [N,] +4,[0,] (5)
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where we use the measured ion temperature T;, the MSIS-86 model
for [N5}, [O5], and neutral temperature T}, and the rate coefficients
k, and k, are given in Table 1.

2.2. EUV Flux Models

The measured solar spectrum is seldom available for aeronomi-
cal modeling purposes, so modelers rely on solar flux models,
which are keyed to measurements of one or more solar spectral
lines on the date to be modeled, or averaged over one or more solar
rotations. The most commonly used proxy for the solar ionizing
radiation is the widely available 10.7 cm flux, or F10.7. These mod-
els of the EUV and longer wavelength soft X-ray fluxes are usually
bin-averaged into a convenient number of wavelength bands and
important solar emission lines spanning the range of approximately
304 (3 nm) up 10 1050 A (105 nm). These wavelengths originate in
the sun’s chromosphere, transition region, and corona, and are char-
acterized by considerable variability and large solar cycle
variations. It is beyond the scope of this paper to discuss in detail
the development of the various EUV flux models, or the arguments
for or against them. These have been reviewed by Lean [1990},
Tobiska [1993a), and Richards et al. [1994). Suffice it to say that
there are significant differences between the models and their abil-
ities to reproduce solar activity variations in EUV fluxes. Even
when the overall solar activity variations are reproduced in some
average sense, none of the models can be expected to be very accu-
rate in reproducing the EUV fluxes on a particular day. As pointed
out by Hinteregger {1981}, this is due to the great variety of types
of solar active regions and differences in their evolution over differ-
ent time scales, so that EUV models based on some limited set of
measurements over a limited time period could give quite mislead-
ing results if applied to a different part of the same solar cycle, or
even worse, to a different solar cycle. We will restrict our discus-
sion of the EUV flux models to brief descriptions of those which are
compared in the current work.

Hinteregger et al. [1981] developed the first proxy model based
on Atmospheric Explorer E (AE-E) data. An important contribution
of this work was the development of the solar minimum reference
spectrum called SC#21REFW. Hinteregger et al. described an EUV
two-class (chromospheric and coronal) model which was extended
beyond the time period of the AE-E mission by using a two variable
(F10.7 and 81 day mean of F10.7) association formula. Torr and
Torr [1985] published bin-averaged solar fluxes for 37 wavelength
bands and significant EUV emission lines for the two AE-E refer-
ence spectra SC#21REFW and F79050N, the latter representing
solar maximum. A common method for estimating the EUV fluxes
in use by aeroniomers has been to interpolate between these two bin-
averaged spectra using F10.7. An inconsistency with measure-
ments of the shape of the photoelectron flux spectrum [Richards
and Torr, 1984], as well as an inconsistency with the broad band
solar flux measurements of [Ogawa and Judge, 1986] suggests that
the Hinteregger et al. model fluxes below 250 A should be
increased by a factor of 2 or more, However, Richkards et al. [1994]
have pointed out other problems with the Hinteregger model,
including the SC#21REFW spectrum and the scaling with solar
activity.

Richards et al. [1994] have introduced a new EUV flux model for
aeronomic calculations (EUVAC), which is based on a measured
solar minimum reference spectrum called F74113 [Heroux and
Hinteregger, 1978, Torr et al., 1979] and the relative solar activity
variations of the [Hinteregger et al., 1981] proxy model. EUVAC
provides fluxes in the 37 wavelength bins of [Torr et al., 1979; Torr
and Torr, 1985], and the solar activity proxy is the mean of the daily
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Figure 1. Bin-averaged solar fluxes (10'* photons m™2 s™1) for 39
wavelength bins and discrete emission lines for the EUVAC (thick
lines) and EUV94X (thin lines) solar flux models. (top) Solar min-
imum and (bottom) solar maximum.

F10.7 and the 81-day average F10.7. EUVAC model coefficients
for two additional wavelength bands (18-30A and 30-50A) have
been calculated for use in the present study.

W. K. Tobiska and coworkers have produced a series of solar flux
models, the latest version of which is called EUV94X [Tobiska,
1993b, 1994]. This model provides solar fluxes in 39 wavelength
bins from 18 to 1050 A, the latter 37 bins corresponding to the bins
of Torr et al. This model was constructed using a multiple linear
regression technique, incorporating several satellite EUV data sets
as well as results from several rocket experiments. Solar activity
variations in the model are established using two chromospheric
proxies, Lyman o and He I 10,830 A equivalent width scaled to
Lyman ¢, and two coronal proxies, F10.7 and the 81-day mean of
F10.7. If either or both of the chromospheric proxies are not pro-
vided by the user, they are estimated in the model from the F10.7
and its 81-day mean.

Figure 1 shows a comparison between solar fluxes from the two
most recent models (EUVAC and EUV94X) for 1 day near solar
minimum, and for 1 day near solar maximum. For both dates, EUV
fluxes are larger in EUV94X than in EUVAC over the entire 300
1050 A range, apart from some individual spectra} lines. Below 250
A, BUVAC fluxes are larger on both dates, except at 30-50 A. The
large EUV94X flux at30-50 A is based on the originally published
measurements by the SOLRAD 11 satellite. In the EUVAC model,
the fluxes from the F74113 spectrum were increased by a factor of
2 between 150 and 250 A, and increased by a factor of 3 below 150
A to improve the agreement between calculated and measured pho-
toelectron fluxes. This accounts for the large EUVAC fluxes below
250 A. Although the larger EUV94X fluxes above 300 A result in
larger photoionization, the larger EUVAC fluxes in the 50~250 A
range produce larger ionization from secondary photoelectron
impact which compensates somewhat for this.

2.3. Photoionization and Photoabsorption Cross-Section
Models

In this paper we compare results obtained using three different
wavelength-bin averaged photoionization and photoabsorption
cross section sets.
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The first set is based on the widely used cross sections published
by Torr et al. [1979] in 37 wavelength bins from 50 to 1050 A, The
Torr et al. cross sections are intensity-weighted bin averages of the
high resolution tabulations of Kirby et al. [1979]. The Millstone
Hill model also requires cross sections from 18 1o 50 A, and we
obtain the cross sections at these short wavelengths from the
GLOW model. Torr et al. [1979] did not publish dissociative ion-
ization cross sections for N; and O, so for these we have also used
cross sections from the GLOW model. Similarly, Torr et al. did not
publish photoionization cross sections for atomic nitrogen; for
these we have used values from [Fennelly and Torr, 1992; Richards
etal., 1994].

The second set of cross sections used in this study is that from the
GLOW model. The GLOW model cross sections are based on the
compilation of Conway [1988]. These values differ from the earlier
Kirby et al. [1979] compilation primarily in that the atomic oxygen
ionization cross section is reduced at the shorter wavelengths, fol-
lowing the measurements of Samson and Pareek [1985]. The cross
sections were averaged for each wavelength bin, weighted by the
SC#21REFW solar minimum spectrum in that bin. There are no
GLOW model photoionization cross sections for atomic nitrogen,
so again we have used the values from [Fennelly and Torr, 1992;
Richards et al., 1954].

The third set of cross sections used in this work is that of [Fen-
nelly and Torr, 1992}, which have been bin-averaged into 37
wavelength bands between 50 and 1050A by Richards et al. [1994].
The Fennelly and Torr [1992] compilation includes results of more
recent measurements and includes the dense structure and autoion-
ization structure in the photoabsorption and photoionization cross
sections. The tables include, for the first time, cases where the pho-
toionization and photoabsorption cross sections for atomic oxygen
are not equal. Also this is the first compilation to include photoion-
ization cross sections for atomic nitrogen. Recent results by Bell
and Stafford [1992] for the photoionization cross sections for
O+(4P) and 0"(2P*) are considerably different from the Fennelly
and Torr [1992] values, which were based on Kirby et al. [1979).
For this third set of cross sections we have adjusted the 0+(4P) and
O*(2P*) cross sections in line with Bell and Stafford’s [1992}
results. This gives only a small difference in the final concentrations
of O*(S) calculated by the model (< 29%).

2.4. Field Line Interhemispheric Plasma Model

The field line interhemispheric plasma (FLIP) model, which has
been developed over a period of more than ten years, has been
described previously by Richards and Torr [1988] and more
recently by Torr et al. [1990]. The main component of this one-
dimensional model calculates the plasma densities and tempera-
tures along entire magnetic flux tubes from 80 km in the northern
hemisphere through the plasmasphere to 80 km in the southem
hemisphere. The model uses a tilted dipole approximation to the
Earth’s magnetic field. The equations solved are the continuity and
momentum equations for O%, H*, and He*, as formulated for the
topside ionosphere by St.-Maurice and Schunk [1977). Collisions
between ions and neutrals have been included in order to extend the
equations into the E and F regions. The electron and ion tempera-
tures are obtained by solving the energy equations [Schunk and
Nagy, 1978]. Electron heating due to photoelectrons is provided by
a solution of the two-stream photoelectron flux equations using the
method of Nagy and Banks [1970]. The solutions have been
extended to encompass the entire field line on the same spatial grid
as the ion continuity and momentum equations.



