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The response of the E-FI region ionosphere 1o different solar EUV flux models is investigated
theoretically using two different photochemical schemes, and the results are compared with incoherent
scatter radar electron density measurements taken at Millstone Hill. The latest EUV flux model (Tobiska,
1991), which incorporates more recent measurements, has generally more flux at short wavelengths
compared to the Hinteregger et al. (1981) flux model based on AE-E satellite data. This results in better
agreement with the measurements in the E-FI region and above. The Tobiska flux model, however, gives a
smaller £ region peak density, due to the influence of low Lyman 8 flux in the November 10, 1988, rocket
measurements of Woods and Rottman (1990). The photochemical scheme of Buonsanto (1990) has been
improved and now gives results similar to the more comprehensive scheme of (Solomon et al,, 1988;
Solomon and Abreu, 1989; S. C. Solomon and R. G. Roble, Simulation of the global thermospheric
airglow, 1, Methodology, submitted to Journal of Geophysical Research, 1992), provided that the ratios of
photoelectron impact ionization to pliotoionizalion (pe/pi) given by this latter model are included. The
pe/pi ratios calculated by this model and by the models of Lilensten et al. (1989) and Richards and Torr
(1988) differ significantly, and work is needed to resolve these differences. In general, the photochemical
model results underestimate the data, especially in winter. This result agrees with that of the earlier paper
by Buonsanto and could be resolved by decreasing MSIS-86 N2 and O densities in winter if additional
ions were produced in the E region either by photoionization or bj.' photoelectron impact ionization. The
photoionization and photoabsorption cross sections of Conway (1988) give results in somewhat better
agreement with observations than the cross sections of Torr et al. (1979). For the zenith angles considered
(daytime conditions), the Chapman function method for calculating photoabsorption gives results in

satisfactory agreement with a more rigorous calculation method using a formula from Rees (1989).

1. INTRODUCTION

Knowledge of the solar extreme ultraviolet (EUV) spectrum
is of great importance for aeronomical modeling. The electron
density (N,) in the daytime E-FI region of the ionosphere is
particularly sensitive to the EUV spectrum because of the
approximate photochemical equilibrium which results at this
region of maximum production by photoionization and eléctron
impact ionization. None of the solar EUV radiation reaches the
Earth’s surfaoe; so we have to rely on empirical models of the
EUYV fluxes, which are based on the limited data available from
satellites and rockets. In this paper, we use different EUV flux
models as input to two different photochemical schemes in
order to calculate electron density profiles at Millstone Hill,
Massachusetts (42.6°N, 288.5°E), on four different days when
incoherent scatter radar N, profiles are available. This
procedure allows us to assess the sensitivity of the calculated
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profiles to the differences between the various flux models.
Comparison of photochemical model results with observations
provides a test of our current level of understanding, not only of
the EUV spectrum, but also of photoionization and
photoabsorption cross sections, reaction rates, secondary
ionization by photoelectron impact, and neutral composition
and temperature.

Since the early 1970s, several empirical solar EUV irradiance
models have been developed for aeronomical applications. One
early model was developed by Donnelly and Fope [1973] which
tabulated measured EUV full-disk emissions for moderate sofar
activity. Hinteregger et al. [1981] developed the first proxy model
based upon the Atmosphere Explorer E (AE-E) data set. A -
substantial contribution of this work was the development of the
cycle 21 solar minimum reference spectrum called
SC#21REFW. The Hinteregger et al. work described an EUV
two-class (chromospheric and coronal) model which extended
beyond the AE-E mission using a two variable (10.7-cm radio
flux (F10.7) and the 81 day mean of F10.7) association formula.
This work was later designated SERF1 by the Solar
Electromagnetic Radiation Flux Study (SERFES). Following the
release of SERF1, Nusinov [1984]' developed a two-component
model of full-disk solar EUV irradiance variation based upoh
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TABLE 1. Reactions Included in the Revised Buonsanto and Solomon Models

Reaction Rate Coefficient (m3s"1) Reference
Revised Buonsanto Model
ot(is) + N2 = NO* +N k1= 1.533x10718 ~ 5.92x1071%(7300)+ 8.6x1072(Ty300) 1
ot(#5) + 03 -0+ 0" k2 =1.25%10"372 - 37x1072075 + 31x10717 2
0t@®D) +N; -0+ Npt k3 =8x10710 3
O*Dy+ 0y -0+ 0" kg =Tx10"16 3
o*ém+0 »0¥ds)+0 ks =52x10"17 4
o*@P) + N2 -0+ Np* kg =4.8x10716 4
Not +0 =Ny +0tds) k7, = 9.8x10718(300/T;)0- B 5
N2t + 0 — N+ NoOt k7p = 1.4x10716(300/T))0M — f7, 5
Not + 0y - Ny + 05F kg = 5x10~17(300/1) 6
02t +NO - 02 + NO* ko = 4.5%10716 6
0t +N — 0 +No* kyg =12x10716 7
Ot +e -0+0 a1 = 2x10713300/7,)07 (T, < 1200K) 8
a1 = 1.6x10713300/7,)%% (T, = 1200K) 9
NOt*+e¢ »N+O ap = 43x10713(300/T,) 10
Solomon Model
o*éds) + N2 - NO* +N k1 = 1.533x10718 - 5.92%1071%(T300) + 8.6x10~20(T31300)%
TF< 1700 K
ky =2.73%10718 - 1.155x10718(73/300) + 1.483x10~19(7300)2
(Tr> 1700 K
ot(s)+ 0y -0+ 0p* k2 =2.82x10717 — 7.74x 10~ 18(T3/300) + 1.073x10713(7y300)2
— 5.17x1072(T4300) + 9.65x 10~ 22(T#300)* 1
ot(48) + N(2py —» 0+ Nt kyp = 13x10716 11
0+(2D) + Np — O + Np* k3 =8x10716 3
otDy+ 03 -0+ 05t kg = 7x10716 3
o*eD)y+e —»0Ot(ds)+e k12 = 6.6%10~14300/7,)03 12
ot(p)+0 —0tds)+0 ki3 =1x10~17 13
0tEPY +Ng » 0+ Nyt kg =4.8x10716 4
o*@r)+ 03 -0 +0p* k14 = 48x10716 : 14
0*P)+e 0Dy +e k15 = 1.7x10~ B3300/7,)0> 12
ot@EP+0 s 0¥ +0 ks=5.2x10"17 4
N2t +0 >Nz +0%(s) k7 = 2x10~17 15
Np* + 0 -N+No*t k7 = 1.4x10‘15(300/gfg°-44 5
Not + 02 = No + Ot kg = 5x10717(300/77% 16
Nat +¢ -»N+N a3 = 1.8x10713(300/7,,)0-3 17
02t + NO — Oz + NO* ko = 4.4x10716 6
0>t +N =0 +Not k1o =12x10"16 7
O2f+e -0+0 oy =1.95x10"13300/T,)07 (T, < 1200K) 8,17,18
a1 = 1.6x10"13300/7,)055 (T, = 1200 K) 9,17
NO* +¢ - N+0O a = 4.0x10~13(300/7,)02 8,18
Nt +0y -NO* +0 k16 = 2.6x1071 19
Nt +0s; +N+0pt k17 = 31x10716 19
Nt+0 -»N+oO* kig=1x10"18 20

Notes: Ty = (T, + m, Ty + my). (1) St. Maurice and Torr [1978].  (2) Torr et al. {1988).  (3) Johnsen and Biondi [1980). (4) Rusch et

al [1977).  (5) McFariand et al. [1974].
[1976]. (10) Torr and Torr [1979].
etal [1988]. (16) McFariand et al. [1973).

[1985].

(11) Bates [1989].

(6) Lindinger et al. [1974]. (7) Fehsenfeld [1977]. (8) Walls and Dunn [1974). (9) Torr et al.
(12) Herry et al. [1969].  (13) Torr and Torr [1980).  (14) Link [1982]. (15) Knutsen
(17) Mehr and Biondi {1969]. (18) Alge eral. [1983). (19) Langford et al. [1985]. (20) Torr

formulation of Lilensten et al. was applied uniformly to all
photoionization rates. In fact, the Lilensten et al. pe/pi
formulation does not distinguish between species. However, for
all three pe/pi model options we now apportion the atomic
oxygen jons produced in the O*(%S), O*(?D), and O*(%P)
states in the ratios 0.56, 0.24, and 0.20 respectively, based on the

work of Richards and Torr [1988]. This produces a little more
O*(4$) than in previous work.

A new neutral nitric oxide (NO) model for Millstone Hill is
used. This is constructed from the tables of [NO] versus altitude
and geomagnetic latitude provided by Barth [1990], which
summarize data obtained from the polar-orbiting Solar
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Mesosphere Explorer (SME) satellite for the period January
1982 to August 1986. The new model separates solar cycle,
magnetic activity, and seasonal effects. As in earlier work, the
diurnal variation of [NO]J is based on the work of Stewart and
Cravens [1978].

3. DESCRIPTION OF SOLOMON MODEL

The Solomon model is a steady state photochemical model
that employs detailed calculations of photoionization and
photoelectron processes. Photoionization rates are calcvlated
for each wavelength band in a manner similar to that described
in section 2, except that excited and dissociated ion state
production rates are calculated separately for the molecular ions
as well as for atomic oxygen. The cross-section compilation of
Conway [1988] was employed. These values differ from the
earlier Kirby et al. [1979] compilation, upon which the Torr ef al.
[1979] band-averaged cross sections were based, primarily in
that the atomic oxygen ionization cross section is reduced at the
shorter wavelengths, following the measurements of Samson
and Pareek [1985). The cross sections were averaged for each
wavelength band, weighted by the SC#21REFW solar
minimum spectrum in that band. The solar flux may be
specified using either the two-class contrast ratio, F10.7-
association method [Hinteregger, 1981], linear interpolation
between the SC#21REFW and F79050N spectra (as above),
the Tobiska [1991] model (see below), or measured spectra.
The solar spectrum extended from 18—1050 A for all of the
model runs shown below.

Photoelectron fluxes are computed using the two-stream
method [Banks and Nagy, 1970; Nagy and Banks, 1970). The
photoelectron energy grid is extended to 700 eV so that the
effects of photoionization down to a wavelength of 18 A are
included. Further details may be found in the works by Solomon
et al. [1988] and Solomon and Abreu [1989]. The only important
revision to the photoelectron calculations since these papers is a
downward revision in some cross sections for excitation of
ultraviolet transitions of atomic oxygen by photoelectron impact,
resulting in approximate agreement with the total excitation
cross section used by Richards and Torr [1988). The cross
sections employed for N2 and O are still significantly higher
than those of Richards and Torr for energies greater than 20
€V, due to the inclusion of larger dissociation cross sections.

The electron density is calculated using the quartic equation
solution of Roble and Ridley [1987]. The method is extended to
include excited atomic oxygen ion states and the reaction of No+
with O to produce Qy*. Chemical rate coefficients for ion-
neutral and ion recombination reactions are listed in Table 1.
They are similar to the revised Buonsanto model but also
include some minor ion reactions that are only important at
higher altitudes than examined in this work. The most
significant difference between the ion chemistry in the two
models is the different treatment of the reaction Ot + Oy —
Ot + O. The Solomon model currently employs the
formulation of St Maurice and Torr [1978], while the
Buonsanto model uses that of Torr et al. [1988], which is a fit to
the measurements of Chen et al. [1978] in the 300~700 K
range. The different rates for this reaction in the two models has
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a small effect on our calculated electron densities in the FI
region, but hardly any effect in the E region, where the loss of
electrons is controlled by dissociative recombination with NO*
and Oz*. Reasonable agreement has been obtained among
several measurements of these dissociative recombination
reactions [Mehr and Biondi, 1969; Walls and Dunn, 1974; Alge
et al., 1983; Dulaney et al., 1987; Davidson and Hobson, 1987],
and the rates used in the two models are very close. As in the
Buonsanto model, the MSIS-86 neutral atmosphere model and
NO densities from Barth [1990] are employed.

4. EMPIRICAL SOLAR EUV IRRADIANCE MODEL
OF TOBISKA [1991]

The solar EUV model of Tobiska [1991] was constructed
using a multiple linear regression technique. The advantage of
this type of algorithm is that many independent data sets, each
appropriately weighted, may be used to determine correlations
and model coefficients. With several independent proxy terms
used for each of the chromospheric and coronal regressions, the
model is capable of including new proxies to extend the model
backward or forward in time, is able to take advantage of higher
correlations obtained with mean value data (such as 81-day
mean values), and is able to produce EUV irradiances with one
proxy (such as F10.7) or multiple proxies, depending upon the
user’s needs.

In general, a chromospheric or coronal emission intensity I at
a wavelength X may be modeled as a time-varying quantity at 1
AU as
I = ag(WA(O) +a1(MNF1() Haz(MNF (0 + .. +as(MFL()  (2)
in units of photdns em~2%~1 with n independent (proxy) terms
according to the multiple linear regression technique described
by Bevington [1969]. The a;(\) coefficients are derived in the
multiple linear regression, and F,(t) are the independent proxy
data sets. A(#) is a time vector with each element set to unity.
This irradiance relationship is based on the assumption that the
proxies vary linearly with the emissions with which they are
being correlated. The assumption generally holds true for
emissions which are created at the same temperature levels in
the solar atmosphere. Missing proxy data are substituted
through an empirical relationship with another proxy for which
data do exist on given dates. :

In the model, there are presently four proxy data sets used.
Fi(¢) and F»(?) are the two chromospheric proxies, where Fy(¢) is
the Lyman a flux and Fa(?) is the He I 10,830-A equivalent
width (EW) scaled to Lyman a. F3(f) and Fu() are the two
coronal proxies, where F3(¢) is the daily F10.7, and Fy(?) is the
81-day running mean of F10.7. The 39 wavelength intervals
used in the model are identical to the 37 intervals described by
Torr and Torr [1985] with the addition of two intervals (18—30
and 31-50 A). The EUV model is available from the National
Space Science Data Center (NSSDC) at Goddard Space Flight
Center and from the World Data Center A (WDC-A) for Solar-
Terrestrial Physics in Boulder.

Six satellite EUV data sets, including OSO 1 (28.4 and 30.4
nm) [Neupert et al., 1964], OSO 3 (25.6, 28.4, and 30.4 nm)
[Chapman and Neupert, 1974], OSO 4 (30.4 nm) [Timothy and
Timothy, 1970], OSO 6 (30.4 and 58.4 nm) [Woodgate et al.,



