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The response of the E-F1 region ionosphere to 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 E region peak density, due to the influence of low Lyman g 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 photoionization (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 O2 densities in winter if additional
ions were produced in the E region either by photoionization or by 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 acronomical 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 electron
impact ionization. None of the solar EUV radiation reaches the
Earth’s surface, so we have to rely on empirical models of the
EUV 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 phdtoionization 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 acronomical applications. One
early model was developed by Donnelly and Pope [1973] which
tabulated measured EUV full-disk emissions for moderate solar
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 (SERFS). Following the
release of SERF1, Nusinov [1984] developed a two-component
model of full-disk solar EUV irradiance variation based upon
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nonlinear regression formulas between F10.7 and the AE-E
EUV fluxes. A further modeling effort by Tobiska [1988]
developed a two-index EUV flux model using the Hinteregger
et al. EUV class model concept while Tobiska and Barth [1990]
improved the model by replacing a 1-8 AX ray index with
F10.7 daily values. This fourth empirical model was
subsequently designated SERF2 [Tobiska and Barth, 1990; R.
F. Donnelly, private communication, 1989].

SERF1 and SERF2 were compared by Lean [1990] over
time scales of the 27-day solar rotation and the 11-year solar
cycle. Significant differences were found between the models
and between each model and the data sets upon which each was
based. The differences appeared in the estimation of absolute
intensities, the magnitude of peak-to-valley variation of
irradiance due to solar rotation, and the maximum to minimum
flux ratios over the 11-year solar cycle. The conclusion from this
comparison indicated that neither models nor measurements
yet provided a consistent picture of long-term variability in the
EUV portion of the Sun’s spectrum.

Following the comparisons of Lean [1990], another solar
EUV flux model was developed [Zobiska, 1991] using a
multiple linear regression technique. It represented an advance
over the SERF1 and SERF2 models in proxy use, in modeling
technique, in consistency between model and data, and in
breadth of EUV data sets utilized in the correlations. In the
present work, we use both SERF1 and the Tobiska [1991]
model. The latter will be described more fully in section 4 below.

This paper follows on an earlier study [Buonsanto, 1990], in
which a photochemical model was documented, and results
compared with incoherent scatter data, ionosonde data, and ion
composition models over a solar cycle. The conclusion of the
earlier work was that increases of 25—30% in EUV fluxes above
those based on the AE-E data, combined with decreases in
MSIS-86 model densities input to the photochemical model
were needed to obtain the best agreement with the N, data and
jion composition models. The decreases needed in the MSIS
densities averaged 25%, with larger decreases needed in winter,
and smaller or no decreases in summer. The photochemical
model described by Buonsanto [1990] has been significantly
improved as part of the present study, and the revisions to this
model are described in section 2 below. In this study we also
employ the photochemical and airglow/aurora model 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), hereinafter referred to as the Solomon model.
This model is described in section 3.

2. REVISIONS TO BUONSANTO [1990] MODEL

The model described by Buonsanto [1990] was intended to
include all photochemical reactions believed to be important in
the region between 110 and 180 km in altitude. Photochemical
equilibrium densities were calculated for O*(4S), O*(2D), N>+,
0,*, and NO*. The EUV fluxes in 37 wavelength bands were
obtained by linear interpolation using F10.7 between the
reference spectra for solar minimum (SC#21REFW) and solar
maximum (F79050N) as published by Torr and Torr [1985].
The photoionization and photoabsorption cross sections in the
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same 37 wavelength bands were obtained from Torr et al
[1979]. At each wavelength, the photoabsorption was
determined by the optical depth formula:

7 = 3 {0, ®[n]H,Ch(x,,x)} (1

where the summation is carried out over the neutral species (n)
present (assumed to be O, N2 and O3), 0, is the
photoabsorption cross section, [n] is the concentration, and H,
= kT, /m,g is the scale height of each neutral species, Ch(x,,x) is
the Chapman function, x, = (Rg + h)/H,, Rg is the Earth’s
radius, k is height, and x is solar zenith angle. The rate of
ionization by photoelectron impact was calculated using
analytical expressions provided by Lilensten et al. {1989]. These
expressions give the ratio of photoelectron impact ionization to
photoionization (which we hereinafter refer to as pe/pi) in terms
of solar zenith angle, latitude, and solar activity. However, they
do not distinguish between neutral species, as we discuss further
below. The MSIS-86 model [Hedin, 1987] provided the neutral
densities and temperatures needed by the Buonsanto
photochemistry. However, neutral nitric oxide (NO) is not
included in MSIS-86, so simple [NO] models were constructed
for Milistone Hill based on works by Gérard et al [1984],
Stewart and Cravens [1978], Cravens et al. [1985], and Gérard
and Noél [1986].

We now describe the improvements made to the Buonsanto
[1990] model, which we have implemented in the present study.
Hereinafter we refer to this model with the improvements
documented in this section as the revised Buonsanto model.
Table 1 gives the ion-neutral and ion recombination reactions
included in the revised model. The most significant change in
the model is the inclusion of O*(2P) chemistry, which has the
effect of increasing the electron production rate. All the other
changes in reaction rates or new reactions listed in Table 1 have
a minor effect on the calculated ion and electron densities. They
are listed so that the reader will have a fairly complete
description of the revised model. The N>t + O5 reaction
previously was included as a source of O*. Now, for
completeness, it is included as a sink for N2+ as well.

Some additional production is obtained in the revised model
by inclusion of the O*(*P) and O*(2P") states (not shown in
Table 1). Ions in the O*(4P) state are assumed to decay
promptly to O*(4S), while O*(2P") ions decay to either O*(2D)
or O*(?P) with a branching ratio of 2.6:1 for O*(2D):0*(2P)
[Kirby et al, 1979].

In previous work, the photoabsorption rate was calculated
using an analytic approximation [Zitheridge, 1988] to the
Chapman function (equation (1)), with the wavelength-
dependent optical depth at each height depending on the scale
heights of the neutral species at the given height. This method
does not account for the changing scale heights in the overlying
atmosphere. In the revised Buonsanto model a rigorous
calculation of optical depth is carried out by integrating through
the atmosphere using the MSIS-86 model and a formula
provided by Rees [1989].

The revised Buonsanto model has three options for
specifying pe/pi. These are the Lilensten et al. [1989] model used
previously, the Richards and Torr [1988] model, and the
Solomon model. In the previous work, pe/pi obtained from the
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TABLE 1. Reactions Included in the Revised Buonsanto and Solomon Models
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Reaction Rate Coefficient (m3s'l) Reference
Revised Buonsanto Model

o*@s)+ N, = NO* +N k1 =1.533x10"18 — 5.92%10~19(7300)+ 8.6x10~2(T7300)2 1
o*(*)+02 »0+02* k2 =125%10 272 - 37%x10" 207 + 3.1x10~ 17 2
o*@D)+ Ny -+ 0+ Nyt k3 =8x10~16 3
0*(D)+ 03 =0+ 0zt kg =7x10"16 3
o*@py+0 —»otdsH+0 ks=5.2x10"17 4
o*¢P)+ N -0+ Nt k¢ = 4.8x10716 4
Not +0 =N+ 0t(ds) k7a = 9.8x10~18(300/77)023 5
N2t +0 —N+NO+ kb = 1.4x10~16(300/T)044 — k7, 5
Not + 0z =Nz + 05t kg = 5x10~17(300/T) 6
02t + NO - 02 + NO* ko =4.5%10"16 6
0t +N -0 +Not k10 =1.2x10"16 7
Ot+e -0+0 a1 = 2x10‘13(§!00/1‘¢)°-7 (Te < 1200K) 8

a1 = 1.6x10713300/7,)%5 (7, = 1200K) 9
NO* +¢ -N+0O a2 = 43x10~13(300/7,) 10

o*¢s)+ N2 = NO* +N

o*éds)+0; -0+ 0"

o*t(’) +N(D) -0 +N*
ot(ZD)+ Ny —» 0 +No*t
0*(?D)+ 02 =0+ 0z*
0*@D)+e = O*(¢s) +e
o*ép)+0 —=o*¢sH+0
0*(P)+ Nz =0 + Nt
0*(P) + 02 —» 0 +05*
0*@®P)+¢ »0*(2D) +¢
ot@r)+0 —so*ds)+0
N2t +0 = Np+0*(%s)
N2*+0 —-N+NO*
N2t + 0z =Nz + Ot
Nat+e = N+N
02t + NO - 02 + NO*
02t +N -0 +Not

0t +e -0+0

NO* +e¢ -N+0
Nt + 0, - NO* +0
Nt +03; =N+ 0t
Nt+0 -N+O*

Solomon Model

k1 = 1.533x10718 — 5.92x10~19(7;1300) + 8.6x10~2(Ty/300)?

(Ty < 1700

k1= 2.73x101?8 - 1.155x10713(T3/300) + 1.483x10~19(73/300)2

(Tf>1700K

kp = 2.82x10""7 - 7.74x1013(Ty/300) + 1.073x10~18(Z;1300)2

— 5.17x10~2(T3300)> + 9.65x10~22(Ty300)*

k11 = 1.3x10716 11
k3 =8x10"16 3
kg =7x10"16 3
k12 = 6.6x10~14300/T,)03 12
k13 =1x10"17 13
ke =48x10"16 4
k14 = 48x10716 14
k15 = 1.7x10~13(300/T,)03 12
ks =5.2x10"17 4
k7, =2x10"17 15
kb= 1.4x10-16(3oo/g,2°-44 5
kg = 5%x10~1(300/7p% 16
a3 = 1.8x10~13(300/7,)039 17
ko= 4.4x10"16 6
k10=1.2x10"16 7
a1 = 1.95x10~133007)%7 (T, < 1200K) 8,17,18
a = 16x10"B3007,)055 (T, 2 1200K) 9,17
= 4.0x10'13§300f[¢)°-9 8,18
k16 =2.6x10"1 19
k17 =3.1x10"16 19
kig=1 x10~18 20

Notes: Ty = (m;T,, + maTi)(my + m;). (1) St Maurice and Torr [1978). (2) Torr et al. [1988). (3)Johnsen and Biondi [1980]. (4) Rusch et
al [1977]. (5) McFarland et al. [1974). (6) Lindinger et al. [1974). (T) Fehsenfeld [1977). (8) Walls and Dunn [1974]. (9) Torr et al.
[1976]. (10) Torr and Torr [1979). (11) Bates [1989]. (12) Henry et al. [1969]. (13) Torr and Torr [1980].
etal. [1988]. (16) McFarland et al. [1973]. (17) Mehr and Biondi [1969]. (18) Alge et al. [1983]. (19) Langford et al. [1985]. (20) Torr

[1985).

(14) Link [1982].

(15) Knutsen

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 ions produced in the O*(%S), O*(2D), and O*(3P)
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*(4S) than in previous work.

A new peutral 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] 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 calculated
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 et 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 FPareek [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 O2 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 Oz to produce O,*. 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 jon 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 + Oz —
02t + 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 ef 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 O,*. 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 EUYV 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 A may be modeled as a time-varying quantity at 1
AUas
I(AY) = ag(\MA@) Fa1(NF1(t) +ax(M)Fa(D)+ ... +a(MNFA()  (2)
in units of photo)ns cm~2%~1 with » 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.
F1(¢) and Fx(¢) are the two chromospheric proxies, where Fy(f) is
the Lyman « flux and Fa(f) is the He I 10,830-A equivalent
width (EW) scaled to Lyman a. F3(f) and Fy(t) are the two
coronal proxies, where F3(¢) is the daily F10.7, and Fy(r) 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, 284, 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.,
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1973], AEROS A (28.4, 304, and 58.4 nm) [Schmidtke et al.,
1977], and AE-E (14.0-105.0 nm) [Hinteregger et al., 1981},
were used in the development of the solar EUV model. Each
data set was weighted for instrument uncertainty. These EUV
data were combined with data from six rocket flights, also
weighted, to obtain the irradiances at EUV wavelengths for
correlation with the model proxies. The six rockets included
three ionization cell or silicon photodiode instruments flown by
the University of Southern California and described by Carison
et al. [1984], Ogawa and Judge [1986], and Ogawa et al. [1990],
two spectrographs flown by the University of Colorado
described by Woods and Rottman [1990] and T. N. Woods
(private communication, 1991), and one spectrometer flown by
the Air Force Geophysics Laboratory described by Van Tassel et
al. [1981]. The model proxy data sets which are used to establish
a correlation between either chromospheric or coronal
irradiances or to extend the estimate of these irradiances
outside the original EUV data time frames, include the Solar
Mesosphere Explorer (SME) Lyman « described by Barth et al.
[1990], the AE-E Lyman o« described by Hinteregger et al.
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Fig. 1. The solar spectra for the Tobiska [1991] model compared to
the SC#21REFW spectrum [Hinteregger et al, 1981] in 39 wavelength
intervals between 18 and 1050 A. The top panel shows the high
resolution reference spectrum for solar cycle 21 minimum when F10.7
= 68. The middle and bottom panels show the ratio of the Tobiska
EUV model spectra to SC#21REFW where each model spectrum on a
given date is denoted by a differently labeled line. Day 226 of 1980 is
80226, while WR-88 is the November 10, 1988, Woods and Rottman

[1990] spectrum.
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[1981], the OSO 4 Lyman « described by Timothy and Timothy
[1970], the OSO 6 Lyman « described by Woodgate et al. [1973],
the He I 10,830-A equivalent width (EW) described by Harvey
[1984], and the Ottawa F10.7 provided by the World Data
Center A.

In Figure 1, the EUV model of Tobiska [1991] is compared
with the SC#21REFW spectrum described by Hinteregger et al.
[1981] for four different levels of solar activity and with the
Woods and Rottman [1990] rocket flight spectrum of November
10, 1988 (day 88315). In the first panel, the spectrum is shown
from 18 to 1050 A where continua and line emissions are both
observed. In the second and third panels, the ratio of the 39
wavelength group binned solar flux to the SC#21REFW
spectrum is shown for 80226 (F10.7 = 193, high activity), for
85015 (F10.7 = 72, low activity), for 90014 (F10.7 = 166,
moderate activity), and for 88315 (F10.7 = 148, moderate
activity). All model EUV flux values, by date and throughout
most of the spectrum, are higher than the reference spectrum,
although the low solar activity case is generally comparable
while discrete lines differ the most from the overall reference

spectrum.

5. DESCRIPTION OF THE NOVEMBER 1988
ROCKET EXPERIMENT

The solar EUV flux was measured on November 10, 1988
(day 88315), 1900 UT (local noon) at White Sands Missile
Range by a spectrograph carried on a Black Brant IV sounding
rocket, which obtained apogee of 237 km. The instrument and
results are described by Woods and Rottman [1990). Preflight
and postflight calibrations indicated an average photometric
uncertainty of 6%; inclusion of uncertainties due to atmospheric
absorption resulted in estimated uncertainties from 6—23%,
depending on wavelength. To utilize the measured fluxes in the
photoionization calculations, individual line intensities are taken
from their Table 1, and 50 A "continuum" fluxes from their
Table 2. Some minor lines included in Table 1 are not part of
the standard Torr and Torr [1985] set and so are added to the
corresponding 50 A bin; conversely, a few weak lines in the Torr
and Torr set not extracted from the rocket data are treated by
using model values and subtracting that amount from the 50 A
bin. Thus the total measured flux is preserved with respect to
each 50-A interval. One correction is made to the measured
spectrum: the He I line at 585 A is increased by 70% (to 1.71 x
10° cm~2 s~1) to account for the effect of instrument saturation
(T. N. Woods, private communication, 1991). The spectrograph
range was from 300 to 1100 A. The Tobiska model for
November 10, 1988, is used to extend the "measured” spectrum
down to 18 A in the model calculations which follow.

6. ELECTRON DENSITY PROFILES FROM

INCOHERENT SCATTER MEASUREMENTS
The Millstone Hill (42.6°N, 288.5°E) incoherent scatter
profiles were obtained using a short (40 us) pulse with 6 km
altitude resolution. These profiles were calibrated using foF2
from the local Digisonde, and temperature and Debye length
corrections were applied using the best ion and electron
temperature profiles that could be constructed from the
available longer pulse measurements at the greater heights and
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from the MSIS-86 model at the lower heights [Buonsanto, 1989,
1990]. Representative error bars are calculated at 120 km and
150 km using the method outlined by Evans [1969]. Since it is
extremely difficult to simultaneously fit incoherent scatter
spectra in the E and FI regions for temperatures and ion
composition, a standard ion composition profile is assumed in
the reduction of Millstone Hill data, which assumes 50% O* at
180 km. As done by Buonsanto [1990], we use ion composition
profiles calculated by the revised Buonsantc model, together
with factors given by Waldteufel [1971], to correct the observed
incoherent scatter N,, T,, and T; measurements. The revised
temperatures are then input to the model and a new profile
calculated. This procedure is repeated iteratively until
convergence to final temperature and ion composition profiles.

7. RESULTS AND DISCUSSION

Photoionization rates calculated using the Solomon model
for five solar flux cases are shown in Figure 2 for November 10,
1988, at 1517 UT, to correspond to the time of the electron
density measurement. Three different versions of the
Hinteregger solar flux model are plotted: the two-class contrast
ratio and linear interpolation methods as described above, and a
third case in which the contrast ratio method is used but the flux
shortward of 250 A is multiplied by a factor of 2 as suggested by
Richards and Torr 1984, 1988). This adjustment obtains better
agreement with photoelectron measurements and with
broadband solar flux measurements [Ogawa and Judge, 1986]
and also brings the Hinteregger model into closer agreement
with the Tobiska model at the shorter wavelengths. Using linear
interpolation on F10.7 produces a lower photoionization rate at
all altitudes, because the 81-day average value of F10.7, an
important input to the contrast ratio method, was 167,
considerably higher than the daily value of 148. Photoionization
rates using the Tobiska model and the Woods and Rottman
measurement are also plotted. These have a lower
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o
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Fig.2. Photoionization rates calculated using the Solomon model for
five solar flux cases and 1517 UT on November 10, 1988, at Millstone
Hill (log units).
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Fig. 3. Pe/pi ratios for O, N2, and O calculated by the Solomon

model using two EUV flux models for 1517 UT on November 10, 1988,
at Millstone Hill.

photoionization rate in the 100—120 km region, because the
longer wavelength fluxes, particularly H Lyman g at 1026 A, are
smaller.

Ratios of photoelectron impact ionization to photoionization
for two of these model calculations are plotted in Figure 3.
These ratios are in effect enhancement factors to the direct
photoionization rates and are weakly dependent upon the solar
spectrum. Here the Hinteregger contrast ratio and Tobiska
models are used. The total ratio reaches a peak in the E-FI
valley region, where short-wave EUV photons and soft X rays
deposit their energy, and declines in the E region, where
ionization of O by longer wavelength EUV dominates the
photoionization rate profile.

Comparisons between observed Millstone Hill incoherent
scatter N, profiles and profiles calculated using the Solomon
model are given for 1517 UT (1031 local mean time, or LMT)
on November 10, 1988, in Figure 4, for 1813 UT (1327 LMT)
on January 15, 1985, in Figure 5, for 1557 UT (1111 LMT) on
January 14, 1990, in Figure 6, and for 1646 UT (1200 LMT) on
August 13, 1980, in Figure 7. In each of the four figures, curve a
shows N, calculated from contrast ratio scaling using the
Atmosphere Explorer two-class model and F10.7 association
formula [Hinteregger et al., 1981]; curve b shows N, calculated
as for curve a, except with the EUV fluxes at wavelengths less
than 250 A increased by a factor of 2; curve ¢ shows N,
calculated using EUV fluxes interpolated linearly using F10.7
between the SC#21REFW and F79050N reference spectra, as
done by Buonsanto [1990]; and curve d shows N, calculated
using EUV fluxes from the Tobiska [1991] model, as described
in section 4 above. In Figure 4 only, curve e shows N, calculated
using EUV fluxes measured by the November 10, 1988, rocket
experiment described by Woods and Rottman [1990).

For each of the four cases (Figures 4—7), the calculated
profiles underestimate the observations at most heights. The
Tobiska [1991] model fluxes are in best agreement with the
rocket measurements shown in Figure 4. This is expected, since
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Fig. 4. Electron density profiles at Millstone Hill for 1517 UT (1031
LMT) on November 10, 1988. Heavy solid line: observed incoherent
scatter profile. Key for EUV flux models used in profiles calculated
with the Solomon photochemical model: (@) Hinteregger et al. [1981]
model; (b) Hinteregger et al. model except that fluxes at wavelengths
less than 250 A have been doubled; (c) Linear interpolation using
F10.7 between SC#21REFW and F79050N reference spectra; (d)
Tobiska [1991] model; (e) rocket flight measurements [Woods and
Rottman, 1990].

the rocket measurements are incorporated into the Tobiska
model. Although the Tobiska model has generally more flux
than the Hinteregger et al. [1981] model at short wavelengths, it
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Fig. 5. Same as Figure 4, except for 1813 UT (1327 LMT) on January
15, 1985, and no rocket flight data available.
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Fig. 6. Same as Figure 5, except for 1557 UT (1111 LMT) on January
14, 1990.

has generally less at Lyman 8 (1025.7 A). This is partially due to
the low measurement of Lyman B by Woods and Rotiman
[1990] compared to both the AE-E data and a June 1989 rocket
experiment (T. N. Woods, private communication, 1991).
Lyman B radiation is important for photoionization of Oz in the
E region. Thus the Hinteregger et al. model gives a slightly
higher foE, which is closer to the measurements. Since the
incoherent scatter observations shown in Figure 4 were taken
essentially simultaneously with the rocket measurements, the
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Fig. 7. Same as Figure 5, except for 1646 UT (1200 LMT) on August
13, 1980.
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low value of Lyman 8 measured by the rocket experiment may
be incorrect (low by perhaps 40%), as opposed to being correct
but atypical for this stage of the solar cycle. Because the Tobiska
model has generally greater fluxes than the Hinteregger et al.
model at the short end of the spectrum, N, calculated using the
Tobiska fluxes are generally in better agreement with the
observed profiles at the greater heights (the E-FI valley and
above). Best agreement at the greater heights is obtained for
the August, 13, 1980, case (Figure 7). This agrees with the
conclusion of Buonsanto [1990] that calculated and observed
profiles agreed best in summer. Overall best agreement with the
data from all four cases is obtained using the Hinteregger et al.
model with the fluxes at wavelengths below 250 A increased by a
factor of 2 (curves labeled b). .

From our discussion above, it is clear that when any of the
EUV flux models in current use, or even the observed fluxes on
November 10, 1988, are input to the comprehensive
photochemical scheme of Solomon, calculated N, profiles
generally underestimate the data. This result is consistent with
the results of earlier work [Buonsanto, 1990], where it was
shown that increases of 25~30% in EUV fluxes were needed to
calculate N, in agreement with the observations. The earlier
work obtained EUV fluxes by linear interpolation using 710.7
between the SC#21REFW and F79050N reference spectra.
We follow this same method to calculate the Solomon model
profiles shown in Figures 4—7 by the curves labeled c.

Two independent photochemical schemes were used in the
current work. We show in Figures 8—11 comparison of
observed profiles with the results of calculations using both the
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Fig. 8. Electron density profiles at Millstone Hill for 1517 UT (1031
LMT) on November 10, 1988. Heavy solid line: observed incoherent
scatter profile. Key for calculated profiles: (@) revised Buonsanto
photochemical model; (b) Solomon photochemical model; (c) revised
Buonsanto photochemical model with MSIS-86 [N2] and {O9]
multiplied by 0.5.
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Fig.9. Same as Figure 8, except for 1813 UT (1327 LMT) on January
15, 1985, and no curve c.

Solomon photochemical model, and the revised Buonsanto
model. The Solomon photochemical scheme is the more
comprehensive of the two, however both models include all
processes known to be important for the calculation of electron
density profiles in E and FI regions. The most significant
difference between the two models is that while the Solomon
model explicitly calculates photoelectron fluxes and their effects,
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Fig. 10. Same as Figure 9, except for 1557 UT (1111 LMT) on
January 14, 1990.
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the most important for the work described here being
photoelectron impact ionization, the revised Buonsanto model
relies on pe/pi ratios obtained from other sources. As discussed
above, three options for pe/pi in the revised Buonsanto model
are available: the models of Richards and Torr [1988), Lilensten
et al. [1989], and Solomon. For the comparisons in Figures
8-11, the Buonsanto model used the pe/pi ratios and cross
sections from the Solomon model.

Figure 8 shows the comparison between the observations and
the two photochemical models for November 10, 1988. The
EUYV fluxes used in the model calculations were obtained from
the Woods and Rottman [1990] rocket measurements. Results
from the two models underestimate the observations, with the
differences between the two models being generally much less
than the differences between either model and the observations.

The revised Buonsanto model (curve a) agrees a little better -

with the observations above = 150 km while the Solomon
model (curve b) does a little better in E region. Curve ¢ in
Figure 8 shows results from the revised Buonsanto model when
MSIS-86 [N2] and [O»] are decreased by a factor of 2. A good
match with observations is obtained above 140 km because of
the decrease in photoabsorption. However, there is little
improvement in the E region, because the decreased
photoabsorption is offset by a decreased photoionization.
Buonsanto [1990] found that decreases in MSIS-86 [N2] and
[O2] in winter had to be combined with increases in EUV fluxes
to obtain model results in agrecement with observed N, profiles.
We could match the observations shown in Figure 8 if the 50%
decrease in MSIS-86 [N3] and [O2] were combined with an
enhancement in some process which results in greater ionization
below 140 km. Examples of such processes are photoionization
due to short wavelength radiation (< 200 A), Lyman B and
other long wavelength radiation, and photoelectron impact
ionization, all of which maximize in this region. Figures 9—11
show comparisons for the other three days between the
observed N, profiles and the two photochemical models, where
the EUV fluxes are obtained from the Tobiska [1991] model.
These figures show that the revised Buonsanto model and the
Solomon model generally give similar results. As discussed
above, the profiles calculated by both models systematically
underestimate the observed profiles for all cases except the
summer one (Figure 11). This is consistent with the results of
the earlier study [Buonsanto, 1990], which found better
agrecment between the model and the observations in summer.

The major discrepency between the model and observed
profiles for the summer case (Figure 11) is the lack of an
observed E-F1 valley. While the valley is very clearly seen in the
incoherent scatter measurements shown in Figure 10, the
observed valleys in Figures 8 and 9 are not distinct at all and
could even represent signatures of gravity waves or noise in the
measurements. The 6 km altitude resolution of tae incoherent
scatter data would be more than adequate for observing an E-
F1 valley of the width predicted by the two models. Examination
of many additional Millstone Hill N, profiles reveals that the E-
F1 valley appears frequently, but not always, in the data. By
contrast, it is a regular feature of the model results.

One source of uncertainty in the photochemical models is in
the specification of photoelectron impact ionization. This is
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Fig. 11. Same as Figure 9, except for 1646 UT (1200 LMT) on
August 13, 1980.

illustrated by Figure 12, where we plot a comparison of the
observed N, profile for November 10, 1988 with profiles
calculated using the Woods and Rottman [1990] EUV fluxes for
this day input to the revised Buonsanto model with the three
different pe/pi options. Curve a shows results obtained using
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Fig. 12. Electron density profiles at Millstone Hill for 1517 UT (1031
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scatter profile. Key for pe/pi models used in profiles calculated with the
revised Buonsanto photochemical model: (@) Solomon; (b) Lilensten et
al. [1989]; (¢) Richards and Torr [1988].
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pe/pi from the Solomon model. This option was used for all
other model calculations presented in this study, except for
curves b and c in this figure. Curve b shows results obtained
using the Lilensten et al. [1989] pe/pi model which was
previously used by Buonsanto [1990]. Curve ¢ shows results
obtained using the pe/pi model of Richards and Torr [1988].
Comparison of the pe/pi profiles from the Solomon model
shown in Figure 3 to those of Lilensten et al. and Richards and
Torr reveals significant discrepancies between these three
calculations. At high (F region) altitudes, the Solomon and
Lilensten et al. calculations are in reasonable agreement (with
respect to the total ratio, which is the quantity plotted by
Lilensten et al.) but the Lilensten et al. pe/pi reaches a factor of
almost 2 near 120 km, while the Solomon total ratio peaks at
~1 near 130 km. The Richards and Torr ratios, which are
broken down by species, agree adequately with the Solomon
ratios at this altitude but become considerably larger with
increasing altitude, especially in the case of N2. This is probably
due to the larger electron impact excitation cross sections for N2
and O used by Solomon than by Richards and Torr, which has
the effect of decreasing the photoelectron flux. The Richards
and Torr calculation did not extend below 120 km, as their
photoelectron spectrum was truncated at 100 eV. The Lilensten
et al. calculation extended to 250 eV, while the Solomon model
extends, in this instance, to 700 eV. The Lilensten et al. model
gives N, values in better agreement with the observations in the
E region. However, an unrealistic kink in the profile is produced
near 150 km, due to a rapid falloff of pe/pi above ~140 km.
Another source of uncertainty in the photochemical models is
in the photoionization and photoabsorption cross sections.
Buonsanto [1990] used the cross sections in 37 wavelength bins
provided by Torr et al. [1979]. In this study we use the cross
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Fig. 13. Electron density profiles at Millstone Hill for 1517 UT (1031
LMT) on November 10, 1988. Heavy solid line: observed incoherent
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sections (in 39 wavelength bins) of the Solomon model, which
are based on the compilation by Conway [1988]. In Figure 13
we plot a comparison of the observed profile for November 10,
1988, with calculated profiles obtained using the two different
sets of cross sections. Again, the revised Buonsanto model was
used, with the Woods and Rottman [1990] EUV fluxes for this
day. The Conway cross sections result in more ionization in E-
F1 valley and up to nearly 200 km, in better agreement with the
observations. This is because the reduced atomic oxygen cross
section at short wavelengths allows more radiation to penetrate
to the E-FI valley.

An improvement of the revised Buonsanto model over the
earlier version is the rigorous calculation of photcabsorption,
using the formula of Rees [1989]. Comparison of results
obtained using both the Chapman function method and the
new, more rigorous method show that the Chapman function
method does quite well for the solar zenith angles considered in
the study (daytime conditions).

CONCLUSIONS

The Tobiska [1991] EUV flux model has generally more flux
than the Hinteregger et al. [1981] model at short wavelengths.
This results in larger calculated electron densities in the E-FI
valley region and above, in better overall agreement with the
observed N, profiles. However,the Tobiska EUV flux model has
generally less flux at Lyman 8 (1025.7 A), compared to the
Hinteregger et al. model. This is partially due to the relatively
low flux measured at Lyman 8 by the November 10, 1988,
rocket experiment [Woods and Rottman, 1990], as this data set
is included in the Tobiska model. The result is that the
Hinteregger et al. fluxes give a larger foE, in better agreement
with observations, than the Tobiska fluxes do.

The Hinteregger et al. [1981)] and Tobiska [1991] solar flux
models, while good for first-order approximations to the solar
irradiance for a given date, still both contain substantial
uncertainty compared to measurements on any given date. This
argues for a concerted effort to improve solar measurements
and models in the next few years and demonstrates that
uncertain solar irradiance continues to contribute significant
uncertainty to ionospheric calculations.

The Buonsanto [1990] photochemical equilibrium model has
been improved and the revised model is shown to give results
similar to those of the more comprehensive Solomon model,
when the Solomon pe/pi ratios are included. Of the four cases,
three were in "winter". At these times the model results
underestimated the data. For the summer case, better
agreement was obtained, except for the absence of an observed
E-FI region valley. While the valley appeared in all the model
results, it is a more transient feature in the data. A decrease in
[N2] and [O3] by a factor of 2 from the MSIS-86 model values
for the November 1988 case gave excellent results at the greater
heights, but did not improve the agreement significantly with the
observed N, profile in the E region. Additional E region
ionization would be obtained if increased photoionizing fluxes at
appropriate wavelengths or larger pe/pi ratios are used in this
region. The pe/pi ratios in the models of Richards and Torr
[1988], Lilensten et al. [1989], and Solomon differ significantly,
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and work is needed to resolve these differences. Cross sections
in the Solomon model, based on the compilation by Conway
[1988], give a little more E region ionization than the cross
sections of Torr et al [1979], in better agreement with
observations. The Chapman function method for calculating
photoabsorption is shown to give satisfactory results for daytime
conditions, when compared with the more rigorous calculation
method described by Rees [1989].
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