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Abstract. We present a comparison of the observed
behavior of the F-region ionosphere over Millstone Hill
during the geomagnetically quiet and storm periods of
6-12 April 1990 with numerical model calculations from
the IZMIRAN time-dependent mathematical model of
the Earth’s ionosphere and plasmasphere. The major
enhancement to the [ZMIRAN model developed in this
study is the use of a new loss rate of O*(*S) ions as a
result of new high-temperature flowing afterglow mea-
surements of the rate coefficients K; and K, for the
reactions of O™ (*S) with N, and O,. The deviations
from the Boltzmann distribution for the first five
vibrational levels of O,(v) were calculated, and the
present study suggests that these deviations are not
significant. It was found that the difference between the
non-Boltzmann and Boltzmann distribution assump-
tions of O(v) and the difference between ion and
neutral temperature can lead to an increase of up to
about 3% or a decrease of up to about 4% of the
calculated NmF?2 as a result of a respective increase or a
decrease in K. The IZMIRAN model reproduces major
features of the data. We found that the inclusion of
vibrationally excited N,(v > 0) and O,(v > 0) in the
calculations improves the agreement between the calcu-
lated NmF2 and the data on 6, 9, and 10 April
However, both the daytime and nighttime densities are
reproduced by the IZMIRAN model without the
vibrationally excited nitrogen and oxygen on 8 and 11
April better than the [ZMIRAN model with N>(v > 0)
and O,(v > 0). This could be due to possible uncer-
tainties in model neutral temperature and densities,
EUYV fluxes, rate coefficients, and the flow of ionization
between the ionosphere and plasmasphere, and possible
horizontal divergence of the flux of ionization above the
station. Our calculations show that the increase in the
O% + N, rate factor due to Ny(v > 0) produces a 5-
36% decrease in the calculated daytime peak density.
The increase in the O + O, loss rate due to vibrational-
ly excited O, produces 8-46% reductions in NmF2. The
effects of vibrationally excited O, and N; on N, and T,
are most pronounced during the daytime.

Key words. Ion chemistry and composition -
Ionosphere — atmosphere interactions - lonospheric
disturbances

1 Introduction

In modeling the ionosphere it is necessary to know the
loss rate of OF (4S) ions. The most important chemical
processes in determining the abundance of O (*S) ions
are the reactions

0" (*S) + No(v) - NO* + N | (1)
O*(*S) + 0,(v) = OF + O, (2)
where v = 0,1, ... is the number of the vibrational level

of N, or Os.

The rate coefficients of O*(*S) ions with N;(v > 0)
were measured by Schmeltekopf ef al. (1968) for
T, = T; = 300 K (where T, is the neutral temperature
and 7; is the ion temperature) and were confirmed by
Ferguson et al. (1984). The measurements of the effec-
tive rate coefficient for the reaction of O (*S) with N,
was given by Hierl et al. (1997) over the temperature
range 300-1600 K for 7, = T; = T,, where T, is the
vibrational temperature of N,. These results confirm the
observations of Schmeltekopf et al. (1968) and show
that the assumption of similar translation temperature
dependencies for different states is reasonable. Hierl
et al. (1997) also found a big difference between the
high-temperature flowing afterglow and drift tube mea-
surements (McFarland ef al., 1973; Albritton et al.,
1977) of the effective rate coefficient, K,, for Reaction
(2) as a result of the input of the reactions between the
vibrationally excited O, and O* (*S). These new results
will be used in this paper.

The difference between the measurements of K, given
by Hierl et al. (1997) and the scaled drift tube data is
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decreased with the decrease in 7,. As a result, like N (v),
the effects of the vibrational excitation of O, are
expected to be more important during solar maximum
than at solar minimum. In the first study of the
O,(v > 0) effects on NmF2 given by Pavlov et al.
(1998) for the 5-11 June 1991 storm, it was found that
enhanced vibrational excitation of O, leads up to a 40%
decrease in the calculated NmF2 at solar maximum. In
this paper we study the effects of O,(v > 0) on NmF2
for the 6-12 April 1990 geomagnetic storm which was at
moderate solar-activity conditions (Buonsanto et al.,
1992). We compare our results with previous modeling
results given by Pavlov and Buonsanto (1997) for the
April 1990 geomagnetic storm.

The new analytical formula for the dependence of K>
on T, given by Hierl et al (1997) is valid if the
vibrational temperature of Oy, Ty, = T, and T; = T,.
In an earlier study, Pavlov (1989) found that T, is close
to 7, and deviation from a Boltzmann distribution of
O,(v=1-4) was about a factor of 1.3-4 at solar
minimum and 1.2-2.4 at solar maximum during quiet
conditions at the F2-region altitudes.

In this paper we will examine the effects of differences
between T, and T, and Boltzmann and non-Boltzmann
distributions of O,(v) on the electron density during the
April 1990 geomagnetic storm.

2 Theoretical model

The model used is an enhanced and updated version of
the IZMIRAN model that we have steadily developed
over the years (Pavlov, 1994a, 1997; Pavlov and
Buonsanto, 1997). The chemistry, physics, and solution
procedure have been described in detail by Pavlov
(1994a, 1997) and hence only a brief description will be
given here.

The IZMIRAN model is a one-dimensional model
that uses a titled dipole approximation to the Earth’s
magnetic field and takes into account the offset between
the geographic and geomagnetic axes. In the model,
coupled time-dependent equations of continuity and
energy baldnce and diffusion equations for electrons,
and O7(*S), H*, and He" ions are solved along a
centered-dipole magnetic field line for the concentra-
tions, temperatures, and field-aligned diffusion velocities
of ions and electrons from a base altitude (160 km) in
the northern hemisphere through the plasmasphere to
the same base altitude in the southern hemisphere.
Electron heating due to photoelectrons is provided by a
solution of the Boltzmann equation for photoelectron
flux. We use the revised approach of Pavlov (1994a)
described in Appendix A of this paper to calculate the
rate of ionization by secondary photoelectrons. In the
altitude range 120-700 km in the northern and southern
hemispheres the IZMIRAN model solves time- depen—
dent continuity equations for O*(*D), OT(°P),
NO™, O, Nj, and vibrationally excited molecular
n1tr0gen N, (v), at the first five vibrational levels v=
1-5. Time-dependent continuity equations for O('D) are
solved in the region between 120 and 1500 km in

altitude. The diffusion of ions and excited species are
taken into account in continuity equations for
NO*, 05 O(1 ), and N,(v), while densities of
O*(ZD) Ol( P), and Nj are obtained from local
chemical equilibrium.

In the altitude range 120-700 km in the northern and
southern hemispheres the updated IZMIRAN model
solves time-dependent continuity equations for vibra-
tionally excited molecular oxygen, O,(v), at the first five
vibrational levels v = 1-5 and the time-dependent ener-
gy equdtion for the vibrational quanta of O,(v) as
descrlbed in Append1x B. An additional productlon of
0" (*S),0"(*D), and O*(*P) ions is obtained in the
updated IZMIRAN model by inclusion of O*(*P) and
O*(*P*) ions. We believe that the O*( P) state decays
promptly to O+£ S), while O" (*P*) ions decay to either
O*(*D) or O"(°P) with a branching ratio of 2.6:1 for
0" (*D):0"(*P) (Kirby et al., 1979). The revised pho-
toionization and photoabsorphon cross sections are
taken from Richards et al. (1994a); these authors did
not publish the photoionization cross section for He,
and for these we have used values from Samson et al.
(1994). The revised electron cooling rates by vibrational
and rotational excitation of O, and N, given by Pavlov
(1998a, b) are included in the updated IZMIRAN
model.

The rate coefficient Kp, for quenching of O+(2D) by
atomic oxygen has not been measured in the laboratory.
Widely diverging values of 107'° cm?® s~! (Oppenheimer
etal., 1997, Fox and Dalgarno, 1985) and
5.107'2 cm?® s7! (Abdou et al., 1984) have been pro-
posed from comparison between measured and modeled
[N ]. Previous work concerning the role played by N, (v)
in the formation of the F-region electron density and
temperature during the period 6-12 April 1990 have
assumed Kp = 1071 cm? s7! (Pavlov and Buonsanto,
1997) and this rate coefficient is used in our paper.

The energy balance equations for ions of the
IZMIRAN model take into account the perpendicular
component, E,, of the electric field with respect to the
geomagnetic field, and the rate coefficients of such
important ionospheric processes as the reactions of
O*(*S) with N, and O, and N} with O, depend on
effective temperatures which are functions of the ion
temperature, the neutral temperature and £, (Pavlov,
1997). The values of E, given by Buonsanto et al.,
(1992) are used as input parameters for our theoretical
model.

The three key inputs to the IZMIRAN models are
the concentrations and temperatures of the neutral
constituents, the solar EUV fluxes, and the plasma drift
velocity. To simulate magnetic storm effects on the
neutral atmosphere the MSIS-86 model (Hedin, 1987)
was run using 3-h Ap indices. The IZMIRAN model
uses the solar EUV fluxes from EUV94X model
(Tobiska, 1993, 1994) or the EUVAC model (Richards
et al., 1994a). For the period 6-9 April 1990 the
EUV94X model produces the largest electron densities
increasing NmF2 by about 10-40% compared to the
EUVAC model, and the EUV94X model results agree
better with the observations in comparison to using the
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EUVAC model (Pavlov and Buonsanto, 1997). There-
fore the EUV94X model is used in this paper. At night
the IZMIRAN model includes ionization by scattered
solar fluxes.

In the northern hemisphere, instead of calculating
thermospheric wind components by solving the momen-
tum equations, the IZMIRAN model calculates an
equivalent neutral wind from the hmF2 measurements
using the modified method of Richards (1991) described
by Pavlov and Buonsanto (1997). The momentum
equations for the horizontal components of the ther-
mospheric wind are calculated in the altitude range 120—
700 km of the southern hemisphere where we do not
have the observed hmF2, and the method developed by
Pavlov (1996) to calculate an equivalent plasma drift
velocity is used.

Burnside ez al. (1987) recommended the use of the
Banks (1966) value of the O"-O collision frequency
increased by a factor F = 1.7. The study of Buonsanto
et al. (1997) involving more sophisticated analysis of
observational data has led to F ~ 1.3. As a result, the
O™-O collision frequency formula given by Pesnell et al.
(1993) which is fully consistent with the conclusions of
Buonsanto et al. (1997) is used in the updated I1Z-
MIRAN model.

The distribution of ionization in the topside iono-
sphere and plasmasphere is strongly controlled by the
geomagnetic field, and therefore the IZMIRAN model
calculations may be considered valid up to L = 6, where
the dipole approximation of the geomagnetic field is
reasonably accurate. The IZMIRAN model describes
only the transfer of plasma along a centered-dipole
magnetic field line and does not take into account the
perpendicular divergence contribution in the ion equa-
tions of continuity. As a result, the model cannot give a
correct description of the ionosphere between — 20 and
20 degrees magnetic latitude, as that would require
taking into account the exchange of ions and electrons
between magnetic flux tubes because of the action of
electromagnetic drift due to electric fields.

3 Updated loss rate of O (*S) ions

The loss rate of O*(*S) ions
L =K [Nz + K3]0] (3)

The effective rate coefficients of Reactions (1) and (2) are
determined as
K = Z[Nz(v)]Klu/[Nﬂ ; (4)

v=0
o0

K> = [02(v)]K2/[01] (5)
v=0
where K, is the recombination rate coefficient of O (*S)
ions with N, (v), K>, is the recombination rate coefficient
of O (*S) ions with O, (v), [Ny] = Yo [N2(0)], [0s) =
Y eol02(v)]; [N2(v)] and [O2(v)] are the number densi-
ties of N, and O, at the v-th vibrational level, the sum of
the vibrationally unexcited and excited molecular nitro-

gen and oxygen concentrations [N;] and [O,] are
calculated from the MSIS model (Hedin, 1987).

McFarland et al. (1973) and Albritton et al. (1977)
measured the effective rate coefficients, Eqs. (4) and (5)
of OF(*S) ions with N, and O, in flow-drift tubes for
T, =T, = T, = 300 K and 300 < 7; < 6000 K. The
number densities of Ny(v > 0) and O,(v > 0) are
neglected for 7, = 300 K in comparison with the
number density of unexcited Nj, and as a result, we
conclude that K is very close to the rate coefficient, K,
of O (*S) ions with Ny(v = 0) (Pavlov, 1986; Richards
and Torr, 1986) and K, is very close to the rate
coefficient, Ka9, of OT(*S) ions with O,(v = 0).

Helium-buffered K; and K, from Albritton et al.
(1977) differ from argon-buffered K; and K, given by
McFarland et al. (1973) as a result of a non-Maxwellian
speed distribution of O*(*S) ions due to very strong
electric fields in these flow-drift tube studies and
dependence of this speed distribution of O™ (*S) ions
on the kind of buffered gas in the flow-drift tube
(Albritton et al. 1977; Viehland and Mason, 1977; St.-
Maurice and Torr, 1978). The non-thermal rate coeffi-
cient measurements of McFarland ez al. (1973) and
Albritton et al. (1977) were used by Viehland and
Mason (1977) and St.-Maurice and Torr (1978) to
calculate the thermal rate coefficient of O™ (*S) ions with
N; and O; for a Maxwellian speed distribution of
O™ (*S) ions which is needed for ionospheric calcula-
tions. It was found by Viehland and Mason (1977) and
St.-Maurice and Torr (1978) that these thermal rate
coefficients depend on 7, and 7; only by means of an
effective temperature

T = (m;T, + m,T;)(m; + mnf1
+ mim V2 (m; 4+ m,) " (3k) 7, (6)

where k£ is Boltzmann’s constant, V; is a relative drift
velocity between ions and molecules, m; and m, denote
masses of ions and neutral molecules.

St.-Maurice and Torr (1978) presented the analytical
formula for the dependence of the drift tube data
thermal rate coefficient of O™ (*S) ions with N (v = 0)
on the effective temperature, and this approximation is
used in the IZMIRAN model:

Kip=1.533-10712 —5.92.10713(7/300)
+8.60 - 10~14(7//300)* for 300 < T < 1700 K ,
Kip=2.73-10""% — 1.155-107'2(7/300)
+1.483 - 10713(7/300)* for 1700 < T < 6000 K .
(7)

The high-temperature flowing afterglow measure-
ments of the recombination rate coefficient of O (*S)
ions with O, given by Hierl ez al. (1997) are lower than
the flow-drift tube data from McFarland et al. (1973)
and Albritton et al. (1977). Hierl et al. (1997) scaled the
drift tube data by a factor of 0.8 within the uncertainty
of either data set so that the flowing afterglow mea-
surements of K, and the drift tube data coincide at the
lowest neutral temperature studies, namely, 400 K. As a
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result, the IZMIRAN model was updated by the use of
the new temperature dependence of the drift tube data
thermal rate coefficient of O (*S) ions with O,(v = 0)
on an effective temperature given by Hierl et al. (1997)
as

Ky = 1.6-107"1(300/7)"% + 5.5 - 10" exp(—6835/T),
(8)

where the units of Ky are cm? s~ .

The latest version of the IZMIRAN model, given in
Pavlov (1997), included the option to use three sets of
models of the rate coefficients of O*(*S) ions with
N2(v > 0). The first uses the temperature dependence of
K,,(T) from the Van Zandt and O’Malley (1973) theory.
The second model uses the recombination rate coeffi-
cients of OT(*S) ions with Ny(v > 0) measured by
Schmeltekopf et al. (1968) for 7, = T; = 300 K, and it
is assumed that the temperature dependence of K;,(7T) is
the same as the temperature dependence of Kjo(7T):

Ki(T) = K10(T), Ki2(T) = 38K10(T), Ki3(T)
= 85K,0(T), K14(T) = 220K,0(T), Ky5(T)
= 270K,0(T) . 9)

The third one assumes no temperature dependence of
these reaction rate coefficients, i.e., they are the same as
measured by Schmeltekopf et al. (1968) for T, = T, =
T, = Ty = 300 K:

K11(T) = Ki0(To), K12(T) = 38K10(To),
K|3(T) = 85K10(T0),K]4(T) = 220[(1()(7—'0)7 (10)
Kis(T) = 270K10(Tp) -

The effective rate coefficients for the reaction O (*S)
with N, have been measured for the first time over the
temperature range 300-1600 K for 7' =7, = T; = T,
(Hierl et al., 1997) and these results confirm the obser-
vations of Schmeltekopf er al. (1968). Figure 1 shows
the temperature dependence of the effective rate coeffi-
cient in Eq. (4) given by Hierl et al. (1997) (crosses), the
Van Zandt and O’Malley (1973) theory (dashed line),
the assumptions of Egs. (9) (solid line) and (10) (dotted
line). It is seen that the Van Zandt and O’Malley (1973)
theory or the assumption of Eq. (10) do not agree with
the recent measurements of K; gigen by Hierl et al.
(1997) and Eq. (9) of similar translation dependencies
for different states is reasonable. As a result of the new
measurements of K; given by Hierl er al. (1997), the
IZMIRAN model was updated by the use of the single
temperature dependence of Eq. (9).

The heated drift tube measurements of the recombi-
nation rate coefficient of O"(*S) ions with O, given by
Chen et al. (1978) are systematically lower than the
flow-drift tube measurements, y, of this rate coefficient
(Albritton et al., 1977). In an attempt to reconcile these
two sets of measurements, the IZMIRAN model used
the analytical formula given by Pavlov (1997) as
K>(T) = yg(T) exp (—8.53 - 107*7,, + 0.315). Figure 2
shows the new measurements of K»(7) in a high-
temperature flowing afterglow over the temperature
range T = 300-1800 K(T = T, = T; = T,») given by

34 — +++ Measurements (Hierl et al., 1997) ;'
!
32— — Approximation Eq. (9) 1
1

30— - Approximation Eq. (10) !
I

28— ——--Van Zandt and O’'Malley (1973) theory «
1

26— !
T=T,=Ti=T, '

24—

Effective rate coefficient (1072 cm® s™)

400 800 1200 1600
Effective temperature (K)

Fig. 1. Effective rate coefficients for the reaction of O" (4S) with N> as
a function of a temperature from the measurements given by Hierl
et al. (1997) (crosses), the Van Zandt and O’Malley (1973) theory
(dashed line) of K,(v > 0), the assumptions in Eqs. (9) (solid line)
and (10) (dotted line) for T =T, = T, = T;

Flowing afterglow measurements

22 1+~ (Hierl et al., 1997)
] _._ Drift tube data approximation
20— (Hierl et al., 1997)
------- Old IZMIRAN model approximation
18

Approach given by Egs. (5), (8),
and (14) /

1.6
> O; + O
14
1.2

1.0

0.8 (— T~

Effective rate coefficient (107! cm® s

06 —

| | | A
400 800 1200 1600
Effective temperature (K)

Fig. 2. Effective rate coeflicients for the reaction of O+(4S) with O, as
a function of a temperature from a high-temperature flowing
afterglow (Hierl ez al., 1997) (solid line), drift tube data of Albritton
et al. (1977) scaled by a factor of 0.8 (Hierl ez al., 1997) (dashed-dotted
line), the old IZMIRAN model approximation given by Pavlov (1997)
(dotted line), and Egs. (5), (8), and (14) (dashed line)
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Hierl et al. (1997) (solid line), drift tube data of
Albritton et al. (1977) for T =1, and
T, = T, =300 K revised by Hierl efal. (1997)
(dashed-dotted line), and the old IZMIRAN model
approximation (dotted line). The rate coefficient of
O*(*S) ions with O, measured by Hierl et al. (1997)
decreases with increasing temperature up to 800-
1100 K, while the drift tube of McFarland er al.
(1973) and Albritton et al. (1977) decreases to about
1500-1600 K. At low temperatures, the rate constant
taken in the drift tube study is larger than those found
from the Hierl et al. (1997) measurements. The value of
K> given by Hierl et al. (1997) increases with increasing
temperature for 7 >800-1100 K as a result of the
reactions between the vibrationally excited O, and
O*(*S) (Hierl et al., 1997).

The new dependence of K, on 7, is given by Hierl
et al. (1997) for T, = T; = T,; in the temperature range
300-1600 K as

Ky =1.7-10""1(300/7,)""
+8.54- 10~ exp(—3467/T,) , (11)

where the units of K, are cm?®s~!. These flowing

afterglow measurements of K, can be used to invert
the data to give the rate coefficients for the various
vibrational levels of Oy(v > 0) for the model of the
Boltzmann distribution of vibrationally excited molec-
ular oxygen

[02(v)]5 = [02(0)] exp(—vE1 ) (12)

where E; = 2239 K is the energy of the first level of O,
given by Radzig and Smirnov (1980),

[02(0)] = [02){1 — exp(~E1T,3)} - (13)

Solving the system of Egs. (5), (8), and (11) we can
calculate K»,(v > 0) as

Ko (T) = Koo(T), Ko (T) = 5K0(T), Ko3(T) = K4(T)
= Kps(T) = 50K(T) - (14)

Figure 2 gives the comparison of K, from flowing
afterglow measurements given by Hierl et al. (1997)
(solid line) with K, calculated from Eqgs. (5), (8), and
(14) (dashed line). We can see that the use of our new
approach given by Egs. (5), (8), and (14) describes the
measured K> to sufficient accuracy with maximum error
in 10% . The updated IZMIRAN model uses this new
approach taking into account differences between T,
T,, and T,.

4 Undisturbed period and storms of 6-12 April 1990

The undisturbed conditions of 6—8 April 1990 and the 9—
12 April 1990 magnetic storms were periods of moderate
solar activity when the 10.7 solar flux varied between
146 and 169 and geomagnetic index Ap was between 6
and 124. During the April 1990 period two geomagnetic
storms took place with sudden commencement times

near 08:42 UT on 9 April and 03:25 UT on 12 April. The
measured electron densities and the perpendicular
electric fields (with respect to the magnetic field), £,
used in this paper were taken by the incoherent-scatter
radar at Millstone Hill, Massachusetts (Buonsanto
et al., 1992).

Figure 3 is a plot of the measured hmF2 and NmF2
for the period 6-12 April 1990 and the model results
with effects of E, included in calculations of ion
temperatures (Pavlov and Buonsanto, 1997; Pavlov,
1997) and rate coefficients Egs. (4) and (5) of vibration-
ally excited O, and N; included in the calculated
O+(4S) recombination rate of Eq. (3) which will be
discussed later. We can see that there are only negative
phases in the measured NmF2 (crosses at bottom
panel) compared to the undisturbed period of 6-7
April. The most notable feature of this period is the
disappearance of the F2 peak on 10 April, when the
peak height of the electron density maximum dropped
to 180 km.

4.1 Anomalous electron density events on 10 April

Figure 3 shows that extremely low NmF2 and hmF2
(rather, it was the F1 peak) were observed between 9:30
and 14:30 LT on 10 April. It is one of the most striking
features of the mid-latitude ionospheric F region (the
“G condition”) seen on ionograms, when the critical
frequency of the F2 layer is lower than the critical
frequency of the F1 layer. The G condition could be
explained either by decreases in the densities of O* (*S),
or by increases in the densities of the molecular ions.
These species concentrations can be changed in several
ways. Pavlov and Buonsanto (1997) calculations indi-
cate that the electron density decreases if the electric
field strength increases due to the increased rates of the
reactions O™ (*S) with N, and O, relative to the zero
electric field result while the NO* and O densities are
increased. For E| ~ 90-100 mV m~!, the decrease in
O™ (*S) ion density is sufficient to cause the density of
molecular ions to be greater than the O*(*S) ion
density. As a result, the usual F2-region peak created
by O+(4S) ions vanishes, the new F2 region peak
(rather, it is the F1 peak) due to molecular ions results
and the extremely low observed NmF2 and hmF?2 can be
explained. However, E, ~ 90-100 mV m~' were not
observed between 9:30 and 14:30 LT on 10 April
(Buonsanto et al., 1992) and therefore Pavlov and
Buonsanto (1997) were unable to account for the
observed NmF2 and hmF2.

The disagreement in NmF2 and hmF2 between the
model and the data during the G condition may be due
to discrepances in the neutral densities. To study the
reaction of the neutral densities on the storm we have
calculated the neutral densities for some hypothetical
undisturbed conditions with the same solar and time
conditions as during the studied conditions. At 300 km
between 0:00 and 14:30 LT on 10 April the O density
was from 1% to 13% higher than during these hypo-
thetical undisturbed conditions, while the N, density
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550 L¥+HHt Observations
500 |=——— Approach of Eg. (11) and adjusted [Ny], [O,]
= " Approach of Eq (11) 6-12 April 1990

Approach of Eq. (11) and+adjusted o1

10 ; 1 12

NmF2 (10° cm’9)
=]

- 12

.t

: +
Ny

Local time

Fig. 3. Observed (crosses) and calculated F2 peak parameters above
Millstone Hill for the magnetically quiet and disturbed period 6-12
April 1990. Top: hmF2, and bottom: NmF2. The model results were
obtained using the approach of Eq. (11). The dashed-dotted lines show
results from the IZMIRAN model using the unadjusted MSIS-86

increased by a factor of 1.6-2.4 and the O, density
increased by a factor of 2.0-4.1 over the hypothetical
undisturbed [N;] and [O,]. This type of behavior of [O],
[N,], and [O;] is not unusual during storms. However,
during some storms the measured O density at 300 km
remains steady or decreases during the negative phases
of ionospheric storms (Prolss, 1980). As far as the
author knows, there is no other published evidence that
during storms the values of [O], [N»], and [O,] are higher
or lower compared to the MSIS-86 values. Nevertheless,
several limitations of the semi-empirical model of the
neutral atmosphere MSIS-86 are apparent. As a result
of a limited amount of measurements of number
densities, not all geophysical conditions are well repre-
sented in this model. MSIS-86 neutral densities were
primarily obtained using measurements taken by rockets
and satellites. The AE-C, AE-D, and AE-E satellites had
orbits of approximately 3 h and with this time resolu-
tion between observations short-time changes in the
neutral composition cannot be observable in the neutral
density data. The 3-h Ap indices which are used in the
MSIS-86 model are poorly correlated with the temporal
variations of very large density perturbations in the
thermosphere (Nisbet et al., 1983).

Let us evaluate the changes that would be needed in
the MSIS-86 model to produce the observed G condi-
tion in the ionosphere. To study this anomaly in hmF2
we used the approach of Eq. (11) for K; and three
neutral atmosphere models in our calculations. Dashed-
dotted lines in Fig. 3 show the results obtained using the
standard MSIS-86 model. Figure 3 also gives the
calculated NmF2 and hmF2 using two adjusted MSIS-
86 models for all altitudes between 07:00 and 15:00 LT

120 144

neutral atmosphere model. Solid and dashed lines show effects of
adjustments to the MSIS-86 model between 07:00 and 15:00 LT on 10
April at all altitudes. Solid lines shows results when the MSIS-86
model [O] was decreased by a factor 1.8. Dashed lines show results
when the MSIS-86 model [N,] and [O,] were increased by a factor of 2

on 10 April. Solid lines show results when the atomic
oxygen density was decreased by a factor of 1.8, and
dashed lines show results when the N, and O, densities
were increased by a factor of 2 at all altitudes. No
adjustments were made to the [O], [N,], and [O;] values
at any other times. This decrease in neutral atomic
oxygen density results in a decrease in the production of
O™ by photoionization and photoelectron impact while
this increase in [N;] and [O;] results in an increase in the
O™ recombination rate, simultaneously decreasing [O"]
and increasing [NO™] and [O7]. The best agreement
between the hmF2 measurements and the model results
is obtained when the MSIS-86 atomic oxygen adjust-
ment is used. There is a large disagreement between the
measured and modeled hmF2 when the original MSIS-
86 model or the MSIS-86 model with the adjusted N,
and O, densities is used in the calculations of N,. The [O]
adjustment is sufficient to reproduce with good accuracy
the observed hmF2 and NmF2 on 10 April.

4.2 Non-Boltzmann distribution of O;(v)
and vibrational temperatures of O, and N,

The difference between the approach of Eq. (11) and the
method given by Egs. (5), (8), and (14) for K, can give
effects on the electron density. To study these effects of
differences between T,; and 7, and Boltzmann [see
Eq. (12)] and non-Boltzmann distributions of O,(v) on
the electron density during the April 1990 geomagnetic
storm the IZMIRAN model solves Eqs. (B1)—(B2) in the
altitude range 120-700 km in the northern and southern
hemispheres as described in Appendix B.
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Fig. 4. The time variations of the vibrational temperatures of [O,] and
[N], the neutral temperature (bottom panel), and populations of the
first five vibrational levels of O»(v = 1,2, and 3 at the middle panel
and v = 4 and 5 at the top panel) in comparison with the Boltzmann
distribution of Eq. (12) during the 6-12 April period at the F2 peak
altitude. The sofid lines show the modeled T3, [0, (1)]/[02(1)],, and
[02(4)]/[02(4)]5, the dashed lines show the modeled T,,[0,(2)]/
[02(2)]5, and [02(5)]/[02(5)]5, and the dotted lines show the
modeled 7, and [0,(3)]/[02(3)],. The approach given by Egs. (5),
(8), and (14) for K, was used in the model of the ionosphere and
plasmasphere

The results of calculating [O2(v)]/[02(v)lg, Tvib, Ty
and 7, at hmF2 are presented in Fig. 4. Table 1 shows
the limits of changing for [O,(v)]/[O2(v)]; at hmF2. The
present study suggests that the deviations [O;(v)] from
the Boltzmann distribution of Eq. (12) are not signifi-
cant. For second, third, fourth and fifth vibrational
levels of O, the ratios [O1(v)]/[O2(v)]; have their
minimum values during the period 6.30-7.30 LT. From
the diurnal variations of the calculated vibrational (solid
line) and neutral (dashed line) temperatures shown in

Table 1. The deviations of O, (v) from the Boltzmann distribution
at the F2 peak altitude

[02(1)]/[02(1)] 0.981.11
[02(2)]/[02(2)] 0.89-1.02
[02(3)]/[02(3)] 0.63-0.99
[02(4)]/[02(4)]5 0.41-0.97
[02(5)]/[02(5)] 0.27-0.97

Fig. 4, it follows that 7,;, < T, and T, < T, are realized
in the atmosphere for the nighttime periods where the
production frequencies of O,(v) and N(v) are low. This
means that for these periods the populations of O,(v) or
Ny(v) are less than the populations for a Boltzmann
distribution with temperature 7,. The calculations
showed that during the quiet period 6-8 April the
vibrational temperatures of O,(v) and Nj(v) are less
than during the magnetic storm period 9-12 April.
During the daytime 7,; and 7, are larger than 7, due to
the enhanced thermal excitation of O, and N, as a result
of high thermal electron temperatures at F2-region
altitudes. The differences —78 < T, — T, < 230 K
and — 148 < T, — T, < 246 K. On 6-12 April the
value of the vibrational temperature was not more than
1600 K for O, and 1710 K for N,.

The comparison between the modeled densities using
the simple approach of Eq. (11) with T,;, = T, = T;
and the rigorous method given by Egs. (5), (8), and (14)
with the non-Boltzmann vibrational distribution of O,
and the difference between 7,, and 7; was carried out. We
found that the use of the rigorous method based on
Egs. (5), (8), and (14) leads to the increase up to about
3% or the decrease up to about 4% of the calculated
NmF2 in comparison with NmF2 calculated by using
the simple approach of Eq. (11). So, the use of Eq. (11)
for K, gives NmF?2 to sufficient accuracy during daytime
and nighttime quiet and disturbed periods.

4.3 Effects of vibrational excited oxygen and nitrogen on
electron density

As a result of the new measurements of the rate
coefficients for the reaction O*(*S) with N, and O,
given by Hierl et al. (1997), there are no uncertainties in
the vibrational and temperature dependencies of the
0" (*S) + Ny(v > 0) and O*(*S) + O,(v > )0 reaction
rates and a comparison between the measured and
modeled NmF2 with and without effects of Ny(v > 0)
and Oy(v > 0) cannot be any argument in favor of or
against the use of Na(v > 0) and Oz(v > 0) in iono-
spheric models. The inclusion or exclusion of Np(v > 0)
and Oy(v > 0) can only illustrate the role of these
species in the ionosphere.

Figure 5 shows the role of vibrationally excited O,
and N, in the ionosphere during the undisturbed and
geomagnetic storm period of 6-12 April 1990. The top
panel shows the observed and the modeled hmF2, while
the bottom panel gives the observed and modeled
NmF2. The solid line shows model results when
vibrationally excited O, and N, are included in calcu-
lations of the O+(4S) loss rate as given by Egs. (3)—(5).
The dashed lines show model results when O,(v > 0) is
not included and Ny (v > 0) is included in calculations
of the O (*S) loss rate

LZKl[Nz] +K20[02(U:0)] s (15)

where K| and Ky, are given by Eqgs. (4) and (8).
The solid and dashed-dotted lines in Fig. 5 show that
the increase in the O™ + N loss rate due to vibration-
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ally excited O, produces 8-46% reductions in NmF2.
The dashed lines of Fig. 5 are model results when the
vibrational excited nitrogen and oxygen are not included
in the calculations of the loss rate the O (*S) ions:

L:Klo[Nz(D:())} +K20[02<U:0)] . (16)

From Fig. 5 it follows that there is a large increase in the
modeled NmF2 without vibrationally excited O, and
N,. The comparison of dashed-dotted and dashed lines
shows that the increase in the Ot + N, rate factor due
to the vibrationally excited nitrogen produces the 5—
36% decrease in the calculated daytime peak density.
The effects of vibrationally excited O, and N, on N, are
most pronounced during the daytime.

As seen from Fig. 5, inclusion of vibrationally excited
N, and O, brings the model and data into better
agreement on 6, 9, and 10 April in comparison with the
approaches of Egs. (15) and (16). Both the daytime and
nighttime densities are reproduced by the IZMIRAN
model without the vibrationally excited nitrogen and
oxygen in L on 8 and 11 April. When N,(v) is not
included in the loss rate of the O (*S) ions the
agreement between the model and the data is the best
on 7 April.

The IZMIRAN model with the vibrational states of
N»(v) and O;(v) included does not always fit the data.
This could be due to a number of factors, such as a
possible inability of the MSIS-86 model accurately to
predict the detailed thermospheric response to this
storm above Millstone Hill, uncertainties in EUV fluxes,
rate coefficients, and the flow of ionization between the

++ + + Observations

500 = . Ny(v)and Oy(v) are included

450 £-— = Na(v)is included, Op(v}is not included
= Nx(v)and O(v)are not included
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w W b
o

ionosphere and plasmasphere, and possible horizontal
divergence of the flux of ionization above the station.

4.4 Electron and ion temperatures

Figure 6 shows the diurnal variations of the measured
and modeled electron and ion temperatures at the F2-
peak altitude. The model results were obtained with
Ny (v) and O;(v) (solid lines) and when the approaches
of Egs. (15) (dashed-dotted lines) and (16) (dashed lines)
are used in the [IZMIRAN model for the loss rate of the
O™ (*S) ions. As can be seen, the effects on 7, of adding
N>(v) and O,(v) are largest during the day, with
increases in 7, accompanying the decreases in NmF2.

During the period 6-9 April the agreement between
the measured and modeled temperatures is excellent. On
11 and 12 April the agreement is satisfactory for the ion
temperature. The measured electron and ion tempera-
tures are generally lower than the modeled electron and
ion temperatures between 9:30 and 14:30 LT on 10 April
when extremely low main F peak altitudes were
observed. The electron-ion cooling rate is proportional
to the square of the electron density and therefore if the
electron density is too large, the electron temperature is
too small, as is apparent during the day on 10 April. The
effects of Ny (v) and O;(v) are negligible on the calcu-
lation of T; at the F-region altitudes except for the short
time-periods around 9:30-14:30 LT on 10 April, when
these changes in 7; are caused by the variations of the
main F peak altitude (see Fig. 5).

NmF2 (10° cm™)

Local time

Fig. 5. Observed (crosses) and calculated F2 peak parameters above
Millstone Hill for the magnetically quiet and disturbed period 6-12
April 1990. Top: hmF2, and bottom: NmF2. The MSIS-86 model with
the adjusted atomic oxygen density is used in the IZMIRAN model
between 07:00 and 15:00 LT on 10 April at all altitudes. The modeled
NmF2 and hmF2 were obtained with effects of N;(v) and O»(v) using

the non-Boltzmann populations of the first five vibrational levels by
solving the O, (v = 1-5) time-dependent continuity equations (solid
lines), and when O5(v) was not included in the calculations (dashed-
dotted lines). The dashed lines give results without effects of N, (v) and
0,(v) on the OF(*S) loss rate
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Fig. 6. The measured (crosses)
and modeled (solid, dashed and
dotted lines) electron (bottom)
and ion (top) temperatures at the
F2 peak altitude on 6-12 April
1990. The curves are the same as
in Fig. 5
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4.5 Effects on electron density of possible errors
in calculated neutral temperature and densities

As Fig. 5 shows, there is large disagreement up to a
factor of 2-3 between the measured and modeled NmF2
during the quiet nighttime periods 6-8 April. This
nighttime disagreement between the measured and
modeled NmF2 was also found by Richards et al.
(1994b) and Pavlov and Buonsanto (1997) for the 16-17
March 1990 undisturbed period and Pavlov and Buon-
santo (1997) for the 6-8 April 1990 undisturbed period.
Satisfactory agreement between the model and the data
is obtained during the quiet intervals provided that the
recombination rate of O*(*S) ions was decreased by a
factor of 1.5 by decreasing the MSIS-86 N, and O,
densities by 1.5 at all altitudes during the nighttime
periods of the 17-18 March and 19-20 March 1990 and
68 April and 8-9 April 1990 in order to increase the
NmF2 at night to match observations better (Pavlov
and Buonsanto, 1997).

The MSIS-86 model was developed by Hedin (1987)
by the improvement of the MSIS-77 model (Hedin ez al.,
1997). Before the MSIS-86 model was created many
defects of the MSIS-77 model were removed by Kohn-
lein (1980) in his model of the neutral atmosphere (the K
model). No measured densities were available during the
6-12 April 1990 period. Hence the comparison between
modeled and measured NmF2 remains the only accept-
able source to evaluate the ability of the MSIS-86 and K
models to reproduce neutral density and temperature
variations. The present investigation enables us to
compare the measured NmF2 with the modeled NmF2
obtained by use the MSIS-86 and K models to evaluate
the effects of the uncertainty in the neutral temperature
and densities on calculated electron densities.

Solid and dashed lines of Fig. 7 give the comparison
of the modeled densities using the MSIS-86 and K
models. The model results were obtained when the

atomic oxygen densities given by both models were
decreased by a factor of 1.8 at all altitudes between 07:00
and 15:00 LT on 10 April. We can see that the MSIS-86
model gives the best agreement between measured and
modeled NmF2 during the magnetic storm period 9-11
April. This results shows that during geomagnetic
storms the more complicated MSIS-86 model, run using
seven 3-h Ap indices, has an advantage in comparison
with the K model, which uses one 3-h Kp index.
However, the model results obtained by use the K model
agree much better with the observations in comparison
with using of the MSIS-86 model during the quiet
daytime and nighttime periods 6—8 April, and there is
good agreement between the modeled NmF2 and the
data on 6-8 April if the K model is used. Our
calculations indicate that a factor of 2 increase in
theoretical undisturbed nighttime F2 peak electron
density is due to a factor of 1.7-2 decrease in [N,] and
[O,] given by the K model relative to the MSIS-86 [Nj]
and [O;] at hmF2.

The quiet period 6-8 April was a period of moderate
solar activity. It is not clear whether the MSIS-86 model
or the K model gives the best agreement between
measured and modeled NmF2 during quiet conditions
for other solar activity levels and seasons. We intend to
solve these tasks in future studies.

5 Conclusions

The model results were compared to the Millstone Hill
incoherent-scatter radar measurements of electron den-
sity and temperature for the geomagnetically quiet and
disturbed period on 6-12 April 1990. The model used is
an enhanced and updated version of the IZMIRAN
model which we have steadily developed over the years.
The updated model uses the revised rates of ionization
of O, N,, and O, by secondary photoelectrons. The
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major enhancement to the IZMIRAN model developed
in this study is the use of the new loss rate of O*(*S)
ions as a result of the new high-temperature flowing
afterglow measurements of the rate coefficients for the
reactions of O* (*S) with N, and O, given by Hierl et al.
(1997). These new measurements do not support the
Van Zandt and O’Malley (1973) theory and the
assumption of Eq. (9) of similar translation dependen-
cies for different states is reasonable for the use in
models of the ionosphere.

Using the flowing afterglow measurements of the rate
coefficient for the reactions of O (*S) with O, given by
Hierl et al. (1977), we evaluated the approximate
contribution of each vibrational state of O,(v) and
found the partial rate coefficients for vibrational quan-
tum number v = 1-5 which can be used in calculations
of electron density.

The deviations from the Boltzmann distribution for
the first five vibrational levels of O, were calculated. The
present study suggests that the deviations from the
Boltzmann distribution are not significant. It was found
that the non-Boltzmann distribution assumption and
the difference between 7, and 7; can lead to the increase
up to about 3% or the decrease up to about 4% of the
calculated NmF2 in comparison with NmF2 calculated
by using the approach of Eq. (11). So, we found that the
use of Eq. (11) for K, gives NmF?2 to sufficient accuracy
during quiet and disturbed periods. The calculations
also showed that the O, and N, vibrational tempera-
tures during the quiet periods are less then during the
magnetic storm periods. During the daytime the high
vibrational temperatures stem from the enhanced ther-
mal excitation of O, and N as a result of high thermal
electron temperatures at F2-region altitudes, while the
decrease in the vibrational temperatures compared to
the regular temperature is due to the decreases in the
electron density and the neutral temperature.

We found that the inclusion of Np(v > 0) and
O,(v > 0) in the calculations improves the agreement
between the calculated NmF2 and the data on 6, 9, and
10 April. However, both the daytime and nighttime
densities are reproduced by the IZMIRAN model
without the vibrationally excited nitrogen and oxygen
on 8 and 11 April better than the IZMIRAN model with
Na(v > 0) and Oz(v > 0). This could be due to a
number of factors, such as possible uncertainties in
neutral temperature and densities, EUV fluxes, rate
coefficients, and the flow of ionization between the
ionosphere and plasmasphere, and possible horizontal
divergence of the flux of ionization above the station.
Our calculations show that the increase in the OT + N,
rate factor due to the vibrationally excited nitrogen
produces the 5-36% decrease in the calculated daytime
peak density. The increase in the O + N, loss rate due
to vibrationally excited O, produces 8-46% reductions
in NmF2. The effects of vibrationally excited O, and N,
on N, and T, are most pronounced during the daytime.

The IZMIRAN model was unable to reproduce
extremely low NmF2 and hmF2 (rather, it was the F1
peak) observed between 9:30 and 14:30 LT on 10 April
when unadjusted MSIS-86 model densities were used, or
when the MSIS-86 N, and O, densities were increased
by a factor of 2. However, the [IZMIRAN model was
able to reproduce this anomalous electron density event
when the MSIS-86 atomic oxygen density was decreased
by a factor of 1.8 between 07:00 and 15:00 LT on 10
April at all altitudes.

Model calculations were carried out using the MSIS-
86 and K models of neutral densities and temperature
and the best agreement between the electron density
measurements and the model results was obtained when
the MSIS-86 model was used during the geomagnetic
storm period 9-11 April. However, the model results
obtained using the K model agree much better with the
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observations in comparison with using of the MSIS-86
model during the quiet daytime and nighttime periods
6-8 April.

Appendix A
The effect of photoelectrons on ion densities

The reactions of photoionization and the ionization due
to photoelectrons of the neutral species, N, O,, O, and
He are included in the IZMIRAN model. The produc-
tion rates of ions by photoionization and due to
photoelectrons are given by

—nnZ% Ayexpl—t(4)] (A1)
AQ; = n, / oH(E)F(E)E | (A2)

nj
where n, is the concentration of the n-th neutral gas,
@, (1) is the intensity of solar EUV radiation, 4 is a
wavelength, ¢,;(/) is the photoionization cross section
of the n-th neutral gas with the creation of the j-th ion,
o:[j is the cross section for collisions between energetic
electrons and the n-th neutral gas, F, is the flux of
photoelectrons, E/. is the ionization threshold energy,
T(A) = >, naon(A )H Chy(y),05(4) is the photoabsorp-
tion cross section of the n-th neutral gas, H, is the scale
height of the n-th neutral gas, Ch,(y) is the Chapman
function, y is a solar zenith angle.

The reaction of the ionization due to photoelectrons
of the n-th neutral gas produces the j-th ions and
photoelectrons with the energy E = hc/L — E}, where h
is Plank’s constant, c is the light velocity, E,; is average
energy losses of photoelectrons for ionization and
excitation of neutral gases. The number of ions created
by photoelectrons from each reaction of photoioniza-
tion is (hc/A — E,))/E,. As a result, the IZMIRAN
model uses (Pavlov 1994a)

*
)/1/

AQ; = diny Y (dn;/ % — 1), (2) Do (4) exp[—7(2)]
=0

where E* = 32,30,22 eV for N;,0,, and O, and

Do = hc/E*j = 38.7,41.3, and 56.3 nm, the correction
factors d; = 1.5, 10 0.8,0.8 and 0.8 for] = OF,Nj,
o*(*s), O*( D), and O*(2 P) were calculated from
comparison of the numerical results given by Oppenhei-
mer et al. (1977) with the ratios of AQ;/Q; from
Egs. (A1), A3) in the limit = = 0 for reference spectra
SC2IREF and F79050N and the photoionization cross
sections given by Torr and Torr (1982, 1985).

In the updated IZMIRAN model described by
Pavlov (1997), the solar EUV fluxes, ®. (1), are
obtained from the EUVAC model (Richards ez al.,
1994a) or EUV94X model (Tobiska 1993, 1994). The
revised photoionization and photoabsorption cross
sections are taken from Richards et al. (1994a).

If we use the EUVAC model with the 10.7 solar
fluxes F10.7 = 74 and (F10.7) = 87, then in the limit

, (A.3)

7 = 0 the values ofAQ]/Q = (.34, 049 0.56,0.28, and
020 for j = O°(*S),0" (*D),0" (P),N; (X), 05 (X).
The full photoelectron calculation by Rlchards and
Torr (1988), who employed the modified F74113 refer-
ence spectra, gave these secondary ions in the propor-
tions of 0.56, 0.24, 0.20, 0.36, and 0.20. Rees (1989) gives
these proportions as 0.4, 0.4, 0.2, 0.5, and 0.17.

To adjust AQ;/Q; from Egs. (A1), (A3) to the full
photoelectron calculations of Richards and Torr (1988)
and Rees (1989), we use the new correction factors
d =1,1,1,2, and 1 for j = O+( S), O+( )O*( P),

NI (X), O*( ) and the old values of i = 38.7,41.3,
and 56. 3 nm = 32,30, and 22 eV) for j = N;’,O+
and OJr .In tfle model the new average energy losses
of photoelectrons are included as £;. = 27.6 and 35 6
eVand /,; = 45and 35 nm for j = OJF( D) and O (°P).
If we use the EUVAC model with the 10.7 solar fluxes
F10.7 = 74 and (FIO 7) = 87, then in the limit t = 0
the values AQ,/ 2, = 0.42,0.37, 0.20, 0.37, and 0.20 for

= 07(*8),0"(*D),0" (°P),NJ (X), and O3 (X).

We believe that photoelectrons produce negligible
amounts of O™ (*P) and O"(*P*) ions (Richards and
Torr, 1988) which are included in the updated 1Z-
MIRAN model.

Appendix B

Continuity and energy equations for the vibrationally
excited oxygen molecules

Pavlov (1989, 1994b) treated the vibrationally excited
oxygen molecules as a set of harmonic and anharmonic
oscillator energy levels. The Pavlov (1994b) study
suggests that the effect of anharmonicity of O;(j) on
O>(j) number densities, n; = [O,()], is small at the
energy levels j = 1-5. Therefore our model uses the
system of equations given by Pavlov (1989) to determine
n;(j = 1-5) using the harmonic oscillator energy level
approximation, the vibrational-vibrational and vibra-
tional-translational energy exchange of O;(j), the diffu-
sion of O,(j) in the mixture of O,(0),N,, and O, and
production rates, Q;, of Oy(j) as follows:

0 0 . . . . _
ot = {G+ Dn =[G+ 1)O + jln; + jOn;_y } 7,
H{U+ DA+ o) = [+ e
+j(1+1)}nj+f“”j . +0; . (Bl
0 10, @ B

where ¢ is the local time, z 1is the altitude,
F; = —D[a/aznj—f—nj(l/H + 1/T,0/0zT,)],n=>":n 1,

the vibrational quanta o = >, jn;, ® = exp(— 74

H = an(mg)_l, the V1brat10nal temperature T”;, =
—Ey/In{a(l + «)~'}, D is the diffusion coefficient of
the vibrationally excited oxygen molecules, m denotes
the mass of O,,¢g is the acceleration due to gravity,
E; = 2239 K is the energy of the first level of O, given
by Radzig and Smirnov (1980), <! = {P[O]+
Pz[Nz] + P3[Oz}}(1 — @) 7l = vl

’ Tow
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In calculating the times of the vibrational-transla-
tional (vt), 7,, and vibrational-vibrational (vv), T,
energy exchange we have adopted the measurement of
the rate coefficient, P;, of the vibrational-translational
energy exchange O,(j = 1)-O at temperatures
500 < T, <2050 K as P = T,/[2.24 - 10"+
3.36 - 107 exp(110771/3) em® s~! (Dushin et al., 1988).
We use the rate coefficients P of collisional vt-relaxation
of Oy(1) by N,(0) given by Parker and Ritke (1973) as
P, = 6.8-1019(7,,/300)"° cm3 s~!. The rate coefficient
Py of the vt-exchange O;(1)-N,(0) and the rate coeffi-
cient K, of the vv-exchange O,(1)-O,(0) were calculated
by Billing and Kolesnick (1992). We have approximated
these numerical calculations as Py = 2.7-10°18
(T,/300)%° cm3 s! and K, = 6.7-107'67, cm? s2
(Pavlov, 1994b).

It is required to know the value of n¢ to calculate the
value of ns from Egs. (B1) and (B2), and by analogy
with the Boltzmann distribution the condition
ng = ns o(l + «)”' is assumed. The diffusion coeffi-
cients of vibrationally excited molecules are not sensitive
to the number of energy level (Fujimoto et al., 1976) and
we can use

D = Y{[O](D(O,, 0)~" + N2
+[02)(D(02,02)) "}, (B3)

where ¥ = [O] 4+ [N,] + [O,], the binary diffusion coef-
ficients of the unexcited O, molecules (Pavlov, 1981)
(02,0) = 9.69-10'°¢. TO Ty -1 and D(OQ,NQ)

8.29 - 106 . 70724y =1 the self-diffusion coefficient of 0,
is the functlon of the molecule oxygen viscosity coeffi-
cient (Ferziger and Kaper, 1972) and can be calculated
as D(Oz,Oz) = 10'7. 799y~ the units of [O], [O,] and
[N,] are cm~ and the units of D are cm? s~

The vibrationally excited oxygen molecules may be
produced in the following processes at E- and F-region
altitudes:

02(j =0) + e « O, (i > 4) > 02(j > 0) +e ,

J(D(02,N))~"

(B4)

O('D) + 0,(0) — OCP) + Oy(j > 0) . (B5)

During the vibrational excitation of the unexcited
0,(j = 0) by electron impact the temporary capture
of the electron occurs to form the excited ion O; H at
vibrational level i, with the following vrbratronal
excitation of O,. The production rates of O,(j) due to
the thermal electron excitation of 0O,(0) and the
deexcitation of O,(j) in the reactions of (B4) can be
calculated as (Pavlov, 1997, 1998b)

On = ﬁ(kTenme)70'5 NA{[02(0)]

— [02()]exp(EIT, )})  SyXiexp(=X;) . (B6)

i=5

where k is Boltzmann’s coefficient, m, denotes the mass
of electrons, i is the number of the O, 2I1, vibrational
level, S;; is the integral vibrational — excitation cross
section for the sharp peak in the vibrational cross

section at the energy E} measured by Allan (1995),
X; = E; (kT, )~ ,E} is the energy of the incident electron
at the center of the O; 2I1, resonance given by Allan
(1995), the analytical expressions describing the depen-
dence in Eq. (B6) of Q; from T, available to the
researcher for quick reference and accurate computer
modeling with a minimum of calculations are given by
Pavlov (1998Db).

There are no measurements of the rate coefficient
dependence of the reaction (B5) on the vibrational level
number, and we assume that the probability of O,(j)
creation in the reaction (BS) is the same for levels

= 1-3 (Pavlov, 1994b):

0y = &K[O(' D)][0:(0)] (B7)

where 91_1/3for]_1—3?j_0 for j > 3, K=
6.4- 102 exp(67/T,) cm? s~

The production rates of O(j)
O, = 0n + Op.

Solving the system of Egs. (B1), (B2), the model can
calculate the number densities of vibrational excited
molecular oxygen determining the real non-Boltzmann
distribution of O,(j). The model includes the option to
use the model of the Boltzmann distributions, n;z, of
vibrationally excited molecular oxygen given by
Egs. (12) and (B2). At the lower boundary (120 km)
the diffusion processes of vibrationally excited molecules
and vibrational quanta are neglected in the northern
and southern hemispheres. The upper boundary condi-
tions are assumed as d ~o = 0, and F; = 0 at 700-km
altitude.
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