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New sources for the hot oxygen geocorona:
Solar cycle, seasonal, latitudinal, and diurnal variations
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P. G. Richards

Computer Science Department and Center for Space Plasma and Aeronomic Research, University of
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D. G. Torr
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Abstract. This paper demonstrates the variability of thermospheric sources of hot oxygen at-
oms. Numerical calculations were performed for day and night, high and low solar activity,

summer and winter, and low- and middle-latitude conditions. Under most conditions, reactions
involving metastable species are more important hot O sources than previously considered dis-
sociative recombination of O_* and NO*. All the hot O sources are an order of magnitude lower
at midnight than at noon. At night, dissociative recombination of 0; and NO" are the most
important sources. Quenching of vibrationally excited N, (Nz') by O is the most important me-
tastable source at night. Above 300 km, hot O sources increase by an order of magnitude be-
tween solar minimum and solar maximum. For a given level of solar activity, the high-altitude
total production rate of hot O kinetic energy is greater during winter than during summer, indi-
cating a dominance of cooler hot O sources during summer. The N,” source dominates at low
altitudes. At high altitudes it is almost negligible at solar minimum, but increases to become
the dominant source at solar maximum. Atomic oxygen quenching of N(’D) is a large source at
solar minimum and is still important at solar maximum. Overall, seasonal variations are small
compared to solar cycle, diurnal and latitudinal variations. While quenching of metastable spe-
cies is more important at midlatitudes than at low latitudes, there is little latitudinal variation in

hot O production due to dissociative recombination of NO* and O,".

1. Introduction

The possibility of a hot oxygen geocorona was originally dis-
cussed by Rohrbaugh and Nisbet [1973]. They calculated the
flux of energetic atoms resulting from the dissociative recombi-
nation of O_" and NO* in the F region of the Earth's ionosphere,
and found {hat the hot atoms can ascend to altitudes of several
thousand kilometers and can travel horizontally to distances of
the order of the Earth's radius.

Following the work of Rohrbaugh and Nisbet [1973], Torr et
al. [1974] suggested that energetic oxygen atoms can also be
produced by precipitating energetic O ions during magnetically
disturbed periods. Such energetic O" fluxes have been reported
by Shelley et al. [1972]. Torr et al. [1974] investigated the angu-
lar and energy distributions of the energetic oxygen atoms. Later
theoretical calculations were performed by Yee and Hays [1980]
and Ishimoto et al. [1986, 1992].

The possibility of the existence of hot O coronas in other
planetary atmospheres has also received attention. Theoretical
studies of the hot O corona of Mars began with the suggestion of
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McElroy [1972] that the dissociative recombination of O,
would produce fast O atoms with a kinetic energy of 2.5 eV.
Later, hot O calculations were performed by Knudsen [1973],
while more recently, Ip [1990] and Fox [1993] have accounted
for the different channels by which the dissociative
recombination can occur. Theoretical and experimental work on
the hot O corona of Venus has been performed by Mahajan et al.
[1992], Nagy and Cravens [1988], and Nagy et al. [1981], and
reviewed by Nagy et al. [1990].

Recently, Richards et al. [1994a] have demonstrated that
there is a large number (22) of previously unconsidered sources
of geocoronal hot oxygen. Most of these new sources involve
reactions of metastable species. The importance of these species
(to the present study), established mainly through the
Atmosphere Explorer program [Torr and Torr, 1982], lies in
their ability to transfer electronic energy to translational energy
in quenching processes. For example, the metastable N(*D),
which has an electronic energy of 2.4 eV, is produced very
efficiently in the thermosphere through direct photodissociation
and numerous chemical reactions and is quenched efficiently by
atomic oxygen. Electron quenching of N(?D) was previously
found to be an important source of thermal electron heating in
the ionosphere by Richards [1986], as first suggested by
Dalgarno [1970]. When N(°D) is quenched, the electronic

17,377



17,378

energy is made available to the translational energy of the two
atoms that would then both be hot. The atomic nitrogen atoms
may also be produced with translational energy of ~0.1-2 eV
[e.g., Shematovich et al., 1991]. (Although collisions with hot N
constitute an additional energy source for the ambient O atoms,
in this paper we consider only chemical sources, and these
important physical processes are not considered). Since the two
atoms have approximately the same mass, they will each have
more than 1 eV of energy. The energetic N would then transfer
its energy to the ambient low-energy O, creating cooler but still
hot O atoms. Another possible source of hot O is atomic oxygen
quenching of O*(*P), which could release up to 5 eV of energy to
the two O atoms. Recently, Chang et al. [1992] have reevaluated
the quenching rate of O*(>P) by atomic oxygen and found that it
is about 8 times faster than the value derived by Rusch et al.
[19771.

The calculations of Richards et al. [1994a] have
demonstrated that quenching of metastable species constitutes a
significant source of hot oxygen. For the low-latitude, daytime,
wintertime, low magnetic activity, and high solar activity
conditions considered by them, some of the most significant new
sources of hot oxygen were found to be due to reactions
involving quenching of O'(*D), O('D), N(*D), O'(*P), and
vibrationally excited N, by atomic oxygen. The kinetic energy
production rates due to some of these reactions were found to
exceed, by a factor of 10, those due to previously considered O
and NO" dissociative recombination reactions.

The existence of a substantial hot oxygen geocorona is of
importance to our understanding of the Earth's atmosphere for
several reasons. These include the maintenance of the nighttime
ionosphere, the escape flux of He, and energetic ion populations
in the plasmasphere. The hot O could help to explain the
maintenance of the nighttime ionosphere by increasing the rate
of conversion of plasmaspheric H' into O". At night, H" settles
out of the plasmasphere into the topside ionosphere and charge
exchanges with atomic oxygen. The O then diffuses down to
help preserve the nighttime F region ion density. Current model
calculations, which include ionosphere-plasmasphere coupling,
indicate that the flux from the plasmasphere is not sufficient to
maintain the ionospheric densities at the observed levels
[Richards et al., 1994b]. The existence of enhanced O densities
in the topside ionosphere at night would lead to faster conver-
sion of H' to O" and help to maintain the F region at the higher

observed densities.
Another possible effect of the hot O geocorona could be to en-

hance the escape of He atoms from the atmosphere by increasing
the population of the high-energy tail of the distribution through
collisional energy exchange. The higher exospheric total O den-
sity implied by the hot O would also directly increase the He es-
cape flux through charge exchange with atomic oxygen, as has
been suggested by Lie-Svendsen et al. [1993]. Thus hot O could
help to explain the well-known discrepancy between the He out-
gassing rate and the Jeans escape flux. Finally, the existence of
a significant hot O population in the plasmasphere coupled with
charge exchange with H" could also enhance the population of
plasmaspheric O" as well as the heating of plasmaspheric ions.
Experimental evidence for the hot oxygen geocorona has been
presented by Yee et al. [1980] who made twilight measurements
of the O*(*P) 7320-A emission. Their measurements indicated a
hot oxygen density of up to 10° cm™ at 550 km. Further experi-
mental evidence was supplied by Hedin [1989]. He inferred hot
oxygen densities of 1 to 3x10* cm™ at 1100 km for low to mod-
erate solar activities by comparing the satellite drag based
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(Jacchia) model and the mass spectrometer based (MSIS) model.
The satellite drag model assumes that the high-altitude atmos-
phere consists entirely of helium, while the MSIS model uses in-
formation on the composition. The models agree well in winter
but are very different in summer, and this difference was attrib-
uted to the existence of a hot oxygen geocorona. When extrapo-
lated to 550 km, these inferred densities are in accord with those
inferred by Yee et al. [1980]. More recently, Cotton et al. [1993]
have inferred a substantial hot O population from a sounding
rocket measurement of the ultraviolet atomic oxygen dayglow.
The hot oxygen production rates of Richards et al. [1994a]
were calculated for one very specific set of geophysical
conditions. The objective of the present study is to determine the
variations in these sources of hot oxygen with varying
geophysical conditions. The layout of this paper is as follows.
First, the numerical model on which the results are based, as
well as our assumptions, are discussed in section 2. The results
are discussed in three subsections within section 3. Diurnal
variations, then latitudinal variations, followed by seasonal and
solar cycle variations, are discussed in the first, second, and
third subsections, respectively. A discussion of these results is
presented in section 4, followed by the conclusions in section 5.

2. Model

The hot oxygen production rates are calculated by using the
field line iInterhemispheric plasma (FLIP) transport model
[Richards et al., 1994b]. This model solves the coupled time
dependent energy, momentum, and continuity equations for the
major ions (O, H', and He") and photoelectron transport
equations, from 80 km in one hemisphere, along a field line to
80 km in the other hemisphere. The concentrations of the major
neutral species are provided by the MSIS-86 model [Hedin,
1987]. The main outputs of the FLIP model include ion densities
(0", 0'(’S), 0°('D), O'(P), H', He', N', NO', N,*, N,*"), neu-
tral densities MN(S), NCD), N(’P), NO, O(‘D) o(’s),
N(A3): ), N,"), electron and ion temperatures and flow ve-
loc1t1es the pfnotoelectron flux, and a large number of emissions.
A recent summary of the FLIP model is provided by Torr et al.
[1990].

We have identified a total of 27 possible sources of hot
oxygen. They are listed in Table 1 and are taken from Rees
[1989]. The two right-hand columns in Table 1 are the total
exothermicity of each reaction and the energy acquired by the
product O atom. Note that these acquired energies are taken to
be with respect to an initially stationary center of mass for the
reactants. The partitioning of energy amongst the products of the
reactions was calculated on the basis of conservation of energy
and momentum and assumes hard-sphere collisions. Thus the O
atom produced in reaction (23), for example, acquires an energy
equal to approximately 28/44 ~ 64% of the available 5.63 eV for
the reaction.

Table 1, as presented here, differs from the corresponding
table presented by Richards et al. [1994a] in several respects.
First, reactions (1) and (2) were inadvertently labeled in reverse
order by Richards et al. [1994a]; this error has been corrected
here. Second, here we account for the partitioning of energy
between reaction products, as just described. Third, the
production rate of hot O due to the quenching of O('D) by O was
underestimated by a factor of 2 by Richards et al. [1994a]; this
has been corrected here. Fourth, the H" + O reaction is not
considered here, for reasons described shortly. Fifth, Richards et
al. [1994a] considered only one branch of the O; dissociative
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Table 1. Potential Sources of Hot Oxygen and Their Exothermicities (AE)

No. Reaction Reaction Rate(cm’ s™) AE _(eV) AE (eV)
Q) NO'+ e>N(¥D)+ 0 43 x107(T/300)" (78%) 038 0.18
o)) NO*+e—>N+0 43 x107(T°300)"  (22%) 2.75 1.28
(3) 02:+ e—>0+0 1.6x 10730075 (33%) 6.97 348
2y 0, +e—> o('D)+0 1.6 x 107(300/7°°  (21%) 5.02 2.51
) 0, +e— o('D) + o('D) 1.6 x 107300/ Y% (42%) 3.05 1.52
(6) 0+ N(D) > N(*) + 0 ~7x10™" ¢ 238 1.11
%) 0+0('D)>0+0 8x 10" 1.96 0.98
8) o+o0'P>0*+0 4x10M 5.00 250
©) 0+0'(*D)> 0" +0 5x1012 331 1.65
(10) NCD)+ 0" > N'+0 5x10™"! 1.46 0.68
(11) 0,+0°>0,"+0 2.1 x 10T +2T/3 x 3004 °7 1.55 1.03
(12) N,+0°(D)>N,"+0 8x10" 133 0.85
13) ol'p) + N> O+N 2.0x 10" exp(107.8 1) 131 0.84
14 N(D)+0, > NO + o) 6x 1012 3.76 245
(15) NPP)+ 0O N+0 1.7x10" 3.58 1.67
(16) NO+N-N,+0 34x10M 3.25 2.07
an N+0,—»N3+0 4.4 x 10" %exp(-3220/T) 1.385 0.90
a1s) N*+ 62 - NO*'+0 2x107? 6.67 435
(19) 0'(D)+0,-»0,"+0 7x10"° 4.865 3.24
(20) O'(P)+N, > N*+0 48x101° 3.02 1.92
(1) o(D)+0,-0,+0 2.9 % 10" lexp(67.5/T) 1.96 1.31
(22) O*+NNO*'+0 12x101° 42 2.74
(23) +N(*D)-> N, +0 7x10M 5.63 3.58
(24)-(27) N;(v) +0-> Nz(zv'=0) +0 McNeal et al. [1974] 0.3v 0.19v

recombination reaction and assumed the hot O to be produced
with the average energy of the several known branches. Here,
we correctly account for the three most energetic and important
branches for this reaction. We do so by assuming, like Yee
[1988], that the two most energetic branches producing O('D)
occur with equal probability. Each O, dissociative
recombination reaction is assumed to produce 1.3 O('D) atoms
[Abreu et al., 1986] and 0.08 O('S) atoms [e.g., Torr et al.,
1990]. We also assume, like Rohrbaugh and Nisbet [1973], that
the two branches producing O('S) occur with equal probability.
There is some evidence that the yield of the O('S) + O(P)
channel is negligible [Guberman and Giusti-Suzor, 1991].
However, neither of these two channels is considered in our
final results because their yields are small. Using these values
produces the branching ratios given in Table 1.

As discussed by Richards et al. [1994a], in some reactions in-
volving molecular products, the energy partitioning is compli-
cated by possible electronic and vibrational excitation of the
molecule. For example, reaction (12) (O*(°D) + N, >0+ Nz")
may result in the excitation of the N,"(4) state [Omholt, 1957),
in which case most of the energy will be radiated. Alternatively,
the reaction may produce N;(X) in vibrational levels up to v =
5. In this case, O quenching of the vibrational levels may lead to
a significant source of hot O. Spectroscopic measurements made
on the ATLAS 1 mission indicate significant production of
N_*(X), with little or no production of N,*(4) [Torr et al., 1993].
However, the chemistry of vibrationally excited N; has not yet
been fully quantified. Previously [Richards et al., 1994a], we
did not consider the vibrational excitation of molecular products
for any of the reactions studied. Here, and for reaction (13) only,
we assume that 33% of the available exothermic energy appears
as vibrational energy of N, [Slanger and Black, 1974]. We
realize that smaller values of exothermicity should be considered
for some of the other reactions in Table 1 involving molecular

products due to their possible vibrational excitation. However,
the uncertainties associated with this precludes our doing so,
and we simply note that for some of those reactions involving
molecular products the exothermicities employed here may be
overestimated by as much as approximately 50% and they
therefore represent an upper limit. For some of the reactions
involving only monatomic products, the possibility that one of
the atoms is electronically excited would also imply that the
exothermicity is overestimated. This may be the case for reac-
tions (8) and (15), for example, in which O*(*D) and N(*D) may
be formed, respectively. We do not consider electronic excitation
of atomic products here, but again note that we may be
overestimating the exothermicity for some of these reactions.

Reactions (1) to (5) have been previously examined as a
source of geocoronal hot oxygen by Rohrbaugh and Nisbet
[1973]. The charge exchange of O* with H was considered by
Richards et al. [1994a] as a source of hot geocoronal oxygen,
and was previously considered by Nagy et al. [1981] for the
ionosphere of Venus. However, the energy for the hot O derives
from the initial O kinetic energy and not from the conversion of
chemical energy. For this reason, this reaction is not considered
here. Reactions (24) to (27) correspond to N; vibrational levels
(v) ranging from 1 to 4, respectively. For these quenching
reactions we employed the reaction rate coefficients of McNeal
et al. [1974] and applied them according to Newton et al. {1974].
We assume that quenching is to the ground vibrational level,
which is unlikely for v 2 2, and implies that our results for this
reaction constitute an upper bound for the production of hot O
kinetic energy.

In this study we are primarily interested in comparing the
new sources of hot oxygen with the previously known sources
(reactions (1) to (5)) in order to demonstrate the potential impor-
tance of these new sources. We emphasize that it is the local
production of hot oxygen that is calculated here. The final dis-
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tribution of hot oxygen atoms will depend on collisions and
transport, and its calculation is beyond the scope of this paper.
Transport, primarily responsible for populating the exosphere,
becomes more important in the vicinity of the exobase where the
mean free path of an O atom becomes comparable to its scale
height. The height of the exobase is highly variable, having di-
urnal, seasonal, and solar cycle variations. In the results soon to
be described, we find that the daytime exobase height ranges
from about 370 km for low solar activity to about 520 km for
high solar activity. Transport will become important within
about a scale height (~50-80 km) of the exobase, which for the
conditions just described will be somewhere above approxi-
mately 320 km to 440 km. At lower altitudes where collisions
are more frequent, the hot O will be quickly thermalized, and
will primarily contribute to the local thermospheric heat budget
without contributing to the hot O geocoronal population. For this
reason, we place more emphasis on the high-altitude production
of hot O. For completeness, however, we present results for all
altitudes.

3. Results

The FLIP model was run for summer and winter conditions
(days 1 and 160, respectively), different levels of solar activity
(F,, = 80 and 200), for local times close to midnight (LT ~ 0.28
hours) and midday (LT ~ 12.88 hours), and for two latitudes (~
18°N and ~42.6°N). A longitude of about 70°W and a low level
of magnetic activity (4p = 12) were used. The model was run for
an initial period of 24 hours prior to these times, in order to
reduce dependence on initial conditions.

The results of our calculations are presented in the following
three subsections, where we examine the diurnal variations of
all 27 possible sources of hot oxygen for daytime, summer, high
solar activity conditions; the latitudinal variations of these
sources, also for daytime, summer, high solar activity conditions;
and the seasonal and solar cycle variations of only the most sig-
nificant sources of hot oxygen for daytime, low-latitude condi-
tions. We also calculate hot O source energy spectra as a func-
tion of altitude, and show how they vary with season and solar
cycle. For the first subsection we also present the neutral and
ionic species’ number densities output from the FLIP model that
were used to calculate the hot O production rates. This helps to
provide a physical explanation for the diurnal variation of hot O
production. For conciseness we do not present these species'
number densities for the remaining variations, but merely note
that their variations are reflected in the hot O production rate
variations.

The FLIP model calculates the metastable species' densities,
assuming that local chemical equilibrium prevails. This is a
good assumption at low altitudes, but breaks down at high
altitudes where collisions are infrequent and transport becomes
important. Therefore we do not present hot O production rates
for altitudes above approximately 520 km. For the remainder of
this paper, we will represent the hot O number density
production rate due to each reaction by ¥, and the hot O kinetic
energy production rate due to each reaction by €.

Diurnal Variations

The hot O production rates were calculated for summer (day
160), moderately high solar activity (¥, , = 200) conditions at a
latitude of ~18°N, for local times close to midnight (LT ~ 0.28
hours) and midday (LT ~ 12.88 hours).
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Figure 1. Neutral species’ (a) daytime (LT =~ 12.88 hours) and
(b) nighttime (LT =~ 0.28 hours) densities for low-latitude, sum-
mer, moderately high solar activity conditions.

First, we present the daytime and nighttime species number
densities that were used in the calculation of hot O production
rates. All daytime neutral densities (Figure la) are greater than
their nighttime values (Figure 1b). Nighttime densities of O, N,
and O, are approximately half their daytime values at the high-
est altitudes, with smaller variations occurring at lower alti-
tudes. The magnitude of the diurnal density variation for most
other species is between 1 and 2 orders of magnitude. Most
daytime ion and electron densities (Figure 2a) are greater than
their nighttime values (Figure 2b), except at high altitudes
where the daytime and nighttime values of the electron, N*, and
O" densities are comparable. The nighttime densities of the mi-
nor metastable ions O*(2D) and O*(’D) are more than 4 orders of
magnitude smaller than their daytime values at all altitudes. In
contrast, the nighttime densities of O," and NO" are only about 1
order of magnitude smaller than their daytime values. Therefore,
while at high altitudes the densities of O*(*P) and O(*D) are
comparable to or greater than NO* and O * densities during
daytime, at night the O*(*P) and O*(*D) densities are very small
by comparison.

The volume production rates, 11, derived from the set of
chemical reactions given in Table 1 are plotted as a function of
altitude for daytime (Figure 3) and nighttime (Figure 4). For
clarity of presentation, the results have been separated into three
groups, the first containing reactions (1) to (9), the second
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Figure 2. Ion and electron species' (a) daytime (LT =~ 12.88
hours), and (b) nighttime (LT »~ 0.28 hours) densities for low-
latitude, summer, moderately high solar activity conditions.

containing reactions (10) to (18), and the third containing
reactions (19) to (27). For comparison purposes we note that the
exobase altitudes are approximately 520 km and 452 km under
these conditions for the daytime and nighttime models,
respectlvely The daytime ¥ values are dominated by quenching
of N, "(v = 1) by atomic oxygen (reaction (24)) at all altitudes
Fi 1gure 3c). At these highest altitudes, dissociative
recombination of NO* (reaction (1)) becomes of comparable
importance. The O*(*D) charge transfer with N (reaction (12))
is also an important source of hot oxygen at high altitudes. At
the highest altitudes, a number of less important sources of hot
oxygen production rates are due to reactions (2), (3), (4), (5),
6), (7), (8), (10), (11), and (25), as shown in Figure 3.

The nighttime values of 7l (Figure 4) are generally at least an
order of magnitude smaller than their corresponding daytime
values. This is not surprising, given the large daytime values of
reacting species' densities compared to their nighttime values
(Figures 1 and 2). Furthermore, while O*(*D) may be a signifi-
cant source of daytime hot O through reaction (12) (Figure 3b),
it is nonexistent at night (Flgure 4b). The values of 1l are domi-
nated by quenching of N, *(v = 1) by atomic oxygen (reaction
(24)) below about 425-km altitude (Figure 4c), and by the dis-
sociative recombination of NO" (reaction (1)) above 425 km
(Figure 4a). At high altitudes the dissociative recombination of
O," (particularly reactions (3) and (5)) and the charge transfer
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Figure 3. Daytime (LT ~ 12.88 hours) hot O volume production
rates at 18°N for summer, high solar activity for reactions (a) (1)
to (9), (b) (10) to (18), and (c) (19) to (27).

reaction between O and O21 (reaction (11)) are also important in
the production of hot O (Figure 4b). Below about 300-km alti-
tude, quenching of N (reactions (24) to (27)), as well as the
atom-atom mterchange reactions (16) and (17), dominate the
production of hot O (Figures 4b and 4c).

While values of % are useful indicators of which sources may
be of significance to the hot O population, the kinetic energy
production rates (£) are of greater interest because they are a
direct measure of the available kinetic energy for the product
oxygen atom. These values of £ (Figures 5 and 6) were obtained
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Figure 4. Nighttime (LT =~ 0.28 hours) hot O volume produc-
tion rates at 18°N for summer, high solar activity for reactions
(a) (1) to (9), (b) (10) to (18), and (c) (19) to (27).

by multiplying the hot O number density production rate by the
kinetic energy acquired by a single O atom for each reaction in
Table 1.

The daytime results for summer at solar maximum presented
in Figures 5a, 5b, and 5c show that dissociative recombination
of 02+ (reaction (3)) domina‘tes € at altitudes above about 375
km, while quenching of N, (reaction (24)) dominates below
that. Atomic oxygen quenching of O*(*P) (reaction (8)) produces
large values of £ at the highest altitudes and is slightly more im-
portant than the dissociative recombination reaction (2) of NO*
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Figure 5. Daytime (LT ~ 12.88 hours) hot O kinetic energy
production rates at 18°N for summer, high solar activity for re-
actions (a) (1) to (9), (b) (10) to (18), and (c) (19) to (27).

(Figure 5a). Other important sources of £ at high altitudes in-
clude charge transfer between O'(*D) and N, (reaction (12)),
quenching of N(>D) by O (reaction (6)), dissociative recombina-
tion of NO* (reaction (2)), and the dissociative recombination of
O," through reactions (4) and (5).

As with the volume production rates (7)), the nighttime values
of £ (Figure 6) are significantly smaller than their corresponding
daytime values. Also, O*(*P) (reaction (8)) and O*(*D) (reaction
(12)) are not sources of hot O at night (Figures 6a and 6b), as
might be expected from their diurnal density variation. At
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Figure 6. Nighttime (LT ~ 0.28 hours) hot O kinetic energy
production rates at (18)°N for summer, high solar activity for re-
actions (a) 1 to (9), (b) (10) to (18), and (c) (19) to (27).

altitudes above about 400 km the important sources of € at night
are due to dissociative recombination of O2 and NO' (reactions
(1) to (5)), reaction (11), and quenching ofN (v=1byO
(reaction (24)), with smaller contnbutlons coming from
reactions (7) and (18).

Latitudinal Variations

To show latitudinal variations, the production of hot O was
calculated for daytime (LT ~ 12.88 hours), summer (day 160),

moderately high solar activity (F, , =200) conditions at 42.6°N,
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Figure 7. Daytime (LT ~ 12.88 hours) hot O kinetic energy
production rates at 42.6°N for summer, high solar activity for
reactions (a) 1 to (9), (b) (10) to (18), and (c) (19) to (27).

and compared with the results for 18°N shown in Figure 5.
Under these conditions the exobase altitude is approximately
520 km for both latitudes. In this section, we concentrate on the
hot O kinetic energy production rates (£ ) because these are gen-
erally of more aeronomical significance.

Values of & for 42.6°N are shown in Figure 7. Quenching of
N, *(v =1 and 2) by O dominates £ up to altitudes of about 450
km and exceeds the combined values of & for reactions (1), (2),
(3), (4) and (5) at all altitudes. At higher altitudes several reac-
tions involving quenching of metastable species dominate (see
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Figures 7a and 7b). Among these are reactions (12), (6), (7), (8),
and (9), with reactions (24) and (25) also making significant
contributions. Of the dissociative recombination reactions, the
most important at high altitudes is reaction (3). These midlati-
tude results are quite different from the low latitude results
shown in Figure 5, in which the high-altitude production of hot
O kinetic cnergy was dominated by the dissociative recombina-
tion of O (reaction (3)).
The ma_lor differences between hot O kinetic energy
_production rates produced at the low and middle latitudes can be
summarized as follows. At any altitude, the low-latitude values
of & due to the dissociative recombination of NO* and O " are
very similar to their midlatitude values. By contrast, values of £
due to all of the new sources of hot O display a large increase
from the low to the high latitudes. The only exception to this
occurs at low altitudes, where increases in ¢ are typically smaller
between the two latitudes, and where the low-latitude values of
¢ due to reactions (7) and (9) are greater than their middle-
latitude values. At high altitudes the midlatitude value of ¢ due
to reaction (7) is about 10 times greater than its low-latitude
value. The high-altitude increases between the two latitudes
obtained for the other new sources of hot O are more modest,
but typically range between factors of 2 and 5.

These latitudinal variations in the hot O production rates can
be explained in terms of the latitudinal variations of the neutral
and ion species densities. There is significantly more O('D),
N(D), NO, N,*(v = 1, 2), O°(*D) and NO" above ~300 km at
midlatitudes than at low latitudes. However, there is less N* and
O and fewer electrons at midlatitudes than at low latitudes.
Thus, while hot O production is increased at the midlatitude due
to increases in the metastable species densities, there is little
latitudinal variation in hot O production due to ion dissociative
recombination because the effects of an increase in ion density
are counteracted by the effects of a decrease in the electron
density.

Seasonal and Solar-Cycle Variations

In this section, the production of hot O was calculated for
daytime (LT ~ 12.88 hours), low-latitude (18°N) conditions, for
both winter (day 1) and summer (day 160), and for both low
(Flo, = 80) and moderately high (F,, = 200) solar activity.
Under these conditions and for a glven %evel of solar activity the
exobase altitudes are comparable for summer and winter. For
low solar activity the exobase altitudes are approximately 377
km (winter) and 370 km (summer), while for moderately high
solar activity they are approximately 520 km for both winter and
summer.

For each set of results we selected the 10 reactions that
provided the largest hot O kinetic energy production rates (£) at
the highest altitudes. The decision to select sources based on
their values at high altitudes was motivated by the fact that at
higher altitudes the hot O produced is less likely to be
collisionally thermalized, and, all other things being equal, will
have a much greater probability of populating the geocorona. At
lower altitudes where collisions dominate, the hot O will be
quickly thermalized, and will primarily contribute to the local
thermospheric heat budget without contributing to the hot O
geocoronal population. The particular set of 10 reactions
selected depends on season and solar cycle. It is important to
note that the selection of the largest sources based on their high-
altitude values means that sources which may be totally
dominant at lower altitudes, such as those associated with
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quenching of N (reactions (24) to (27)), may not appear in the
following ﬁgures However, these sources will be given due
consideration later in this section. Again, we concentrate on the
hot O kinetic energy production rates (£) because these are
generally of more aeronomical significance.

The hot O kinetic energy production rates (£) are shown in
Figure 8. The values of ¢ for winter at low solar activity (Figure
8a) reveal that at the highest altitudes (above 350 km) reactions
(9), (12), (6) and (8) dominate over the O," and NO*
dissociative recombination reactions ((1) to (5)). Above 400-km
altitude the hot O energy derives almost exclusively from
O'(*D). Although reaction (9) produces negligible values of ¢ at
low altitudes, it is a major source at high altitudes. Quenching of
O('D) by O is only an important source of ¢ at lower
thermospheric altitudes. These wintertime, low solar activity
results have been previously discussed by Richards et al.
[1994a], where, however, no account was taken of the
partitioning of energy between the various reaction products.

Values of ¢ for winter at high solar activity (Figure 8b) also
show that reaction (9) is a major source of hot O at high alti-
tudes, but is a negligible source at low altitudes. Reaction (7)
dominates £ between about 400-km and 500-km altitude, beyond
which reaction (12) dominates. Quenching of N(*D) and O*(P)
by O (reactions (6) and (8)) are also important sources of £ at
high altitudes. Quenching of vibrationally excited N, by O
(reactions (24) and (25)) is at least as important as the dissocia-
tive recombination reactions of O,* and NO" (reactions (2) and
(3)) as a source of kinetic energy tzor the hot O at high altitudes,
but none of these compares to the previously noted sources.

Figure 8c shows values of ¢ for summer at low solar activity.
Quenching of N(*D) by O (reaction (6)) dominates at most alti-
tudes, with comparable contributions being due to reactions (3)
and (12) at the highest altitudes. The dissociative recombination
of NO* (reaction (2)) is a minor source of hot oxygen under
these conditions. An interesting feature of these results is that
near 400-km altitude and for low solar activity the hot O kinetic
energy production rates for summer (Figure 8c) are smaller than
those for winter (Figure 8a).

Figure 8d shows values of € for summer at high solar activity.
At high altitudes the dissociative recombination of O (reaction
(3)) dominates, although quenching of O*(*P) by O (reactlon (8))
appears to be equally important at the highest altitudes (above
500-km). Other important sources at high altitudes are due to
reactions (2), (5), and (12). At low altitudes, quenching of N
and N(*D) by O (reactions (24) and (6)) dominate (see Flgure
5b). At altitudes near 500-km and for high solar activity the hot
O kinetic energy production rates for summer (Figure 8d) are
smaller than those for winter (Figure 8b).

The hot O kinetic energy production rates discussed in this
subsection can be summarized as follows. First, reaction (12),
(N2+O+(2D)), is one of the most important reactions for the
production of hot O, usually being one of the three largest
sources of £. Dissociative recombination of O_*, mainly due to
reaction (3), is the largest source of £ only during summer at
high solar activity, and the second largest source during summer
at low solar activity. During winter it is a less significant source.
Dissociative recombination of NO" (reaction (2)) is only a major
source of £ during summer at high solar activity. At other times
it is a less significant source. Quenching of O'(*D) by O
(reaction (9)) is a major source of £ only at high altitudes during
winter, irrespective of the level of solar activity. Quenching of
N(*D) by O (reaction (6)) is one of the most important sources of
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Figure 8. Daytime (LT ~ 12.88 hours) hot O kinetic energy production rates at (18)°N for (a) winter, low solar
activity, (b) winter, high solar activity, (c) summer, low solar activity, and (d) summer, high solar activity. Note
that only the ten largest sources are included (see text for details).

€ during winter, and is the largest source during summer at low
solar activity. It is a less important source during summer at
high solar activity. Quenching of O*(*P) by O (reaction (8)) is
overall an important source of £, for any season or level of solar
activity. Quenching of O(!D) by O (reaction (7)) is only a sig-
nificant source of £ during winter for high solar activity.
Quenching of N,’(v = 1 and 2) by O (reactions (24) and (25)) is
only a significant source of £ at high solar activity and is more
important at altitudes below about 375 km. It is not a significant
source at low solar activity.

We find that the hot O kinetic energy production rates at high
altitudes increase with increasing solar activity for both summer
and winter. However, an important result discovered here is that
for a fixed level of solar activity these production rates are larger
in winter than in summer. This seasonal variation in the pro-
duction of hot O kinetic energy is due to the seasonal variation
in the new, metastable sources of hot O considered here. In con-
trast, the production rates due to the dissociative recombination
reactions shown in Figure 8 are smaller in winter than in sum-
mer for a given level of solar activity.

In addition to examining the hot O kinetic energy production
rates, it is also of interest to examine the energy distribution of
the hot O sources. As previously stated, the energy partitioning
of the reaction products was calculated following conservation of
energy and momentum principals, and provided us with the hot

O source kinetic energy for each reaction as provided in the
right-hand column of Table 1. These energies lay in the range of
about 0.18 to 4.35 eV. Energy spectra were defined by using 22
energy bins ranging from 0 to 4.4 eV, each bin being 0.2 eV
wide. For each energy bin the total hot O number density pro-
duction rate was calculated by summing the individual hot O
volume production rates for all reactions contributing energy to
that bin. Then the energy spectrum was normalized by dividing
the hot O production rate for each bin by the total hot O produc-
tion rate. These normalized hot O kinetic energy source spectra
were generated at every altitude. Note that these spectra, by
definition, are independent of the total hot O production rate at
any altitude.

We present results for the seasonal and solar cycle variations
of the hot O kinetic energy source spectra in Figure 9. We have
truncated the spectra at 3.6 eV because at higher energies the
relative production rates are generally rather small and uninter-
esting. The only reactions that create hot O more energetic than
3.6 eV are reactions (18) (4.35 eV), (19) (3.24 eV), and (23)
(3.58 eV). Of these, the most important is reaction (18). How-
ever, even for this reaction the relative production rates only be-
come discernible at altitudes near 500 km during summer, being
negligible otherwise.

Figure 9a shows the normalized hot O kinetic energy source
spectra as a function of altitude for winter and low solar activity.
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Figure 9. Daytime (LT ~ 12.88 hours) hot O kinetic energy source spectra versus altitude at (18)°N for (a)
winter, low solar activity, (b) winter, high solar activity, (c) summer, low solar activity, and (d) summer, high
solar activity. At each altitude the amplitude spectrum is normalized so that the sum of amplitudes over all en-
ergies is unity. Note that spectra are derived from binning the production rates in 0.2-eV intervals.

A number of features are evident. First, the energy source is not
distributed uniformly, but is of course discrete. At the lowest al-
titudes an appreciable fraction (~55%) of the hot O appears to
be created with energies below 0.2 eV (due mainly to reaction
(24) with some due to reaction (1)). At these altitudes there is a
small fraction of hot O created with energies between 0.2 and
0.4 eV (due to reaction (25)), about 30% created with energies
between 0.8 and 1.4 eV (due mainly to reactions (12), (6), and
(2)), with the remaining between 2.0 and 3.6 eV (due mainly to
reactions (16), (4), (8), and (3)). Proceeding to higher altitudes,
the lowest-energy sources (reactions (24) and (1)) decrease and
become small by 500-km altitude. Between 0.8 and 1.0 eV, hot
O production rates (mainly due to reaction (12) at higher alti-
tudes) increase with increasing altitude (relative to the total),
reaching a maximum in the vicinity of about 400-km altitude,
and decreasing thereafter. Hot O production rates at energies be-
tween 1.0 and 1.2 eV increase (relative to the total) with in-
creasing altitude, peaking near 300 km, and decreasing again
thereafter. Hot O production rates at energies between 1.6 and
1.8 eV (due to reaction (9)) increase dramatically (relative to the
total) with increasing altitude, and totally dominate the hot O
spectrum at high altitudes (see also Figure 8a). However, one
needs to be reminded that at altitudes above about 400 km the
total hot O production rates become small under these low solar
activity conditions. For the remaining energies, hot O production
rates either decrease or remain approximately constant with in-
creasing altitude.

Figure 9b shows the normalized hot O kinetic energy source
spectra as a function of altitude for winter and high solar activ-
ity. At low altitudes the spectrum is dominated (~80%) by the

lowest energies available to hot O production (0.19 eV) due to
reaction (24). Hot O production rates at this low energy decrease
slowly with increasing altitude, and still make a significant con-
tribution to the spectrum at the highest altitudes. At the lowest
altitudes, reaction (25) is responsible for producing about 10%
of the hot O with energies of 0.38 eV. The relative production
rates at this energy initially increase slightly with increasing
altitude, and then decrease at the highest altitudes. Hot O pro-
duction rates between 0.8 and 1.0 eV (reactions (7) and (12))
increase dramatically with increasing altitude, dominating the
spectrum at the highest altitudes. The large increase in the nor-
malized hot O production rates at energies of 1.6 to 1.8 eV
(reaction (9)) seen at high altitudes and low solar activity
(Figure 9a) is not as pronounced at high solar activity (Figure
9b). This can also be seen by comparing Figure 8a with Figure
8b.

Figure 9c shows the normalized hot O kinetic energy source
spectra as a function of altitude for summer and low solar activ-
ity. At low altitudes the low-energy portion of the spectrum re-
sembles that shown in Figure 9a. For energies between 0.6 and
0.8 eV there is a large increase in the normalized hot O produc-
tion rates with increasing altitude due to the increased impor-
tance of reaction (10); these energies dominate the spectrum
above about 500-km altitude (recall, however, that at high alti-
tudes the total hot O production rates are very small under low
solar activity conditions). Between 0.8 and 1.2 eV, normalized
hot O production rates increase, due mainly to reactions (12) and
(6). Between 1.2 and 1.4 eV, normalized hot O production rates
due to reaction (2) remain approximately constant with increas-
ing altitade up to about 300-km altitude, and decrease slowly
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thereafter. There is an increase at the highest altitudes in nor-
malized hot O production rates for energies between 1.6 and 1.8
eV (reaction (12)) that are not as pronounced as those for winter
at low solar activity (Figure 9a). At energies between 2.0 and
2.6 eV, normalized hot O production rates are similar to those
for winter and low solar activity, with the exception of a notice-
able local maximum near 400 km for energies between 2.4 and
2.6 eV due to reaction (4) (see Figure 8c for a comparison).

Figure 9d shows the normalized hot O kinetic energy source
spectra as a function of altitude for summer and high solar activ-
ity. The spectrum is dominated by low energies at all altitudes.
Examination of Figure 3 reveals that at the lowest energy, hot O
is produced dominantly by reaction (24) at the lowest altitudes,
and equally by reactions (1) and (24) at higher altitudes. Except
at the highest altitudes, reaction (24) produces more hot O than
most of the remaining reactions.

Summarizing these results, we can see that at low altitudes
the hot O energy source spectra are dominated by the lowest-
energy reaction (24) (reaction (1) becomes important at higher
altitudes). This is accentuated during high solar activity, where
the dominance extends to higher altitudes. During summer and
high solar activity, the increased importance of the dissociative
recombination of NO* (reaction (1)) at high altitudes causes the
hot O energy source spectrum to be dominated by the lowest en-
ergy at all altitudes. The hot O source spectral characteristics at
first glance appear to be dominated by solar cycle variations,
with the normalized spectra in Figure 9a resembling those in
Figure 9¢ and those in Figure 9b resembling those in Figure 9d.
An exception to this is reaction (9) (energy of 1.65 eV), where
relative variations are predominantly seasonal (this occurs be-
cause the other dominant sources increase only slightly between
winter and summer but increase markedly between low and high
solar activity). At high altitudes, the spectral characteristics of
the hot O sources are quite variable and depend strongly on sea-
son and solar cycle. Overall, the hot O spectrum is cooler during
high solar activity, being more so during summer (we again
stress that hot O production rates are much greater at high solar
activity). Even so, at 0.19 eV the hot O kinetic temperature is
approximately 2200 K.

4. Discussion

For reaction (12), which is potentially a large source of hot
oxygen at high altitudes, the possibility that N; is formed in
electronically or vibrationally excited states must not be
overlooked. Under such conditions, less energy would be
directly available for the production of hot O. If vibrational
excitation of N," occurs, the energy of the vibrationally excited
N,* would eventually heat the ambient O (unless N,"(4) is
formed, as discussed in section 2). Therefore the net effect of
production of vibrationally excited N; would be to replace the
production of a single hot O atom of energy 0.85 eV by the
production of at least two less enmergetic hot O atoms of
combined energy no greater than 0.85 eV. It is possible that
similar arguments may apply to other reactions in Table 1
whenever production of molecules and O atoms occurs.
However, these considerations lie beyond the scope of this
paper. We also note that there is some uncertainty regarding the
values of some of the reaction rates, particularly those for
reactions (7), (8), and (9).

Our studies of seasonal and solar cycle influences on hot O
production were limited to low-latitude conditions. We did
examine the latitudinal dependence of hot O production and
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found some significant variations. For example, while the
production rates of hot O due to the dissociative recombination
reactions of NO* and O," changed very little with increasing
latitude, those due to most of the reactions involving quenching
of metastable species and quenching of N," increased several
fold at higher latitudes (earlier, we explained these latitudinal
variations in production rates of hot O as being a natural
consequence of latitudinal variations in both the neutral and ion
densities). However, these latter calculations were only
performed for summer, moderately high solar activity
conditions. These facts suggest that we may have
underestimated the importance of some of these new sources of
hot O by not examining their seasonal and solar cycle variations
at the higher latitude. Nonetheless, the importance of these new
sources of hot O, established by Richards et al. [1994a] for one
very specific set of geophysical conditions, has been generalized
here to a wide range of geophysical conditions, while their
variability has been quantified.

Finally, we note that in the absence of collisions and for a
given suitable trajectory, a hotter oxygen atom will rise to a
larger distance above the exobase than will a cooler oxygen
atom. Thus we might expect the hotter O atoms to contribute
more in the time average toward the hot O geocoronal
population. In principal, an oxygen atom having a kinetic energy
of 1 eV at the exobase can rise to almost 700 km above the
exobase. Using this value with the net exothermicities presented
in Table 1 allows determination of the distances above the
exobase to which hot O may rise. However, as previously
discussed, it is the local production of hot O and not its
subsequent transport that we have considered here.

5. Conclusion

We have investigated the importance of 22 new sources of
hot oxygen in the thermosphere and compared them with the
previously known sources involving dissociative recombination
of NO* and O_". A detailed study to ascertain the diurnal, latitu-
dinal, seasonal, and solar cycle variations of these sources of hot
O has been performed.

We find that quenching of metastable species is a significant
but highly variable source of hot oxygen for the exosphere.
Under some conditions (e.g., winter, high solar activity), the
kinetic energy production rates due to some of these new sources
were found to exceed, by a factor of 10, those due to the
previously considered O_* and NO* dissociative recombination
reactions. Here, like Ricl%ards et al. [1994a), we have found that
some of the most significant new sources of hot oxygen are due
to reactions involving quenching of O('D), N(*D), O*(*P), and
vibrationally excited N, by atomic oxygen and charge exchange
of N(*D) by O* and of G*(*D) by N,.

Although diumnal variations in hot O production rates are
large, the relative importance of the various sources appears to
change little between day and night. The only exception to this
is the source due to reaction (12) (Table 1), which decreases to
an insignificant level at night. By contrast, the relative
importance of the various hot O sources has a large latitudinal
dependence. Although the sources due to the dissociative
recombination reactions (1) to (3) change little between the two
latitudes considered, those due to the new sources generally
increased several fold toward the higher latitude.

Seasonal variations in total hot O production rates appear to
be small, although the seasonal variations in the relative impor-
tance of some of the individual sources can be large. The largest
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variations both in total hot O production and in the relative im-
portance of the individual sources are due to solar cycle vari-
ations. Total hot O production is increased by approximately 2
orders of magnitude between solar minimum and solar maxi-
mum. However, the hot O is produced substantially cooler at
high solar activity compared to that at low solar activity.
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