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Onec— and two-dimensional models of thermosphe; {lc odd nitrogen are used to explore the conse-
quences of the recently measured fast quenching of N( D) by O. A large rate coefficient for this reaction
profoundly affects the odd-nitrogen chemistry by removing N(“D) as a source of NO and increasing the
concentration of N("S), glhlch destroys NO. The model galculations show that, as the quenching rate
increases, the NO and N(“D) densities decrease, while N(*S) densities increase. Comparisons with At-
mosphere Explorer and Solar Mesosphere Explorer satellite observations are made. Use of the fast
quenching rate in_the models causes the NO peak altitude, typically observed near 110 km, to rise to
140 km. The N(“D) densities become 20 times smaller than those observed, while the modgled NO
(N (4S)) densities are roughly 2 to 3 times too small (large). Additional measurements of the N(“D) + O
quenching rate are clearly warranted. If the quenching rate is indeed very rapid, the chemistry of
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thermospheric odd nitrogen must be completely reexamined.

INTRODUCTION

The odd-nitrogen constituents NO, N(4S), and N(2D) are
important in the chemistry and thermal structure of the ther-
mosphere. The exothermic reactions involving the odd-ni-
trogen species are the dominant heat source from 150 to 250
km [Ridley et al., 1987]. NO also cools the thermosphere
through infrared radiation at 5.3 pm , most effectively in the
altitude region of 120-140 km [Ridley et al., 1987]. NO is
particularly important in the radiative balance of this region
during solar cycle maximum [Roble and Emery, 1983; Gérard
and Roble, 1986, 1988]. Lower in the atmosphere, the ion-
ization of NO by Lyman alpha radiation is important to the
formation of the D region [Nicolet and Aikin, 1960] while
downward transport of thermospheric NO may perturb strato-
spheric ozone densities during polar nights [Solomon and
Garcia, 1984]. In the ionospheric E region, NO controls the
charge transfer rate from O% to NO* and thus the ionic com-
position.

Recently a serious complication has arisen in the NO
chemlstry It has long been thought that the reaction of
N( D) with Oy was the major source of NO in the thermo-
sphere [Norton and Barth, 1970; Strobel et al., 1970; Rusch,
1973]. This assumption has come into serious quesnon as a
result of recent measurements of the deactivation of N( D) by
O [Jusinski and Slanger, 1987; Jusinski et al., 1988]. A very
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high efficiency for this quenching process was measured,
which essentially nullifies the reaction of N( 2D) and O7 as an
effective source of NO. Consequently, the entire odd-nitro-
gen chemistry of the mesosphere and thermosphere must be
reexamined. This paper utilizes both one— and two-dimen-
sional odd-nitrogen models to investigate the consequences
of fast O quenching of N( D) on the thermosphere. The
model results are then compared to satellite measurements of
NO and N(4S ), including observations obtained with the ul-
traviolet spectrometer on board the Solar Mesosphere Ex-
plorer satellite.

The theoretical description of the behavior of the odd-ni-
trogen species has been a challenge since nitric oxide was
first observed in the thermosphere by Barth [1964]. Nitric
oxide is an extremely variable constituent, with strong de-
pendencies on latitude, season, solar cycle, and magnetic ac-
tivity; longitudinal effects are also indicated [e.g., Stewart
and Cravens, 1978; Cravens and Stewart, 1978; Cravens et
al., 1985; Cravens and Killeen, 1988, and references therein].
The current theoretical understanding of NO chemistry as con-
tained in most models is detailed here. The reactions and the
adopted rate coefficients are given in Table 1.

The sources of thermospheric nitric oxide are predomi-
nantly

ND)+ 0 - NO + 0 1)
N@S)+ 0 - NO+ 0 2

while the loss is through
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TABLE 1. Important Reactions

Number Reaction Rate* Reference
(1)) N(“D) + 0 »NO + 0 SE-12% Lin and Kaufman [1971]
@) N(4S) +02->NO+0O 4.4E-12exp(-3220/T) Becker et al. [1969]
3) N(43)+N0—>N2+0 3.4E-11 Lee et al. [1978]
@ NO* +e N 4.2E-7(300/T, )° -85 Kley et al. [1977]
) Not +0 5 N¢ D)+ Not 1.4E-10(T/300) 0.44 McFarland et al. [1974]
©) Nz +e—>N+N+e see reference Strickland and Meier [1982]
Q)] + hv >N+ see reference Richards et al. [1981]
® (2 )+0—>N§§)+0 see text
© (20) +reaNAS) +e 6.0E- 10(7.{300)0 -5 Frederick and Rusch [197T]

(10) N(“D) - N('S) + hv 1.07E-5 s Garstang [1956]
* Units of cm? ig otherwise indicated.
* Read SE-12 as 5x10
N(4S) + NO—- N2+O (3) had to be small (about 4 x 10™ 13 ¢m3 51 ). Cogger et al.

Reaction (1) has been thought to dominate the NO pro-
duction 1 m the lower and middle thermosphere.
For N( D), the main sources are

NO* +e — N(D)+ O @)
Na*+ 0> N(2D)+ No+ 5)
Nt + e* » NED)+ (NGD), N(S))+e (6)
N2 + hv > N(2D) + N(4s) )

while the loss is through

N2D)+ O » NO+O 1)
N2D)+ 0 - N(?S)+0 (8)
NZD)+ e— N@AS)+ e )

N(2D) - N@S)+ hv (520-nm) (10)
The assumption that reaction (1) provides the main source
for NO is questionable if the removal of N2 D) through
reaction (9) is fast compared to the rate of reaction (1). Two
sets of laboratory values now exist for the deactivation coef-
ficient of N(2D) by atomic nitrogen. Davenport et al
[1976] reported a value of 1.8 + 0.6 x 1012 ¢m-3 5-1 at 315
K whereas lannuzzi and Kaufman [1980] obtamed 1 8+03x
10-12 cm3 51 at 300 K. More recently, the temperature de-
pendence has been measured [Jusinski and Slanger, 1987;
Jusinski et al., 1988], and the coefficient was found to be 3.4
x 10-11 exp (-145 / T,). Consequently, the laboratory
quenching rate is now measured to be at least 50 times as
large as the rate determined by analysis of atmospheric mea-
surements as descnbed below. The effect of a large quenching
rate is to remove N( D) as the dominant source of NO through
reaction (1); this calls into question a number of other mea-
surements and calculations involving each of the odd-nitro-
gen species.

In a series of papers using AE measurements of the 520-nm
emission from N(2D) and supporting data, Rusch et al.
[1975]), Frederick and Rusch [1977], and Rusch and Gérard
[1980] each concluded that the quenching rate of N( D) by O

[1980] reached the same conclusion by combining Arecibo
radar data with groundbased photometer observations. How-
ever, the rate determined in the laboratory is 2-3 x 10-11
cm3 s™', depending on temperature, or more than 50 times
that which stems from the atmospheric determinations. The
analysis of Frederick and Rusch [1977] showed that even if
reacuons (D—(7) were 100% efficient in the production of
N( D) a value for the N( D) + O quenching rate 0.1 times the
laboratory value could not satisfy the 520-nm measurement.
If the new laboratory value were adopted, no 520-nm emis-
sion would have been detected by the Visible Airglow Exper-
iment (VAE) [Hays et al., 1973] on AE. The maximum vol-
ume emission rate would have been less than 1 photon cm” -3
, far below the detecuon threshold. Additional analysis in
t.he same paper of N( D) nighttime emission gave the same
low value for l:he quenching. At night, only one source is
operative for N( D) (reaction (4)). Even under the assumption
of unit efficiency for N(2D) production from reaction (4), the
data are not consistent with a large quenching rate. In an
analysis of auroral 520-nm emission, Rusch and Gérard
[1980] reported vertical column brightness measurements of
15-30 rayleighs above about 150 km. The magnitude of the
emission, again, is consistent with a low quenching rate,
provided the chemical scheme outlined above is valid.

A potential, although unlikely, solutlon to the discrepancy
is that the radiative lifetime of the N( D) state adopted in
these studies is incorrect. If the radiative lifetime were
significantly shorter than the 24 hours initially calculated by
Garstang [1956] and confirmed by recent detailed computa-
tions [Godefroid and Froese Fischer, 1984; Zeippen, 1982],
then the emission rate could be greater even if the state were
rapidly quenched. For the magnitude of the emission to be
near that measured by VAE, the radiative lifetime would have
to decrease, to first order, by the ratio of the quenching rates
determined in the atmosphere to that determined in the
laboratory, or a factor of 50. The required lifetime, under the
assumption of fast quenching, to produce a volume emission
rate near that measured would be about 0.5 hour. However,
the assumed short radiative lifetime of N(ZD) does not allevi-
ate the reduced production of NO through reaction (1.)

Two additional factors may enter into the theoretical pic-
ture. First, since several of the relevant reactions in the odd-
nitrogen chemical scheme have temperature—dependent rate
coefficients, the computed number densities are quite sensitive
to the temperature profile. Second, an intriguing idea
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involving the possibility of a population of translationally
excited N( S) atoms was suggested by Solomon [1983].
Some of these "hot" N( S) atoms would preferentially react
with O2 to produce NO instead of destroying NO through re-
action (3.) Thus this process may constitute an additional
source of N, but a quantitative evaluation of its efficiency re-
quires additional information about hot atom chemistry.

MODEL DESCRIPTIONS

The dependence of the odd-nitrogen system on the N(2D)
quenching rate is investigated through use of one-dimensional
and two-dimensional models. The one-dimensional model is
time—dependent and basically similar to that described by
Gérard and Taieb [1986]. The UV solar fluxes and their de-
pendence on solar activity are taken from Torr and Torr
[1985] with the corrections to the extreme ultraviolet fluxes
suggested by Richards and Torr [1988]. The latitude-depen-
dent eddy diffusion coefficients derived by Ebel [1980] for
solstice condmons are adopted. The branching ratios for
production of N( D) atoms by processes (6) and (7) are set to
0.6 and 0.5, respectively. The quenching rate of N( D) by
atomic oxygen is varied to investigate its effect on the calcu-
lated odd nitrogen species in comparison with observations.

The two-dimensional model is that of Gérard and Roble
[1986, 1988], based on earlier modeling work by Roble and
Kasting [1984] and Gérard et al. [1984]. This is a coupled
chemical-dynamical-radiative model of the thermosphere
which mcludes in full deta11 the chemical production and loss
of NO, N( S), and N( D), horizontal and vertical transport,
and the effect of particle-induced ionization and heating in
the auroral zones.

In brief, the model solves the zonal and meridional mo-
mentum, thermodynamic, continuity, hydrostatic, and diffu-
sion equations for the mass mixing ratios of the major con-
stituents, thereby calculating the time-dependent, two--
dimensional distribution of the O, O and N2 densities and
the neutral winds, pressure, and perturbation temperatures.
Particle precipitation and a high-latitude heat source are in-
cluded in the formulation, as is the infrared emission of NO in
the 5.3-um band. The calculated zonal mean atmosphere is
used to solve for the distribution of the minor neutral con-
stituents NO, N(4S), and N(2D) by updating the production
and loss terms and the wind components in the continuity
equations for the minor constituents at each time step. The
calculated NO density is then used to update the net heating
term in the thermodynamic equation for the mean atmosphere
at the next time step. Ion densities are also computed assum-
ing photochemical equilibrium. The latitudinal grid in the
model extends from pole to pole in 5° increments; the altitude
scale is from 70 to 356 km, in pseudo-log pressure coordi-
nates, with variable step sizes which are approximately one—
third the local atmospheric scale height.

Recent updates to the model include a seven—wavelength—
interval representation of the solar UV fluxes and photoion-
ization and absorption cross sections of O, 02, and N3 (R.G.
Roble and B.A. Emery, private communication, 1983); updat-
ing of the ion drag coefficients at each time step; and addi-
tion of the heating due to the exothermic reaction of N + NO.
Reaction rates and branching ratios were also updated where
necessary to agree with more recent laboratory and theoretxcal
developments. The branching ratios adopted for N( D) pro-
duction by reactions (6) and (7) are 0.6 and 0.5, respectively.
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The two-dimensional model calculations correspond to
northern summer solstice, solar cycle minimum conditions,
with an F10.7 index of 80. The model calculations of Gérard
and Roble [1986], which represent these same conditions,
were used as initial conditions for the model runs. Thus, the
neutral wmds temperatures and densities of O, 09, N3, and
of NO, N( S), and N( D) calculated by the Gérard and Roble
[1986] study were used to start up the model. The numerical
integration is run for 30 days, after which a quasi-steady state
is reached.

COMPARISONS OF MODEL TO DATA

Model simulations were carried out for three values of the
quenching rate of N( D) by O, corresponding to high, inter-
mediate, and low effxclency for the reaction. The reaction
rates are Ico— 5x10-13, 1x10-12, and 3.4x10-1! exp (-145 /
Tn) cm™ ; these correspond respectively, to the values
deduced by Fredenck and Rusch [1977] and Torr et al. [1976],
based on N(2D) airglow measurements, and the rate recently
measured in the laboratory by Jusinski and Slanger [1987]
and Jusinski et al. [1988].

One-Dimensional Model Results

The Atmosphere Explorer (AE) satellite series [Dalgarno et
al., 1973] is particularly valuable in model validation since
(nearly) simultaneous observations of the major ionic and
neutral species were obtained. Rlchards et al [1981] present
AE-C altitude profiles of NO, N( S), and N( D) from February
14, 1974, 1400 LT, 40°N. The measurements were obtained
by the Ultraviolet Nitric Oxide Experiment (UVNQO) [Barth et
al., 1973], Neutral Atmosphere Composition Experiment
(NACE) [Spencer et al., 1973], and the Visible Airglow Ex-
periment (VAE) [Hays et al., 1973] instruments, respectively.
Figure 1 reproduces these AE measurements, along with the
one-dimensional model results for similar conditions using
the low, medium, and high quenching rates.

The model with t.he low quenching rate (Figure la) repro-
duces the NO and N( S) profiles fairly well, although the cal-
culated NO (N(4S)) densities are slightly larger (smaller) than
observed. The calculated N( D) densities are also somewhat
larger than observed. The calculations done with the medium
quenching rate (Figure 1b) agree well with all three observed
quantities. Model calculatlons with the fast quenching rate
(Figure 1c) produce N( D) densities that are completely unac-
ceptable: they are roughly 20 times smaller than those ob-
served. The NO densities are about 3 times smaller than ob-
served, while the N(4S) densities are overestimated by up to
a factor of 2. The altitude of the peak NO density rises to
around 140 km with the fast quenching rate, a location in
disagreement with rocket and satellite observations [McCoy,
1983a,b; Cravens et al., 1985; Swider, 1978; Ogawa et al.,
1984; Iwagami and Ogawa, 1987].

Model calculations were also obtained for solar cycle
maximum conditions. The simulations exhibit the same gen-
eral features as those for solar cycle minimum: as the quench-
ing rate is increased, the lower thermosphere NO densities de-
crease, while the altitude of the peak rises, and the N( S)
densmes increase, with a pronounced bulge near 100 km.
The N( D) densities decrease to very small values; calcula-
tions with the large quenching rate are slightly greater than
104 cm-3, which is less than for the solar cycle minimum
case (Figure 1c). As for the solar cycle minimum case, the
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Fig. 1. Comparison of time—dependent one-dimensional model calcu-
lations (solid curves) with AE satellite observations (symbols) from
Richards et al. [1981]. Observations made on day 46 of 1974, at
40°N, 1400 LT. Calculations made with different values of 5:(211)) +0
quenching rate: (a) low quenching |ale of 5.0 x 1013 cm3 & s (&)
medium quenching r?te of 1.0x 1012 em=3 s71; and (c) fast quench-
ing rate of 3.4 x 10° 1 exp( -145/ Tn) em 3§71,

107 108

model results with the large quenching rate are incompatible
with observations.

Two-Dimensional Model Results

Figures 2a, 2b, and 2¢ present the NO distribution calcu-
lated by the two-dimensional model as a function of altitude
and latitude for low quenching, medium quenching, and high
quenching, respectively, of N(2D) by O. Recall that the cal-
culations represent solstice, solar cycle minimum conditions
during northern summer. For the low-quenching case (Figure
2a), peak NO densities of approximately 1-2 x 107 cm3 are
found near 110 km over most of the northern hemisphere.
The distribution maximizes in the auroral zone, with densities
in the polar night 2 108 cm3. The large nighttime densities
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in the lower thermosphere and mesosphere at the south pole
appear because, at large solar zenith angles, the photochemi-
cal sinks of NO are inoperative. Similarly, the low-altitude
summer pole exhibits a NO minimum due to strong predisso-
ciation in the NO 8§ bands. A minimum in the NO latitudinal
distribution occurs from about 25° to 50°S. In the upper
thermosphere, near 200 km, the number densities range from
about 5 x 1()5 to slightly more than 2 x 106 em3 from south
to north poles. The intermediate-quenching case (Figure 2b)
has very similar morphology in the upper thermosphere but
an appreciable decrease in magnitude of the NO densities near
the peak. The peak NO densities are still located near 110
km for the most part, but now are near 5 x 106 away from the
poles. The NO densities near 200 km are slightly smaller
than those calculated with the low quenching rate.

NO densities calculated with the high quenching rate
(Figure 2c) differ dramatically from the previous simulations
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Fig. 3. As Figure 2, but for log1g N(4S) densities.

over the entire altitude range of the model. Peak NO densities
of ~3 x 108 now occur near 130-140 km. A deep hole ap-
pears in the NO distribution near 90 km, where densities less
than 104 cm-3 extend over most latitudes in contradiction
with mesospheric rocket observations indicating NO densities
greater than 10° cm" (see Tohmatsu and Iwagami [1976],
Beran and Bangert [1979], and Iwagami and Ogawa [1980];
data reviewed by Solomon et al. [1982]). In the upper
thermosphere, near 200 km, the maximum densities are ev-
erywhere less than 106 cm3.

The model calculations show that the effect of increasing
the quenching rate of N(2D) by O is a decrease in the peak NO
densities, accompanied by an increase in the altitude of the
peak densities. The different quenching rates will also affect
the distributions of N(4S) and N(2D); these are shown in
Figures 3 and 4, respectively. The differences in the N(4S)
and N(2D) densities for the low and medium quenching rates
(Figures 3a/3b and 4a/4b) are confined largely to the lower
thermosphere, as expected. A faster N(2D) quenching will de-
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plete N(2D) and increase N(4S), leading to the reduced NO
densities seen in Figure 2b. For the large quenching rate,
however, the N(ZD) densities (Figure 4c) are seriously de-
pleted over the entire altitude range of the model: the peak
N(2D2 density is ~6 x 104 cm=3 near 200 km, compared to 2
x 10° in the previous two simulations. Conversely, the
N(4S) densities (Figure 3c) are greater than 107 em=3 over
much of the model range, with a southern high-latitude
pocket of densities greater than 108 cm3. Figures 1 and 3
show that varying the quenching rate causes dramatic differ-
ences in the N(*S) distribution from about 100 to 160 km.
N(4S) measurements from 100 to 200 km were presented by
McCoy [1983a, b], which show a rapid decrease in N(4S ) be-
low about 140 km, with the densities dropping from ~107 to
105 or less at 100 km. The model results with the large
quenching rate (Figures 1c¢ and 3c) are not consistent with the
McCoy observations.

Figure 5 compares the latitudinal distribution of nitric
oxide measured by the ultraviolet spectrometer on board the
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Fig. 4. As Figure 2, but for log10 N(2D) densities.
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Fig. 5. Comparison of logjg NO densities as calculated by the two-
dimensional model and observed by the SME satellite. (@) two-dimen-
sional model calculations with low quenching rate, (b) two-dimen-
sional model calculations with fast quenching rate, and (¢) SME ob-
servations averaged from June 5 through July 5, 1984.

Solar Mesosphere Explorer satellite [Rusch et al., 1984;
Barth, 1988] during a solstice period in 1984 (Figure 5¢) with
the results of the two-dimensional model with the low (Figure
5a) and high (Figure 5b) quenching rates, respectively. The
SME data were obtained during the period June 5 through July
5, 1984, comprising approximately 30 orbits. The SME is
in a nearly polar circular orbit at 520 km, obtaining data near
1500 LT. The observations used to produce this map were
gathered in the European (45°E longitude) and American
(120°W longitude) sectors. The mean Ap magnetic index value
was 14, corresponding to a fairly magnetically quiet period,
while the average solar F10.7 flux was ~100.

The contours of NO density are plotted as a function of
geomagnetic latitude as suggested by Gérard and Néel [1986].
This method improves the organization of the NO meridional
distribution, particularly at high latitudes. The NO distribu-
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tion obtained with the two-dimensional model and shown in
Figure 2a and 2c is plotted here on the same scale as the SME
observations to facilitate comparisons. Although the model
was not "tuned” to match exactly the geophysical conditions
of the SME measurements, the main features of the
observations are satisfactorily reproduced in Figure 5a (low
N(2D) quenching coefficient). The NO peak altitude calculated
with the model is located near 110 km, in good agreement
with the SME observations. As with the one-dimensional
model results, the calculations done with the fast quenching
rate produce NO densities that are clearly inconsistent with
the observations.

The position of the latitudinal minimum in the two-di-
mensional model results for low and medium quenching rates
is about 30°N of its observed location. Gérard et al. [1984]
showed that this is a function of auroral activity: an increase
in the Joule heating and particle precipitation, as occurs dur-
ing disturbed periods, will shift the minimum to lower lati-
tudes. The model results shown here represent quiet geomag-
netic conditions, while the data are averaged over many days
covering both disturbed and quiescent periods. Further, the
model represents a diurnal average variation of NO, while the
AE observations are restricted to daylight hours. It is there-
fore not appropriate to attempt an exact reproduction of the
satellite observations; their usefulness in this study is to il-
lustrate trends rather than absolute values.

DISCUSSION

Satellite measurements of odd-nitrogen densities are very
difficult to_reconcile with theoretical models if the quenching
rate of N(2D) by O is as large as measured by Jusinski and
colleagues [Jusinski and Slanger, 1987; Jusinski et al.,
1988]. Even if the upper thermosphere NO and N(4S) densi-
ties could be reconciled with the fast quenching rate by
adjusting various reaction or branching rates, the low-altitude
NO densities would still likely remain seriously underes-
timated. Use of the fast quenching rate in the model calcula-
tions cannot simultaneously satisfy both lower and upper
thermosphere measurements. In the upper thermosphere,
N(4S ) is both a source and a sink of NO. Rapid quenching of
N(2D) by O would eliminate N(2D) as a source of NO, while
increasing the N(4S) concentration. In the lower thermo-
sphere, N(4S) is a sink of NO, while N(2D) is a major source.
A very fast N(2D) quenching rate therefore implies both an
accelerated loss of NO coupled with a greatly reduced produc-
tion. Thus, Figure 1c shows 100-km NO densities near 105
cm-3 which are incompatible with every measurement known
near this altitude. Figure 1c also shows that the N(2D) model
simulations are completely unacceptable in comparison with
the satellite observations. The VAE instrument on the AE
satellite routinely measured the 520.0-nm emission from
N(2D), which would be far below the detection limit of the
instrument if the quenching rate were as large as Jusinski and
colleagues suggest. The existence of "hot" N atoms could
possibly augment the NO densities in the high—quenching
case, but the problem of the very low N(2D) densities would
remain.

The resolution of this problem requires two efforts. Ad-
ditional, independent laboratory measurements of the N(2D) +
O quenching rate are clearly necessary. At the same time,
there is only one set of simultaneous measurements of NO,
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N(4S), and N(2D) for model comparisons. Additional simul-
taneous data on all three constituents are required to validate
the conclusions drawn here.
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