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Although steady-state distributions are commonly accepted to be of the Boltzmann-type, such an assumption
can be rather unrealistic when modeling the high atmosphere. Corroborating evidence is reported for the
vibrational and rotational distributions of O2 and OH from detailed trajectory calculations, which shows that
the thermalization assumption is untenable at such environmental conditions. The implications in the Ox and
HOx catalytic cycles are also assessed.

1. Introduction

Ozone is known to be produced via photodissociation of O2

by solar ultraviolet radiation followed by O+ O2 + M
recombination in excess O2 (M ) N2 and O2), while its
destruction involves catalytic cycles of the form1

where X) H, OH, HO2, NO, halogen atoms, etc.;h is Planck’s
constant, andν the photon frequency. Because they have the
potential to change the biological makeup and possibly the
climate of earth, enormous attention has focused to such catalytic
sinks. However, only a relatively minor effort has been
devoted2,3-5 to find new ozone sources. This effort concentrated
mostly on the role of electronic2,3 and vibrational2,4-6 excited
states of O2, with the role of the vibrational excitation of XO
in eq 1 remaining unappreciated until recently.5 It is on the
energy distributions and role in the ozone chemistry of such
vibrationally excited species that we focus in the present work.

Ozone photodissociation occurs via two electronic path-
ways: the singlet channel contributes about 90% to give O(1D)
+ O2(a 1∆g) while the triplet channel contributes the remaining
10% to yield O(3P) + O2 (X 3Σg

-). This leads to vibrationally
excited O2 in its ground electronic state [heretofore denoted as
O2(V)], which may react with any XO(V) produced in reaction
1 to regenerate ozone. At wavelengths of 226, 230, 233, 234,
and 240 nm, virtually all oxygen molecules formed from the
O3 photodissociation are vibrationally excited.7 Typically, the
O2(V) formed at 226 nm shows a bimodal vibrational distribution
peaking in the vicinity ofV ) 15 andV ) 27,4 while at longer
wavelengths the peak atV ) 27 disappears,7 although there is
still an appreciable fraction of highly vibrationally excited O2.
Note that in the past it was the reaction

that was considered to be primarily responsible for O2(V)
formation after photolysis of O3 (rather than from direct
photolysis8). In fact, reaction 5 may also yield appreciable
amounts of vibrationally excited O2 as it is sufficiently exoergic
to excite simultaneously both molecules toV ) 20. Moreover,
because the yield of O(1D) is about 9 times larger than that of
O2(V) in the initial ozone photodissociation process, only 10%
or so of O(1D) needs to react in order to produce vibrationally
excited O2 in an amount comparable to that produced directly
from the O3 photodissociation. As additional sources of O2(V),
we may mention the O+ O3 and O+ HO2 reactions: the former
populates vibrational levels up toV ) 14,9 or even much
higher,10,11 and the latter up toV ) 13.6

Although the quenching of O2(V) may not be rapid3,12 (for a
recent paper that addresses the earlier work, see ref 13), the
suggestion has been made by Hickson et al.12 that “...from the
standpoint of atmospheric chemistry relaxation from high
vibrational states of O2 by the major atmospheric constituents,
N2 and O2, is much too rapid for the photodissociation of these
molecules to contribute significantly for the formation of ozone
in the upper atmosphere”.12 However, for the temperatures and
pressures of relevance at altitudes between 40 and 85 km (these
cover the ranges14 160 e T/K e 280 and 0.003e P/Torr e
20), the assumption of local thermodynamic equilibrium (LTE)
may represent a massive simplification4,5,10 while questioning
such a remark.

A well-established example of a serious departure from LTE15

is the observation of intense emission from highly vibrational
(V e 6) and rotational (N e 33) excited states of OH in the
mesosphere.16 Among the first recognitions of vibrationallocal
thermodynamic disequilibrium(LTD) effects is that of Meinel,17

who correctly assigned the near-infrared night-time air-glow in
the mesopause (85 km) to vibrationally excited hydroxyl radicals
arising from the reaction18-21

Additional evidence comes from the vibrational quenching rate
constants of OH(V), which have been found to be considerably
smaller than the reactive ones in collisions with O3

22 and O2(V).23† E-mail: varandas@qtvs1.qui.uc.pt.

X + O3 f XO + O2 (1)

O3 + hν f O2 + O (2)

XO + O f X + O2 (3)

net: 2O3 + hν f 3O2 (4)

O(1D) + O3 f 2O2(V) (5)

H + O3 f OH(X 2Π,V) + O2 (6)
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Thus, both O2(V) and OH(V) may exist in sufficient abundance
to question the LTE assumption in atmospheric modeling
simulations.

Of central importance in atmospheric modeling is therefore
the choice of three possible vibrational distributions that can
be formulated. If thermal equilibration exists, one has the
popular Boltzmann distribution at a particular temperature. On
the other hand, one has the nascent distributions of the relevant
chemical species, namely, O2(V) from O3 photolysis and OH(V)
from reaction 6. These distributions are fairly well understood
at present but they can be modified in collisions with other
environmental species (O2 and N2, which are by far the major
constituents of the atmosphere). Thus, we are led to a third
distribution which is actually the one present in the environment
at discussion:steady-state distribution. This cannot be antici-
pated prior to considering the environment in its full photo-
chemical complexity, although we may think that any modifi-
cations would be restored by subsequent photochemical and/or
reactive processes. In this work, we attempt an answer to the
question: what happens to the nascent distributions of vibra-
tionally excited O2 (formed from the ozone photolysis) and
vibrationally excited OH (coming out of reaction 6) upon
collisions with cold molecules in the high atmosphere? In so
doing we assume that collisions with cold O2 play the major
role: collisions with N2 and other minor atmospheric constitu-
ents are considered not to drastically alter the final results and
are hence ignored.

The paper is organized as follows. Section 2 summarizes the
dynamics calculations on the vibrational relaxation processes
leading to the steady-state distributions. The possible implica-
tions of such results on the concentrations of O3 and OH in the
stratosphere and lower mesosphere are examined in section 3.
In addition to some potentially important HOx mechanisms
(section 3.1) and dynamics calculations on an elementary
reaction not studied thus far (section 3.1.1), this section contains
the kinetics results obtained from a stationary-state analysis
(section 3.2). The conclusions are in section 4.

2. Trajectory Simulation of Steady-State Distributions

All calculations reported in this work (see also section 3.1.1)
employed the classical trajectory method as implemented in an
extensively adapted version of the MERCURY/VENUS9624

computer codes. Since the technical details concerning the
integration of the classical equations of motion and boxing
procedure for the assignment of vibrational and rotational
quantum numbers are similar to those employed in previous
work (refs 11 and 23, and references therein), no details will
be given here.

2.1. The O2(W, j) Distributions. To study the involved O2(V′)
+ O2(V′′)0) inelastic processes, we have employed the O4

DMBE I9 potential energy surface. The initial states of the
colliding species were defined as follows. The initial vibrational
distribution of the vibrationally hot oxygen has been chosen so
as to mimic the distribution obtained from the O3 photodisso-
ciation experiments4 at 226 nm, while that of O2(V′′)0) (cold
oxygen) was assumed to be thermalized atT ) 255 K. For the
former, the relative micropopulation has been modeled by the
following bimodal distribution:

whereD(V′) ) 1/2{1 - tanh[d(V′ - e)]} is a damping function
which controls the antithreshold behavior for formation of

vibrational excited products;a1 ) 1.0052,a2 ) 0.9560,b1 )
0.02242,b2 ) 0.076634,c1 ) 13.6570,c2 ) 28.7014,d )
2.39483, ande ) 27.4546 are the optimum least-squares
parameters. AtT ) 255 K, a thermalized vibrational distribution
leads essentially to a single peak atV′′ ) 0, and hence all
calculations have been done by considering the cold O2

molecules in their ground vibrational state. A thermalized (T
) 255 K) rotational distribution has also been assumed for the
vibrationally cold O2 molecules. However, the nascent rotational
distribution of the vibrationally excited oxygen molecules
resulting from the ozone photodissociation will certainly differ
from a thermalized one. Unfortunately, such a distribution is
unknown at present, and hence we have assumed that it could
be represented by the rotational distribution observed by Daniels
and Wiesenfeld8 for the product O2(V)12) molecules in their
ozone photolysis experiments at 248 nm. From an analysis of
their results, we have concluded that their rotational distribution
is well reproduced by summing a Boltzmann distribution forT
) 600 K to the nascent distribution indicated in Figure 12 of
their paper (this carries a weighting factor of 355 when the
maxima of the two separate distributions are both set to unity).
Thus, we have replaced the former by a Boltzmann rotational
distribution forT ) 255 K while leaving the second distribution
and corresponding weighting factor untouched.

Except for the trivial vibrational distributions of the cold
oxygen molecules (where only theV ) 0 state is basically
populated forT ) 255 K), the initial vibrational and rotational
distributions employed for the simulations of the present work
are displayed in Figures 1 and 2. In fact, a computer simulation
employing the traditional approach (ref 25, and references
therein) has shown that such distributions can be accurately
mimicked with a few thousand trajectories, and it is the very
conservative results obtained in this way by using a total of
25000 trajectories that we consider as the initial distributions.
Also shown in Figures 1 and 2 are the final distributions
obtained after the collisional simulation study. Despite some
significant energy transfer, the results indicate that both the
vibrational and rotational final energy distributions maintain
most of the features of the corresponding initial (nascent)
distributions.

Of particular relevance for the ozone chemistry are the
differences between the initial and final vibrational distributions

Phot(V′) ) {∑
k

2

ak exp[bk(V′ - ck)
2]}D(V′) (7)

Figure 1. A comparison of the initial and final vibrational distributions
for the vibrationally excited oxygen in the simulation study of the O2(V′)
+ O2(V′′)0) inelastic collisional process carried out in the present work.
The results refer to a total of 25000 trajectories, being the initial and
final vibrational distributions shown by the dashed and solid lines,
respectively. The translational energy is thermalized atT ) 255 K.
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of the vibrationally hot oxygen molecules (as usual, the indices
“i” and “f” will be used to label the initial and final states).
Clearly, the most significant changes refer to the vibrationally
excited statesV′ g 20, where the major alterations correspond
to an increase of the populations forV′f ) 25 andVf′ g 28 at
the expense ofV′f ) 27. For small values ofV′ (for example,V′
e 15 or so), the differences between the two distributions are
negligible, which may be explained from the larger size of the
vibrational quanta at lowV′ and the small translational energies
involved. Leaving aside the translational energy, it is plausible
to expect rotational-to-rotational (R-R) and rotational-to-
vibrational (R-V) energy transfer (the latter involving primarily
high V′ states) to be the most efficient mechanisms since a
smaller amount of energy is transferred. As a result, the second
peak in the final distribution of the vibrationally hot O2

molecules arises atV′f ) 26, rather than at its original value of
V′i ) 27. We emphasize that the molecules are left after the
collisional process sufficiently energetic to react with vibra-
tionally excited hydroxyl radicals leading to ozone forma-
tion.23,26Note also that the population ofV′f ) 29 has increased
slightly, while the statesV′f ) 30 andV′f ) 31 have also become
populated. Although such excitations occurred only to a small
extent, it is also true that they have led to O2(V) species with a
higher propensity for reaction. A final remark to note: if one
had instead assumed as the initial rotational distributions those
obtained from a quasiclassical trajectory study11 for the reaction
O + O3 f O2(V) + O2, then some vibrational warming of the
final vibrational distributions with respect to the initial ones

could even be observed at the expenses of a somewhat more
pronounced V-R energy transfer; note that the O2(V) molecules
are formed in this reaction highly rotationally excited.

Similarly, no drastic changes are visible in the rotational
distributions. Specifically, one observes some rotational warming
for the vibrationally cold O2 molecules, while the bimodal
rotational distribution of the vibrationally hot O2 molecules
shows on average hardly any changes, except for a small shift
to the left of the second peak corresponding to the O2 rotational
distribution from the photodissociated ozone.

Despite the fact that the initial and final distributions show
similar patterns, this by no means implies that there has not
been a significant energy transfer at the microscopic level. In
fact, although only six (<0.1%) out of the total number of
trajectories ran led to a vibrational excitation of the cold O2

molecules toV′′f ) 1, there have been 3529 (14%) vibrationally
hot molecules that experienced vibrational relaxation. However,
if rotational transitions are considered, then the number of
vibrationally cold O2 molecules that suffered a rotational
transition raises to 7306 (29%), while this number increases
further to 16548 (66%) for the hot ones. Table 1 summarizes
in more detail the important energy transfer processes involved.
For simplicity, they have been catalogued according to their
V-V and V-R characteristics, leaving aside the translational
degrees of freedom. For example, a process labeled V-R may
also have a strong component of vibrational-to-translation energy
transfer, which we have made no attempt to discriminate in this
work. Note that the four vibrationally cold O2 molecules which
transited toV′′f ) 1 involved a (V′,0) f (V′-1,1) transition,
while the (V′,0) f (V′-1,0) transitions amounted to 2333. From
these results, one may calculate the thermal rate coefficients as

wherex specifies the event under consideration,ge ) 1/3 is the
electronic degeneracy factor (apparently considered to be unity
in ref 13),kB is the Boltzmann constant,µ is the reduced mass
of the colliding diatomic molecules, andT is the temperature
in Kelvin. In turn, σx is the calculated cross sectionσx )
πbmax

2 Nx/N, with bmax ) 16.3a0 being the maximum impact
parameter. The calculated thermal rate coefficients are also
shown in Table 1. Of these, the result for the total V-V energy
transfer may be compared with the corresponding value obtained
from Table 3 of ref 13 atT ) 300 K using a potential energy
surface which does not allow for reaction. One obtains for the
latter (suitably multiplied byge) the value of∑V′kV′,0fV′-1,1 )
2.5 × 10-13 cm3 s-1, which compares well with the result of
(1.1 ( 0.4) × 10-13 cm3 s-1 reported in Table 1 forT ) 255
K. Finally, we observe from Table 1 that multiquanta vibrational
transitions tend to predominate, possibly involving highV′i states
since most vibrational transitions occurred for such a regime.
This result may be explained from the smaller size of the
associated vibrational quanta, allowing a wider variety of
combinations susceptible of matching the vibrational and
rotational energy spacings of the cold O2 molecules.

2.2. The OH(W, j) Distributions. Despite the fact that a
detailed dynamics study of the OH(V′) + O2(V′′)0) vibrational
relaxation process has been reported,26 the major role played
by such a process in the title issue warrants a simulation similar
to that presented in the previous paragraph but for the nascent
versus steady-state distribution of OH(V′). We emphasize that
only collisions of OH(V′) with vibrationally cold O2 are
considered, leaving aside the reactive processes which have also
been a subject of previous studies.23,27,28 For consistency, all

Figure 2. As in Figure 1 but for the rotational distributions of in the
O2(V′) + O2(V′′)0) inelastic collisional process: (a) O2(V′′)0) and (b)
O2(V′).

kx(T) ) ge(T)(8kBT

πµ )1/2

σx(T) (8)
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calculations employed the HO3 DMBE I potential energy
surface.29 As in the case of O2(V′) + O2(V′′)0), the vibrationally
cold O2 molecules atT ) 255 K are considered to be in their
ground vibrational state, while the OH(V′) nascent vibrational
distribution has been taken from Ohoyama et al.;18 see Figure
3. In turn, the relevant rotational populations30 used in the
present simulation are those of Cosby30 for the six OH Meinel
bands (4-0, 5-1, 6-1, 7-2, 8-3, 9-4) in the coadded data
set “order”. These bands were recorded simultaneously by the
HIRES schelle spectrograph on the Keck I telescope during the
14 months in the period Dec 1994-May 1997; a description of
this data set can be found in ref 31. Such populations refer to
the upper state rotational levels and were conveyed to us as the
natural logarithm of the ratio of the population divided by the
rotational degeneracy, namely, ln[N(J′)/(2J′ + 1)], whereJ′ is
the total rotational quantum number. Assuming the Hund’s case
(b) limit, the nuclear rotation quantum numberN′ for the spin-
orbit levelsF1 is given byN′ ) J′ + 1/2; for F2, N′ ) J′ - 1/2.
We have usedN′ (denoted j′ heretofore for consistency),
although we should note that for OH eachN′ will consist of
two levels separated by significant energies at lowN′ (actually
there are four levels if we also consider the nondegeneracy of
the lambda doublets, but thise/f splitting is significant only at
high J′, e.g., it is30 5 cm-1 at J ) 17.5 inF1).

Despite the care taken in deriving the OH(V′) rotational
populations, the authors30 cannot warrant that there are no
systematic changes in the absolute populations from band to
band. Hence, the relative vibrational populations may not be
quantitative. Moreover, they represent season-averaged values
for OH in the nightglow (i.e., created by the H+ O3 reaction)

subject to collisional relaxation before emitting.30 Such a
relaxation is most likely responsible30 for the two-temperature
rotational distributions observed in the night-glow data: a low
temperature (∼200 K) in the rapidly relaxed lower rotational
levels (j′ < 5) and a much higher apparent temperature in the
slowly relaxed higher rotational levels (for a two-temperature
rotational distribution observed in calculations for the O+ O3

reaction, see ref 11). Note that Polanyi et al.32,33have also carried
out an experiment where they measured the Meinel emission
of nascent OH created by crossed beams of H and O3. A
comparison between the nightglow (partially relaxed) values
of Osterbrock et al.31,30 and Polanyi’s32,33 nascent (but also
partially relaxed) values show significantly lower rotational
populations with increasing rotational excitation. Of course, such
differences may have implications on the result of the current
simulation, although no attempt will be made here to quanti-
tatively assess their magnitude. Llewellyn and Long34 derived
nascent rotational temperatures forV ) 7-9 from Polanyi’s32,33

data. These are found to be somewhat smaller than Cosby’s30

temperatures forV ) 7 but larger forV ) 8 andV ) 9. It should
further be noted that the nascent OH rotational and vibrational
distributions are dependent on the reaction producing the OH;
see ref 35 for an example of OH produced from H2O2.

Figure 4a shows the effective nascent rotational distribution
of OH employed in the simulations of the present work. It
represents the result obtained from the rotational sampling done
according to Cosby’s30 relative rotational micropopulations for
the six OH Meinel bands. In turn, Figure 4b depicts the
corresponding rotational distribution for the vibrationally cold
O2 molecules, which was taken as the Boltzmann distribution
for T ) 255 K. Although such rotational distributions are well
mimicked with a few thousand trajectories, a very conservative
number of 20000 trajectories has been employed in the present
simulation. Also shown for comparison in Figures 3 and 4 are
the final distributions obtained after the OH(V′i) + O2(V′′i)0)
f OH(V′f) + O2(V′′f) vibrational-rotational relaxation. Clearly,
there is significant energy transfer, with the results indicating
that the final vibrational steady-state distribution maintains
roughly 70% of the initial populations for the three highest
vibrational levels (V′ ) 7-9). Although one might conjecture
that this would inhibit the OH(V′) reactivity in a corresponding
proportion, the quantitative effect is likely to be significantly
less than the observed 30% reduction for theV′ ) 7-9
populations since the lower OH vibrational states may also
contribute to the reaction with O2(V′′) to form ozone. In fact,
the populations of theV′ ) 4-6 states is found to increase by
60% or more with respect to the initial values, with similar
populations being observed forV′f e 3 which were initially zero.
It should also be pointed out that some fraction of the OH-
(V′f)9) molecules have an energy significantly higher that the
quantum mechanical value associated to this state. Given the
limitations of the boxing procedure, such an observation may

TABLE 1: A Summary of Some Energy Transfer Processes Involved in the O2(W′,j′) + O2(W′′)0,j′′) Inelastic Collisional
Simulation Study at T ) 225 K Carried out in the Present Worka

type processb ()x) Nx c
probability

(%)
kx

V′i,j′i,V′′i,j′′ifV′f,j′f,V′′f,j′′f
(10-13 × cm3s-1)

V-V O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i-1,j′f) + O2(V′′f)1,j′′f) 6 <0.1 1.1( 0.4
V-R O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i-1,j′f) + O2(V′′f)0,j′′f) 2333 9.3 420( 8
V-R O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i-2,j′f) + O2(V′′f)0,j′′f) 97 0.4 17( 2
V-R O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i-n,j′f)d) + O2(V′′f)0,j′′f) 1093 4.4 197( 6
V-R O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f*V′i,j′f) + O2(V′′f)0,j′′f) 3529 14.1 635( 8
R-R O2(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i,j′f) + O2(V′′f)0,j′′f) 4372 17.5 787( 11

a The maximum impact parameter in this simulation has beenbmax ) 16.3a0. b If a quantum level is left unspecified, the reported quantity refers
to all possible initial states.c Nx represents the number of effective events out of a total number ofN ) 25000 trajectories ran.d n g 3.

Figure 3. A comparison of the initial and final vibrational distributions
for the vibrationally excited hydroxyl radical in the simulation study
of the O2(V′) + O2(V′′)0) inelastic collisional process carried out in
the present work. The results refer to a total of 20000 trajectories, being
the initial and final vibrational distributions shown by the dashed and
solid lines, respectively.
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be taken as evidence to support the faint OH(V′)10) emission
line recently detected in the night air-glow.31 Needless to say,
these “V′ ) 10 states” would contribute to enhance further the
reactivity and, hence, support our estimate of a reduction<30%
on the reactivity of OH(V′) in collisions with O2(V′′) when one
replaces the OH(V′) nascent distribution by the steady-state one.
In this regard, it is not excessive to emphasize that the initial
rotational distributions employed for the simulations are partially
relaxed, which gives further confidence to the expectation of a
scaling down in reactivity significantly smaller than 30%.

Another interesting result concerns the rotational distributions.
One observes that the depletion of the lowj′ states in the initial
(“nascent”) rotational distribution of OH(V′) is compensated by
a rotational warming of the final (steady-state) one. From
energetic considerations, one expects that highly excited rota-
tional states (populated up toj′f ) 30) correspond to lowV′f
levels. This is an interesting result in itself, since there is strong
evidence from the mesosphere that highly excited rotational
levels as high as 30-33 are present,16 although such levels were
completely undetected from Polanyi’s32,33 pioneering studies.
Highly rotationally excited states have also been recently
observed for the OH(V′)0,1) products in the reaction of fast
hydrogen atoms with ozone.36 It is not clear though whether
the highj populations are formed directly through the reaction
6 or through a secondary energy transfer process.36 Since such
highly rotationally excited products could not be observed from
our H + O3 dynamics studies,37 we are tempted to believe that
they may (at least partly) be an outcome of an unusually efficient

V-R collisional energy transfer with the nascent OH(highV′,
low j′) states. This is corroborated from the last entry in Table
2, which shows that pure R-R transitions are extremely
unlikely.

As already noted, important energy transfer processes have
occurred. For example, 7.3% of the vibrationally cold O2

molecules transited toV′′f ) 1, but of these, only 0.6% and
0.9% involved the processes (V′,0) f (V′-m,1), with m ) 1-2
in that order. Even smaller fractions of cold O2 molecules
transited toV′′f ) 2 andV′′f ) 3, respectively, 0.8% and 0.1%.
The total deexcitation of OH(V′) amounted to 41%. Table 2
summarizes some of the thermal rate coefficients obtained from
eq 8 withge(T) ) 1/3[1 + exp(- 205/T)]-1; all other symbols
retain their meanings corresponding to those previously assigned.
Thus,σx is the calculated cross section for processx, with the
maximum impact parameter being nowbmax ) 11.3a0. The only
piece of experimental data that may be offered for comparison
is the collisional removal rate constant reported by Chalamala
and Copeland38 for the OH(X2Π,V)9) radical in collisions with
ground state O2. They report a value of (17( 11)× 10-12 cm3

s-1 at room temperature. This is about 3 times smaller than the
total deexcitation rate of (62( 1) × 10-12 cm3 s-1 extracted
from the present calculations, which is in turn about twice
smaller than our previously reported26 estimate. Such a differ-
ence may be attributable to the fact that the rotational states of
the colliding species have then26 been fixed atj′i ) j′′i ) 1.
Thus, rotational excitation seems to play a significant role on
the removal rate constants in OH(V′) + O2(V′′)0) collisions,
an issue that warrants further investigation. As in the case of
O2(V′i,j′i) + O2(V′′i)0,j′′i) discussed above and in ref 26,
multiquanta vibrational transitions are found to dominate.

3. Possible Effect on the Concentrations of O3 and HO2

in the Stratosphere and Lower Mesosphere

3.1. Some Potentially Important HOx Mechanisms.We
examine here some potentially important HOx (denoted also
HOy+3) mechanisms which have not been investigated thus far.
We start by recalling that the concentration of H atoms is rather
small39 for altitudes up to∼40 km. Thus, to a first approxima-
tion, the mechanismy ) 0 may be ignored at such altitudes.
Moving upward, [H] is known39 to slightly exceed [OH] and
[HO2] above∼60 km. In turn, [O3] shows39 a decreasing pattern
with altitude from its maximum at∼40 km, being always larger
than [H], [OH], and [HO2]. The study of the HOy+3 mechanisms
may then be split intoy ) 1 and 2 for altitudes below∼40 km
and intoy ) 0-2 for higher altitudes. Moreover, owing to the
disparity of the rate constants for reaction 1 [for H+ O3, OH
+ O3, and HO2 + O3 at 255 K, one has40 2.1 × 10-11, 3.8 ×
10-14 (this can be much larger if OH is vibrationally excited22),
and 1.3× 10-15 cm3 s-1], a further split of the latter intoy )
0 and 1 and intoy ) 2 is plausible.

The y ) 1 and 2 mechanism assumes the form

Figure 4. As in Figure 1 but for the rotational distributions of (a)
OH(V′) and (b) O2(V′′) in the OH(V′) + O2(V′′)0) inelastic collisional
process.

3[OH + O3 f HO2(V) + O2] (9)

HO2 + O3 f OH + O2(V′) + O2 (10)

4[O3 + hν f O2(V′′) + O(3P)] (11)

HO2(v) + O2(V′′) f O3+OH (12)

HO2(v) + O2(V′′) f OH + O2 + O(3P) (13)

HO2(v) + O2(V′′) f HO2 + 2O(3P) (14)
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where v denotes collectively the three vibrational quantum
numbers of the triatomic, and O2(V′gV′0) [denoted simply by
O2(V′)] is an oxygen molecule formed via chemical reaction,
which is typically less vibrationally excited than the O2(V′′gV′′0)
molecules formed by ozone photolysis. Thus, within the spirit
of LTD, they will be treated as distinct species. Note that
reactive collisions involving two O2(V′′gV′′0) molecules are
ignored since such a second-order process in O2(V′′) is less likely
to happen, while pertaining more to Ox

5 rather than HOx
chemistry. If the reactions 9, 11, 12-14, and 16 are instead
considered with appropriate stoichiometric factors, one obtains
they ) 1 mechanism5 whose net result is OH+ 2O2 + 3hν f
O3 + HO2. In turn, they ) 0 mechanism5 involves the reactions
OH(V′) + O2(V′′) f O3 + H, OH(V′) + O2(V′′) f O2 + O +
H, and OH(V′) + O2(V′′) f OH + 2O, leading to the net result
H + 2O2 + 3hν f O3 + OH. For they ) 0 and 1 mechanism,
one then obtains H+ 4O2 + 6hν f 2O3 + HO2, showing that
it is a source of O3 and HO2 at the expense of OH. This result
may be of significance to explain the so-called “OH surplus”
in the lower mesosphere.41,42

Alternatively, we may formulate they ) 0 and 1 mechanism
in a way similar toy ) 1 and 2 by replacing OH by H and HO2

by OH. One then has

The major difference with respect to the sum ofy ) 0 andy )
1 mechanisms5 is therefore the assumption of reaction 19 instead
of 9. In fact, a careful analysis of the output from recent
trajectory calculations22,43has shown that the reaction 19 occurs

when OH has one or more quanta of vibrational excitation (for
ground vibrational OH, it is energetically allowed only for
translational energies above∼7.5 kcal mol-1). By considering
eqs 9-17 and eqs 18-26, one obtains they ) 0-2 mechanism.
We emphasize that the above mechanisms find support on
theoretical studies of the involved elementary chemical reactions
(ref 5, and references therein), including those for the reaction
14 which are reported next.

3.1.1. The Reaction HO2(v) + O2(V′′) f HO2 + 2O. Although
no evidence has been reported thus far for this reaction,
trajectory calculations have shown that it occurs when the
vibrational excitation in HO2 exceeds 36 kcal mol-1 (this is the
average vibrational energy of the HO2 products in the OH(V)0)
+ O3 reaction, which is the main source of hydroperoxyl radicals
in the middle atmosphere). In fact, rotationally thermalized
calculations for the reaction HO2(v) + O2(V′′)27) f HO2 +
2O with such a vibrational excitation democratically distributed
by the three vibrational normal modes of HO2 gives a rate
constant ofk ) (4.6 ( 0.8) × 10-13 cm3 s-1 at T ) 255 K (a
total of 12500 trajectories have been run, with an optimized
maximum impact parameter ofbmax ) 5.9a0). A somewhat
smaller value is obtained when O2 is fixed at the rotational state
j ) 1, while HO2 is kept thermalized. Figure 5 shows that the
calculated cross sections given in Table 3 are then well fitted
by the excitation function

with B ) 0.0228,C ) 0.2032,m ) 0.1382, andn ) 0.7157
being the optimum least-squares parameters; units are such that

TABLE 2: A Summary of Some Energy Transfer Processes Involved the (W′,j′) + (W′′)0,j′′) Inelastic Collisional Simulation
Study at T ) 255 K Carried out in the Present Worka)

type processb ()x) Nx c
probability

(%)
kx

V′i,j′i,V′′i,j′′ifV′f,j′f,V′′f,j′′f
(10-13 × cm3s-1)

V-V OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f)V′i-1,j′f) + O2(V′′f)1,j′′f) 123 0.6 11( 1
V-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f)V′i-1,j′f) + O2(V′′f)0,j′′f) 1131 5.7 103( 3
V-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f)V′i-2,j′f) + O2(V′′f)0,j′′f) 1090 5.4 99( 3
V-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f)V′i-m,j′f)d) + O2(V′′f)0,j′′f) 4418 22.1 401( 5
V-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f*V′i,j′f) + O2(V′′f)0,j′′f) 6639 33.2 603( 5
V-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f OH(V′f*V′i,j′f) + O2(V′′f,j′′f) 8266 41.3 750( 6
R-R OH(V′i,j′i) + O2(V′′i)0,j′′i) f O2(V′f)V′i,j′f) + O2(V′′f)0,j′′f) n.o.e n.o. n.o.

a The maximum impact parameter in this simulation has beenbmax ) 11.3a0. b If a quantum level is left unspecified, the reported quantity refers
to all possible initial states.c Nx represents the number of effective events out of a total number ofN ) 20000 trajectories ran.d m g 3. e n.o. )
not observed for the specified state conditions.

O2(V′) + O2(V′′) f O3 + O(3P) (15)

8[O(3P) + O2+M f O3+M] (16)

Net: 3O2 + 4hν f 2O3 (17)

3[H + O3 f OH(V) + O2] (18)

OH + O3 f H + O2(V′) + O2 (19)

4[O3 + hν f O2(V′′) + O(3P)] (20)

OH(V′) + O2(V′′) f O3 + H (21)

OH(V′) + O2(V′′) f O2 + O(3P) + H (22)

OH(V′) + O2(V′′) f OH + 2O(3P) (23)

O2(V′) + O2(V′′) f O3 + O(3P) (24)

8[O(3P) + O2+M f O3 + M] (25)

Net: 3O2 + 4hν f 2O3 (26)

Figure 5. Calculated cross sections for the reaction HO2(V) + O2-
(V′′)27) f HO2 + 2O. Indicated by the dots (with corresponding 68%
error bars) are the actual calculations, while the line indicates the fit to
eq 27.

σr) CEtr
-n + BEtr

2 exp(- mEtr) (27)
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with the translational energyEtr in kcal mol-1 the cross section
is in a0

2. From eq 27, the corresponding specific rate constant
can be calculated analytically43 as a function of temperature
yieldingk ) 1.7× 10-13 cm3 s-1 atT ) 255 K. This is roughly
one-half of the rotationally thermalized value reported above,
although the 68% error bars in the reactive cross sections are
appreciable despite the fact that 3000 trajectories have been run
per translational energy. Thus, conversely to findings in studies
of other reactions,6,44,45 rotational excitation seems to play an
important role as it promotes the dissociation of vibrationally
hot O2 by increasing its energetic content. However, the salient
feature is the magnitude of the total reactive rate constant which
is found to be 2 orders of magnitude larger than for HO2 + O3;
a detailed study of such a reaction will appear elsewhere.46

3.2. Kinetics Results.The possible effect of they ) 1 and
2 mechanism on the concentration of stratospheric O3 is
investigated by using the stationary-state assumption for [O2(V′)]
and [HO2(V)] + [O2(V′′)]. This may be rationalized from the
magnitude of the rate constants of reactions 9 and 10, which
suggest that O2(V′) may be best treated independently from the
other two intermediate species. Substitution of such stationary-
state concentrations into the rate of additional O3 production
due to reactions 12-15 gives

whereJO3(λ, z,ø) is the photodissociation coefficient of O3 which
depends on the wavelengthλ, altitude z, and zenith angleø;
ΦV′′gV′′0(λ) is the quantum yield for production of O2(V′′gV′′0),
andkn is the rate constant for reactionn. In turn,kD andk′D are
the total collisional removal rates of HO2(W) and O2(V′′),
respectively, which may be approximated bykD ∼ k12 + k13 +
k14 and k′D ∼ k15. Moreover,k ) k12 + k13 + 2k14, with the
factor 2 accounting for the fact that O recombines fast with O2

to form O3.
Relative to the rate of O3 production in the conventional

mechanism, the fractional additional odd oxygen production
assumes the form

where the constant yieldΦV′′gV′′0(λ) ) ΦRV′′gV′′0 [Φ is the
quantum yield of reaction O3 + hν f O2 + O(3P) for production
of O2 in a stateV′′ g V′′0, and RV′′gV′′0 is the probability for
such a reaction to produce such high vibrational states] has been
assumed,4 Rλ0 ) JO3(λ,z,ø)dλ/∫JO3(λ,z,ø)dλ is the fraction of O3

photolysis which takes place at wavelengths shorther thanλ0,
and JO3fO(3P) ) ΦJO3(λ,z,ø)dλ is the total O3 photolysis rate
constant leading to O(3P). Note that the wavelength-integrated
photolysis rate of O2 is 2JO2[O2], and hence the extra factor of
4 accounts for the fact that there are four photons consumed in
the mechanisms 9-16. For simplicity, we consider now the O3

photolysis to be atλ ) 226 nm,V′′0 ) 26,RV′′g26 ) 0.081, and
the long wavelength threshold for production of vibrational
excited O2 to be λ0 ) 243 nm, since these data can be taken
directly from ref 4. We should point out that such conditions
may be somewhat too restrictive as the calculations23,28 have
shown that (V′,V′′) ) (3,12) is about the lowest vibrational
combination in OH(V′) + O2(V′′) collisions capable of leading
to reaction. Table 4 gives the ratiosF12 so obtained (we have
further assumedk ) kD andk′D ) k15). As seen, the proposed
new source produces O3 at rates which range from 0.15 to 0.04
the principle O2 photodissociation source as the altitude varies
from 40 to 55 km. Note that the second term in eq 29 gives a
minor contribution due to the smaller magnitude ofkD relative
to k10.

In turn, the ratiosF01 can be approximated by

where kh is the rate of the H+ O3 reaction; since the rate
constant for the reaction OH+ O3 f H + O2(V′) + O2 is
expected to be rather small at typical stratospheric temperatures
even for OH radicals with one quantum of vibrational excitation,
the corresponding contribution can be neglected. Table 4 shows
that F01 dominates at high altitudes due to the increasing role
of atomic hydrogen. In fact, althoughF01 assumes values 3 times
smaller than those obtained from the Wodtke4 mechanism at
40 km (0.484), it becomes 30 times larger than that at 55 km.
This estimate is smaller than fory ) 05 and about twice larger
than for y ) 0-2, which may be explained by the lower
efficiency of the photons used to sustain less reactive processes.
Yet, even in this less favorable situation, the ratio of additional
odd oxygen production is more than 1 order of magnitude larger
than predicted by the Wodtke mechanism at 55 km!

In an attempt to find a more realistic answer, consider what
happens to a newly formed OH(V′) species. Two basic situations
can arise. The first is a collision of OH(V′) with a N2 molecule.
Since N2 occupies 80% of the atmosphere, the question is then
to know whether such a collision can still leave OH sufficiently
hot to react with O2(V′′). Measurements have shown38 that N2

is a slow collider leading to a slow decrease in the population
of OH(V)9), while O2 is the dominant quencher. The remaining
20% probability refers to a collision of the nascent OH(V′) with
molecular oxygen. Using the calculated steady-state distribu-
tions, the chance of such a collision to involve an O2(V′′g24)
is estimated to be about 12%, becoming 8% if one takes instead
O2(V′′g25). By considering now that the probability of obtaining
OH(V′g3) is about 80%, one obtains for the composite prob-
ability of a reactive collision a value of 8%. One might argue
that a further reduction by a power of 10 should be introduced
to account for the proportion of O2(V′′) directly formed in the
ozone photodissociation. However, such a reduction might lead
to a severe and most likely erroneous underestimation of the
O2(V′′) concentration having in mind eq 5, and hence, it has
not been considered. Of special significance though is the fact
that vibrational deactivation in OH(V′) + O2(V′′) collisions
(which is dominated by multiquanta vibrational transitions) has
been found23 to be insufficient for quenching the population of

TABLE 3: Summary of the Calculations for the Reactiona

HO2(W) + O2(W′′)27) f HO2 + 2O

Etr

(kcal mol-1) bmax(a0) σr ( ∆σr(a0
2)

0.5 7.9 0.33( 0.15
1.0 6.8 0.24( 0.11
2.0 5.9 0.18( 0.08
4.0 5.3 0.29( 0.09
6.0 5.3 0.41( 0.11

a See the text.

d[O3]

dt
) k

2kD
(4∫λ<λ0

JO3
(λ, z,ø)ΦV′′gV′′0

(λ)dλ + 3k9[OH] -

k10[HO2])[O3] +
2k10k15

k′D
[HO2][O3] (28)

F12 ) { k
2kD

(4RV′′gV′′0
Rλ0

JO3fO(3P) + 3k9[OH]) +

(2k15

k′D
- k

2kD
)k10[HO2]} [O3]

8JO2
[O2]

(29)

F01 = (2RV′′gV′′0Rλ0
JO3fO(3P) + 3/2kh[H])

[O3]

8JO2
[O2]

(30)
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vibrationally excited molecules before reaction takes place to
form odd oxygen. Naturally, the analysis should entail other
factors. For example, the existence of other vibrationally excited
species in the upper atmosphere may enhance reactivity through
V-V processes (intermolecular transfer), particularly in colli-
sions of O2 with vibrationally excited N2: the resulting
moderately excited O2 molecules would then collide with each
other to self-deactivate one and self-activate the other. Thus, if
the total collisional removal rateskD andk′D turn out to be a
factorη-fold larger than those assumed in obtaining eq 29,F12

(similarly for the other ratios) will be a factorη-fold smaller.
For example, if one choosesη ) 12.5 to allow for the fact that
only about 8% of the collisions are predicted to involve OH(V′)
+ O2(V′′) in vibrational states that lead to reaction,F01 will still
be twice the Wodtke ratio at 55 km (and probably significantly
larger at higher altitudes). Of course, we have ignored all but a
particular4 vibrational distribution of O2 (such distributions take
place over a continuous range of photodissociation wavelengths),
since an exhaustive treatment would be out of scope of the
present work. In any case, the assumptions made seem a lot
more plausible than to assume thermal equilibration at such high,
rarefied, regions of the atmosphere. Thus, the Ox mechanism
of Wodtke and co-workers4 or our revision of it5,6 together with
the novel HOx cycles may offer an important clue to the “ozone
deficit” problem in the upper stratosphere and lower mesosphere
where hydrogen-oxygen systems are by far the most reactive
ones.

Finally, we examine briefly the implications of the above HOx

mechanisms on the HO2 concentration at the upper stratosphere
and lower mesosphere. Because standard HOx chemistry is
known to overestimate the OH abundance below∼75 km,
Summers et al.41 suggested a reduction by 50%-70% on the
rate of O+ HO2 reaction to resolve such a hydroxyl surplus.
Although it helps to explain also the “ozone deficit” problem,
such a downscaling conflicts with available theoretical results6,47

and the recommended data.40 Moreover, it leads to large
underestimates of the observed abundances48 of OH and HO2.
On the other hand, the rate constants for reactions 21-23 are
larger than for reactions 12-14, which suggests that the
hydroxyl radicals are removed at a faster rate than hydroperoxyl
ones. The new HOx mechanisms can therefore provide an
explanation for the “ozone deficit” problem (while complement-
ing the reformulated Ox cycle4,5 at the lower altitudes) and
simultaneously help to explain the “OH surplus” in the lower
mesosphere, an issue that we hope to revisit elsewhere49 in
relation to the so-called “HOx dilemma”.42 Needless to say, the
consideration of such mechanisms by no means discards that
some downscaling41 of the rate of O+ HO2 reaction within its
error limits may still be useful.5

4. Concluding Remarks

To the extent that the final distributions from the trajectory
simulation studies carried out in the present work may represent

the actual collisional processes in the high atmosphere, the above
findings support our claim that vibrationally hot O2 is formed
there copiously and not rapidly quenched. Despite a somewhat
higher degree of vibrational quenching due mainly to the low
rotational energies involved, similar conclusions can possibly
be extracted for the vibrationally hot hydroxyl radical formed
from reaction 6. Thus, there are reasons to believe that the
populations of vibrationally excited O2 and OH will roughly
be maintained on an average sense under the environment of
the high atmosphere. Although similar studies would be useful
for the O2(V) + N2 and OH(V) + N2 processes, we see no reason
of principle for expecting a different result since N2 is known
to be a poorer quencher of both O2(V) and OH(V) than O2.

We have also reformulated the HOx cycle for ozone depletion
to become a source of stratospheric O3. Although much work
on such a cycle has been done by other groups, we believe that
the focus on the atmospheric implications of HOx reactions with
vibrationally excited O2 is unique thus far. Clearly, it is too
early to assess the impact of the present proposition. While
upgrading the theory may not change the major trends concern-
ing the elementary reactions,LTD atmospheric modelingwould
definitely be valuable to resolve some standing issues addressed
in the present work.
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