
Atmos. Chem. Phys., 13, 1–13, 2013
www.atmos-chem-phys.net/13/1/2013/
doi:10.5194/acp-13-1-2013
© Author(s) 2013. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Implications of the O + OH reaction in hydroxyl nightglow modeling

P. J. S. B. Caridade1, J.-Z. J. Horta1,2, and A. J. C. Varandas1

1Departamento de Quı́mica, Universidade de Coimbra, 3004-535 Coimbra, Portugal
2Universidad Camilo Cienfuegos, Matanzas, Cuba

Correspondence to:A. J. C. Varandas (varandas@qtvs1.qui.uc.pt)

Received: 1 February 2012 – Published in Atmos. Chem. Phys. Discuss.: 1 March 2012
Revised: 29 November 2012 – Accepted: 10 December 2012 – Published: 2 January 2013

Abstract. The hydroxyl nightglow has been examined anew
using calculated rate constants for the key reactive and
inelastic O + OH(v′) quenching processes. These constants
have been obtained from quasiclassical trajectories run on
the adiabatic ab initio-based double many-body expansion-
IV potential energy surface for the ground state of the hy-
droperoxil radical. Significant differences in the vertical pro-
files of vibrationally excited hydroxyl radicals are obtained
relative to the ones predicted byAdler-Golden(1997) when
employing an O + OH(v′) effective rate constant chosen to be
twice the experimental value for quenching of OH(v′ = 1).
At an altitude of 90 km, such deviations range from∼80 %
for v′ = 1 to only a few percent forv′ = 9. Other mechanisms
reported in the literature have also been utilized, in particular
those that loosely yield lower and upper limits in the results,
namely sudden-death and collisional cascade. Finally, the va-
lidity of the steady-state hypothesis is analysed through com-
parison with results obtained via numerical integration of the
master equations.

1 Introduction

Well known mysteries in the terrestrial atmosphere (Crutzen,
1997), many still unsolved, have stimulated the study of re-
actions and chemical cycles (Slanger et al., 1988; Toumi
et al., 1996; Varandas, 2002, 2005b) in the middle atmo-
sphere (stratosphere and mesosphere). One important contri-
bution arises from the non-local thermodynamic equilibrium
or non-LTE hypothesis (also referred to in previous work by
local thermodynamic disequilibrium,Varandas, 2003) for the
molecular internal degrees of freedom (López-Puertas and
Taylor, 2001). The concept of non-LTE was introduced in the
context of stellar atmospheres byMilne (1930), whileSpitzer

Jr. (1949) first pointed out the possibility that, at the low
pressures found in the Earth’s upper atmosphere, the radia-
tive field could perturb the state of LTE. The first application
of a non-LTE formulation in the terrestrial atmosphere was
by Curtis and Goody(1956) in their study of the CO215 µm
cooling rate in the mesosphere.

Due to the low pressures and temperatures at high atmo-
spheric altitudes, the lifetimes of the vibrational excitation
of molecules may be substantial, i.e., emission often hap-
pens prior to collisional de-excitation. When non-LTE con-
ditions hold, the chemistry changes dramatically due to the
differences in the internal energy content of the species in-
volved: endothermic reactions become exothermic with rate
constants substantially larger, at times orders of magnitude
larger (Silveira et al., 2004; Varandas, 2005b). Although sev-
eral studies have been devoted to the role of vibrationally
excited species in reactions, particularly for the HOx cy-
cle, atmospheric chemistry models of the middle-upper at-
mosphere neglect non-LTE (see, e.g.,von Clarmann et al.,
2010and references therein). Indeed, it has become a stan-
dard procedure to consider non-LTE radiative processes as-
sociated with vibrational and rotational excitation in radiative
transfer modeling and remote sensing data analysis when-
ever appropriate (e.g.,Funke et al., 2001a,b; Kaufmann et al.,
2003; Yankovsky and Manuilova, 2006), but consideration
of these effects in chemistry modelling has been neglected
(von Clarmann et al., 2010). One of the reasons for this, as
has been pointed out (McDade et al., 1987; Adler-Golden,
1997), is the lack of accurate state-to-state deactivation and
state-specific rate constants for key reactions involved in the
atmospheric cycles. Another is the absence of accurate ver-
tical profiles for the various different vibrationally excited
species.
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An important instance of excited molecules and non-LTE
in the atmosphere is the cooling of excited hydroxyl radicals
through radiative vibrational-rotational transitions within the
25 electronic state. This intense emission dominates the
nightglow visible spectrum and was first reported byMeinel
(1950), thereafter becoming known as Meinel bands. Al-
though more than 60 years have elapsed, a full understanding
of the hydroxyl nightglow has not been achieved.

It is common wisdom that the production of vibrationally
excited hydroxyl radical is the outcome of theBates and
Nicolet (1950) mechanism

H+O3→OH(v)+O2 (R1)

The nascent OH is produced mostly in high vibrational
states (Charters et al., 1971; Murphy, 1971; Ohoyama et al.,
1985), v = 7, 8, peaking at 9. The mechanism leading to
the population of lower states, which are responsible for the
intense Meinel bands emission, is still a subject of contro-
versy (McDade et al., 1987). The lower vibrational states can
be produced through radiative emission

OH(v′)→OH(v′′)+hν (R2)

and/or by collisional deactivation

OH(v′)+Q→OH(v′′)+Q (R3)

where Q is the quencher.McDade and Llewellyn(1987)
suggested two limiting cases for the relaxation of the hy-
droxyl radical via Reaction (R3). The first model, denoted
by “sudden-death”, assumes that no relaxation process con-
tributes to the population of lower states, i.e. a chemical
quenching process. The second, “collisional cascade”, as-
sumes that the lower states are obtained via one-quantum vi-
brational transitions. Using these two limiting cases, several
groups (McDade and Llewellyn, 1988; Melo et al., 1997) ob-
tained effective reaction and vibrational relaxation rate con-
stants by analysing the brightness of the 8–3 Meinel band.
The analysis ofMcDade and Llewellyn(1987), based on
ground-based observations, led to a reasonable description
of the altitude-integrated OH vibrational distribution, which
may not necessarily be consistent with altitude profiles of the
individual levels (McDade et al., 1987).

Rationalization of the nightglow spectrum depends
strongly on the kinetics data and vertical profiles of OH(v),
and is highly relevant for atmospheric remote sensing (Pick-
ett and Peterson, 1996). Major difficulties arise from the in-
accuracies in the absolute Einstein coefficients for the hy-
droxyl spontaneous emission and the use of different vi-
brational and reaction rate constants. For example, early
work (Finlayson-Pitts and Kleindienst, 1981; Greenblatt and
Wiesenfeld, 1982) suggested that many of the vibrational de-
activation rate coefficients used at that time might be in error
and the conclusions regarding the Meinel bands could be in-
correct (McDade, 1991).

One of the references used for atmospheric modelling is
the work byAdler-Golden(1997), hereinafter abbreviated as

AG. Using experimental observations, AG proposed a set of
state-to-state vibrational relaxation rate constants and Ein-
stein coefficients that are consistent with the laboratory mea-
surements and atmospheric observations. Although repro-
ducing the rocket observations of the nightglow (McDade
et al., 1987), a limitation of theAdler-Golden(1997) work
is associated with the O+OH(v) reaction. Since the relax-
ation rate constant forv > 1 was unknown, a vibrationally
independent effective quenching was fixed at twice the value
of the experimental total removal rate (Spencer and Glass,
1977). Such a value seems to be corroborated (Pickett et al.,
2006) by upper atmospheric measurements, although it has
also been questioned (von Clarmann et al., 2010) since its
use results in predictions of a smaller population of hydroxyl
radicals than observed. Quoting the authors (von Clarmann
et al., 2010), “it may provide an upper limit for the reac-
tion”. Indeed, the topic has long been a matter of uncertainty.
Persisting doubts have most recently been expressed byXu
et al. (2012) as “The question of whether the reaction with
or quenching by atomic oxygen depends on the OH vibra-
tional level could not be resolved; assumptions of vibrational
level dependence and independence both gave good fits to
the observed emissions.” This follows previous argumenta-
tion (Smith et al., 2010) where the question of the vibra-
tional dependence of the rate of removal of OH(v) by atomic
oxygen was raised in association with the development of
the SABER (Sounding of the Atmosphere using Broad-band
Emission Radiometry) data analysis algorithms. The authors
utilized a value of 5×10−11 cm3 s−1 for the rection with
OH(v = 9) and OH(v = 8), which is about twice the reac-
tion rate of the ground state of OH with atomic oxygen at
mesospheric temperatures and essentially coincidental with
the calculated value (Varandas, 2004a) for OH(v = 9). More-
over, it has been noted (Mlynczak, 2008) that using the rate
constant of∼ 3×10−10 cm3 s−1, reported (Copeland et al.,
2006) from laboratory measurements but still about half of
the most recently proposed value (Kalogerakis et al., 2011),
would give unphysically large values of atomic oxygen con-
centration, energy deposition, and heating rates.

To assess the role of the O+OH(v) reaction in OH night-
glow modelling, accurate and reliable state-to-state vibra-
tional relaxation and state-specific O2 formation rate con-
stants are required. Using quasi-classical trajectories, a de-
tailed dynamical study under non-LTE conditions has been
reported byVarandas(2004a, 2007). This work will be re-
visited and implications of the O+OH(v) reaction in atmo-
spheric modelling analyzed. For this, the reported (Varan-
das, 2004a, 2007) state-specific rate constant for the O2 for-
mation will be employed. Using the results obtained from
the batches of trajectories that were previously run (Varan-
das, 2004a, 2007), state-to-state vibrational relaxation rate
constants for the O+OH(v) reaction were extracted for
temperatures ranging from 110 to 300 K, and will be pre-
sented in Sect.2. Analysis of the vibrationally excited
hydroxyl radical vertical profiles is carried out using the
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steady-state hypothesis for the kinetics mechanism and re-
ported in Sect.3. To assess the validity of the steady-state
condition, the numerical integration of the differential equa-
tions has also been performed. In Sect.4, the major results
are stated and discussed.

2 The O + OH(v) reaction

The O+OH reaction has been widely studied experimen-
tally as it is of key importance in many interdisciplinary ar-
eas (Miller et al., 1990; Smith et al., 2004; Varandas, 2007;
Smith et al., 2010; Kalogerakis et al., 2011). Despite the
relevance of this reaction, most theoretical studies have fo-
cused on the reactive component by assuming a Boltzmann
distribution for the internal degrees of freedom. However, a
detailed study using a non-equilibrium distribution has also
been performed (Varandas, 2004a, 2007) for both the reac-
tion

O+OH(v′)→O2+H (R4)

and vibrational quenching

O+OH(v′)→O+OH(v′′) (R5)

by using quasiclassical trajectory (QCT) methods (Hase
et al., 1996) at temperatures between 110 and 450 K. The de-
tails of these vibrational state-specific calculations which are
re-analyzed in this paper can be found inVarandas(2004a).
Thus, we only highlight the relevant aspects concerning the
present work.

The calculations employed the QCT method and the pop-
ular double many-body potential energy surface (Pastrana
et al., 1990) (DMBE IV) for HO2(

2A′′). The DMBE IV form
is an ab initio based potential function that has been ex-
tensively employed in studies of the O+OH reaction and
its reverse, using both quantum (Lin et al., 2006) and clas-
sical (Varandas, 2005b) methods. Indeed, special care has
been taken to achieve a realistic description of the atom-
diatom long-range forces, through the inclusion of dispersion
and electrostatic energy components. Although new surfaces
have been reported (Xie et al., 2007) from high-level ab ini-
tio methods, they may not describe long-range forces ade-
quately since they are based on interpolation schemes and
rely on the accuracy of the raw data. In fact, despite having
been published in 1990, DMBE IV remains amongst the ref-
erence potential energy surfaces (PESs) in the literature (Lin
et al., 2006) for HO2(

2A′′).
The QCT calculations reported elsewhere (Varandas,

2004a) use for each temperature a steady-state distribution
that mimics the vibrational states of OH in the upper atmo-
sphere (Varandas, 2003), while effective nascent rotational
micro-populations (personal communication by P. C. Cosby
in Varandas, 2004a; see alsoCosby and Slanger, 2007) have
been utilized for the six OH Meinel bands (4–0, 5–1, 6–1,
7–2, 8–3, 9–4). Two methods (I and II) have been described

by Varandas(2004a) and differ in the way the maximum im-
pact parameter is treated. Method I, uses a impact parame-
ter which is fixed at the same value for all initial vibrational
states, while in method II is vibrationally state-specific. In
the analysis which follows we have employed the results of
method I since they cover a wider temperature range, and
provide results which are statistically the same as method II.
The final vibrational state analysis of OH and O2 has been
carried out semi-classically (Hase et al., 1996). To check
for variations in the rate constant due to statistical errors
reported in the original work (Varandas, 2004a), additional
trajectories have been integrated but the resulting numerical
values remain within the significant figures of the originally
reported rate constants.

The rate constant for vibrational quenching is calculated
using the expression

kv′→v′′

(R5) = ge(T )

(
8kBT

πµ

)1/2

πb2
maxN

v′→v′′/Nv′ (1)

where kB is the Boltzmann constant,µ the reduced mass
of the reactants,bmax the maximum impact parameter,
Nv′→v′′ the number of trajectories in a total ofNv′ , and
ge(T )= 2{[5+3exp(−228/T )+exp(−326/T )][2+
2exp(−205/T )]}−1 the electronic degeneracy factor which
takes into account the fine structure of O(3P) and OH(25).
A similar expression can be derived for the reactive part,
Reaction (R4), by substitutingNv′→v′′/Nv′ with the reactive
probability. Table1 gathers the state-to-state vibrational-
relaxation and state-specific rate constants for H+O2
formation. Although the error bars of up to 5 % or so in some
of the cross sections cannot warrant the reported number of
decimal places for some of the tabulated rate constants, a
fixed format has been adopted for convenience in all cases.
Note that both the inelastic

Oa +ObH(v′)→Oa +ObH(v′′) (R6)

and atom-exchange reactive channels

Oa +ObH(v′)→Ob+OaH(v′′) (R7)

count as vibrational relaxation processes whenv′ 6= v′′. For
comparison, total removal rate constants reported inVaran-
das(2004a, 2007) are also shown in Table1.

A well known problem in QCT is that the method cannot
account for quantum mechanical effects. For example, since
we are dealing with a light atom, tunnelling can be an im-
portant issue. However, the calculated rate constants are gen-
erally in good agreement with the best reported data, and is
even valid for systems as light as H+H2 (Zhao et al., 1990).
Another issue that cannot be overlooked in QCT methods is
the problem of zero-point energy leakage (ZPE) (seeVaran-
das, 2007for earlier work on this topic). Due to the high exo-
ergicity, ZPE leakage should be negligible for Reactions (R4)
and (R5).
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Table 1.State-to-state, state-to-all, and state-specific rate constants (multiplied by 1012) for the O+OH(v) reaction.

kv′→v′′

(R5) /cm3s−1 kv′

(R4)/cm3s−1 ηv(T )

v′ v′′ = 0 1 2 3 4 5 6 7 8 all

T = 110 K

1 35.5 35.5 41.1 1.16
2 14.9 15.5 30.4 40.4 1.33
3 14.5 10.1 10.1 34.7 40.4 1.16
4 7.2 12.5 8.4 9.1 37.2 45.6 1.23
5 7.4 6.2 7.8 5.8 6.2 33.4 41.5 1.24
6 6.3 6.3 8.1 10.3 3.6 5.4 29.7 39.8 1.34
7 3.5 4.7 4.2 6.4 5.5 3.1 4.7 32.1 51.9 1.62
8 3.2 2.3 2.7 3.0 1.6 3.9 4.1 5.4 26.2 54.5 2.08
9 1.0 1.3 2.5 2.1 3.1 2.3 3.4 3.6 3.4 22.7 62.7 2.76

T = 160 K

1 28.4 28.4 31.5 1.11
2 19.2 13.2 32.4 30.0 0.926
3 13.6 9.4 6.3 29.3 37.4 1.28
4 9.4 8.7 6.2 5.6 29.9 44.3 1.48
5 5.8 5.3 8.6 5.5 3.3 28.5 37.7 1.32
6 5.8 5.6 4.8 4.6 3.7 4.4 28.9 40.0 1.38
7 3.6 3.2 5.5 3.3 4.3 2.5 5.1 27.5 44.2 1.61
8 2.5 2.6 2.9 2.5 2.3 2.5 3.9 5.6 24.8 48.0 1.94
9 1.5 1.9 1.7 3.5 2.3 2.4 3.1 2.0 4.0 22.4 54.2 2.42

T = 210 K

1 20.2 20.2 34.2 1.69
2 12.0 13.3 25.3 31.9 1.26
3 10.2 7.3 11.3 28.8 30.5 1.06
4 9.8 7.9 7.1 5.5 30.3 36.8 1.21
5 2.1 5.3 8.4 4.9 4.3 25.0 32.2 1.29
6 2.6 4.9 5.7 3.9 4.5 2.6 24.2 39.3 1.62
7 3.2 3.2 2.9 4.1 4.2 3.2 3.9 24.7 38.7 1.57
8 4.1 2.9 2.1 1.9 2.1 2.7 2.9 2.7 21.4 45.2 2.11
9 1.8 1.8 1.4 2.2 2.1 1.3 1.9 2.3 2.6 17.4 50.7 2.91

T = 255 K

1 21.0 21.0 24.8 1.18
2 12.4 11.4 23.8 27.3 1.15
3 8.5 10.5 7.4 26.4 32.7 1.24
4 7.5 7.0 6.7 5.8 27.0 32.2 1.19
5 5.7 5.4 6.3 5.8 4.7 27.9 32.1 1.15
6 4.6 4.0 4.4 5.4 3.5 4.2 26.1 33.1 1.27
7 3.6 3.4 3.0 3.7 3.2 3.2 4.1 24.2 37.2 1.54
8 2.4 2.3 2.4 2.2 2.2 2.6 2.9 3.9 20.9 42.8 2.05
9 1.5 1.3 1.5 1.8 1.9 1.8 2.2 2.4 3.1 17.5 45.4 2.59

T = 300 K

1 19.2 19.2 21.1 1.10
2 14.2 10.5 23.8 23.9 1.00
3 9.4 9.6 8.1 25.8 28.4 1.10
4 6.4 7.8 6.9 4.8 25.4 28.8 1.13
5 6.3 4.7 6.0 3.8 3.8 24.6 31.7 1.29
6 4.6 4.4 5.0 4.7 4.1 4.5 27.4 29.7 1.09
7 3.4 3.1 3.6 3.3 3.5 3.1 4.0 25.2 34.9 1.38
8 2.4 2.3 2.4 2.4 2.1 2.7 3.0 4.2 22.3 39.3 1.76
9 1.2 1.3 2.1 1.8 2.0 1.7 1.8 2.1 3.3 18.2 43.4 2.38
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Fig. 1. Ratios between reactive and total vibrational relaxation as a
function of the initial vibrational state of the hydroxyl molecule and
temperature.

v′ = 1 for example, the tendency isfor the rateto dimin-
ish with temperature. For a better comparison between the
two competing processes, Figure 1 shows the branching ra-280

tios ηv′(T ) = kv′
(R4)(T )/kv′→all

(R5) (T ). It can be seen that they
display a roughlyT -independent pattern, withηv′ increasing
sharply with the initial quantum number forv′ ≥ 6. In all
cases, the dominant contribution for largev′ is the reactive
contribution. This can be understood from the role played285

by the highly stretched OH molecule, which favours bond-
breaking. Moreover, the large reactive rate constant at low
temperatures can be understood from the prevailing long-
range forces as described by capture-type models (Clary and
Werner, 1984; Varandas, 1987). One then expects the rate290

constant to decrease with temperature. Also relevant is the
enhancement of the rate constant for H+O2 formation with
increasingv′.

Khachatrian and Dagdigian (2005) reported a total re-
moval rate constant for OH(v = 1) at room-temperature295

of 3.9±0.6×10−11cm3s−1. The recommended values of
International Union of Pure and Applied Chemistry (IU-
PAC) (Atkinson et al., 2004) and National Aeronautics and
Space Administration (NASA) (Sander et al., 2011)are
3.5± 0.1 and 3.3± 0.7×10−11cm3s−1, respectively. The300

rate constant for OH(v= 0) is∼2.7×10−11cm3s−1 (Varan-
das (2004a)). In turn, the QCT result (Varandas, 2004a)
with OH(v = 1) for T = 255K [300K] is (4.6± 0.2)×
10−11cm3s−1 [(4.0± 0.3)× 10−11cm3s−1], in very good
agreement with the experimental and recommended values.305

The value utilized by Adler-Golden (1997) originates from
the experimental work of Spencer and Glass (1977). How-
ever, because the relaxation rate constant forv > 1 was un-
known, AG adopted a vibrationally independent effective
quenching equal to twice the value of the experimental total310

removal rate, namely 20×10−11cm3s−1. Clearly, his value
overestimates by far both the experimental/recommended

and the theoretical data from the present work. Marshall et al.
(2002) studied the relaxation of OH(v′) by laser-induced
fluorescence, having reported a preliminary value ofk =315

4.6×10−11cm3s−1 for v′= 2 at room-temperature. The QCT
result isk(T = 255K)= (5.1±0.1)×10−11cm3s−1 (Varan-
das, 2004a) and(4.8±0.1)×10−11cm3s−1 for T = 300K,
again in good agreement with experiment.

As noted in the Introduction, Kalogerakis et al. (2011)320

have recently reported collisional removal rate constantsof
OH(v = 9) by several quenchers using laser fluorescence
spectroscopy to measure the steady-state population. The
predicted value of the O+OH(v = 9) vibrational relaxation
rate constant was 4±1×10−10cm3s−1, thus nearly 7 times325

larger than the one here utilized. Although a reason for the
smaller theoretical value may be ascribed to unknown sub-
tleties of the HO2 PES or even nonadiabatic effects that could
not have been taken into account, there are issues that ob-
scure any definite conclusion at present. In particular, as330

noted above, the use of very large rate constants have been
found to yield unrealistic values of [H], [O] and mesospheric
chemical heating rate (Mlynczak, 2008). Although Kaloger-
akis et al. (2011) expressed the belief that the tendency
for smaller rate constant values is due to the uncertainty of335

some parameters used in the kinetic models, and that the
SABER data will yield more accurate results when using
high rate constant values, such aresulthas not been observed
in the work of Xu et al. (2012) who reported “a value of
6.465±0.785×10−11cm3s−1”, only about 20% larger than340

the calculated value for OH(v= 9).

3 Kinetics mechanism and input data

For altitudes between 80 and 100km, it is commonly ac-
cepted that vibrationally excited OH radicals are produced
essentially via the Bates and Nicolet (1950) mechanism:345

H+O3→OH(v′)+O2 (R8)

with the product OH showing an inverted vibrational distri-
bution that peaks atv′= 9. In turn, the standard ozone source
is the fast three-body recombination process

O+O2+M→O3+M (R9)350

whereM = N2, O2, and O, are all in the ground electronic
state. While the rate of OH(v′) formation can be equated to
the one of ozone formation, Reaction (R9), the most impor-
tant depletion processes of OH(v′) are

OH(v′)+O2 →OH(v′′)+O2 (R10)

OH(v′)+N2 →OH(v′′)+N2 (R11)

OH(v′)+O →OH(v′′)+O (R12)

OH(v′)+O →O2+H (R13)

OH(v′) →OH(v′′)+hν (R14)

Fig. 1. Ratios between reactive and total vibrational relaxation as a
function of the initial vibrational state of the hydroxyl molecule and
temperature.

A salient feature of the data reported in Table1 is the im-
portance of multi-quanta transitions for the vibrational re-
laxation over the whole range of temperatures. In particu-
lar, for high vibrational quantum numbers the rate constant
is, within the statistical error, almost constant irrespectively
of the vibrational state. For low vibrational quantum states,
v′ = 1 for example, the tendency is for the rate to dimin-
ish with temperature. For a better comparison between the
two competing processes, Fig.1 shows the branching ratios
ηv′(T )= kv′

(R4)(T )/kv′→all
(R5) (T ). It can be seen that they dis-

play a roughlyT -independent pattern, withηv′ increasing
sharply with the initial quantum number forv′ ≥ 6. In all
cases, the dominant contribution for largev′ is the reactive
contribution. This can be understood from the role played
by the highly stretched OH molecule, which favours bond-
breaking. Moreover, the large reactive rate constant at low
temperatures can be understood from the prevailing long-
range forces as described by capture-type models (Clary and
Werner, 1984; Varandas, 1987). One then expects the rate
constant to decrease with temperature. Also relevant is the
enhancement of the rate constant for H+O2 formation with
increasingv′.

Khachatrian and Dagdigian(2005) reported a total re-
moval rate constant for OH(v = 1) at room-temperature
of 3.9±0.6×10−11 cm3 s−1. The recommended values of
International Union of Pure and Applied Chemistry (IU-
PAC) (Atkinson et al., 2004) and National Aeronautics and
Space Administration (NASA) (Sander et al., 2011) are
3.5±0.1 and 3.3±0.7×10−11 cm3 s−1, respectively. The
rate constant for OH(v = 0) is∼ 2.7×10−11 cm3 s−1 (Varan-
das, 2004a). In turn, the QCT result (Varandas, 2004a)
with OH(v = 1) for T = 255 K [300 K] is (4.6±0.2)×

10−11 cm3 s−1 [(4.0±0.3)×10−11 cm3 s−1], in very good
agreement with the experimental and recommended values.
The value utilized byAdler-Golden(1997) originates from

the experimental work ofSpencer and Glass(1977). How-
ever, because the relaxation rate constant forv > 1 was un-
known, AG adopted a vibrationally independent effective
quenching equal to twice the value of the experimental total
removal rate, namely 20×10−11 cm3 s−1. Clearly, his value
overestimates by far both the experimental/recommended
and the theoretical data from the present work.Marshall et al.
(2002) studied the relaxation of OH(v′) by laser-induced flu-
orescence, having reported a preliminary value ofk = 4.6×
10−11 cm3 s−1 for v′ = 2 at room-temperature. The QCT re-
sult is k(T = 255K)= (5.1±0.1)×10−11 cm3 s−1 (Varan-
das, 2004a) and(4.8±0.1)×10−11 cm3 s−1 for T = 300 K,
again in good agreement with experiment.

As noted in the Introduction,Kalogerakis et al.(2011)
have recently reported collisional removal rate constants of
OH(v = 9) by several quenchers using laser fluorescence
spectroscopy to measure the steady-state population. The
predicted value of the O+OH(v = 9) vibrational relaxation
rate constant was 4±1×10−10 cm3 s−1, thus nearly 7 times
larger than the one here utilized. Although a reason for the
smaller theoretical value may be ascribed to unknown sub-
tleties of the HO2 PES or even nonadiabatic effects that
could not have been taken into account, there are issues
that obscure any definite conclusion at present. In particu-
lar, as noted above, the use of very large rate constants have
been found to yield unrealistic values of [H], [O] and meso-
spheric chemical heating rate (Mlynczak, 2008). Although
Kalogerakis et al.(2011) expressed the belief that the ten-
dency for smaller rate constant values is due to the uncer-
tainty of some parameters used in the kinetic models, and
that the SABER data will yield more accurate results when
using high rate constant values, such a result has not been ob-
served in the work ofXu et al.(2012) who reported “a value
of 6.465±0.785×10−11 cm3 s−1”, only about 20 % larger
than the calculated value for OH(v = 9).

3 Kinetics mechanism and input data

For altitudes between 80 and 100 km, it is commonly ac-
cepted that vibrationally excited OH radicals are produced
essentially via theBates and Nicolet(1950) mechanism:

H+O3→OH(v′)+O2 (R8)

with the product OH showing an inverted vibrational distri-
bution that peaks atv′ = 9. In turn, the standard ozone source
is the fast three-body recombination process

O+O2+M→O3+M (R9)

whereM = N2, O2, and O, are all in the ground electronic
state. While the rate of OH(v′) formation can be equated
to the one of ozone formation, Reaction (R9), the most
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important depletion processes of OH(v′) are

OH(v′)+O2 →OH(v′′)+O2 (R10)

OH(v′)+N2 →OH(v′′)+N2 (R11)

OH(v′)+O →OH(v′′)+O (R12)

OH(v′)+O →O2+H (R13)

OH(v′) →OH(v′′)+hν (R14)

The mechanism defined by Reactions (R8) to (R14) can be
generalized to account for other sources and sinks of O3
and OH(v). For example, although it has been noted (Adler-
Golden, 1997) that the reaction O+HO2 could be a poten-
tial candidate, previous work (Kaye, 1988) has shown that
it is unlikely to play a crucial role in studies of the high
atmosphere. Although this assumption is possibly valid for
HO2 in the ground vibrational state as the dynamics only
yields OH(v′ ≤ 6), the argument no longer holds if non-
LTE is considered, since up to OH(v = 15) products can
then be formed (Silveira et al., 2004; Varandas, 2005b).
In addition, the reaction of OH+O3 has been shown to
yield HO2 vibrationally excited above the classical asymp-
tote for dissociation, and thus can be another potential source
of OH(v′) (Varandas and Zhang, 2001; Zhang and Varan-
das, 2001). Furthermore, from the so-called HOy+3 mech-
anisms (Varandas, 2002) (wherey = 0,1,2 labels the num-
ber of O atoms in the hydrogen-oxygen species (Varandas,
2003), wherey = 0 for HO3), one may have to pay attention
to the reaction OH(v′)+O2(v

′′) as a potential sink of vibra-
tionally excited OH. For the sake of discussion and compar-
ison width AG’s work, these extra complications will not be
considered further in this paper.

From Reactions (R8) to (R9) and using the steady-state
assumption for O3, one gets:

k(R8)[H][O3] =
∑
M

kM
(R9)[O][O2][M] (2)

while for [OH(v′)] the result is:

[OH(v′)] =

{
ωOH(v′)

∑
M

kM
(R9)[O][O2][M]

+k
v′+1≤9→v′

(R11) [N2][OH(v′+1≤ 9)]

+

9∑
v∗=v′+1

[
kv∗→v′

(R10) [O2] + kv∗→v′

(R12) [O] +Av′←v∗
]
[OH(v∗)]

}
{
kv′→v′−1
(R11) [N2] + k(R13)[O]

+

v′−1∑
v∗=0

[
kv′→v∗

(R10) [O2] + kv′→v∗

(R12) [O] +Av′←v∗
]}−1

(3)

whereAv′←v′′ are the Einstein coefficients for spontaneous
emission of Reaction (R14), and ωOH(v′) the nascent dis-
tribution of OH(v′) states. The summations overM cover
N2, O2 and O. The vertical profiles can be evaluated recur-
sively starting fromv′ = 9, where the terms in the numer-
ator of the right hand side of Eq. (3) serve as sources of

OH(v′) (including cascade) while the ones in the denomi-
nator refer to depletion. Thus, the contributions that origi-
nate from relaxation of higherv′ states have been consid-
ered as a source of OH(v′ ≤ 8) but any excitation from lower
v′ states is neglected. This is justifiable since these state-to-
state vibrational-excitation rate constants are expected to be
very small at the temperatures of interest (Varandas, 2004a)
and to the best of our knowledge reliable estimates for these
rate constants are lacking. Of course, collisional processes
involving vibrationally excited O2 and other species (Cari-
dade et al., 2002; Varandas, 2005b) are not considered in this
judgement.

Using the steady-state hypothesis for the same set of reac-
tions, but the AG assumption for Reactions (R12) and (R13)
(i.e. cascading via Reaction (R12) is absent), the result is:

[OH(v′)]AG =

{
ωOH(v′)

∑
M

kM
(R9)[O][O2][M]

+ k
v′+1≤9→v′

(R11) [N2][OH(v′+1≤ 9)]

+

9∑
v∗=v′+1

(kv∗→v′

(R10) [O2] +Av′←v∗)[OH(v∗)]
}

×

{
kv′→v′−1
(R11) [N2] +

v′−1∑
v∗=0

[
kv′→v∗

(R10) [O2]

+ kv′

(R12)+(R13)[O] +Av′←v∗
]}−1

(4)

with kv′

(R12)+(R13) = 2×10−10 cm−3 s−1 as av′-independent
effective quenching rate constant.

In turn, the “sudden-death” vertical profiles ofMcDade
and Llewellyn(1987) assume the form

[OH(v′)]sd=

{
ωOH(v′)

∑
M

kM
(R9)[O][O2][M]

+

9∑
v∗=v′+1

Av′←v∗ [OH(v∗)]
}{

(kv′→0
(R12) + k(R13))[O]

+ kv′→0
(R10)[O2] +

v′−1∑
v∗=0

Av′←v∗

}−1
(5)

having the emission process Reaction (R14) as the only
source of low OH vibrational states. In turn, the “collisional
cascade” mechanism leads to:

[OH(v′)]cc =

{
ωOH(v′)

∑
M

kM
(R9)[O][O2][M]+(kv′+1→v′

(R11) [N2]

+ kv′+1→v′

(R10) [O2] + kv′+1→v′

(R12) [O])[OH(v′+1)]

+

9∑
v∗=v′+1

Av′←v∗ [OH(v∗)]
}{

kv′→v′−1
(R11) [N2]

+ k(R13)[O] + kv′→v−1
(R10) [O2] + kv′→v−1

(R12) [O]

+

v′−1∑
v∗=0

Av′←v∗

}−1
(6)
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In this case, besides the population arising from Reac-
tion (R14), other sources of OH(v′) are the one-quantum re-
laxation Reactions (R10), (R11) and (R12). Note that in the
original formulation ofMcDade and Llewellyn(1987) the
quenching by N2 was not considered explicitly. It should be
pointed that AG used the assumption above on the rate of the
O+OH(v) reaction to extract the degree of multiquantum
relaxation for the main oxygen molecule collider via com-
parison with available experimental data. For consistency, we
should therefore re-evaluate the OH(v)+O2 data using our
own set of O+OH(v) rate constants, as pointed out by an
anonymous Referee to whom we wish to thank. Clearly, this
task lies out of the scope of the present work. The assump-
tion is therefore made that the values extracted by AG for the
other reactions are still realistic. Whether this is truly the case
remains to be seen either empirically by redoing AG’s work
or through the use of accurate experimental/theoretical state-
to-state results, which to our knowledge are unavailable.

The temperature and concentration profiles employed in
our calculations have been taken from the US Naval Re-
search Laboratory Mass Spectrometer and Incoherent Scat-
ter Radar 2000 (NRLMSISE 2000) which gathers revised O2
and O densities in the lower thermosphere (Hedin, 1991; Pi-
cone et al., 2002). To compare with experimental measure-
ments we have used the conditions present during the mul-
tiple rocket investigation of the nightglow, termed Energy
Transfer in the Oxygen Nightglow (ETON), as described in
part 5 (McDade et al., 1987) of this series of papers. The
parameters considered in the profile database correspond to
the conditions during ETON 5, namely: 23 March 1982,
57.36◦ N, 352.62◦ E and 23:28:23 UTC. The uncertainties
in temperature and molecular concentrations are of about
10 K and 10 %, respectively. In turn, the nascent distribu-
tion of OH(v′) states for Reaction (R8) are taken from a
renormalization (Adler-Golden, 1997) of the data ofChar-
ters et al.(1971); see Fig.2. Such values have been ex-
trapolated to lowerv′ states using information theory (Ste-
infeld et al., 1987), and renormalized to the Einstein coeffi-
cients ofNelson et al.(1990). Additionally, the three-body
recombination rate constants have been taken fromAtkinson
et al.(2004) which are valid for the temperature range 100–
300 K, thus embracing the limits investigated in this work of
169 K and 206 K for altitudes between 80 and 100 km, re-
spectively. As for the OH(v′)+O2 and OH(v′)+N2 reac-
tions, we have used unaltered the semi-empirical data (Adler-
Golden, 1997). Although classical trajectories have been run
in our group (Garrido et al., 2002; Caridade et al., 2002) for
the OH(v′)+O2(v

′′) reactive and non-reactive processes, no
accurate data has yet been reported for the state-to-state vi-
brational relaxation of OH(v′) in collisions with O2(v = 0).
To account for the influence of variation in temperature on
the O+OH(v′) rate constants along the vertical profile, a
simple interpolation scheme has been utilized.

Key elements for the description of the OH profiles are
the Einstein transition probabilities for radiative transitions.
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Fig. 2. Vibrational distributions of the hydroxyl radical at (a) 90km
and (b) 100km. Also shown for comparison based on the same set
of concentrations and rate-constants are: Adler-Golden (1997) re-
sults using his estimate for the O+OH(v) total rate constant; Adler-
Golden scheme revisited using the effective rate constant based on
this work; McDade and Llewellyn (1987) ‘sudden-death’ and colli-
sional cascade. Also included is other theoretical data of Varandas
(2003) and the ‘experimental’-renormalized nascent distribution in
Reaction (R8) of Charters et al. (1971).

100km. For 90km the vibrational distribution shows an ex-535

ponential decay with 40% of the population at thev= 1 state,
a trend which isconsistent with all models considered in this
work. However, the use of the AG effective rate constant
for Reactions (R12) and (R13) predictsa populationnearly
50% less forv = 1, and becomesthe majorcontributer for540

vibration levels greater thanv = 3. This clearly shows that
the O+OH(v) reaction plays an important role for the de-
scription of thevibrational-excited hydroxyl radical height-
distribution, specially for lowerv states. To reinforce such a
statement, the AG assumption has also been revisited, here-545

after denoted as AGr, using an effective rate constantconsis-
tentwith thecalculationsreportedin this paper, i.e.

kv
(R12)+(R13)(T )= kv

(R13)(T )+kv→0
(R12)(T ) (9)

The results nearly coincide with those of multi-quantum
cascade, since the reactive rate constant Reaction (R13)550

is dominant (see Fig. 1). Another salient feature is the
larger value of thev = 1 population when considering the
collisional-cascade mechanism,which arisesfrom the larger
one-quantum rate constants for lower states (see Table 1).

For 100km the distribution is somewhat flatter, with the555

population of lower vibrational states reduced to nearly 25%
for v = 1. In this case, the AG predictions show an almost
negligible population forv= 1, while forv= 9 it is almost of
the same order of magnitudeasthe single-collision results.
For comparison, the nascent (Ohoyama et al., 1985) and560

steady-state distributions reported from single collision tra-
jectory dynamics (Varandas, 2003) are also shown in Fig. 2.
Although the vibrational distribution reported in this work is
far from a thermalized one (supporting in some extent a pre-
vious observation (Varandas, 2003)), it is significantly differ-565

ent fromeitherof them. The differences with respect to the
latter are probably due to the fact that this considered only
the O+OH(v′) reactions as a source of vibrational deacti-
vation, thus providing a kind of limit to the global kinetics
model.570

The OH(v′) vertical profiles for specific vibrational states
are shown in Fig. 3 as a function of altitude. The dominant
contribution comes fromv= 1 with the maximum value aris-
ing at∼ 87km, while for other vibrational states, the max-
imum is shifted upwards. This can be attributed to the in-575

crease of the atomic oxygen concentrationwith heightand
a decrease of the O2 one, thus reducing the contribution of
vibrational relaxation. For a direct comparison with previous
results, we have also plotted the total vibrational excitedhy-
droxyl concentration. A fair agreement is observed between580

the total vertical profile from the current work and the one re-
ported elsewhere (Varandas, 2004b), where stretched oxygen
and odd hydrogen species have also been included (Varandas,
2002, 2003, 2004b, 2005a,b) in an attempt to offerclues to
help resolvethe so-called ‘ozone deficit problem’ and ‘HOx585

dilemma’ in the middle atmosphere undernon-LTE.
Figure 4presentsthe vertical profiles that result from the

various models and rate constants reported in the present
work. A comparison ofpanel (a) with panel (b),clearly
indicatesthe role of the O+OH reactionon the vibrational590

distribution noted above. Above92km, AG predicts a pop-
ulation inversion, withv = 1 becomingthe less populated
state, while AGr shows asimilar vibrational distribution
as presented inFig. 3. For the “sudden-death” (sd) and
“collisional-cascade” (cc) models, the relativepositionsof595

the vertical profiles isorderedaccording to the vibrational
levels of the hydroxyl radical. In the “sd” the vibrationally
excited populations are substantially smaller for altitudes
higher than 90 km,as a result ofthe chemical quenchingas-
sociated with thismodel. Although not shown (cf. Fig. 3),600

the behaviour of the total concentration in the “cc” model
lies close to the results from a previous model (Varandas,
2002, 2003, 2004b, 2005a,b), suggesting that such data may

Fig. 2.Vibrational distributions of the hydroxyl radical at(a) 90 km
and(b) 100 km. Also shown for comparison based on the same set
of concentrations and rate-constants are:Adler-Golden(1997) re-
sults using his estimate for the O+OH(v) total rate constant; Adler-
Golden scheme revisited using the effective rate constant based on
this work;McDade and Llewellyn(1987) “sudden-death” and col-
lisional cascade. Also included is other theoretical data ofVarandas
(2003) and the “experimental”-renormalized nascent distribution in
Reaction (R8) of Charters et al.(1971).

The values most often used in atmospheric modelling are
from laboratory measurements of1v = 1 and1v = 2 from
the work of Nelson et al. (1990). They have been re-
ported (Adler-Golden, 1997) as the most accurate at the
time, although for higher overtones the data show strong
deviations. Other data sets have been reported in the litera-
ture (Turnbull and Lowe, 1989; Langhoff et al., 1986; Mur-
phy, 1971), but all with limitations. Based on the fact that
the method used byTurnbull and Lowe(1989) should in
principle give accurate results, a correction curve has been
reported to scale the rotational average data (Adler-Golden,
1997). Such a correction was based on an inaccurate inten-
sity calibration which leads to a systematic error in function
of the band-center frequency.
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Rather than using the above data sets, we have adopted
the newly calculated Einstein transition probabilities ofvan
der Loo and Groenenboom(2007, 2008) which are based
on accurate ab initio data. Using Hund’s case (a) (Hu-
ber and Herzberg, 1979), each vibrational state wave func-
tion |JMJ

25|�|p〉, is characterized byJ , the total angu-
lar momentum,MJ , the projection of the vectorJ on the
laboratory-frame z-axis,|�| = 1/2,3/2, the total electronic
angular momentum projection on the molecular axis and
p =±1 the spectroscopic parity operator. Since for low rota-
tional states,� is a good quantum number, the wave function
is usually labeled byF1 when�= 3/2 andF2 for �= 1/2.
van der Loo and Groenenboom(2007, 2008) reported 24 660
Einstein coefficients and photoabsorption cross sections for
the full set of quantum numbers{v,J,Fn,p} for upper and
lower states up tov = 10. The specific rotational band inten-
sities for theP(J ′), Q(J ′) andR(J ′) bands,J ′′ = J ′+1,
J ′′ = J ′, and J ′′ = J ′−1, respectively, have been calcu-
lated up toJ = 121/2. The computed lifetimes reported us-
ing such data lie between the best known experimental val-
ues, with the error in the calculated frequencies being of
∼ 0.05 %.

If we assume a Boltzmann distribution of the rotational
states atTrot, the thermally averaged radiative transition prob-
ability for the vibrational bandv′′← v′ is defined as (Mies,
1974)

Av′′←v′(Trot) = Q−1
v′

(Trot)

all∑
J ′,F ′n,p′,J ′′,F ′′n ,p′′

(2J ′+1)

× A(p′′,F ′′n ,J ′′,v′′← p′′,J ′,F ′n,v
′)

× exp(−Ev′;J ′,F ′n,p′/kBTrot) (7)

with Qv′(Trot) the electronic-rotational partition function as-
suming the form:

Qv′(Trot)=

all∑
J ′,F ′n,p′

(2J ′+1)exp(−Ev′;J ′,F ′n,p′/kBTrot) (8)

and “all” implying a summation over all available states.
Following Wallace(1962), the equivalence of the gas tem-
perature and rotational temperature has been assumed. Al-
though being in general much weaker than the intramultiplets
(p′′ = p′) bands, the satellite bands, intermultiplet transitions
with p′′ 6= p′ have also been included.

4 Implications of the O+OH reaction on the OH(v)
profiles

Using the steady-state hypotheses and the data reported in
the previous sections, Fig.2 shows the distribution of the vi-
brational excited hydroxyl radical for two altitudes,h= 90
and 100km. For 90km the vibrational distribution shows an
exponential decay with 40 % of the population at thev = 1

state, a trend which is consistent with all models consid-
ered in this work. However, the use of the AG effective rate
constant for Reactions (R12) and (R13) predicts a popula-
tion nearly 50 % less forv = 1, and becomes the major con-
tributer for vibration levels greater thanv = 3. This clearly
shows that the O+OH(v) reaction plays an important role
for the description of the vibrational-excited hydroxyl rad-
ical height-distribution, specially for lowerv states. To re-
inforce such a statement, the AG assumption has also been
revisited, hereafter denoted as AGr, using an effective rate
constant consistent with the calculations reported in this pa-
per, i.e.

kv
(R12)+(R13)(T )= kv

(R13)(T )+ kv→0
(R12)(T ) (9)

The results nearly coincide with those of multi-quantum
cascade, since the reactive rate constant Reaction (R13)
is dominant (see Fig.1). Another salient feature is the
larger value of thev = 1 population when considering the
collisional-cascade mechanism, which arises from the larger
one-quantum rate constants for lower states (see Table1).

For 100km the distribution is somewhat flatter, with the
population of lower vibrational states reduced to nearly 25 %
for v = 1. In this case, the AG predictions show an almost
negligible population forv = 1, while for v = 9 it is almost
of the same order of magnitude as the single-collision results.
For comparison, the nascent (Ohoyama et al., 1985) and
steady-state distributions reported from single collision tra-
jectory dynamics (Varandas, 2003) are also shown in Fig.2.
Although the vibrational distribution reported in this work is
far from a thermalized one (supporting in some extent a pre-
vious observation,Varandas, 2003), it is significantly differ-
ent from either of them. The differences with respect to the
latter are probably due to the fact that this considered only
the O+OH(v′) reactions as a source of vibrational deacti-
vation, thus providing a kind of limit to the global kinetics
model.

The OH(v′) vertical profiles for specific vibrational states
are shown in Fig.3 as a function of altitude. The dominant
contribution comes fromv = 1 with the maximum value aris-
ing at∼ 87km, while for other vibrational states, the max-
imum is shifted upwards. This can be attributed to the in-
crease of the atomic oxygen concentration with height and
a decrease of the O2 one, thus reducing the contribution of
vibrational relaxation. For a direct comparison with previous
results, we have also plotted the total vibrational excited hy-
droxyl concentration. A fair agreement is observed between
the total vertical profile from the current work and the one re-
ported elsewhere (Varandas, 2004b), where stretched oxygen
and odd hydrogen species have also been included (Varandas,
2002, 2003, 2004b, 2005a,b) in an attempt to offer clues to
help resolve the so-called “ozone deficit problem” and “HOx
dilemma” in the middle atmosphere under non-LTE.

Figure4 presents the vertical profiles that result from the
various models and rate constants reported in the present
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Fig. 3. Vertical profiles of vibrationally excited hydroxyl radical.
The shaded area refers to the model reported elsewhere (Varandas,
2004b, 2005a) for the total concentration using satellite data taken
in the equatorial region.

be viewed as providing an upper limit to the real case. Note,
however, that the physical-chemical contents ofthis model605

differ somewhat from the ones utilizedhere since it was
based on satellite datain the equatorial region where strong
semiannual variations may occur.

For a quantitative analysis, we report in Figure 5 the rela-
tive deviation of the AG (Adler-Golden, 1997) results relative610

to ours,i.e., {[OH(v)]AG− [OH(v)]}/[OH(v)]. Although the
results presentedhereessentially agree with AG forv′ = 9,
there are significant deviations for otherv values. For high vi-
brational states and altitudes, the AG resultsdiffer by nearly
10 to 20% forv = 9 and 7, respectively, while for low vi-615

brational statesthe difference reachesnearly 90% forv= 1.
This is due to the fact that we allow the total OH(v) to cas-
cade) at each step, including the significantcomponentthat
is formed during the cascading process. Thus, the AG pre-
dictions underestimate our results. However, our predicted620

total concentrations of OH(v) show good agreement (within
a factor of two or so) with his results. As noted above, a qual-
itative agreement is also found with the total concentration of
OH(v) predicted from the Varandas (2004b, 2005a)non-LTE
model.625

In summary, significant differences are observed between
the OH(v′) profiles for specific vibrational statesdetermined
in this work and the AG results, although the differences
are small for the total [OH(v′)]. Of course, an improved
model employing accurate estimates of the rate constants of630

all thevibrational relaxation and reactive channelsinvolved
[in particular those involving collisions of OH(v′) with N2

and O2] will be required to assess which prediction is most
realistic. This calls for theoretical and experimental work, as
the discrepancies between theory and experiment are partic-635

ularly large in the vibrational relaxation case (Caridade et al.,
2002).

Using the vertical profile forthe v = 8 concentration, the
volume emissionrate for the 8− 3 band has been calcu-
lated, and is plottedin Fig. 6. The rotationally averaged640

Einstein coefficient for the 8−3 transition is obtained from
Eq. (7) as a function of altitude via the temperature variation.
Also shown in Figure 6 is the datareported byAdler-Golden
(1997) and the data calculated in this work using the AG pro-
posed rate constant, together withvisual estimates from the645

data of ETON 5 (McDade et al., 1987). The maximum value
in our analysis occursat nearly 90km,similar to the maxi-
mum reported in the ETON 5 paperalthoughour results are
more intense (270vs. ∼ 150 photons cm−3 s−1). With in-
creasing altitude all data sets become nearly identical, with650

our results lying within the experimental error bars.
A critical assumption in this work is the steady-state hy-

pothesis, a condition frequently employed and quite often
takenfor granted since its proposition in the seminalworks
of Bodenstein (1913), Chapman and Hunderhill (1913) and655

Chapman (1930), with Chapmann utilizing itto explain the
existenceof the ozone layer in the Earth’s atmosphere. To
check thevalidity of the steady-state condition inmodelling
Meinel bands, the set of 9 differential equations correspond-
ing to the vibrationally excited hydroxyl concentrations have660

been simultaneously solved for all altitudes,taking into ac-
countthe fast recombination ozone formation Reaction (R9).
Several integration methods have been tested, ranging from
the simple Euler to the traditional 4th order Runge-Kutta
(RK4) and Bulirsch-Stoerapproaches. No attempt has been665

made to use (optimize) a variable step method, or utilize spe-
cialized methods for stiff equations. Figure 7 showsthetypi-
calvarition ofvibrationally excited concentrations with time,
in this case forh = 100km using the RK4 method. Tests
using the simpler Euler methodresult in similar variations.670

In all cases, the nascent concentrations were taken as the
starting point. As expected, thev= 9 concentration quickly
achieves steady-state by balancing its formation with deple-
tion. Since a cascade model is considered, the last concen-
trationachieving asteady-state is thev= 1 level. Except for675

v = 9, all curves pass through a maximum before reaching
steady state with the time of the maximum decreasing with
increasingv.

5 Conclusions

Reliable state-to-state vibrational relaxation rate constants680

for the O+OH(v′) reactionhave been presented based on
earliertheoretical work (Varandas, 2004a, 2007) which em-
ployed the quasiclassical trajectory method and the DMBE
IV ab initio-based potential energy surface. As in previous
work, the values reported here show that the reactive part685

dominates over the whole range of initial vibrational quan-
tum numbers and temperatures. It is predicted that the to-
tal rate constant at room-temperature is significantly smaller
than the one used previously for modelling the hydroxyl

Fig. 3. Vertical profiles of vibrationally excited hydroxyl radical.
The shaded area refers to the model reported elsewhere (Varandas,
2004b, 2005a) for the total concentration using satellite data taken
in the equatorial region.

work. A comparison of panel (a) with panel (b), clearly indi-
cates the role of the O + OH reaction on the vibrational dis-
tribution noted above. Above 92km, AG predicts a popula-
tion inversion, withv = 1 becoming the less populated state,
while AGr shows a similar vibrational distribution as pre-
sented in Fig.3. For the “sudden-death” (sd) and “collisional-
cascade” (cc) models, the relative positions of the vertical
profiles is ordered according to the vibrational levels of the
hydroxyl radical. In the “sd” the vibrationally excited pop-
ulations are substantially smaller for altitudes higher than
90 km, as a result of the chemical quenching associated with
this model. Although not shown (cf. Fig.3), the behaviour
of the total concentration in the “cc” model lies close to the
results from a previous model (Varandas, 2002, 2003, 2004b,
2005a,b), suggesting that such data may be viewed as pro-
viding an upper limit to the real case. Note, however, that
the physical-chemical contents of this model differ somewhat
from the ones utilized here since it was based on satellite data
in the equatorial region where strong semiannual variations
may occur.

For a quantitative analysis, we report in Fig.5 the rela-
tive deviation of the AG (Adler-Golden, 1997) results relative
to ours, i.e.,{[OH(v)]AG−[OH(v)]}/[OH(v)]. Although the
results presented here essentially agree with AG forv′ = 9,
there are significant deviations for otherv values. For high vi-
brational states and altitudes, the AG results differ by nearly
10 to 20 % forv = 9 and 7, respectively, while for low vi-
brational states the difference reaches nearly 90 % forv = 1.
This is due to the fact that we allow the total OH(v) to cas-
cade) at each step, including the significant component that
is formed during the cascading process. Thus, the AG pre-
dictions underestimate our results. However, our predicted
total concentrations of OH(v) show good agreement (within
a factor of two or so) with his results. As noted above, a qual-
itative agreement is also found with the total concentration of

OH(v) predicted from theVarandas(2004b, 2005a) non-LTE
model.

In summary, significant differences are observed between
the OH(v′) profiles for specific vibrational states determined
in this work and the AG results, although the differences are
small for the total[OH(v′)]. Of course, an improved model
employing accurate estimates of the rate constants of all the
vibrational relaxation and reactive channels involved [in par-
ticular those involving collisions of OH(v′) with N2 and O2]
will be required to assess which prediction is most realis-
tic. This calls for theoretical and experimental work, as the
discrepancies between theory and experiment are particu-
larly large in the vibrational relaxation case (Caridade et al.,
2002).

Using the vertical profile for thev = 8 concentration, the
volume emission rate for the 8–3 band has been calculated,
and is plotted in Fig.6. The rotationally averaged Einstein
coefficient for the 8–3 transition is obtained from Eq. (7) as a
function of altitude via the temperature variation. Also shown
in Fig. 6 is the data reported byAdler-Golden(1997) and the
data calculated in this work using the AG proposed rate con-
stant, together with visual estimates from the data of ETON
5 (McDade et al., 1987). The maximum value in our analy-
sis occurs at nearly 90km, similar to the maximum reported
in the ETON 5 paper although our results are more intense
(270 vs.∼ 150 photons cm−3 s−1). With increasing altitude
all data sets become nearly identical, with our results lying
within the experimental error bars.

A critical assumption in this work is the steady-state hy-
pothesis, a condition frequently employed and quite often
taken for granted since its proposition in the seminal works
of Bodenstein(1913), Chapman and Hunderhill(1913) and
Chapman(1930), with Chapmann utilizing it to explain the
existence of the ozone layer in the Earth’s atmosphere. To
check the validity of the steady-state condition in modelling
Meinel bands, the set of 9 differential equations correspond-
ing to the vibrationally excited hydroxyl concentrations have
been simultaneously solved for all altitudes, taking into ac-
count the fast recombination ozone formation Reaction (R9).
Several integration methods have been tested, ranging from
the simple Euler to the traditional 4th order Runge-Kutta
(RK4) and Bulirsch-Stoer approaches. No attempt has been
made to use (optimize) a variable step method, or utilize spe-
cialized methods for stiff equations. Figure7 shows the typi-
cal varition of vibrationally excited concentrations with time,
in this case forh= 100km using the RK4 method. Tests
using the simpler Euler method result in similar variations.
In all cases, the nascent concentrations were taken as the
starting point. As expected, thev = 9 concentration quickly
achieves steady-state by balancing its formation with deple-
tion. Since a cascade model is considered, the last concen-
tration achieving a steady-state is thev = 1 level. Except for
v = 9, all curves pass through a maximum before reaching
steady state with the time of the maximum decreasing with
increasingv.
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IV ab initio-based potential energy surface. As in previous
work, the values reported here show that the reactive part
dominates over the whole range of initial vibrational quan-
tum numbers and temperatures. It is predicted that the total
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Meinel bands in the upper stratosphere. Our confidencein690

the reported results therefore stems from the accuracy of the
potential energy surface.This justifies attributing high re-
liability to the predicted state-to-state and state-specific dy-
namics and kinetics parameters of the collision processes in-
volving atomic oxygen and hydroxyl radicals in the various695

vibrational-rotational states.
To assess the role of theO+OH reaction in the hydroxyl

Meinel bands, the steady-state hypothesis has been utilized,
and a comparison with other rate constants and simplified
models presented. The more realistic mechanism is possi-700

bly the one that describes the lower vibrational states of OH
via the assumption of a collisional cascade process. In this
regard, the results from the present work differ significantly
from the ones obtained by AG as confirmed by using a re-
alistic value for the effective total O+OH quenching rate705

constant. It is also shown that the results from the limiting-
case mechanisms suggested by McDade and Llewellin seem
to encompass the total[OH(v)] obtained from the model
of Varandas (2005a,b).As afinal remark on the steady-state
hypothesis,this work has shown that it offersa reliable work-710

ing hypothesisfor the higher stratosphere and mesosphere at
least insofar as theO+OH(v) reactionis concerned.
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To assess the role of the O+OH reaction in the hydroxyl
Meinel bands, the steady-state hypothesis has been utilized,
and a comparison with other rate constants and simplified
models presented. The more realistic mechanism is possibly
the one that describes the lower vibrational states of OH via
the assumption of a collisional cascade process. In this re-
gard, the results from the present work differ significantly
from the ones obtained by AG as confirmed by using a re-
alistic value for the effective total O+OH quenching rate
constant. It is also shown that the results from the limiting-
case mechanisms suggested by McDade and Llewellin seem
to encompass the total[OH(v)] obtained from the model
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