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Abstract

The hydroxyl nightglow has been examined anew using more realistic estimates of
the rate constants for the key reactive and inelastic OH(v ′)+O quenching processes,
which have been obtained from quasiclassical trajectories run on the adiabatic ab
initio-based realistic DMBE-IV potential energy surface for the ground state of the hy-5

droperoxil radical. Significant differences in the vertical profiles of vibrationally excited
hydroxyl radicals are obtained relative to the ones predicted by Adler-Golden (1997)
when employing an OH(v ′)+O effective rate constant fixed at twice the experimental
value for v ′ = 1. Other limiting cases reported in the literature are also discussed. Ad-
ditionally, the validity of the steady-state hypothesis is analysed by comparing with the10

results obtained via numerical integration of the master equations.

1 Introduction

Numerous mysteries in terrestrial atmosphere (Crutzen, 1997), most still unsolved,
stimulated the study of reactions and chemical cycles (Slanger et al., 1988; Toumi
et al., 1996; Varandas, 2002, 2005b) focusing regions (such as stratosphere and meso-15

sphere) that are critical for the sustainability of life on Earth. One important contribution
arises from the non-local thermodynamic equilibrium or non-LTE hypothesis (also re-
ferred to in previous work and hereinafter by local thermodynamic disequilibrium or
LTD (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 stellar20

atmospheres by Milne (1930), while Spitzer Jr. (1949) first pointed out the possibility
that at the low pressures found in the upper atmosphere, the radiative field could upset
the state of LTE. The first application of a non-LTE formulation in the terrestrial atmo-
sphere was by Curtis and Goody (1956) in their study of the CO215 µm cooling rate in
the mesosphere.25
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Due to the physical chemistry properties at high atmospheric altitudes, namely low
pressures and temperatures, the lifetime of vibrationally excited molecules may be sub-
stantial. Assuming non-LTE, the chemistry changes dramatically due to the internal
energy contents of the species involved: endothermic reactions become exothermic
with rate constants substantially larger, reaching orders of magnitude (Silveira et al.,5

2004; Varandas, 2005b). Although several studies have been devoted to the role of
vibrationally excited species in reactions, particularly for the HOx cycle, atmospheric
models of the stratosphere and upper layers neglect non-LTE (see, e.g. von Clarmann
et al., 2010, and references therein). One of the reasons pointed out (McDade et al.,
1987; Adler-Golden, 1997) is the lack of accurate state-to-state deactivation and state-10

dependent chemical reactivity for key reactions involved in the atmospheric cycles.
Another reason is associated to the non-existence of accurate vertical profiles of vibra-
tional excited species.

An important manifestation of excited molecules and non-LTE in the atmosphere is
the cooling down from radiative vibrational-rotational transitions within the 2Π electronic15

state of the hydroxyl radical. The intense emission dominates the nightglow visible
spectrum and has been first reported by Meinel (1950) becoming known as Meinel
bands. Although more than 60 yr 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 is20

the outcome of the Bates 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 bands25

emission, is still a subject of controversy (McDade et al., 1987). The lower vibrational
states can be produced through radiative emission

OH(v ′)→OH(v ′′)+hν (R2)
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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 hydroxyl radical via Reaction (R3). The first model, denoted by
“sudden-death”, assumes that any relaxation process does not contribute to the pop-5

ulation of lower states, i.e. a chemical quenching process. The second, “collisional
cascade”, assumes that the lower states are obtained via one-quantum vibrational
transitions. Using these two limiting cases, several groups (McDade and LLewellyn,
1988; Melo et al., 1997) obtained effective reaction and vibrational relaxation rate con-
stants by analysing the emission volume of the 8-3 Meinel band. The data inversion10

of McDade and LLewellyn (1987) based on ground-based observations led to the de-
scription the altitude-integrated OH vibrational distribution, but may not necessarily be
consistent with altitude profiles of the individual levels (McDade et al., 1987).

The rationalization of the nightglow spectrum is strongly dependent on the kinetics
data and vertical profiles of OH(v), being particularly relevant in the case of atmo-15

spheric remote sensing (Pickett and Peterson, 1996). Major difficulties arise from the
inaccuracies in the absolute Einstein coefficients for the hydroxyl spontaneous emis-
sion and the use of different vibrational and reactive rate constants. For example, early
work (Finlayson-Pitts and Kleindienst, 1981; Greenblatt and Wiesenfeld, 1982) sug-
gests that many of the used vibrational deactivation rate coefficients may have serious20

errors, and the conclusions regarding the Meinel bands could be erroneous (McDade,
1991).

One of the references for atmospheric modelling is the work by Adler-Golden (1997),
hereinafter also abbreviated as AG. Using experimental observations, a new set of
state-to-state vibrational relaxation rate constants and Einstein coefficients has been25

proposed to be consistent with the laboratory measurements. Although reproducing
the satellite observations of the nightglow (McDade et al., 1987), a limitation of this
work (Adler-Golden, 1997) refers to the O+OH(v) reaction. Since the relaxation rate
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constant for v > 1 was unknown, a vibrationally independent effective quenching has
been fixed at twice the value of the experimental total removal rate (Spencer and Glass,
1977). Such a value has been confirmed (Pickett et al., 2006) by means of upper
atmospheric measurements, but its use has been criticized (von Clarmann et al., 2010)
since it leads to a smaller population of hydroxyl radical than the observed one. For5

this, it has been stated (von Clarmann et al., 2010) that it may provide an upper limit
for the reaction.

To assess the role of the O+OH(v) reaction in the OH nightglow modelling, accurate
and reliable state-to-state vibrational relaxation and state-specific O2 formation rate
constants are required. Using quasi-classical trajectories, a detailed dynamical study10

under non-LTE conditions has been reported by Varandas (2004a, 2007). This work
will be revisited and implications of the O+OH(v) reaction in atmospheric modelling
analysed. For this, the reported (Varandas, 2004a, 2007) state-specific rate constant
for the O2 formation will be employed. Using the results obtained from the batches
of trajectories that have been run (Varandas, 2004a, 2007), state-to-state vibrational15

relaxation rate constants for the O+OH(v) reaction have been extracted for temper-
atures ranging from 160K to 300K, which will be presented in Sect. 2. Analysis of
the vibrationally excited hydroxyl radical vertical profiles is then carried out using the
steady-state hypothesis for the kinetics mechanism reported in Sect. 3. To assess the
validity of the steady-state condition, the numerical integration of the differential equa-20

tions has also been performed. Section 4 gathers the major results and discussion.

2 The O+OH(v ) reaction

The O+OH reaction has been widely studied experimentally as it is the masterpiece
in many interdisciplinary areas (Miller et al., 1990; Smith et al., 2004; Varandas, 2007).
Despite its relevance, most theoretical studies have focused on the reactive compo-25

nent by assuming a Boltzmann distribution for the internal degrees of freedom. To
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overcome this gap, a detailed study has been performed (Varandas, 2004a, 2007) for
both reactive

O+OH(v ′)→O2+H (R4)

and vibrational quenching

O+OH(v ′)→O+OH(v ′′) (R5)5

by using quasiclassical trajectory (QCT) methods (Hase et al., 1996) at temperatures
between 110 and 450K. The details of such state-specific O+OH vibrational calcula-
tions, which have been here re-analyzed, can be found in Varandas (2004a). Thus, we
will only focus the relevant aspects concerning the present work.

The calculations employed the QCT method and the widely used double many-body10

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 extensively employed in
studies of the O+OH reaction and its reverse, using both quantum (Lin et al., 2006)
and classical (Varandas, 2005b) methods. Indeed, special care has been taken to
achieve a realistic description of the atom-diatom long-range forces, with the inclusion15

of dispersion and electrostatic energy components. Although new surfaces have been
reported (Xie et al., 2007) from high-level ab initio methods, they may not describe so
well the long-ranges forces 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 reference PESs in the literature (Lin et al., 2006) for HO2(2A′′).20

The calculations by method I reported elsewhere (Varandas, 2004a) use for each
temperature a steady-state distribution that mimics the vibrational states of OH in the
upper atmosphere (Varandas, 2003), while, for rotation, effective nascent rotational
micro-populations for the six OH Meinel bands (4-0, 5-1, 6-1, 7-2, 8-3, 9-4) have been
utilized (private communication by P. C. Cosby in Varandas, 2004a). The final vibra-25

tional state analysis of the OH and O2 has then been carried out semi-classically (Hase
et al., 1996). To check for fluctuations in the rate constant due to statistical errors
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reported in the original work (Varandas, 2004a), additional trajectories have been in-
tegrated but the numerical values remain within the significant figures of the 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)5

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 of Nv ′ trajecto-
ries, and ge(T )= 2{[5+3exp(−228/T )+exp(−326/T )][2+2exp(−205/T )]}−1 the elec-
tronic degeneracy factor taking into account the fine structure of O(3P) and OH(2Π).
A similar expression can be derived for the reactive part, Reaction (R4), substituting10

Nv ′→v ′′ /Nv ′ by the reactive probability. Table 1 gathers the state-to-state vibrational-
relaxation and state-specific rate constants for H+O2 formation. Note that both the
inelastic

Oa+ObH(v ′)→Oa+ObH(v ′′) (R6)

and atom-exchange reactive channels15

Oa+ObH(v ′)→Ob+OaH(v ′′) (R7)

count as vibrational relaxation processes when v ′ 6= v ′′. For comparison, total removal
rate constants reported in Varandas (2004a, 2007) are also shown in Table 1.

A well known problem in QCT, is that the method cannot account for quantum me-
chanical effects. For example, since we are dealing with a light atom, tunnelling can be20

an important issue. However, the calculated rate constants are mostly found in good
agreement with the best reported data, and such evidence 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, with the reader being referred
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to Varandas (2007) for earlier work on this topic. Due to the high exoergicity, ZPE
leakage should be negligible for the title reaction.

A salient feature of the data reported in Table 1 is the importance of multi-quanta
transitions for the vibrational relaxation over the whole range of temperatures. In par-
ticular, for high vibrational quantum numbers the rate constant is, within the statistical5

error, almost constant irrespectively of the vibrational state. For low vibrational quantum
states, v ′ = 1 for example, the tendency is to diminish 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 display a rough T -independent

pattern, with ηv ′ increasing sharply with the initial quantum number for v ′ ≥6.10

In all cases, the dominant contribution for large v ′ is the reactive contribution. This
can be rationalized from the highly stretched OH molecule in these cases, which
favours bond-breaking. Moreover, the reactive rate constant has been rationalized
at low temperatures by a capture model due to the prevailing long-range forces (Clary
and Werner, 1984; Varandas, 1987). One then expects the rate constant to decrease15

with temperature. Also relevant is the enhancement of the rate constant for H+O2
formation with increasing v ′.

Khachatrian and Dagdigian (2005) reported a total removal rate constant for OH(v =
1) at room-temperature of 3.9±0.6×10−11cm3s−1, with the recommended values of
IUPAC (Atkinson et al., 2004) and NASA (Sander et al., 2006) being 3.5±0.1 and20

3.3±0.7×10−11cm3s−1, respectively. The QCT result (Varandas, 2004a) 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. The value utilized by Adler-Golden
(1997) comes from the experimental work of Spencer and Glass (1977) [(4.5±1.3)×
10−11cm3s−1 for vibrational relaxation, and (10.5±5.3)×10−11cm3s−1 for reaction],25

having employed for the total relaxation constant a value of 20×10−11cm3s−1. Clearly,
his value overestimates by far both the experimental/recommended and this work the-
oretical data. Marshall et al. (2002) studied the relaxation of OH(v ′) by laser-induced
fluorescence, having reported a preliminary value of k =4.6×10−11cm3s−1 for v ′ =2 at
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room-temperature. The QCT result is k(T = 255K)= (5.1±0.1)×10−11cm3s−1 (Varan-
das, 2004a) and (4.8±0.1)×10−11cm3s−1 for T = 300 K, again in good agreement
with experiment.

3 Kinetics mechanism and input data

For altitudes between 80 and 100 km, it is commonly accepted that vibrationally excited5

OH radicals are produced essentially via the Bates and Nicolet (1950) mechanism:

H+O3→OH(v ′)+O2 (R8)

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

O+O2+M→O3+M (R9)10

where M = 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 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 Reaction (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 potential candidate,
previous work (Kaye, 1988) has shown that it may not play a crucial role in studies of
the high atmosphere. Although this assumption is possibly valid for HO2 in the ground15
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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 (Sil-
veira et al., 2004; Varandas, 2005b). In addition, the reaction of OH+O3 has been
shown to yield HO2 vibrationally excited above the classical asymptote for dissocia-
tion, thus being another potential source of OH(v ′) (Varandas and Zhang, 2001; Zhang5

and Varandas, 2001). Furthermore, from the so-called HOy+3 mechanisms (Varandas,
2002), one may have to pay attention to the reaction OH(v ′)+O2(v ′′) as a potential sink
of vibrationally excited OH. For the sake of discussion and comparison (Adler-Golden,
1997), such extra complications will be here left aside.

From Reaction (R8) to (R9) and using the steady-state assumption for O3, one gets:10

k(R8)[H][O3]=
∑
M

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

while for the [OH(v ′)] the result is:

[OH(v ′)]CHV =
{
ωOH(v ′)

∑
M

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

kv ′+1≤9→v ′

(R11) [N2][OH(v ′+1≤9)]+

9∑
v ∗=v ′+1

[
kv ∗→v ′

(R10) [O2]+kv ∗→v ′

(R12) [O]+Av ′←v ∗
]
×15

[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)

where Av ′←v ′′ are the Einstein coefficients for spontaneous emission of Reaction (R14),
and ωOH(v ′) the nascent distribution of OH(v ′) states. The vertical profiles can be
evaluated recursively starting from v ′ = 9. Thus, the contributions that originate from20
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relaxation of higher v ′ states have been considered as a source of OH(v ′ ≤ 8) but dis-
carding any excitation from lower v ′ states. This can be justified by lacking, to the best
of our knowledge, of reliable estimates for such state-to-state vibrational-excitation rate
constants, which are anyway expected to be very small at the temperatures of inter-
est (Varandas, 2004a). Of course, collisional processes involving vibrationally excited5

O2 and other species (Caridade et al., 2002; Varandas, 2005b) are left aside in this
judgement.

Using the steady-state hypothesis for the same set of reactions, but the Adler-Golden
assumption for Reactions (R12) and (R13) (i.e. cascading via Reaction (R12) is ab-
sent), the result is:10

[OH(v ′)]AG =
{
ωOH(v ′)

∑
M

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

kv ′+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)15

with kv ′

(R12)+(R13) = 2×10−10cm−3s−1 as a v ′-independent effective quenching rate con-
stant.

In turn, the “sudden-death” vertical profiles of McDade and LLewellyn (1987) assume
the form

[OH(v ′)]sd =
{
ωOH(v ′)

∑
M

kM
(R9)[O][O2][M]+20
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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, while their “collisional cascade” mechanism leads to:

[OH(v ′)]cc =
{
ωOH(v ′)

∑
M

kM
(R9)[O][O2][M]+ (kv ′+1→v ′

(R11) [N2]+5

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)

In this case, besides the population arising from Reaction (R14), other sources of10

OH(v ′) are the one-quantum relaxation Reactions (R10), (R11) and (R12).
The temperature and concentration profiles here employed have been taken from

NRLMSISE 2000 which gathers revised O2 and O densities in the lower thermosphere
(Hedin, 1987). To compare with experimental measurements we have used the condi-
tions present in the multiple rocket investigation of the nightglow, also know as ETON,15

version 5 (McDade et al., 1987). The parameters considered in the profile database
were: 23 March 1982, 57.36◦N, 352.62◦ E and 23:28:23 UTC, the conditions of ETON5.
The uncertainties in temperature and molecular concentrations are of about 10 K and
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10 %, respectively. In turn, the nascent distribution of OH(v ′) states for Reaction (R8)
are taken from a renormalization (Adler-Golden, 1997) of the data of Charters et al.
(1971); see Fig. 2. Such values have been extrapolated to lower v ′ states using in-
formation theory (Steinfeld et al., 1987), and renormalized to the Einstein coefficients
of Nelson et al. (1990). Additionally, the three-body recombination rate constants have5

been taken from Atkinson 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 alti-
tudes between 80 and 100 km, respectively. As for the OH(v ′)+O2 and OH(v ′)+N2
reactions, we have used unaltered the semi-empirical data (Adler-Golden, 1997). Al-
though classical trajectories have been run in our group (Garrido et al., 2002; Caridade10

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 vibrational relaxation of OH(v ′) in col-
lisions 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.15

Key elements for the description of the OH profiles are the Einstein transition prob-
abilities for radiative transitions. The most used in atmospheric modelling come from
the work of Nelson et al. (1990), from laboratory measurements of ∆v = 1 and ∆v = 2.
They have been reported (Adler-Golden, 1997) as the most accurate at the time, al-
though for higher overtones the data show strong deviations. Other data sets have20

been reported in the literature (Turnbull and Lowe, 1989; Langhoff et al., 1986; Mur-
phy, 1971), but all with limitations. Based on the fact that the method used by Turnbull
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 intensity calibration which leads to a systematic error in25

function of the band-center frequency.
Rather than using the above data sets, we have adopted the newly calculated Ein-

stein transition probabilities of van der Loo and Groenenboom (2007, 2008) based on
accurate ab initio data. Using Hund’s case (a) for the OH radical (Huber and Herzberg,
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1979), each vibrational state wave function |JMJ
2Π|Ω|p〉, is characterized by J, the total

angular momentum, MJ , the projection of the vector J on the laboratory-frame Z-axis,
|Ω|= 1/2,3/2, the total electronic angular momentum projection on the molecular axis
and p=±1 the spectroscopic parity operator. Since for low rotational states, Ω is a
good quantum number, the wave function is usually labeled by F1 when Ω= 3/2 and5

F2 for Ω= 1/2. In their work (van der Loo and Groenenboom, 2007, 2008) they re-
ported 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 to v = 10. The specific
rotational band intensities for the P (J ′), Q(J ′) and R(J ′) bands, J ′′ = J ′+1, J ′′ = J ′,
and J ′′ = J ′−1, respectively, have been calculated up to J =121/2. The computed life-10

times reported using such data lie between the best known experimental values, with
the error in the calculated frequencies being of ∼0.05%.

If we assume a Boltzmann distribution of the rotational states at Trot, the thermally av-
erage radiative transition probability for the vibrational band v ′′← v ′ is defined as (Mies,
1974)15

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 assuming the form:

Qv ′(Trot)=
all∑

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

/kBTrot) (8)20

and “all” implying a summation over all available states. Following Wallace (1962), the
equivalence of the gas temperature and rotational temperature has been assumed.
Although being in general much weaker than the intramultiplets (p′′ = p′) bands, the
satellite bands, intermultiplet transitions with p′′ 6=p′ have also been included.
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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 vibrational excited hydroxyl radical for two altitudes,
h= 90 and 100 km. For 90 km the vibrational distribution shows an exponential de-
cay with 40 % of the population at the v = 1 state, being this trend consistent with all5

models considered in this work. However, the use of the AG effective rate constant
for Reactions (R12) and (R13) predicts nearly 50 % less for v = 1, becoming the major
contribution after v = 3. This clearly shows that the O+OH(v) reaction plays an impor-
tant role for the description of the vertical vibrational excited hydroxyl radical, specially
for lower v states. To reinforce such a statement, the AG assumption has also been10

revisited, hereafter denoted as AGr, using an effective rate constant with the data here
reported, 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 larger15

value of the v = 1 population when considering the collisional-cascade mechanism, a
fact arising from the larger one-quantum rate constants for lower states (see Table 1).

For 100 km the distribution is more flat, with the population of lower vibrational states
reduced to nearly 25% for v = 1. In this case, the AG predictions show an almost neg-
ligible population of v =1, while for v =9 it is almost of the same order of magnitude of20

the single-collision results. For comparison, the nascent (Ohoyama et al., 1985) and
steady-state distributions reported from single collision trajectory 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 previous observa-
tion (Varandas, 2003)), it is significantly different from both of them. The differences25

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 deactivation, thus providing a kind of
limit to the global kinetics model.
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The OH(v ′) vertical profiles for specific vibrational states are shown in Fig. 3 as a
function of altitude. The dominant contribution arises from v = 1 with the maximum
value arising at ∼ 87km, while for other vibrational states, the maximum is shifted up-
wards. This can be attributed to the increase of the atomic oxygen concentration and
a decrease of the O2 one, thus reducing the contribution of vibrational relaxation. For5

a direct comparison with previous results, we have also plotted the total vibrational ex-
cited hydroxyl concentration. A fair agreement is observed between the total vertical
profile from the current work and the one reported 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 a clue for explaining the so-called ‘ozone10

deficit problem’ and ‘HOx dilemma’ in the middle atmosphere under LTD.
Figure 4 gathers the vertical profiles that result from the various models and rate

constants reported in the present work. Comparing panel (a) with panel (b), it is clearly
visible the role of the O+OH reaction, as already noted. Around 92 km, AG predicts a
population inversion, with v =1 being the less populated state, while AGr shows a simi-15

lar trend with those of Fig. 3. For the “sudden-death” and “collisional-cascade” models,
the relative positioning of the vertical profiles is according to the vibrational levels of the
hydroxyl radical, although in the “sd” the vibrationally excited populations are substan-
tially smaller for altitudes higher than 90 km, which is due to the chemical quenching
nature of the model. Although not shown (cf. Fig. 3), the behaviour of the total con-20

centration 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 providing
an upper limit to the real case. Note, however, that the physical-chemical contents of
the model just referred differ somewhat from the ones here utilized since it has been
based on satellite data at the equatorial region where strong semiannual variations25

may occur.
For a quantitative analysis, we report in Fig. 5 the relative deviation of the AG (Adler-

Golden, 1997) results relative to ours, i.e. {[OH(v)]AG− [OH(v)]CHV}/[OH(v)]CHV. Al-
though our results essentially agree with AG for v ′ = 9, there are significant deviations
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for other v values. For high vibrational states and altitudes, the AG results are nearly
10 to 20 % for v = 9 and 7, respectively, while for low vibrational states it may reach up
to nearly 90 % for v = 1. This is due to the fact that we allow for cascading of the total
OH(v) at each step, including the significant part that is formed during the cascading
process. Thus, the AG predictions underestimate our results. However, our predicted5

total concentrations of OH(v) show good agreement (within a factor of two or so) with
his results. As noted above, a qualitative agreement is also found with the total concen-
tration of OH(v) predicted from the Varandas (2004b, 2005a) LTD model. In summary,
significant differences are observed between the OH(v ′) profiles for specific vibrational
states from this work and the AG results, although the differences are meager for the10

total [OH(v ′)]. Of course, an improved model employing accurate estimates of the rate
constants of all involved vibrational relaxation and reactive channels [in particular those
involving collisions of OH(v ′) with N2 and O2] will be required to assess which predic-
tion is most realistic. This calls for further theoretical and experimental work, as the
discrepancies between theory and experiment are particularly large in the vibrational15

relaxation case (Caridade et al., 2002).
Using the vertical profile for v = 8 concentration the volume emission for the 8-3

band has been calculated, with the results being reported in Fig. 6. The rotational
average Einstein coefficient for the 8-3 transition is obtained from Eq. (7) as a func-
tion of altitude via the temperature variation. Also shown in Fig. 6 is the reported data20

of (Adler-Golden, 1997) and the data calculated in this work using the AG proposed
rate constant, together with the eye-extracted data of ETON5 (McDade et al., 1987).
The maximum value is achieved at nearly 90 km, a similar trend from the ETON5 al-
though being more intense (270 vs. ∼150 photons cm−3 s−1). With increasing altitude
all data sets become nearly identical, with the results here reported lying within the25

experimental error bars.
A critical assumption in this work is the steady-state hypothesis, a condition fre-

quently employed and quite often taken as granted since its proposition in the seminal
work of Bodenstein (1913), Chapman and Hunderhill (1913) and Chapman (1930),

6501

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/6485/2012/acpd-12-6485-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/6485/2012/acpd-12-6485-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 6485–6517, 2012

Implications of the
O+OH reaction in
hydroxyl nightglow

modeling

P. J. S. B. Caridade et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

with the the latter utlizing it for the rationalization of the ozone layer in the Earth’s atmo-
sphere. To check the steady-state condition in the Meinel bands modelling, the set of 9
differential equations corresponding to the vibrational excited hydroxyl concentrations
have been simultaneously solved for all altitudes, considering the fast recombination
ozone formation Reaction (R9). Several integration methods have been tested, rang-5

ing from the simple Euler to the traditional 4th order Runge-Kutta (RK4) and Bulirsch-
Stoer ones. No attempt has been made to use (optimize) a variable step method, or
utilize specialized methods for stiff equations. Figure 7 shows a typical vibrationally
excited concentration variation with time, in this case for h=100 km. The illustrated re-
sults have been obtained with the RK4 method, although tests using the simpler Euler10

method have shown a similar accuracy. In all cases, the steady-state concentrations
were taken as the starting point. As expected, the v =9 concentration quickly achieves
steady-state by balancing its formation with depletion. Since a cascade model is con-
sidered, the last concentration arriving to the steady-state is the one for v = 1. Except
for v = 9, all time variations show a maximum displaced on time with decreasing value15

of v before reaching the steady-state.

5 Conclusions

Accurate state-to-state vibrational relaxation rate constants for the O+OH(v ′) have
been presented based on early theoretical work (Varandas, 2004a) which employed
the quasiclassical trajectory method and the DMBE IV ab initio-based potential en-20

ergy surface. As in previous work, the values here reported show that the reactive
part dominates over the whole range of initial vibrational quantum numbers and tem-
peratures. It is predicted that the total rate constant at room-temperature is signifi-
cantly smaller than the one used previously for modelling the hydroxyl Meinel bands
in the upper stratosphere. Our confidence on the reported results therefore stems25

from the accuracy of the potential energy surface which warrants high reliability to
the predicted state-to-state and state-specific dynamics and kinetics parameters of
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the colision processes involving atomic oxygen and hydroxyl radicals in the various
vibrational-rotational states.

To assess the role of the title 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 that5

describes the lower vibrational states of OH via assumption of a collisional cascade
process. In this regard, the results from the present work differ significantly from the
ones obtained by Adler-Golden as confirmed by using a realistic 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 total10

[OH(v)] obtained from the model of Varandas (2005a,b). A final remark on the steady-
state hypothesis: it has been shown to offer a reliable working ground for the higher
stratosphere and mesosphere at least insofar as the title issue is concerned.
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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) /cm−3s−1 kv ′

(R4)/cm−3s−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
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Table 1. Continued.

kv ′→v ′′

(R5) /cm−3s−1 kv ′

(R4)/cm−3s−1 ηv (T )

v ′ v ′′ =0 1 2 3 4 5 6 7 8 all

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 vibra-
tional state of the hydroxyl molecule and temperature.
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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) results 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 collisional cascade. Also included is other theoretical data of Varandas
(2003) and the “experimental”-renormalized nascent distribution in Reaction (R8) of Charters
et al. (1971).
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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.
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Fig. 4. Vertical profiles of vibrationally excited hydroxyl radical: (a) using the Adler-Golden
(1997) O+OH(v) total rate constant; (b) Adler-Golden scheme revisited using the total rate
constant from the current work; (c) McDade and LLewellyn (1987) “sudden-death” and (d)
collisional cascade mechanisms.
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Fig. 5. Vertical profiles of differences between the results obtained with the empirical O+OH(v ′)
rate constant of Adler-Golden (1997) and the ones from the present work based on QCT cal-
culations (Varandas, 2004a).
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Fig. 6. Vertical profiles of the volume emission rate for the 8-3 band obtained using the empirical
O+OH(v ′) rate constant from Adler-Golden (1997) and those from the present work based on
the QCT calculations from Varandas (2004a). Also shown are the original reported data of
Adler-Golden (1997) and the ETON5 experimental measurements (McDade et al., 1987).
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Fig. 7. Variation with time of the concentration of the various OH(v) species as integrated
numerically using the QCT results from Varandas (2004a).
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