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A new mechanism is proposed for the atmospheric production of OH radicals. The mechanism involves a
sequential two-photon absorption by atmospheric H2O molecules. The first photon excites H2O to a high
vibrational state (H2O* ), and the second promotes H2O* to a dissociative electronic state. Theoretical
calculations are combined with the results of experimental measurement to assess the importance of this
mechanism as a source of atmospheric OH. The collisional quenching rate of H2O* is found to be a crucial
factor in the relative contribution of the proposed mechanism to OH production at different altitudes. We
believe that it is likely that the quenching rate is too rapid for the two-photon mechanism to contribute
significantly in the atmosphere, although the energy transfer rates for highly excited H2O* have yet to be
measured in the laboratory.

I. Introduction

The chemistry of the hydroxyl radical, OH, provides the most
important means by which oxidation processes are initiated in
the chemistry of the Earth’s atmosphere.1-4 At high altitudes,
particularly above 45 km, OH participates in catalytic O3 loss.
Water in the atmosphere plays an important chemical role in
the formation of OH. The main source of odd hydrogen
(HOx ) OH + HO2 + H) in the stratosphere is, according to
conventional models, the reaction of excited oxygen atoms with
water vapor. O(1D) is produced with a high quantum yield by
the photodissociation of ozone at wavelengths less than 310
nm and by a low-efficiency process at higher wavelengths.5

However, the contribution to OH production from direct
photolysis of H2O is limited by the spectrum of light available
in the atmosphere and is not believed to be important except in
the upper mesosphere and the thermosphere.6 The first excited
electronic state of H2O is a purely repulsive (i.e., dissociative)
state of1A1 symmetry that we shall refer to subsequently as the
1A1 state. Absorption to this state occurs at wavelengths shorter
than 190 nm and leads to direct dissociation to the products H
and OH.7 Since appreciable solar intensity at these wavelengths
is only available at very high altitudes (greater than 60 km),
one photon dissociation of water does not contribute significantly
to either stratospheric or tropospheric OH formation.

According to most atmospheric models, the main pathway
for the formation of HOx (which denotes any of the species
OH, HO2, and H) in the atmosphere is through the sequence of
reactions8,9

The atmospheric production rate of OH via these reactions is
limited in several ways. First, the concentration of O3 in the
troposphere is low, about 25 ppb. Second, the presence of O3

higher in the stratosphere limits the intensity of solar radiation
for the photolysis reaction, eq 1, by filtering out short-
wavelength radiation. Finally, atmospheric N2 and O2 efficiently
quench O(1D) to the relatively unreactive species O(3P).

The filtering effect of O3 implies that the light intensity
available at altitudes in and below the O3 layer has sharp cutoffs
near the edges of the O3 absorption at 230 and 280 nm. As
shown in Figure 1,7 the dropoff in solar intensity is quite
dramatic at altitudes below 50 km. When the sun is low in the
sky at high zenith angle, the path through the atmosphere is
much longer, and short wavelengths are even more strongly
attenuated. Consequently, photochemical processes at lower
altitudes are primarily driven by the remaining light with near-
UV and visible wavelengths.

Other photolytic sources of OH radicals of some significance
recently proposed10 are the photolysis of weakly bound species
such as HONO and HOBr and the solar pumping of vibrational
overtones of HNO3, HNO4, H2O2,11 and molecular complexes
such as O3(H2O).12 These processes have been shown to occur
at wavelengths longer than those of the usual process given by
eqs 1-4 and have been examined as a source of observed OH
at high solar zenith angles. The primary loss pathways for OH
are reactions with CH4 and CO, which are present in higher
concentrations than other species that react with OH.

A central motivation of the present work is an apparent
inadequacy of the ozone photolysis mechanism, eqs 1-4, to
account for the observed abundance of OH radicals in the
atmosphere. Observations of OH and HO2 in the upper
stratosphere13 that have employed different techniques lead to
conflicting conclusions about the concentration of these species,
in particular OH. In the lower stratosphere, OH and HO2 levels
have been measured directly from high-altitude aircrafts,14,15

yielding higher concentrations of OH than those predicted from
atmospheric models.10,15In the lower free troposphere, measure-
ments performed above clouds yielded large [OH]’s compared
with values obtained in cloud free regions.16 Model calculations
underestimate [OH] above clouds and overestimate [OH] in the
interior of clouds.16,17The 1993 tropospheric OH photochemical
experiment in the Rocky Mountains of Colorado provided a

O3 + hν(λ < 310 nm)f O2 + O(1D) (1)

O(1D) + M f O(3P) + M (2)

O(1D) + H2O f 2OH (3)

O(1D) + CH4 f OH + CH3 (4)
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remarkably complete data set for the study of OH and related
compounds18 as well as for other aspects of tropospheric
photochemistry. A modeling study of measurements at Canary
Island has also examined OH concentrations.19 The SPADE
campaign in 1993 made the first simultaneous measurements
of OH and HO2 with NOx and ClOx in the lower stratosphere.15

The key point is that atmospheric models, which rely on the
ozone photolysis mechanism, predict significantly lower OH
concentrations than are observed. (The altitude dependence of
OH concentration predicted by the model and several other
important quantities are displayed in Figure 2.) Therefore, we
are led to consider other mechanisms for the generation of
atmospheric OH. Of interest here are the possible contributions
of nonlinear photochemical effects involving solar radiation. The
nonlinear process to be considered is the sequential two-photon
dissociation of H2O in the atmosphere as a result of solar
pumping.

II. Proposed Mechanism

The mechanism we propose involves solar radiation in a
sequential two-photon process, which results in the photodis-
sociation of water to produce OH radicals. The first photon
creates a vibrationally excited intermediate state, while the
second photon takes the system to a repulsive (i.e., dissociative)
excited state. This process is illustrated in Figure 3. The first
absorption is assumed to occur from the lowest vibrational state
of the ground electronic state of H2O, which we labelX̃, to a
vibrational overtone of theX̃ state. The second photon induces
a transition to the first excited electronic state1A1, which directly
dissociates to form OH and H. This mechanism is summarized
by the following three-step process:

Figure 1. Intensity spectrum of solar radiation on a logarithmic scale at various altitudes in the atmosphere. At altitudes below about 50 km, the
spectrum shows a sharp cutoff near 300 nm. Also plotted, but on a linear scale, is the edge of the absorption spectrum to the directly dissociative
1A1 state.

Figure 2. Altitude dependence of the important model parameters. In
the first panel, the average atmospheric temperature in K is plotted vs
altitude above sea level. In the second panel, the total number density
of molecules is shown. In the third panel, the concentration of H2O
molecules is plotted. In the last panel, the concentration of OH radicals
predicted by the standard model, eqs 1-4, is plotted.

Figure 3. Two-photon photolysis mechanism. The first photon pumps
ground-state water to a vibrationally excited state with a rate constant
given byj1. The second photon promotes H2O* to the dissociative1A1

state at ratej2. The collisional quenching of H2O* is governed by the
rate constantkq.

H2O(X̃,v ) 0) + hν 98
j1

H2O(X̃,v > 0) (5)

H2O(X̃,v > 0) + M 98
kq

H2O(X̃,v ) 0) + M (6)

H2O(X,v > 0) + hν 98
j2

H2O(Ã) f H + OH (7)
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The vibrational states of water are labeled by three quantum
numbers. At low excitation, these quantum numbers denote the
normal modes, symmetric stretch, asymmetric stretch, and bend,
ν ) (νss,νb,νas). At higher excitation, a local mode description
is more appropriate, i.e.,(νOH1,νOH2,νb). For convenience, we
shall refer to any vibrationally excited water molecule on the
ground surface as H2O* . For a completely harmonic potential,
the dipole selection rule∆ν ) 1 must hold for vibrational
transitions. However, when anharmonicity is included, direct
overtone excitation is possible. Indeed, through its excitation
to vibrational overtones in the near-IR and visible portions of
the spectrum, water is found to be the most significant
greenhouse gas in the Earth’s atmosphere.20 For absorption by
H2O, the overtone intensity is found to drop roughly by about
a factor of 8.8 for each vibrational overtone compared with the
preceding one.21 Excitation can occur to combination states as
well as to pure overtone states. We shall not require an explicit
representation of the rotational quantum states.

In competition with the vibrational pumping process is the
collisional quenching of H2O* back to the ground vibrational
state. This process is crucial in determining the available
population of H2O* for the second photon absorption. The
collider,M, will be atmospheric gases O2 and N2 and, to a much
smaller degree, other water molecules. Quenching of H2O* by
H2O is expected to be very efficient22 but only quantitatively
relevant at ground level. The water vapor concentration
decreases rapidly with increasing altitude (see Figure 2);
consequently, the dominant quenching process in the atmosphere
is through the most abundant colliders, O2 and N2. In principle,
the entire manifold of state-to-state transitions,v f v′, must be
modeled to represent the quenching kinetics. However, as we
shall show in the next section, a simpler scheme can be
employed.

The final step in the proposed mechanism is absorption of a
solar photon by H2O* to the1A1 surface, which leads to direct
dissociation and OH production. In the context of this two-
photon mechanism, since the water molecule is already highly
excited, a second photon of sufficient energy for dissociation
will be abundantly available in the solar spectrum. Thus, the
nonlinear process proposed effectively circumvents the solar
cutoff and makes H2O photodissociation a viable mechanism
for atmospheric OH production.

III. Kinetic Analysis

To judge whether the proposed mechanism is significant for
OH production in the atmosphere, we need to model the kinetics
of the process in eqs 5-7. Unfortunately, a model which lumps
all the excited vibrational states of water into a single species,
H2O* , such as a Lindemann type model, is inadequate for the
present problem. Since the rate of overtone pumping process
(photon one) and the photodissociation rate (photon two) are
highly dependent on the vibrational energy, and since the
vibrational relaxation process is known to be a ladder-climbing-
type process, the vibrational manifold must be retained. Thus,
at first sight, the kinetic model required appears to be quite large
since the populations of all the vibrationally excited states,
H2O(X̃,v), are needed. However a physically reasonable ap-
proximation, sufficient for our estimates, is to label the excited
states by a single variable, the internal energy,E

which includes both vibrational and rotational excitation. The
use of a single internal variable is justified if the internal energy

is collisionally randomized very quickly. Since we shall see that
many collisions generally occur before the photolysis of an
excited molecule, this assumption appears reasonable. The
concentrations of excited H2O can then be represented by the
function [H2O(E)]. In terms of this quantity, the kinetics
equations describing the photolysis process can be written as

The concentration [H2O(0)], which is in large excess, is held
fixed at its observed atmospheric value, which is shown in
Figure 2. The quantitieskq(E′ f E) are the collisional energy
transfer rate constants for the transitionE′ f E. The rate
constantsj1(E) andj2(E) are the up-pumping rates constants for
photon 1 and photon 2, respectively. These expressions include
the solar intensities. In practice, we shall solve the kinetics eqs
9 and 10 using finite sized energy bins. The bins are chosen
using the energies of the pure overtones states, i.e

We find that only eight bins are required to converge the
simulations.

To model the kinetics, we require explicit forms for the rate
constants. First, we considerj1(E), which is the rate constant
for the absorption of a solar photon of energyE by ground-
state water. Thej1(E) rate constant can be obtained by
convoluting experimental absorption cross sections23 with the
solar intensity. Thus

where σvib(0 f νj) is the absorption cross section for the
transition from the ground vibrational state toνj andI(E) is the
number of solar photons per unit area, time, and energy. The
sum is carried out over all states within each energy bin. The
cross sections were calculated by averaging the appropriate lines
from the Hitran ‘96 database23 over 5 nm intervals. The solar
intensities (actinic flux) were obtained at each altitude according
to the method proposed in the WMO Report 16,24 i.e.

Here, Iλ
∞ is the limiting light intensity very high in the

atmosphere, andTλ
O2 is the transmission of the O2 column. The

ozone column,NO3, and the total column,Ntotal, are used directly
with the ozone absorption cross section,σλ

O3 and the Rayleigh
scattering cross section,σλ

RS. These intensities were calculated
for a range of altitudes and are shown in Figure 1. The final
rate constants,j1(E), are plotted versus altitude in Figure 4.

The collisional energy transfer rate constants,kq(E′ f E),
for highly excited water have not been experimentally measured.
However, energy relaxation problems have often been success-
fully modeled using the approximate analytical rate constant in
lieu of the exact kinetic rates. Following Troe,25 therefore, we
adopt a simple parametrized approximate form that has often
been used previously. We assume that the rate constant can be

d[H2O(E)]

dt
) j1(E)[H2O(0)] -

[M]∫(kq(E f E′)[H2O(E)] - kq(E′ f E)[H2O(E′)]) dE′ -

j2(E)[H2O(E)] (9)

d[HOx]

dt
) 2∫j2(E)[H2O(E)] dE (10)

∆E ) E(νss,0,0)- E(νss- 1,0,0) (11)

j1(E)∆E ) ∑
j

σvib(0 f νj)I(Ej)∆E (12)

Iλ ) Iλ
∞ Tλ

O2 exp(-NO3
σλ

O3 - Ntotalσλ
RS) (13)

E ) E(v,J) - E(0) (8)
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composed from the total collision rate constant,Z, and an
exponential transition probability,P(E f E′), i.e.

where

The reduced mass,µ, in eq 15 is between that of H2O and that
of the quenching molecule, which we assume to be N2. The
normalization factorN(E) is chosen so that the sum of
probabilities to all allowed final states is unity at every energy.
The energy bins used in conjunction with eq 16, centered on
the asymmetric stretch overtone energies of H2O*, are suf-
ficiently widely spaced to ensure that transitions to neighboring
energy bins dominate the rates. The requirement of detailed
balance relates the values ofR andâ at a given temperatureT

The limiting energy transfer per collision works out to be the
monotonic function ofR

The total collision cross section,σ, is arbitrarily set26 to the
constant value, 10-15 cm2. Thus, the relaxation kinetics is
governed by the one parameter,R, which controls the energy
transfer efficiency of the collisions.

The rate constant for photodissociation,j2(E), is the convolu-
tion of the absorption cross section for theX̃ f 1A1 transition
with the solar intensity. As withj1(E), we computej2(E)
summing over the transitions within each energy bin. Unlike
that previous case, however, we must also integrate for all
photon energies above the state specific dissociation threshold,
i.e.

Here, σdis(νj f continuum,ε) is the photodissociation cross
section for the initial stateνj on theX surface at photon energy
ε. The solar cutoff will dampen the high-energy parts of the
integrand, and thus, the dominant contribution will tend to come
from the near-threshold photon energies. The cross sections have
not been experimentally measured for vibrationally excited
states, so they were computed theoretically. Schinke and co-
workers27 have previously computed absorption spectra for a
number of excited states for comparison with the experimental
results of Crim and co-workers.28 Here, we shall carry out
similar calculations extended to a broader range of excited states
necessary for this process to operate in the atmosphere.

The absorption cross section from an initial eigenstate on the
ground surface is given by the standard expression

In eq 20,Φ represents the ro-vibrational wave function of the
initial state on theX̃ surface,Ψ is the final (continuum) nuclear
wave function on the upper1A1 surface, andµX,A is the transition
dipole operator. For a direct dissociation process, it is more
efficient to use a time-dependent treatment for the cross section.
Hence, we shall compute the cross section from29

whereφn(t) is the solution to the time-dependent Schro¨dinger
equation on the1A1 surface with the boundary condition

To simplify the computations, we used a reduced dimension-
ality model to estimate the quantum mechanical quantities.
Specifically, we assume a two-dimensional representation of
the nuclear motion that includes the two stretching models of
H2O at the equilibrium bond angleθ ) 104.5°but not the
bending or rotational modes. The bending zero-point energy is
included. Effectively, this assumes that the dissociation process
(which is an asymmetric stretch motion) is fast compared to
either the rotation or the bending motion. The wave packet
propagation was carried out using a method described in detail
elsewhere.30

As input into the quantum dynamics calculations, we require
explicit forms for the Born-Oppenheimer potential surfaces of
the X̃ and1A1 states and for the transition dipole functionµX,A.
For theX̃ state surface, we employed the potential of Tennyson
and co-workers.31 This potential was found to be consistent with
the experimental spectrum of the H2O molecule and should be
adequate for our purposes. The upper-state1A1 potential was
taken to be the expression of Schinke and co-workers,27 which
was based on a fitting of ab initio calculations. Consistent with
the Schinke potential, we chose the dipole function present in
ref 27. We employ the smoothing technique of Zhang et al.32

to extend the function beyond the original domain used for the
fitting.

Obviously, our model makes significant approximations to
the true photodissociation dynamics. In addition to neglecting
the bending and rotational motion during the dissociation
process, we do not enforce the nuclear and electronic angular
momentum constraints. However, since we are only interested
in obtaining an estimate of the total cross section for a kinetic

Figure 4. Calculated rate constants vs altitude. The values of computed
rate constants,j1(E) and j2(E), plotted vs altitude for several values of
the symmetric stretch quantum number which labels the energy bins.

Kq(E f E′) ) ZP(E f E′) (14)

Z ) σx8kT
µπ

(15)

P(E f E′) ) N(E)
e-(E-E′)/R

e-(E′-E)/â

E > E′
E′ > E

(16)

â ) R
1 + R/kT

(17)

〈∆E〉 ≈ ∆Eve
-∆Ev/â - ∆EVe

-∆EV/R

e-∆Ev/â + e-∆EV/R
< 0 (18)

j2(E)∆E ) ∑
j
∫

εj
diss

∞
σdis(νj f continuum,ε)I(ε) dε∆E (19)

σdis(E,ν,J) ) hν
3π

|〈Ψ(E)|µX,A|Φν,J〉|2 (20)

σdis(E,ν,J) ) hν
3π∫-∞

∞
〈φn(0)|φn(t)〉e

iνt dt (21)

φn(t ) 0) ) µX,AΦn (22)
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analysis of OH production and not in detailed state-to-state
dynamics, we believe that this treatment is adequate. To
compensate for the approximation, we introduce a normalization
factor to make the computed cross section agree with known
experimental results. The experimental and theoretical cross
section for theX̃(0,0,0)f 1A1 band is integrated over frequency
to obtain the factor

that is then multiplied by the theoretical prediction. The value
of N is close to 1. Of the approximations made, the neglect of
the bending motion is probably the most significant. As a test
of the two-dimension model, we have carried out a three-
dimensional simulation of the photodissociation for comparison.
The agreement between the cross sections is reasonably good,
within about 25%, when the bend zero point is included. The
rate constants,j2(E), obtained from this calculation are plotted
in Figure 4.

IV. Results and Discussion

The kinetic eqs 9 and 10 were simulated using a standard
stiff differential equation solver (LSODE)33 as a function of
the altitude and the energy relaxation parameter,R. The kinetic
production rate of HOx was extracted from the steady-state
solutions to the differential equations, i.e., the long time
asymptotic behavior. For all but the smallest values ofR, the
steady state was approached quite rapidly,,1 s. In Figure 5,
the resulting production rates are plotted on a logarithmic scale
versus altitude and the energy transfer per collision. The
profound effect of the collision efficiency on the overall
mechanism is apparent from the figure. At low collision
efficiency, the rate is dominated by the vibrational up-pumping
process, eq 7. Indeed, it is clear from eqs 9 and 10 that in the
limit of R f 0, thej1(E) rate constants become rate governing.
There is a rapid fall off in the HOx rate asR is increased. At
high collision efficiency, for all altitudes, the production rate
flattens out at very low values,∼10-4-10-5 mol/cm3 sec.

Also plotted in Figure 5 is the HOx production rate predicted
by the conventional mechanism. Of interest here is when the
two-photon mechanism becomes competitive with the conven-
tional mechanism. At high collision efficiency, it is clear that

the conventional mechanism dominates. At high (stratospheric)
altitudes and low (tropospheric) altitudes, the two-photon
photodissociation becomes commensurate to eqs 1-4 for small
values of the collision efficiency. The intersection of the two
surfaces in Figure 5 forms a curve as a function of altitude,
which gives the value ofR required for the two mechanisms to
yield equal rates. It is clear that collision efficiency must be
quite low, less than 1 cm-1 per collision, for the two-photon
mechanism to become competitive. The observed error for OH
production in the standard model is on the order of several
percent. Thus, at 50 km, the collision efficiency would have to
be 0.15 cm-1/collision for the two-photon mechanism to give a
3% correction to the prediction of the standard model.

As mentioned above, the actual vibrational relaxation rates
for highly excited water have yet to be measured in the
laboratory. However, we suspect that the rates required for the
two-photon mechanism to be significant may be much lower
than the true values. On the basis of the observed relaxation
rates of other highly excited triatomic molecules such as SO2

and CS2, a value of 50 cm-1/collision seems typical. Hovis and
Moore34 have obtained the relaxation rate of H18

2O with N2

from a low-lying vibrational state. The value of obtained,∼ 8
cm-1/collision, is too large for a significant contribution from
the two photon mechanism. Although relaxation from higher
energy vibrational states may significantly differ from this result,
it would be unusual if the rate were an order of magnitude lower.

We should note that solar pumping of vibrational overtones
of atmospheric chromophores containing OH, such as HNO3,
HNO4, and H2O2, has recently been proposed11 to account for
the high zenith angle discrepancy between the [OH] by
Wennberg et al.35 and the standard model results. This mech-
anism, in contrast with the one proposed here, involves one-
photon dissociation on the ground potential energy surface and
makes little contribution as a new OH source at low zenith angle.
Under these conditions, sufficient ultraviolet radiation exists to
pump directly the dissociative electronic states of the chro-
mophores. The electronic states of water, however, can be
accessed only at wavelengths shorter than 185 nm, and the water
bond dissociation energies are too high to be accessible by solar
photons. Consequently, the vibrational overtone mediated
sequential two-photon process proposed here could in principle
play a role in OH production from water photolysis in the
atmosphere.

V. Conclusions

We propose a two-photon mechanism for photolysis of water
vapor and investigate the rate of atmospheric hydroxyl radical
formation by solar pumping. The rate of OH formation depends
nonlinearly on the collision efficiency for vibrational energy
transfer from H2O* with N2 and O2 and can be significant only
at very low collision efficiencies. The kinetic model developed
in this paper gives a general form for the rate of OH production,
which can be compared with the rate of OH formation by the
standard mechanism of O(1D) reaction with H2O and CH4. Both
mechanisms depend on the concentration of H2O, which
decreases rapidly with increasing altitude. The standard mech-
anism relies on O3 photolysis to produce O(1D) and is most
efficient in the lower stratosphere. By comparison, the proposed
two-photon mechanism is expected to become relatively more
significant at low altitude in the troposphere and also at high
altitude in the upper stratosphere above the ozone layer.

Atmospheric measurements of OH have improved signifi-
cantly and are able to observe small discrepancies (<10%)
between measured OH concentrations and the predictions of

Figure 5. Production rate of HOx, molecules/cm3sec, vs collision
efficiency in cm-1/collision and altitude in km. The two-photon
mechanism shows a dramatic dependence on collision efficiency at low
values. Also plotted is the prediction of standard mechanism, eqs 1-4,
which does not depend on the collision efficiency.

N )
∫σexp(ν) dν

∫σtheor(ν) dν
(23)
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atmospheric models. At most altitudes where data is available,
models underestimate atmospheric OH concentrations. Consis-
tent with the small discrepancies between current models and
measurements, we expect that the proposed vibrationally medi-
ated mechanism will be a minor, yet conceptually interesting,
contribution to hydroxyl radical formation in the atmosphere.
The results presented here depend critically on the rate of
collisional energy transfer out of the high vibrational levels of
H2O. While it appears unlikely that the vibrational quenching
efficiency will turn out to be low enough for the two photon
mechanism to contribute significantly, a final conclusion of
course must await experimental measurement of this quantity.
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