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Dissociation of Metastable as a Potential Source 
of Atmospheric Odd Oxygen 

JOHN E. FREDERICK 

Atmospheric Chemistry and Dynamics Branch, NASA Goddard Space Fli•Tht Center, Greenbelt, Maryland 

RALPH J. CICERONE 

National Center for Atmospheric Research, Boulder, Colorado 

An analysis of the possible dissociation of metastable oxygen molecules subject to constraints imposed 
by selection rules for molecular transitions, airglow observations, and atmospheric chemistry leads to the 
following conclusions. Dissociation of O2(bXI2g +) must produce a negligible number of oxygen atoms at 
all altitudes in the earth's atmosphere. However, if the dissociation cross section of O2(aXAg) has a 
maximum value in the range 10 -20 cm 2 to 10 -t9 cm 2, then the process O:(aXA•)+ hv--, O2(C3Au)--• 
O(3p) q-O(3p) will constitute a significant, and potentially the major, source of odd oxygen in the 
uppermost stratosphere and mesosphere. 

INTRODUCTION 

In recent years there have been significant revisions in our 
quantitative knowledge of middle atmospheric odd oxygen 
sources. These include updated molecular parameters to de- 
scribe O: absorption in the Schumann-Runge bands [Fre- 
derick and Hudson, 1980; Yoshino et al., 1983] and greatly 
reduced values of the O: cross section in the Herzberg con- 
tinuum [Frederick and Mentall, 1982; Johnston et al., 1984]. A 
major consequence of these changes has been the wide realiza- 
tion that present photochemical models underestimate the ob- 
served ozone abundance in the upper stratosphere and lower 
mesosphere. The recent, thorough analysis of Froidevaux et al. 
[1985] clearly demonstrates that deficiencies still exist in our 
knowledge of the chemical mechanisms responsible for the 
observed high-altitude ozone abundance. In addition, the 
analysis of Frederick et al. [1984] concluded that the problem 
would best be removed by an increased source of odd oxygen 
as opposed to a reduced sink. Several potential mechanisms 
for increasing the atmospheric odd oxygen production rate 
exist. These involve reactions of excited states [Mitchell and 
Zemansky, 1971] and dissociation of molecular oxygen iso- 
topes [Cicerone and McCrumb, 1980; Blake et al., 1984]. How- 
ever, quantitative analyses of these processes generally show 
that the enhanced odd oxygen production at stratospheric and 
mesospheric altitudes is negligible in comparison to the back- 
ground source from the Herzberg continuum and Schumann- 
Runge bands of 0:. 

This paper examines two potential sources of odd oxygen 
that have not received attention in previous atmospheric stud- 
ies. These involve dissociation of the metastable a•Ag and 
b•Eg + states of molecular oxygen. The objectives of this work 
are (1) to assess the likelihood that these dissociations take 
place, given information from molecular physics, airglow ob- 
servations, and atmospheric chemistry, and (2) to define the 
conditions under which these processes could be significant in 
comparison to dissociation of ground state O: in the Herz- 
berg continuum and the Schumann-Runge bands. One must 
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acknowledge the limitations of this analysis from the outset. 
In the absence of measurements that specify the dissociation 
cross sections of O:(a•A•) and O:(b•Z•+), any conclusions 
concerning the atmospheric importance of these processes 
must be considered speculative. However, by proposing and 
evaluating the potential of these new odd oxygen sources, this 
study seeks to provide the impetus for definitive theoretical 
and laboratory work. 

CONSIDERATIONS RELATED TO MOLECULAR 

PHYSICS AND THE AIRGLOW 

The two processes examined here are 

(R1) O2(a•Aa) + hv-• O2'-• O(3p) + O(3p) 

(R2) O2(b•I;o +) + hv---} 0:*--} O(3p) + O(3p) 
where absorption produces the excited state 02* at a position 
on its potential curve where dissociation results. Processes 
(R1) and (R2) are energetically possible for wavelengths less 
than 299.9 nm and 356.3 nm, respectively [l-lerzber•t, 1950; 
Krupenie, 1972], and the identity of O2' need not be the same 
in both (R1) and (R2). This section identifies the most prob- 
able states of 0:* with the requirement that they correlate 
with two ground state atoms. Although numerous excited 
molecules correlate with products such as O(3p) + O(•D), the 
dissociations would require high photon energies where the 
available solar flux is small, thereby diminishing their atmo- 
spheric importance. A study of the potential energy diagrams 
of Saxon and Liu [1977] reveals three possibilities for O:*, 
being O2(c•;u-), O2(C3Au), and O2(A3Zu+). These excited 
states are closely spaced in energy, possess shallow potential 
wells, and have internuclear separations such that upward 
transitions from the lower-lying a•Ag and •/•12• + states could 
produce molecules with energies exceeding that required for 
dissociation. Figure 1 presents a highly simplified potential 
energy diagram for 02, adapted from Saxon and Liu [1977], 
containing the states relevant to the present work. 

The next consideration pertains to quantum mechanical 
selection rules. As pointed out by Bates [-1982], all transitions 
between stable electronic states of O: that correlate with two 
O(3p) atoms are forbidden by one or more selection rules. 
However, it is critical to recognize that the term forbidden is 
far from absolute, and the violation of selection rules is a 
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Fig. ]. SimpliQcd potential energy diagram for the oxygen mol- 
ecule showing only those states relevant to this work. Curves are from 
Saxon and œiu []977]. 

common occurrence [Garstang, 1962]. Furthermore, a dis- 
sociation that involves a forbidden transition can still have 

tremendous atmospheric significance. A prime example is the 
Herzberg continuum dissociation of O2, described by 

(R3) O2(X3Zo -) d- h¾----• O2(A3Zu +)-• O(3p) + O(3p) 

This process is strictly forbidden in Hund's coupling cases (a) 
and (b) by the change in parity from negative to positive 
[Herzberg, 1950]. The violation of this fairly rigorous selec- 
tion rule leads to a small cross section whose peak value is 
slightly less than 1.0 x 10-23 cm 2 [Johnston et al., 1984]. On 
the other hand, a fully allowed transition such as the 
Schumann-Runge continuum absorption, 

(R4) O2(X3Zo -) d- hv-• 02(8 3Zu-)• O('D) + O(3p) 
has a peak cross section near 1.5 x 10 -•? cm 2 [Hudson, 
1971], exceeding that of the strictly forbidden process by 6 
orders of magnitude. 

Application of the selection rules presented by Herzberg 
[1950] shows that the most likely paths for dissociation of 
O2(alAg) and O2(b•Eg +) are 

(R5) O2(alz•o) + h¾-•> O2(C3Au)-•> O(3p) + O(3p) 

(R6) O2(b'Zo +) + my--} O2(A3Zu +)--• O(3p) + O(3p) 

The change in spin multiplicity from singlet to triplet in both 
(R5) and (R6) violates a relatively weak selection rule. How- 
ever, Herzberg [1950] and Garstang [1962] point out that 

TABLE 1. Processes Used to Compute the Abundance of O2(alA0) 

Process Rate Coefficient 

0 3 + my--} O(•D) + O2(a•Ag) 
O2(a•Aa) + N2--} 0 2 + N 2 
O2(a•Aa) + O2-• 0 2 + 02 
O2(a•Aa) + CO 2--} 0 2 + CO 2 
O2(alAa)-• 0 2 + hv 
O2(a•Aa) + hv--} O(3p) + O(3p) 

Ja(O3) St <313.0 nm* 
qa(N2) = 3.0 x 10-21'{ ' 
%(O2) = 2.0 x 10- 
qa(CO2) = 8.0 X 10-20• ' 
A(1A) = 2.58 x 10-'• 
J(•A) I <299.9 nm* 

*Computed from cross section and solar irradiance values, units 
S-1 

•'Values from Bates [1982], q, in cm 3 s -1, A(1A)in s -1 

TABLE 2. Processes Used to Compute the Abundance of 
O2(b•g +) 

Process Rate Coefficient 

O(1D) + O2--} O(3p) + O2(bl•a +) 
0 2 '+- hv--} O2(b•Z• +) 
O2(blZa +) + N2-• 0 2 + N2 
O2(b•Ea+ ) + O2--} O 2 + O 2 
O2(bl•a +) + CO 2 ---} 0 2 -+- CO 2 
O2(bl•Ea+ ) + 0 3--• O 2 + 0 3 
O2(blEa+) --} O 2 + hv 
O2(bl•a +) + hv-• O(3p) + O(3p) 

kt, = 3.2 x 10-1 le67/T, 
%=8.5x 10-9e- 
qt,(N2) = 2.1 x 
qt,(O2) = 4.0 x 10-17:l: 
q•(CO2) = 3.0 x 10- ' 
q•(O 3) = 2.2 x 10- ' ' 
A(1Z) = 8.5 x 10-2• 
j(1 Z) St < 356.3 nmõ 

*Value in cm 3 s-1 from Hudson [ 1982]. 
•'Computed result in s -1 based on unattenuated value of Bates 

[1982]. Optical depth is z =(3.1 x 10 -23) x (column ozone in 
cm-2); 0 is the solar angle. 

$Values from Bates [1982], %in cm 3 s -1, A(•Z)in s -1 
õComputed from cross section and solar irradiance values, units 

S-1 

conservation of electron spin is valid only to a first approxi- 
mation and that this selection rule becomes less rigorous as 
nuclear charge increases. Hence it would be premature to dis- 
miss (RS) and (R6) purely because of the change in spin multi- 
plicity, although the peak cross sections for these processes 
would likely be substantially lower than that for a fully al- 
lowed transition (• 10 -•7 cm•), although still larger than is 
typical of a strictly forbidden process (• 10- :• cm:). 

The arguments presented above demonstrate the plausi- 
bility of (RS) and (R6), but they in no way prove that these 
dissociations actually occur in the earth's atmosphere. Obser- 
vations of the nightglow have here provided critical infor- 
mation. Chamberlain E1958] tentatively identified the transi- 
tion 

(R7) O2(C3Au)--• O2(aaA•) + hv 

in photographic spectra of the night sky, where the observed 
emission covers the spectral region 370-438 nm [Krupenie, 
1972]. The identity of this transition has since been confirmed 
in the laboratory by Slanger [1978]. These observations dem- 

10-19 
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Fig. 2. Models adopted for dissociation cross sections of O•(a•A0) 
and 02(blZg+). The peak cross section assumed in the curves shown 
here is 5 x 10 -2ø cm 2. Dissociation of O2(alA•) is energetically possi- 
ble for a wavelength of 299.9 nm. The corresponding wavelength for 
O2(blZ0 +) is 356.3 nm. 



FREDERICK AND CICERONE' BRIEF REPORT 10,735 

65 

E 55 

< 45 

35 

' HZ + SR 

.... ao= 1 x 10 © cm 2 
%, • \ •. ------ o:=lx 10 -19cm 2 

"•. • .•. •' • --' -- •: = 5 x 10 -19 cm 2 

- '\ •'\ 'x.\ 

-- 

10 5 10 6 10 7 10 8 

ODD OXYGEN PRODUCTION RATE (cm-3 s-1) 

Fig. 3. Comparison of the odd oxygen production rate arising from the Herzberg continuum and Schumann-Runge 
bands (HZ + SR) with that predicted from O2(a•Ag) dissociation for several values of the peak cross section ao. The solar 
zenith angle is 60 ø . 

onstrate conclusively that process (R7) takes place in the at- 
mosphere, and therefore the reverse transition (RS) must occur 
as well. The only remaining issue concerns the magnitude of 
the dissociation cross section. One should note that Slanger 
[1978] estimated a long radiative lifetime for the discrete vi- 
brational levels of O2(C3A.) prior to decay to O2(a•Ag), being 
of the order of tens of seconds. This would imply very small 
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Fig. 4. Ratio of the odd oxygen production rate from O2(a•Ag) 
dissociation, P(•A), to the Herzberg and Schumann-Runge contri- 
butions, P(HZ + SR), as a function of the peak O2(a•A•) cross section. 
Values appear for altitudes of 38, 50, and 62 km all for a solar zenith 
angle of 60 ø . 

oscillator strengths for any absorptions that excite these levels, 
but the relevant concern for process (RS) is a transition lead- 
ing to a point on the C3A. potential curve above the dissocia- 
tion threshold. Given the internuclear distances for the aXAg 
and C3A. states as shown in Figure 1, the oscillator strengths 
for bound-free transitions might be much larger than for the 
bound-bound process involved in the nightglow. However, a 
quantitative evaluation of the cross section for dissociation 
would require a detailed molecular physics treatment includ- 
ing accurate wave functions for the states involved [e.g., Gar- 
stang, 1962]. Such a calculation is not feasible here. Finally, 
airglow emissions corresponding to the reverse of (R6) have 
apparently not been observed [Bates, 1982]. 

CONSIDERATIONS RELATED TO 

ATMOSPHERIC CHEMISTRY 

Tables 1 and 2 summarize the production and loss mecha- 
nisms of O2(a•Ao) and O2(bX•;o+), respectively. Processes (RS) 
and (R6) constitute new loss mechanisms that are not included 
in present photochemical models of O2(a•Ao) and 
Yet, at least for O•.(a•Ag), a theory that neglects photo- 
dissociation is sufficiently accurate for us to infer mesospheric 
ozone abundances from the 1.27-#m emission [Thomas et al., 
1984]. The photochemical theory of O2(b•;• +) appears less 
well developed, although observations of the atmospheric 
bands b•a+-X3•a - exist [Wallace and Hunten, 1968]. An 
additional constraint on (R5) and (R6) should be that the loss 
by dissociation remain small in relation to the other loss pro- 
cesses so as to have a minor impact on the number densities of 
O2(a•Ag) and O2(blZg+). This is necessary for O2(a•Ag) only if 
ozone is known independently of the 1.27-/•m airglow emis- 
sion. However, the acceptable agreement between lower meso- 
spheric ozone abundances derived from the same platform 
using different techniques [Thomas et al., 1984; Rusch et al., 
1984] leads us to adopt the smallness condition on the dis- 
sociation rate of O2(a•A,) at least up to 70 km. The equilibri- 
um number densities of O2(a•Aa) and O2(b•a +) are 

[O2(aaAa)] = J.(O3)EO3]/{J(aA) + A(•A) + q.(N2)EN2] 

+ q.(02)[02] + q.(C02)[c02]} (1) 
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[O•(b•Z.+)] = {k6[O(•D)][O•] + %[O•]}/{J(•Z) + 
+ qb(N2)[N2] + qb(O2)[O2] 

+ qa(CO2)[CO2] + qb(O3)[O3]} (2) 

Equation (1) omits reactions with atomic hydrogen and ni- 
trogen since the rate coefficients of Schmidt and Schiff [1973] 
require the loss rate of O2(a•A,) in these processes to be negli- 
gibly small. In addition, the reaction of O2(a•A,) with 0 3 
proceeds at a rate of approximately 2 x 10 -•8 cm 3 s -• at a 
temperature of 270 K [Clark et al., 1970]. This process is 
therefore of no consequence relative to quenching by N2 and 
O2 with the rate coefficients of Table 1 [Bates, 1982], and its 
neglect in (1) is justified. Equation (2) assumes that quenching 
of O(•D) by ground state O2 produces O2(b•Y.n +) with unit 
efficiency, where O(•D) is determined by a balance between 
dissociation of ozone, Ja(O3), at wavelengths less than 313 nm 
and quenching by O2 and N2. This gives an upper limit to the 
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35- 
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% •"•,• % • Oo=0 
t_ 0o=1 x 10 '19 cm2 

I [ I I I [ , • , iI 
101o 10 TM 
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Fig. 6. Computed number density profiles of O2(a•A.) for peak 
dissociation cross sections of ao = 0 and 1 x 10-•9 cm 2. Dissociation 
has a negligible effect on the profile for eo values up to 1 x 10 -•9 
½m 2 . 

O2(b•Zo +) abundance. The rate of excitation by resonance 
absorption of sunlight, %, is based on the emission rate factor 
8.5 x 10 -9 s- • tabulated by Bates [1982] and the assumption 
that absorption occurs at the discrete wavelength 757.85 nm 
where the ozone Chappuis bands provide a small optical 
depth as given in Table 2. 

The odd oxygen production rates corresponding to (R5) and 
(R6) are 

P(•A) = 2J(•A)[O2(a•A.)] (3) 

P(•Y,) = 2J(•Z)[O2(b'[;g+)] (4) 
where the dissociation rates in s- • are 

J('A): f air a('A, 2)F(A)e -*(x)"½ø (5) 
J('Z) = f d2 a('Z, X)F(X)e -'(x)"*ø (6) 

Here a(•A, •) and a(•, •) are the dissociation cross sections 
corresponding to (RS) and (R6), respectively, F(•) is the unat- 
tenuated solar irradiance at wavelength •, r(•) is the vertical 
optical depth including absorption by 03 and ground state 
02, and 0 is the solar zenith angle. Values of the solar irradi- 
ance and cross sections used in the optical depth calculation 
are those prepared for the 1985 NASA Ozone Assessment 
Report [Frederick, 1985]. With the exception of Herzberg 
continuum O2 cross sections coming from Johnston et al. 
[1984], the values are very similar to those of Hudson [1982]. 
The calculations use the ozone profile and bulk density model 
of the U.S. Standard Atmosphere (1976). 

The final task involves development of analytic models for 
the unknown cross sections a(•A, 2) and a(•Z, it). The ex- 
pression of Saxon and Liu [1977], modified by Johnston et al. 
[1984] to use the wavelength as the independent variable, 
provides a physically realistic model for the dissociation cross 
section of 02. This is 

Xo exp - a(•) = Co-•- [ 0•(ln --•) 2 ] (7) 
where •,/•o, and •o are parameters peculiar to the transition 
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being studied. A rigorous derivation of the constants • and ;t o 
from molecular physics considerations is not attempted here. 
Instead, the value • = 46.6, appropriate to the Herzberg con- 
tinuum, is adopted. Study of the Schumann-Runge and Herz- 
berg continuum cross sections shows that the peak values 
occur 40 _+ 10 nm shortward of the maximum wavelength at 
which dissociation is possible. Given this, the selections ;to = 
255 nm for O2(alAa) and ;to = 311 nm for O2(bl•Ea+ ) are rea- 
sonable. Figure 2 presents the final models for a(•A, ;t) and 
a(•Z, ;t) in the case a0 = 5 x 10 -20 cm 2 for each. Note from 
(7) that a0 and ;to are not mathematically identical to the 
magnitude and wavelength of the cross-section maximum. 
However, these differences are insignificant, and the following 
discussion therefore refers to a0 as the peak cross section. 

The dissociation rates J(•A) and J(•Z) and number densities 
[O2(alAa)] and [O2(b•Za+)] were then evaluated for a range 
of a0 values to determine if and where the production rates of 
(3) and (4) can be significant in comparison to the odd oxygen 
production by dissociation of ground state 02. Clearly, one 
can always select a0 values that make processes (R5) and (R6) 
appear significant. However, important constraints must be 
met. These are as follows' (1) an acceptable a0 value must be 
much smaller than that expected for a quantum mechanically 
allowed transition, and (2) an acceptable a0 value should not 
be so great as to make dissociation a major loss process for 
O2(a•Aa) and O2(b•a+). If a0 values can be found that simul- 
taneously satisfy these constraints and still yield a significant 
production of odd oxygen, then the proposed source merits a 
detailed theoretical and laboratory analysis. 

RESULTS 

Figure 3 compares the production rate of odd oxygen aris- 
ing from dissociation of 02 in the Herzberg continuum and 
the Schumann-Runge bands, P(HZ + SR), with that from 
O2(aXAa) for three values of a0, 1 x 10 -2ø, 1 x 10 -19, and 
5 x 10-•9 cm 2. The background source P(HZ + SR) is based 
on the Schumann-Runge band calculations of Frederick and 
Hudson [1980], with updated values for the solar irradiance 
and the Herzberg continuum cross sections. The solar zenith 
angle in this and subsequent calculations is 60 ø. With a peak 
cross section of 1 x 10 -•9 cm 2, dissociation of O2(a•Aa) 
would be the largest source of atmospheric odd oxygen over 
the altitude range 49 to 66 km. If a0 were as great as 5 
x 10-•9 cm 2, the Schumann-Runge bands and Herzberg con- 

tinuum would become minor sources of odd oxygen through- 
out the region 45 to 70 km. Figure 4 presents these results in a 
different manner by plotting the ratio P(xA)/P(HZ + SR) 
against log a0 for the altitudes 38, 50, and 62 km. At the 
stratopause, P(•A) constitutes from 10 to 100% of 
P(HZ + SR) for a0 values in the range 8 x 10 -21 cm 2 to 9 
x 10 -20 cm 2. Such peak cross sections are reasonable given 

the molecular physics arguments of the previous section. The 
proposed odd oxygen source becomes slightly more important 
on a percentage basis as one moves into the mesosphere. 
Quenching of O2(aXAa) and attenuation of solar radiation 
makes the production rate P(xA) decrease rapidly below the 
stratopause. 

Figure 5 demonstrates that O2(aXAa) dissociation rates great 
enough to provide a significant source of odd oxygen still 
make minor contributions to the total loss rate. For a0- 1 
x 10-•9 cm 2, dissociation constitutes only 10.1% of the total 

loss rate at 70 km and decreases rapidly at lower altitudes. 
Indeed, Figure 6 shows that the O2(alAa) profiles computed 
for a0 = 0 and 1 x 10 -•9 cm 2 differ insignificantly. However, 

a value of a0 as great as 5 x 10 -•9 cm 2 would reduce the 
computed O2(alAa) number density at 70 km to 60-65% of 
that predicted in the absence of dissociation. We note that 
atmospheric O2(aXAa) abundances deduced from measure- 
ments of the 1.27-ttm airglow are in reasonable agreement 
with those shown in Figure 6. For example, the number den- 
sities reported by Evans et al. [1968] are approximately 1.3 
x 10 xø, 2.6 x 10 lø, and 2.3 x 10 xø cm -3 at 65, 55, and 45 

km, respectively. On the basis of this analysis the conclusion is 
as follows. If the peak cross section for O2(a•Aa) dissociation 
lies in the range 10 -20 to 10 -a9 cm 2, then this process pro- 
vides a significant source of odd oxygen in the uppermost 
stratosphere and mesosphere. However, a peak cross section 
as large as 5 x 10-a9 cm 2 can probably be ruled out because 
of the consequent reduction in [O2(a •Aa) ]. 

Calculations based on (2) showed that a peak cross section 
of 1 x 10-•6 cm 2 would make the odd oxygen production 
rate in (R6) equal to that from the Herzberg continuum and 
Schumann-Runge bands at and above 60 km, with a rapid 
decrease in importance at altitudes below 50 km. Clearly, a 
cross section of this magnitude is unacceptable given the spin 
forbidden nature of the transition. Yet, smaller values of a0 
would make process (R6) a negligible source of atmospheric 
odd oxygen. This negative result regarding the importance of 
O2(b•Ea+ ) dissociation might have been anticipated given the 
absence of observed airglow emissions corresponding to the 
reverse of (R6). 

DISCUSSION 

This analysis has shown that dissociation of O2(alAa) has 
the potential to provide a very substantial source of odd 
oxygen at and above the stratopause, provided the cross sec- 
tion exceeds 1 x 10 -20 cm 2 at its peak and has a wavelength 
dependence similar to that adopted here. Any contribution to 
odd oxygen production from dissociation of O2(b•o +) ap- 
pears to be negligible. 

The speculative nature of this work must again receive em- 
phasis. Although nightglow observations clearly demonstrate 
that the 02(C3Au)--O2(alAa) transition occurs in the atmo- 
sphere, the major uncertainty in the present work is the as- 
sumed model for the O2(a 1Aa) dissociation cross section. If the 
shape shown in Figure 2 or the inferred peak magnitudes are 
grossly in error, then dissociation of O2(alAa) could in fact be 
an insignificant source of odd oxygen. However, in view of the 
discrepancies that exist between observed ozone profiles and 
those computed with current photochemical models, a more 
detailed theoretical and experimental examination of excited 
state chemistry would clearly be of value. 
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