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In the upper stratosphere, an altitude range in which ozone should be in photochemical steady- 
state, calculated ozone abundances that are derived from a one-dimensional photochemical model 
with updated chemistry are up to 60% smaller than mean observed values. On the other hand, the 
model results for the key free radicals (HOx, NOx, and ClOx species) in the catalytic destruction of 
ozone are shown to be in reasonable agreement with available measurements. The general validity of 
the model simulation of ClOx chemistry is confirmed through a detailed intercomparison between the 
computed C/O diurnal variation and recently published ground-based microwave observations. Since 
many field measurements are performed near sunrise or sunset, the uncertainties in the model results 
arising from the details of the radiation field calculations at large zenith angles are discussed. 
Although the calculated ozone discrepancy could be the result of a number of errors in adopted pho- 
tochemical parameters, a sensitivity analysis shows that no reasonable change in any one or two 
parameters can resolve this problem. The limited available observations regarding the ratio of atomic 
oxygen to ozone suggest a possible discrepancy in that quantity, which could be responsible for a large 
part of the ozone problem. 

1. INTRODUCTION 

The mean values of the measured abundances of minor 

and trace gases observed in the terrestrial stratosphere to 
date are reproduced reasonably well by models of photo- 
chemistry and dynamics of this region. In other words the 
combined knowledge of various chemical reaction rate con- 
stants and molecular absorption cross sections from labora- 
tory experimentS, solar fluxes above the earth's atmosphere 
from rocket and satellite measurements, and global tran- 
sport processes from semiempirical analyses does yield a set 
of stratospheric species concentrations close to most in situ 
and remote sensing observations. However, certain 
significant discrepancies still remain or have recently 
emerged upon the updating of model parameters. This is a 
critical issue, since a more refined understanding of the stra- 
tosphere is needed for accurate predictions of the effects of 
perturbations due to man. Of prime importance is the pos- 
sibly irreversible depletion of the ozone layer as a conse- 
quence of stratospheric photolysis of anthropogenically pro- 
duced halocarbons [Molina and Rowland, 1974; Rowland 
and Molina, 1975], although the impact of a small (10%) 
decrease in total column ozone on humans and animals 

(sunburn, effects on DNA and immune system response, 
skin cancer) as well as plants is not yet well defined 
[National Research Council, 1982]. Cicerone et al. [1983] 
and Prather et al. [1984] have recently pointed out some of 
the nonlinearities involved in the photochemistry alone. 
Ozone changes, however, could also influence the radiative 
forcing of atmospheric motions and--ultimately--the global 
climate. Predictions of ozone depletion over the next cen- 
tury have varied not only in magnitude but also in sign. 
This is due to our uncertain, and maybe yet incomplete, 
understanding of the present stratospheric photochemistry, 
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which is closely coupled to refinements in relevant labora- 
tory data and measurements of key species. 

In this paper we use the Caltech one-dimensional photo- 
chemical model to analyze important questions concerning 
upper stratospheric 03 and the key HOx, NOx, and C/O• 
free radicals. Applications of the basic model to meso- 
spheric and thermospheric photochemistry have been dis- 
cussed by Allen et al. [1981, 1984]. A brief description of 
the stratospheric model was presented by Froidevaux and 
Yung [1982] in relation to the sensitivity of certain vertical 
profiles (CFC/3 in particular) to 02 absorption cross sections 
in the Herzberg continuum. The growing number of two- 
dimensional models of the stratosphere is an indication that 
the latitudinal and seasonal trends in species concentrations 
can now be more realistically modeled but also that the 
available data coverage--from space in particular--is becom- 
ing increasingly global. Nevertheless there will always be a 
class of scientific questions that can be analyzed with a sim- 
ple one-dimensional approach and without the need for 
more expensive and time-consuming treatments. In partic- 
ular, if several chemically long-lived species are detected by 
a given experiment (or maybe prescribed by a multidimen- 
sional model), their concentrations can be used as fixed 
inputs for a one-dimensional model, which can then be 
used to study the abundances of short-lived (reactive) 
species as a function of altitude and time of day. Moreover, 
in the upper stratosphere, 03 is only indirectly affected by 
transport processes. Therefore one-dimensional 03 calcula- 
tions in this region are valid if the profiles of the long-lived 
species and derivative free radicals are close to observed 
values. In this case the one-dimensional model provides a 
very economical mode for analyzing the sensitivity of the 
03 results to adopted model parameters. 

The basic stratospheric model is described in section 2. 
Because of the existence of numerous observations taken 

during sunrise or sunset, we assess, in subsection 2.2, the 
first-order effects (on the calculated chemical abundances) of 
the inclusion of diffuse (Rayleigh scattered) radiation in a 
spherical-rather than plane parallel-atmosphere at solar ze- 
nith angles close to 90 ø . The most important problem dis- 
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cussed below concerns the present stratospheric abundance 
of ozone, a question that, in our view, has been somewhat 
neglected in favor of calculations of potential (but rather 
uncertain) amounts of future ozone depletion. We focus in 
section 5 on this comparison between photochemical theory 
and observations for upper stratospheric ozone, where local 
photo. chemistry rather than dynamics should control the 03 
abundance. The relevant photochemical equilibrium rela- 
tion for odd oxygen (Ox -- O + 03) involves production by 
photodissociation of 02 and destruction by direct recombi- 
nation between O and 03 as well as important catalytic 
cycles due to reactions with radicals of HOx (OH, HO2), 
NOx (NO, NO2), and ClOx (C/, C/O). An analysis of this 
balance should therefore also include a comparison between 
observations of these important radicals and corresponding 
model results. We discuss HOx and NOx observations in 
section 3, while section 4 deals with chlorine chemistry. In 
light of recent ground-based measurements of diurnal 
changes in C/O [Solomon et al., 1984] and other relevant 
data we analyze the diurnal variation of this key radical in 
subsection 4.2. Given the decreasing uncertainties in 
laboratory data (reaction rate constants and absorption 
cross sections) and the available data on key radical concen- 
trations, we are led to conclude, in section 5, that there 
exists a significant model ozone deficit in the upper strato- 
sphere. We investigate possible causes for such a 
discrepancy in light of current model and experimental 
uncertainties. In particular the observational ratio of 
atomic oxygen to ozone appears to disagree with our model 
results. Since few model parameters affect this ratio, a 
confirmation of this result by additional measurements may 
help resolve the apparent ozone discrepancy. Further 
details regarding parts of this paper may be found in Froide- 
vaux [ 1983 I. 

2. THE CALTECH PHOTOCHEMICAL MODEL 

2.1. Basic Description 

The results reported in •his paper were obtained from a 
photochemical model that solves the continuity equation 
for each species in a one-dimensional (vertical) system, and 
transport is parametrized in the standard eddy diffusion for- 
mulation [see Allen et al., 1981; Froidevaux, 1983 ]. Once a 
steady state diurnal average solution has been found, source 
species that are long-lived with respect to transport 
processes can be fixed. A diurnal calculation is then per- 
formed for other species, and no transport is involved. 
Such decoupling of transport and photochemistry allows for 
a more economical solution to be reached in the diurnal 

case. Another feature of the model involves the implemen- 
tation of spherical geometry. Sphericity is accounted for in 
the flux divergence term, in the varying daylight period as a 
function of altitude, as well as in the calculation of slant 
optical depths. 

After experimenting with various types of boundary con- 
ditions, we conclude that, in general, our results at altitudes 
sufficiently removed (5-10 km) from the boundaries are 
relatively insensitive to the adopted boundary conditions. 
The only exceptions to this statement are the bottom boun- 
dary conditions for the source species that diffuse upward 
into the stratosphere and directly affect the photochemistry 
of that region; these are N20, CH4, the halocarbons, and 
H20. For the four major halocarbons the mixing ratios 
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Fig. l. Model eddy diffusion profiles versus height. Profile K] is 
very similar to the composite profile (dashed line) deduced by Mas- 
sie and Hunten [1981], the two profiles being identical below 30 
km, and is used for latitudes near 30øN. Profile K2 is preferred for 
latitudes near 45øN (see text) and has a lower-stratospheric 
minimum value that is close to the value derived from •4CO2 tracer 
data by Massie and Hunten (dotted line). 

prescribed at the surface of the earth correspond to average 
1978 values: 0.24 ppb for CF2C/2, 0.14 ppb for CFC/3, 0.13 
ppb for CC/4, and 0.61 ppb for C2H3C/3. Boundary condi- 
tions for FC113 (19 ppt) and FC114 (12 ppt) are taken 
from the review by Cicerone [1981 ], and the FC22 value is 
consistent with measurements of Rasmussen et al. [1982] 
and Leifer et al. [1981], which indicate about 50 ppt 
(slightly less than our adopted value of 60 ppt) near the 
ground at northern mid-latitudes. The N20 and CH4 values 
are 0.31 ppm and 1.65 ppm, respectively. When the lower 
boundary of the calculations is at 16 km, the boundary con- 
dition for H20 is set at 3.6 ppm. Additional details on our 
choice of boundary conditions may be found in Froidevaux 
[19831. 

The eddy diffusion coefficients used in this work were 
described in Froidevaux and Yung [1982] and are plotted in 
Figure 1. We have varied the eddy diffusion profile in vari- 
ous ways and checked the sensitivity of N20, CH4, and 
halocarbon mid-latitude profiles to transport. Given the 
range of observed profiles, there is no unique solution for 
an acceptable eddy diffusion profile, although it is clear that 
a sharp decrease in the lower stratosphere (~18 km), fol- 
lowed by a relatively smooth increase to higher altitudes, is 
needed. If the increase is too abrupt, values of N20, CH4, 
and chlorofluorocarbon mixing ratios become too large 
compared to observations. As discussed in Froidevaux and 
Yung, the sharp decrease in the abundance of halocarbons 
(FC11 in particular) in the stratosphere probably requires 
more than a vertical transport adjustment (in order to still 
fit N20 and CH4 observations), and the implication is that 
the radiation field near 200 nm should also be accurately 
determined. The "best fit" composite eddy diffusion profile 
of Massie and Hunten [1981], along with their 14CO2 
profile, is shown in Figure 1 (0-50 km). Our profile K•(z) is 
very similar to the composite profile and is continued 
upward to 70 km, where it matches the K(z) value obtained 
by Allen et al. [1981] in a study of O, 02, CO2, Ar, and CO 
observations in relation to thermospheric and mesospheric 
transport. This profile is used (in conjunction with the 
values above 70 km from Allen et al. [1981] for our stan- 
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dard models near 30%1. For observations of N20, CF2C/2, 
and CFC/3 near 45%1 [see Hudson et al., 1982] we prefer to 
use a somewhat slower rate of mixing, namely profile K2(z) 
in Figure 1. It is generally agreed that vertical transport 
decreases from the equatorial regions (upwelling part of 
Hadley cell) to mid-latitudes. This idea seems to be sup- 
ported by observations of the mixing ratio vertical gradients 
for CH4 [Ehhalt and Tonnissen, 1980] as a function of lati- 
tude, as well as for N20, CF2C/2, CFC/3, and CC/4 [Vedder 
et al., 1978, 1981; Goldan et al., 1980; Gallagher et al., 
1983]. 

Table l a lists the set of chemical reactions used here and 

the associated rate constants (two-body, three-body, or 
equilibrium constants). The chemical reactions in Table l a 
will be referred to as (R1) through (R110). Since our model 
spans the 0-80 km range, some of these reactions are more 
important in the troposphere or mesosphere than in the 
stratosphere directly but are included in order to minimize 
uncertainties in fluxes to the stratosphere or in boundary 
effects. The set of reaction rate constants is mostly taken 
from DeMore et al. [1982]. It is worth noting that only a 
few minor changes have been recommended in the latest 
kinetic data evaluation [see DeMore et al., 1983]. Many 
rate constants now seem to be well constrained by several 
laboratory experiments, often using different techniques. At 
room temperature the uncertainty in most of the important 
reaction rate constants is about 10%-25%. This is often true 

at the colder stratospheric temperatures as well. However, 
reactions with a strong temperature dependence (O + 03, 
for example) can suffer from larger uncertainties. 

The rate constants for the various channels of the H + 

HO2 reactions (k23, k24, and k25), are consistent with the 
experimental results of Sridharan et al. [ 1982]. The expres- 
sion used for H202 formation, (R26), is based on the work 
of Kircher and Sander [1984] (S. Sander, private communi- 
cation, 1982), without their more recently determined tem- 
perature dependence 

k26 • 
ko + 5.2 x 10-11C(H20) q- 1.2 x 10-14[C(H20)]2 

[1 + C(H20)]2 

x (1 + 5.4 x 10 -32 [M] / ko) (1) 

where ko--4.5 x 10 -14 e 12øø/r and C(H20)-- 1.25 x 10 -25 
e410o/r [H20]. The bracketed term includes a water-vapor- 
dependent effect (useful only in the troposphere) and its 
associated temperature dependence, whereas the second 
term expresses the pressure-dependent effect. The value of 
k26 should be about 40% lower than if calculated by using 
(1), according to the temperature-dependent results of 
Kircher and Sander [ 1984], Patrick and Pilling [ 1982 ], and 
Thrush and Tyndall [1982]. The latest kinetic data evalua- 
tion [DeMote et al., 1983] gives a recommendation con- 
sistent with these studies, whose main effect is to lower the 
calculated H202 stratospheric abundance. The OH + HO2 
reaction rate constant (k29) follows the pressure dependence 
recommended in DeMore et al. [1982] but includes a 

temperature-dependent factor consistent with the results of 
Kaufman et al. [1982] and increases the calculated total 
HOx (OH + HO2) destruction rate by 10%-40% in the stra- 
tosphere. Their final published value [Sridharan et al., 

1984] is only slightly different than our adopted value (at 
low pressures). 

The HO2NO2 formation reaction rate constant k47 is 
slightly modified to account for tropospheric water vapor 
dependence [Sander and Peterson, 1984], which introduces 
a multiplicative factor of(1 + 1.07 x 10 -•8 [H20]). Recent 
determinations of the rate constants k55 and k60 for the O + 
C/O and OH + HC! reactions are discussed later in this 

paper. The rate constant k66 used for C/ONO2 formation 
follows the "fast" recommended value in DeMore et al. 

[1982] and is consistent with chlorine nitrate being "the sole 
product of the C/O + NO2 + M recombination," as demon- 
strated by Margitan [1983]. The equilibrium rate constant 
used in the expression for k86 was obtained by S. Sander 
(private communication, 1982) from data on the thermal 
decomposition of CH302NO2 [Bahta et al., 1982], coupled 
with the forward rate constant data of Sander and Watson 

[1980]. We note that the rate constant for reaction (R88) 
between OH and C2H2 should be modified at low pressures 
for best comparison with stratospheric C2H2 data [see 
DeMore et at., 1983, for full expression]. 

Reaction (R101) schematically represents the average 
latitude-dependent production of NO by cosmic ray ioniza- 
tion of nitrogen, mostly in the lower stratosphere [see Dal- 
garno, 1967; Nicolet, 1975b]. This source varies with solar 
activity (deflecting action) and latitude (magnetic focusing 
at high latitudes), and we have used average production 
rates based on Nicolet [1975b] for six latitude bins (four 100 
bins between 15 ø and 55 ø , one bin below 15 ø , and one 
above 55ø). This produces a nonnegligible natural source of 
NO mostly at high latitudes and at night [see also Ashby, 
1976]. Reaction (R102) represents a tropospheric source of 
odd nitrogen apparently required (in simple one- 
dimensional models) to match observations of NOx, HNO3, 
and 03 in the clean troposphere [see Logan et al., 1981]. 
Lightning and oxidation of ammonia have been proposed as 
significant global odd nitrogen sources, but the relative role 
of in situ sources versus downward transport from the stra- 
tosphere is not yet well determined in terms of NOx and 03 
production in the troposphere [see, for example, Fishman 
and Crutzen, 1977; Fishman, 1981; Callis et al., 1983; Liu 
et at., 1983]. Finally, reactions (R103) through (R110) are 
an attempt to describe average rainout losses for water solu- 
ble gases in the troposphere, as discussed in Logan et al. 
[1981]. 

The molecular photoreactions and associated absorption 
cross section references for the relevant wavelength ranges 
are listed in Table 1 b. These reactions will be referred to as 
(J1) through (J35). Also shown in this table are the calcu- 
lated photodissociation rate constants (s-l), including Ray- 
leigh scattering (as explained below), for a solar zenith angle 
of 45 ø at altitudes of 40 and 20 km. Our total coverage in 
wavelength extends from 96 to 800 nm. Reactions (J1) 
through (J4), (J34), and (J35) constitute the important 
processes that contribute to the atmospheric opacity. Reac- 
tion (J34) represents absorption by NO2 without dissocia- 
tion (as opposed to NO2 photolysis in reaction (J9)) and is 
generally quite small compared to absorption by 02 or 03. 
Reaction (J35) refers to the Rayleigh scattering cross sec- 
tions and their effect on the attenuation of the direct flux. 
From 175 to 200 nm we have to deal with the very fine 
structure of the 02 Schumann-Runge bands [see also, 
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TABLE la. Chemical Reactions 

Reaction Rate Constant* Referencep 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

O + 02 + M H 03 + M (3.0(-28) T-2'3; 2.8(-12); 0.85) 
O + 03 ""* 202 1.5(-11) e -2218/T 
20 + M --" 02 + M 4.3(-28) T -2'0 
O(•D) + 02 H O + 02 3.2(-11) e 67/T 
O(•D) + N2 -'" O + N2 1.8(-11) e 107/T 
O(•D) + H2 '"* 2OH 2.2(-10) 

O(•D) + H2 -'* H + OH 1.0(-10) 

O(•D) + CH4 --* CH3 + OH 1.4(-10) 

O(•D) + CH4 '-* H2 + H2CO 1.4(-11) 

O(•D) + N20 --* 2NO 6.7(-11) 

O(•D) + N20 '-* N2 + 02 4.9(-11) 

O(•D) + CFCI3 "'* 3C1 + products 2.3(-10) 

O(1D) + CF2C12 '-* 2C1 + products 1.4(-10) 

CHF2CI + O(•D) '-* HCI + products 1.9(-10) 

C2F3C13 + O(•D) '-* 3C1 + products 2.9(-10) 

C2F4C12 + O(ID) '-* 2C1 + products 1.8(-10) 

O + OH 4-*02 + H 2.2(-11) e 117/T 
O + HO2 '-* OH + 02 3.0(- 11) e 200/T 
OH + 03 H HO2 + 02 1.6(-12) e -940/T 
HO2 + 03 '-* OH + 202 1.4(-14) e -580/T 
H + 02 + M '-* HO2 + M 1.6(-28) T -1'4 
H + 0 3 '-* OH + 02 1.4(-10) e -470/T 
H + HO2 "'* H2 + 02 3.8(- 12) 

H + HO2 '-* 2OH 6.8(- 11) 

H + HO2 '-* H20 + O 3.2(-12) 

2HO2 "'* H202 + 02 

2OH + M '-* H202 + M (2.1(-28) T-I'0; 3.0(-9) T-I'ø; 0.6) 
H202 + OH H H20 + HO2 3.1(-12) e -187/T 
OH + HO2 H H20 + 02 2.2(-12) exp(450/T)[7 + 4 P] 

H2 + OH H H20 + H 6.1(-12) e 2030/T 
2OH H H20 + O 4.2(-12) e -242/T 
O + NO2 H NO + 02 9.3(-12) 

0 3 + NO H NO2 + 02 2.2(-12) e -1430/T 
HO2 + NO H NO2 + OH 3.7(-12) e 240/T 
NO + O + M H NO2 + M (3.5(-27) T-•'8; 3.0(-11); 0.6) 
NO2 + 0 3 H NO 3 + 02 1.2(-13) e -2450/T 
NO2 + O + M H NO3 + M (8.1(-27) T-2'ø; 2.2(-11); 0.6) 
NO3 + NO H 2NO2 2.0(- 11) 

O + NO3 H 02 + NO2 1.0(-11) 

NO3 + NO2 + M H N205 + M (1.9(-23) T-2'8; 1.0(-12); 0.6) 
N20 5 + M H NO3 + NO2 + M k40/(1.77(-27) e 11001/T) 
N + 0 3 -'* NO + 02 1.0(-15) 

N + 02 "• NO + O 4.4(-12) e -3220/T 
N + NO --" N2 + O 3.4(-11) 

OH + NO2 + M H HNO3 + M (4.0(-23) T-2'9; 4.0(-8) T-l'3; 0.6) 
OH + HNO 3 H NO 3 + H2 9.4(-15) e 778/T 

Baulch et al. [1982] 

Hampson [1980] 

Pitts et al. [1974] 

Pitts et al. [1974] 

Pitts et al. [1974] 

see text 
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TABLE la. Chemical Reactions 

Reaction Rate Constant* Reference 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

(82) 

(83) 

(84) 

(85) 

(86) 

(87) 

(88) 

(89) 

(90) 

(91) 

(92) 

HO2 + NO2 + M '-* HO2NO2 + M 

HO2NO2 + OH '-* H20 + NO2 + 02 

HO2NO2 + M • HO2 + NO2 + M 

OH + NO + M '-* HNO2 + M 

NO + CH302 • HNO2 + H2CO 

HO2 + NO2 '-* HNO2 + 02 

OH + HNO2 '-* H20 + NO2 

CI + 03 '-* C/O + 02 

O + C/O '-* Cl + 02 

C/O + NO '-* Cl + NO2 

C/O + OH '-* HO2 + Cl 

CI + 02 + M '-* ClOO + M 

ClOO + M '-* CI + 02 + M 

OH + HC/'-* Cl + H20 

Cl + CH4 '-* HC/+ CH 3 

Cl + HO2 '-* HC/+ 02 

Cl + H2 '-* HC/+ H 

Cl + H2CO '-* HC/+ HCO 

Cl + H202 '-* HC/+ HO2 

C/O + NO2 + M '-* C/ONO2 + M 

C/ONO2 + O '-* C/O + NO3 

C/O + HO2 '-* HOCI + 02 

OH + HOCI '-* H20 + C/O 

CH3C/+ OH '-* Cl + H20 + products 

C2H3C13 + OH '-* 3Cl + products 

CHF2C/+ OH '-* Cl + products 

OH + CH4 '-* CH3 + H20 

CH3 + 02 + M '-* CH302 + M 

CH302 + NO '-* CH30 + NO2 

2CH302 '-* 2CH30 + 02 

CH30 + 02 '-* H2CO + HO2 

CH3 + 02 '-* H2CO + OH 

CH 3 + O '-* H2CO + H 

H2CO + OH '-* HCO + H20 

H2CO + O '-* OH + HCO 

HCO + 02 '-* CO + HO2 

CH302 + HO2 '-* CH3OOH + 02 

CH3OOH + OH '-* CH302 + H20 

CH302 + NO2 + M '-* CH302NO 2 + M 

CH302NO 2 + M '-* CH302 + NO2 + M 

CO + OH '-* CO2 + H 

C2H2 + OH '-* H2 + products 

C2H 6 + OH '-* H20 + products 

C2H6 + Cl '-* HC/+ products 

C3H8 + OH '-* H20 + products 

C3H8 + Cl '-* HC/+ products 

(5.7(-20) T-4'6; 4.2(-12); 0.6) 
1.3(-12) e 380/T 
k47/(2.33(-27) e 1ø87ø/T) 
(1.0(-24) T-2'5; 2.6(-10) T-ø'5; 0.6) 
7.4(-13) ( 10% of k73) 

3.0(-15) 

6.6(-12) 

2.8(- 11) e -257/T 
7.7(-11) e -13ø/r 
6.2(-12) e 294/T 
5.1(-12) e 18ø/r 
3.3(-30) T -1'3 

k58/(2.43(.25 ) e 2979/T) 
2.8(-12) e -425/T 
9.6(-12) e -1350/T 
1.8(-11) e 170/T 
3.7(-11) e -2300/T 
8.2(- 11) e -34/T 
1.1(-11) e -980/r 
(4.8(-23) T-3'4; 7.6(-7) T-I'9; 0.6) 
3.0(-12) e -8ø8/T 
4.6(-13) e 710/T 
3.0(-12) e -150/T 
1.8(-12) e -1112/T 
5.4(-12) e -1820/T 
7.8(-13) e '-1530/T 
2.4(-12) e -1710/T 
(6.2(-26) T-2'2; 3.3(-8) T-l'7; 0.6) 
4.2(-12) e 180IT 
1.6(-13) e 220/T 
1.2(-13) e -1350/T 
5.0(- 17) 

1.4(-10) 

1.0(-11) 

3.0(-11) e -1550/T 
3.5(-12) e 140/T 
7.7(-14) e 1300/T 
2.6(-12) e -190IT 
(1.2(-20) T-4'0; 5.8(-7) T-2'ø; 0.4) 
k85/(1.2(-28) e 11320/T) 
1.35(-13)[1 + P] 

6.5(-12) e -65ø/T 
1.9(-11) e -1260/T 
7.7(-11) e -9ø/T 
1.6(- 11) e -800/T 
1.4(-10) e 4øIT 

Hampson and Garvin [ 1978 ] 

see text 

see text 

see text 

Baulch et al. [1982] 

Fc from Baulch et al. [1982] 

see text 

see text 
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TABLE la. Chemical Reactions 

Reaction Rate Constant* Reference• 

(93) 

(94) 

(95) 

(96) 

(97) 

(98) 

(99) 

(100) 

(101) 

(102) 

(103) 

(104) 

(105) 

(106) 

(107) 

(108) 

(109) 

(110) 

F + 03 '• FO + 02 

FO + NO '• F + NO2 

2FO '• 2F + 02 

FO + O '• F + 02 

F + H20 '• HF + OH 

F + CH4 '• HF + CH 3 

F + H2 '• HF + H 

HF + O(1D) '-* F + OH 
cosmic ray source '-• NO 

tropospheric source '-• NO2 

H202 ra_i_n_o_u_t > products 
rainout 

HNO3 ....... > products 

HO2NO2 r_a_i_n_o_u_t> products 
HNO2 ra_i_n_o_u_t_ > products 
HCI ra_i_n_o_u_t > products 
H2CO r_a_i_n_o_u_t > products 
CH3OOH r_a_i_n_o_u_t > products 
HF r_a_i_n_o_u_t > products 

2.8(-11) e -226/r 
2.6(-11) 

1.5(- 11) 

5.0(-11) 

2.2(-11) e -2øø/r 
3.0(-10) e -400/T 
1.9(- 10) e -570/T 
2.0(-10) estimate 

Nicolet [ 1975b] 

Logan et al. [1981 ] 

Logan et al. [1981 ] 

Logan et al. [1981] 

Logan et al. [ 1981 ] 

Logan et al. [1981 ] 

Logan et al. [ 1981 ] 

Logan et al. [ 1981 ] 

Logan et al. [ 1981 ] 

Logan et al. [1981] 

* Read a(-b) as a x 10 -b. Units are cm 3 s -1 for two-body reactions. When a third body (M) is involved, the units for k(M, 7) are cm 6 s -l, and 
values are listed as (ko; koo; Fc), where k o (cm 6 s -l) and koo (cm 3 s -l) are temperature-dependent low- and high-pressure limits. The expression 
for k is then written as 

k -- kø[M] F• 1 q' [IO• (k o [Ml/k. )]2 }-, 
1 + (ko[M]/koo) 

In the above table, temperature (7) is expressed in degrees Kelvin and pressure (P) in atmospheres. 

•' Unless otherwise stated, reference is DeMore et al. [1982]. 

Frederick and Hudson, 1979, 1980; Yoshino et al., 1983]. 5 in Allen and Frederick [1982]), we have reduced our old 
The computationally accurate (compared to line-by-line cal- effective cross sections by a factor of 0.55, which leads to 
culations) and efficient parametrization of altitude- and values consistent with the results of Herman and Mentall. 
zenith-dependent 02 cross sections by Allen and Frederick The solar flux values at the top of the atmosphere come 
[1982] ig used in this work. This also affects photolysis of from various sources. The accuracy of measurements made 
H20 and NO. Froidevaux and Yung [1982] have shown from rockets and, more recently, from satellites has 
that a reduction in the average laboratory values for the 02 improved to the point that the uncertainty in fluxes is about 
absorption cross section in the 200-230 nm region 
(Herzberg continuum) results in significant improvement 
between calculated and observed chlorofluorocarbon vertical 

profiles [see also Brasseur et al., 1983]. In situ observations 
of solar fluxes transmitted down to the 30-40 km region 
[Frederick and Mentall, 1982; Herman and Mentall, 1982; 
Anderson and Hall, 1983] have led to a determination of 
the 02 absorption cross sections in the Herzberg continuum, 
and the results are indeed lower than laboratory data. We 
have adopted the values from Herman and Mentall in the 
205-250 nm region (similar to data of Shardanand and 
Prasad Rao [ 1977 ] beyond 215 nm) for model results 
described here. Between 196 and 205 nm in the 

Schumann-Runge band region (spectral intervals 1 through 

10% or less. There is, however, some natural variability in 
the solar output, mostly below 200 nm, in relation to the 
27-day solar rotation period as well as the 11-year solar 
cycle [Rottman et al., 1982; Mount et al., 1980; Mount and 
Rottman, 1981; Rottman, 1981; Lean et al., 1982]. The 
reference solar flux generally used below 315 nm 
corresponds to the observations near solar maximum of 
Mount and Rottman [ 1981 ], while above that wavelength, 
the tables of Hudson et al. [1982] are used. Our models of 

the C/O diurnal variation that are compared with the most 
recent observations of C/O [Solomon et al., 1984] used the 
solar minimum flux measurements of Mount and Rottman 
[1983]. 

The mean state of the radiation field is determined by 
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TABLE lb. Photoreactions 

Reaction 

Wavelength 

Range, nm 

Photodissociation Rate 

Constant*, s- 1 

40 km 20 km Cross-section Reference• 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(8) 

(9) 

(1o) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

02 + hV '-• 20 

02 + hV '• O + O(ID) 

03 + hV '-• 02 + O 

03 + hv '-• 02 + O(ID) 

H20 + hV '-• H + OH 

H202 + hV '-• 2OH 

N20 + hV '-• N2 + O(ID) 
NO + hV '-" N + O 

NO2 + hv '-" NO + O 

NO3 + hV '-" NO2 + O 

NO3 + hV '-" NO + 02 

N205 + hv '-• 2NO2 + O 

HNO3 + hv '-• NO2 + OH 

HO2NO2 + hv '-• HO2 + NO2 

HNO2 + hV '-• OH + NO 

CFC/3 + hV '-• 3C/+ products 

CF2C/2 + hV '-• 2C/+ products 

CC14 + hV -'• 4C/+ products 

c2H3c/3 + hv '-• 3C/+ products 
CH3C/+ hV '-• Cl + CH3 

C2F3C/3 + hV '-• 3C/+ products 

C2F4C/2 + hV '-• 2C/+ products 

C/ONO2 + hV --• Cl + NO3 

HOCI + hV '-• OH + Cl 

CIO + hV '-• Cl + O 

HCI + hV '-• H + Cl 

CO2 + hv '-" CO + O 

H2CO + hv '-• HCO + H 

H2CO + hv '-" H2 + CO 

CH3OOH + hv '-,' CH30 + OH 

CH302NO 2 + hv '-" CH302 + NO2 

COF2 + hv '-" 2F + CO 

180 < •, < 255 3.15 (-10) 4.19 (-13) 

)b < 175 < l (-40) < 1 (-40) 

200 < )• < 800 7.20 (-4) 5.75 (-4) 

170 < )• < 317.5 1.18 (-3) 2.19 (-5) 

)• < 200 2.94 (-9) 1.61 (-12) 

)• < 352.5 3.89 (-5) 1.06 (-5) 

240 3.11 (-7) 9.70 (- 10) 

200 1.94 (-7) 1.07 (-12) 

420 1.23 (-2) 1.24(-2) 

470 < •, < 630 2.45 (-1) 2.46 (-1) 

590 < •, < 630 2.83 (-2) 2.84 (-2) 

205 < •, < 382.5 2.68 (-4) 2.32 (-5) 

190 < )• < 327.5 6.52 (-5) 8.74 (-7) 

190 < )• < 327.5 1.56 (-4) 9.80 (-6) 

312.5 < )• < 392.5 2.40 (-3) 2.46 (-3) 

175 < )• < 257.5 7.10 (-6) 2.38 (-8) 

175 < )• < 240 6.68 (-7) 1.53 (-9) 

175 < )• < 272.5 1.56 (-5) 3.58 (-8) 

180 < •, < 240 8.99 (-6) 3.02 (-8) 

175 < •, < 220 1.78 (-7) 5.34 (-10) 

180 < •, < 220 1.18 (-6) 3.73 (-9) 

175 < )• < 220 8.27 (-8) 2.53 (-10) 

185 < )• < 450 2.89 (-4) 6.36 (-5) 

195 < •, < 420 4.60 (-4) 3.63 (-4) 

200 < )• < 337.5 1.26 (-3) 7.33 (-5) 

230 2.56 (-7) 8.06 (-10) 

•, < 205 2.49 (-11) 1.93 (-14) 

240 < •, < 332.5 6.37 (-5) 3.32 (-5) 

240 < •, < 362.5 1.02 (-4) 9.31 (-5) 

205 < •, < 352.5 3.36 (-5) 1.01 (-5) 

200 < )• < 312.5 1.88 (-4) 1.67 (-5) 

185 < )• < 225 1.48 (-7) 5.05 (-10) 

Allen et al. [ 1981 ], 

Allen and Frederick [ 1982 ] 

Allen et al. [ 1981 ], 

Allen and Frederick [1982] 

Allen et aL [1981], 

Nicolet [1978] 

Allen et aL [1981], 

DeMore et aL [1982] 

Allen et al. [1981] 

DeMore et al. [1982], 

Hudson and Kieffer [1975] 

Allen and Frederick 

[19821 

DeMore et al. [1982], 

Nicolet [ 1978 ] 

Magnotta and Johnston 

[1980] 

Magnotta and Johnston 

[1980] 

Nicolet [1978] 

Nicolet [1978] 

Nicolet [1978], 

Langhoff et al. [1977] 

Inn [1975], 

Myer and Samson [1970] 

Allen et al. [1981] 

Baulch et al. [1982] 
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TABLE lb. Photoreactions 

Reaction 

Wavelength 

Range, nm 

Photodissociation Rate 

Constant*, s -1 

40 km 20 km Cross-section Reference•' 

(33) COFC/+ hV '-• F + Cl + CO 185 < •, < 225 

(34) Extinction by NO2 •, < 710 

(35) Rayleigh scattering 292.5 < • < 800 

3.50 (-6) 6.88 (-9) 

R.J. Gelinas [unpublished 

manuscript, 1974], 

DeMore et al. [1982] 

see text 

* Values listed are for a solar zenith angle of 45 ø. The U.S. Standard Atmosphere 1976, was used in these calculations, and multiple scattering 

(with a Lambert albedo of 0.25 for the ground) was included. 

Unless otherwise stated, reference is DeMore et al. [1982]. 

molecular absorption by 02, 03, and NO2, as well as Ray- 
leigh scattering and ground Lambert reflection (albedo equal 
to 0.25 for our mid-latitude models). Throughout this work, 
except for subsection 2.2, we combine the direct flux in a 
spherical shell atmosphere with the diffuse component cal- 
culated in a plane parallel geometry. The direct flux is 
obtained through a geometrical ray-tracing calculation, 
whereby the slant optical depth is computed along the path. 
This provides a more accurate evaluation than the Chap- 
man function formulation in the case of absorbers such as 
ozone, whose concentration peaks in the lower stratosphere 
[see Froidevaux, 1983, for further details]. Multiple scatter- 
ing has been shown to have a significant effect on photodis- 
sociation rates and photochemistry in the stratosphere 
[Callis et al., 1975; Sundararaman, 1975; Luther and Geli- 
nas, 1976; Isaksen et al., 1977; Luther et al., 1978; Pitari 
and Visconti, 1979; Fiocco, 1980; Meier et al., 1982; Nicolet 
et al., 1982], mostly for wavelengths longer than 300 nm. 
We have added the diffuse to the direct flux in our model 

for •, between 290 and 800 nm. The diffuse intensity is cal- 
culated by solving the radiative transfer equation for an 
inhomogeneous plane parallel atmosphere via the Feautrier 
method [Feautrier, 1964; see also Prather, 1974; Gladstone, 
1982]. We have tested our calculations against those of 
Luther and Gelinas [1976]. We find essentially identical 
results and we will not duplicate their graphs here (see 
Froidevaux [1983] for some plots of our model photodisso- 
ciation rates). 

Various approaches to diurnally averaged calculations 
have been presented by Whirten and Turco [1974], Kurzeja 
[1975, 1977], Martin [1976], Cogley and Borucki [1976], 
Rundel [1977)], Kramer and Widhopf [1978], Turco and 
Whirten [1978], and Boughner [1980]. In our diurnally 
averaged, steady state computations the mean radiation field 
for a 24-hour period is derived by calculating the diurnally 
averaged atmospheric opacity at each altitude and 
wavelength. The variation of the daylight period with alti- 
tude is taken into account. Calculating diurnally averaged 
chemical reaction rates accurately is difficult, since the rates 
are the products of diurnally varying concentrations. For- 
tunately, most of the long-lived species are destroyed by 
photolysis. For the best comparison with observations the 

concentrations of the chemically more reactive species are 
usually derived from diurnal calculations. It is interesting 
to note that, in the case of 03, the diurnally averaged results 
and a 24-hour average of the diurnal values are within 10% 
of each other. However, the one-dimensional calculations 
of long-lived species are basically flawed as the result of an 
inaccurate inclusion of seasonal transport effects, so the 
results presented here are, at best, representative of an 
annually averaged mean state of the atmosphere. 

2.2. Diffuse Flux in a Spherical Shell Atmosphere 

In this section we attempt to explicitly demonstrate the 
effect of sphericity in the atmosphere on the diffuse radia- 
tion field and, more importantly, on the concentrations of 
trace species. Hudson and Reed [1979] indicated that the 
assumption of a plane parallel atmosphere for the diffuse 
flux was one source of model uncertainty, particularly at 
large zenith angles. This is an important point because 
many of the observations with which models are compared 
have been obtained near sunrise or sunset. In this paper we 
will be emphasizing a detailed analysis of the C/O diurnal 
profile. Therefore we proceed to quantify to first order, for 
solar zenith angles close to 90 ø, the impact of the plane- 
parallel atmosphere assumption in calculating the diffuse 
radiation field and, more importantly, the trace species con- 
centrations in the stratosphere. We are not aware of any 
previously published discussion of this question. 

A first-order approximation to the effects of sphericity can 
be introduced by modifying the plane parallel slant optical 
depth (X/go) to the appropriate value in the single-scattering 
term of the equation of radiative transfer. Some authors 
have used this in their photochemical model but without an 
explicit description of the associated effects. The 
modification of slant opacity (Xs) can be made by using the 
Chapman function, but we have used the geometric ray 
path approach. We first present results for a homogeneous 
and conservative atmosphere (Xs can be evaluated analyti- 
cally in the homogeneous case) in order to compare them 
with the diffuse intensities of the backward Monte Carlo 
calculations of Adams and Kattawar [ 1978 ]. The results at 

large solar zenith angle (Z-- 84.26*) are shown in Figure 2, 
for total normal optical depths Zl of 0.25 and 1.00, as a 



FROIDEVAUX ET AL.: CLO AND O3 IN THE MID-LATITUDE STRATOSPHERE 13,007 
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Fig. 2. Model diffuse intensities (normalized to an input solar flux 
of •) at the top of a 100-km-thick, homogeneous and conservative 
plane parallel (solid line) or spherical shell (dashed line) atmosphere 
of total normal optical depth zl (0.25 or !.00), for a solar zenith 
angle Z of 84.26 ø. Results as a function of viewing angle {9 for two 
values of azimuth angle (tI) -- 00 and ß -- 180 ø) are shown; angles 
are defined in top part of figure. The Monte Carlo results of 
Adams and Kattawar [1978] are shown (solid circles for plane 
parallel and crosses for spherical shell) for comparison. Our spheri- 
cal shell approximation includes the first-order single-scattering 
correction (see text). 

function of viewing angle O at the top of the atmosphere 
and for two azimuthal directions (• = 0 and 180ø). The 
plane parallel calculations are in excellent agreement with 
each other. If sphericity is included, more direct radiation, 
and therefore a higher single scattered intensity, will be 
present throughout the atmosphere. The correction to the 
single-scattering term in the radiative transfer program leads 
to intensities very similar to the Monte Carlo results for 
O <• 75 ø. At larger viewing angles the two calculations 
show some disagreement. However, in terms of photo- 
chemical effects the integral of the intensity over solid angle 
is the relevant quantity, and this diffuse flux is not very 
sensitive to the intensity changes at large O. Recently, 
Anderson [1983] has shown that the use of plane-parallel 
geometry for multiple scattering and spherical geometry for 
single scattering leads to relatively small errors in the fluxes 
as long as the solar zenith angle is less than 95*. 

We now quantitatively describe the effects of sphericity 
on the diffuse fluxes, photodissociation rates, and species 
concentrations in the earth's stratosphere. Only the first- 
order correction for single scattering is included. The 
importance of the diffuse flux relative to the total radiation 
field depends on the wavelength but increases with solar 
zenith angle. At wavelengths where strong absorption 
occurs (short of ~300 nm) the diffuse flux accounts for a 
large fraction of the total flux, but it is highly attenuated. 
Molecular photodissociation rate constants will be affected 
more (in terms of total flux) by the longer wavelengths. In 
the Chappuis band (400-800 nm) the small total opacity 
(Rayleigh + ozone) leads to a large direct flux relative to the 
total flux. Species such as HNO3 and HO2NO2, whose pho- 
todissociation occurs short of 330 nm, are most affected by 
the diffuse flux effect just beyond 300 nm and in the lower 
stratosphere. The most significant changes in photodissocia- 
tion rate constants due to the inclusion of sphericity in the 
diffuse flux calculations are plotted in Figure 3 as percent 

increases versus altitude for a solar zenith angle of 88.5*. 
We have included the effect of sphericity on the diffuse 
fluxes in a diurnal calculation (32'N latitude,-11' solar 
declination (latitude of subsolar point), COSPAR Interna- 
tional Reference Atmosphere (CIRA) 1972 April back- 
ground atmosphere) in order to investigate changes in 
species concentrations. The increased rates of photolysis 
near sunset or sunrise do not affect the "long-lived" (lifetime 
longer than an hour) species, since they cannot respond 
very fast. As illustrated in Figure 4 for a height of 20 km, 
where the diffuse flux plays a large role, the short-lived radi- 
cals such as O, OH, C/O, NO, NO2, and NO3 display the 
effect of the above increases in photodissociation rates. The 
abundance of O(ID) is also significantly increased (by up to 
30% in the lower stratosphere). The ozone photodissocia- 
tion rate increase leads to more O and O(ID). Moreover, 
[HI, [OH], and [HO2] are all affected in a similar fashion 
by increased j(HNO3) and j(HOzNO2) near 90 ø in the lower 
stratosphere. The NO concentration is increased as a result 
of the larger j(NO2), [NO2] itself is decreased somewhat, 
while [NO3] decreases because of less [NO2] and a higher 
j(NO3). Chlorine nitrate photolysis leads to an enhance- 
ment in the chlorine radicals (C/, C/O, C/OO), although 
only [C/O] is plotted in the figure. The [OH] radical shows 
the largest change, close to a 20% increase at the terminator. 
For most other radicals, less than 10% change occurs for 
zenith angles below 90 ø , with the effect diminishing at 
higher altitudes. 

The above study shows that for most species, including 
short-lived radicals, the model's omission of spherical 
geometry effects on the diffuse flux will not produce 
significant or measurable (over 10%) changes in predicted 
stratospheric concentrations for Z less than 90 ø. The main 
exception concerns HOx (OH and HO2), for which the 
predicted lower-stratospheric increase in concentration is 
close to 20% near 90 ø . Moreover, this effect increases 
rapidly as Z increases, and an extrapolation to twilight 
effects would indicate that the HOx radical concentrations 
are underestimated in the standard model by more than 
50% for solar zenith angles larger than 92 ø (in the lower 
stratosphere). We also note that other effects that are not 

5O 

45 : -- 

li\ i! 

[5 [ •" ] I I 
0 5 I0 15 20 25 
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Fi•. 3. Percent increase in the photo•ssociation mtc consents 
•n stmtos•tdc s•tcJts as a •ts•lt o[ t•t inclusion o• sphedcit• 
in t•c sinCe-scattered intensifies, [o• a solar zcnit• anco o[ 88.5 ø. 
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Fig. 4. Effect of changes in the photo•ssociation rates (• shown in 
Figure 3 for 88.5 ø and expl•ned in the text) on sho•-lived ra•c• 
con•nt•tions ne• sunset, at an •fitude of 20 km. 

included in photochemical models, such as refraction or 
aerosol absorption and scattering are sources of uncertainty, 
particularly at large zenith angles [Adams et al., 1974; 
Blattner et al., 1974]. Such uncertainties preclude an exact 
determination of the chemical abundances of radicals near 

sunset and sunrise, especially during the twilight period, but 
are likely to enhance the effect on radical concentrations 
discussed in this section. The largest predicted changes in 
these concentrations occur in the lower stratosphere, where 
the abundances are generally low and difficult to measure 
(at least for HOx and C/Ox). Nevertheless, with instrumen- 
tal enhancements, some of these radicals might soon be 
measured by occultation techniques. In this case a detailed 
comparison with model results should attempt to include a 
more exact calculation of the diffuse flux. 

3. HOx AND NOx RADICALS 

Differences between observations of the 03 profile in the 
upper stratosphere and model calculations can result from 
errors in the calculated concentrations of the radicals 

involved in the catalytic destruction of 03. Therefore we 
precede our discussion of the model 03 profiles with a com- 
parison between observations for HOx and NOx and our 
model results for these species. The standard model 
referred to below for comparison with observations (in an 
average sense) uses an equinox background atmosphere 
(CIRA 1972 model, nominally for April 1, 30øN), and the 
radiation field is calculated for 32øN latitude, -11 ø solar 
declination. These conditions of solar illumination apply 
for the February 20 microwave measurements of C/O by 
Waters et al. [1981 ]. The mid-latitude background atmo- 
spheric values of temperature and pressure (at a given 
height) can change by a few percent from one month to the 
next, but changes in the radiation field, which drives a large 
part of the chemistry, are about 10% or significantly more 
(depending on altitude and wavelength) for a similar time 
period. Variations in the background atmosphere are there- 
fore of second order, and we consider the use of a few 

atmosphere cases (such as summer, winter, spring, and fall) 
sufficient for our purposes here. 

3.1. HOx 

Water vapor is the source of HOx radicals in the strato- 
sphere. In the upper stratosphere our typical mid-latitude 
model values for H20 are between 6 and 7 ppmv. The cal- 
culated increase above the tropopause (where we have 3.6 
ppmv) is due to methane oxidation. These water abun- 
dances are similar to the average of a large number of past 
observations (J. Frederick, private communication, 1983). 

Changes in the recommended values of certain laboratory 
rate constants (in particular for the OH + HNO3 and OH + 
HO2NO2 reactions) during the last few years have drastically 
changed the predicted vertical distribution of HOx radicals 
in the stratosphere. The effects of such changes on HOx 
and other species (such as C/O) have been clearly presented 
in Hudson et al. [1982] and partially discussed in Sze and 
Ko [1981] as well. A considerable reduction occurred in 

the predicted importance of the HOx catalytic cycles in the 
ozone destruction process. More recent studies of the O + 
HO2 reaction converting HO2 to OH [Keyset, 1982; 
Sridharan et al., 1982; Brune et al., 1983] and its associated 
temperature dependence have increased the recommended 
rate constant by about 60% at upper stratospheric tempera- 

OH VOLUME MIXING RATIO 
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Fig. 5. (a) OH volume mifing ratio versus •tRude. Dam •e from 
resonance fluore,nee me•urements at 32øN latitude •nderson, 
1980]: solid circles (Septemir 20, 1977) and •es (July 14, 
1977) •e for a sol• ze•th anCe • of 41 ø, wherc• open circles 
(Janu• 12, 1976) and •u•es (Ap• 26, 1977) •e for • - 80 ø. 
Res• of our smn•rd model •c shown for simil• v•ues of 
(43.6 ø and 80.4 ø) (•hed •nes). (b) To• OH column abundance 
abve gou•d level • a function of sec •. Dam from Burnett and 
Burnett [ 1981, 1982] •e shown for 1977-1979 and 1980 averages 
(•lid •nes) •ong Mth our s•n•d mMel pre•ctions (•hed 
line). 
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tures; this has increased the [OH]/[HO2] ratio in the upper 
stratosphere, and [OH] has increased by about 30% near 40 
km. 

Balloon-borne molecular resonance fluorescence measure- 

ments of OH above 30 km at 32 ø [Anderson, 1980] are 
shown in Figure 5a. The averages of the observed profiles 
for X -- 80ø and X -- 41 ø are in good agreement with model 
results at similar zenith angles, given the observational 
uncertainties of about ñ30%. Ground-based Pepsios spec- 
trometer measurements [Burnett and Burnett, 1981, 1982] 
of OH absorption near 308 nm are plotted versus sec • in 

Figure 5b. The measured colum• abundances (Nor) 
represent fits through average data taken during 1977-1979 
and also during solar maximum in 1980• the 1981 data (not 
shown here) are 3% lower than during 1980, on the average. 
Our model results (solar maximum flux conditions), extra- 
polated above 60 km by adding 20% to get the total column 
amount, agree with both data sets to within 20% for 
sec • • 3.5 (• • 73ø). The average daytime model OH 
column abundance is within 15% of the (similarly averaged) 
Pepsios results, and an extrapolation of Anderson's in situ 
data agrees with the latter results as well [see Hudson et al., 

1982]. The sharp decrease in the observed N O at large 
zenith angles is somewhat puzzling if it is re• and not 
caused by some contamination of the absorption feature. A 
factor of 2 difference near 80 ø could imply a possible 
overestimate of [O(1D)] in the model by a factor of 4 in the 
upper stratosphere and mesosphere. At noon the model 
OH column above 45 km provides about half of the total 
column abundance, and its contribution increases to about 
two thirds of the total for • •-80 ø. The discrepancy at 
large X thus seems to imply that a large part of the 
difference in column amount has to come from the upper- 

most stratosphere and mesosphere. One expects more sensi- 
tivity to O(D) and the short-wavelength solar flux produc- 
ing this radical at the higher altitudes. The discrepancy 
between observed and calculated ozone abundances in the 

upper stratosphere (see section 5) could be partly responsi- 
ble for the high OH column amounts predicted by our 
model at large solar zenith angles, since a low model ozone 
column leads to high UV fluxes in the middle stratosphere 
as well as high O(1D) and OH concentrations. The limited 
resonance fluorescence data [Anderson, 1980] shown in the 
figure for •--80 ø do not show a factor of 2 discrepancy 
with the model results. However, these data were taken 
during 1976-1977, and it would be interesting to compare 
them to later in situ data in order to confirm or deny the 
temporal variations observed from the ground. There are 
certain aspects of the ground-based observations that are 
not clearly understood, such as large sudden changes during 
the day and larger-than-expected variations as a function of 
season and solar cycle. Other observations of OH near 35 
km by balloon-borne laser radar (lidar) through the after- 
noon and early evening [Heaps and McGee, 1983] show 
large disagreement with models and other measurements 
discussed above; in view of this and the large uncertainties 
associated with these observations we feel that further lidar 

data are needed for a more accurate test of this method and 

its repeatability. 
The HO2 radical has been detected a few times in the 

stratosphere. Several vertical profiles of HO2 are shown in 
Figure 6, taken from the recent paper by de Zafra et al. 
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Fig. 6. HOe data and theoretical profiles taken from deZaj•a eta/. 
[ 1984]. Open circle with large error bar is measurement at 53øN by 
Mihe/cic eta/. [1978] adjusted to midday value, and shaded area 
represents range of data obtained at 32øN in 1977 by Anderson et 
a/. [1981]. Profiles a and b use somewhat different chemistry (see 
text), and curve c (dashed line) is a rough fit through the Anderson 
data, extrapolated to model a values at 70 kin. 

[1984]. These authors detected HO2 from the ground 
(Mauna Kea, Hawaii, 20øN latitude), during 4 days in 
September-October 1982, by observing the HO2 microwave 
emission lines near 266 GHz. They compared the observed 
line shape and strength to the line profiles predicted from 
theoretical HO2 vertical distributions a, b, and c, shown in 
the figure. The in situ cold trap measurement by Mihelcic 
et al. [1978] at 32 km is shown in Figure 6, but its associ- 
ated uncertainty is large. The somewhat indirect in situ 
observations of HO2 (conversion via NO to OH followed by 
resonance fluorescence detection of OH) by Anderson et al. 
[1981 ] are also illustrated (range of three 1977 measure- 
ments). Both of these data sets were taken below the alti- 
tude region of most interest to us, in terms of the effect on 
upper-stratospheric ozone. The main difference from model 
b to model a in Figure 6 is an increase in k•8 (O + HO2 • 
OH + 02) (as discussed previously), which shifts the value 
of the ratio [OH]/[HO2] (•- k•8 / k•7 above 40 km) and 
decreases [HO2]. Curve c is a rough fit through Anderson's 
[1982] data combined with a smooth increase toward model 
profile a. The average of 4 days of HO2 measurements 
taken between 10 A.M. and 5 P.M. by de Zafra et al. agrees 
quite well with a synthetic line profile generated from model 
a. As shown by the above authors, model b leads to a 
higher peak line intensity than observed, whereas model c 
provides too much low altitude HO2 (pressure broadened in 
the wings of the emission line). Our model results for 20øN 
latitude, averaged between the appropriate times of observa- 
tion, are essentially identical to model a, as expected, since 
we are also using laboratory kinetic data taken mostly from 
DeMore et al. [1982]. It is encouraging that the most 
recent photochemical data (particularly the value for kl8) 
provide the best fit (see model a in Figure 6) to the ground- 
based microwave data. However, we caution that this good 
agreement might be partly coincidental, since natural varia- 
tions in HeO could conceivably lead to HOe profiles as 
different as cases a and b, and there were no simultaneous 
measurements of H20 during the above HO2 observations. 
These results show a systematic difference between 
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Fig. 7. Comparison of our standard model (32øN latitude, CIRA 1972, April background atmosphere) with various 
NO2 observations at mid-latitudes: (a) sunset observations taken from summary in Hudson et al. [1982]; data were 
obtained by several different groups (see reference above); model results (solid line) are for g = 90.6ø; (b) LIMS day 
and night data (dashed lines) are compared to model NO2 profiles for similar times (about 1 and 10 P.M.). Data were 
taken at 32øN on May 5, 1979 [see Russell et al., 1984]; (c) Day-to-night variations in NO2, as observed by different 
groups: Harries [1978], dashed lines labeled for day and night; Drummond and Jarnot [1978], solid circles (day) and 
open circles (night); Roscoe et al. [1981], triangles (day). The two sets of solid lines for the day and night model 
profiles indicate the predicted variation in the NO2 abundance for 8-hour periods centered around noon and midnight. 

Anderson's in situ data and models that agree with the 
microwave ground-based data (case c venus a), although the 
microwave data are not very sensitive to the abundance of 
HO2 below 35 km. We note that most (~80%) of the HO2 
column amount resides below about 50 km for profile a, 
with 40% in the 35-50 km region, where HOx radicals affect 
the upper stratospheric ozone abundance. Further observa- 
tions such as these microwave ground-based measurements 
therefore have the potential of developing an increasingly 
accurate picture of the average HO2 abundance in the upper 
stratosphere (and mesosphere) along with its seasonal and 
latitudinal variations. Added benefit for comparison with 
models would, of course, be provided if H20 (and OH) data 
could be obtained concurrently with such HO2 measure- 
ments. 

H202 is closely tied to HO2 through the HO2 + HO2 for- 
mation reaction and is destroyed by photolysis and reaction 
with OH. Its chemical lifetime in the stratosphere is long 
enough that only small diurnal variations in [H202] are 
expected. Measurements of [H202] could provide a sensi- 
tive monitor of relative variations in [HO2] (from day to 
day or season to season) because of the essentially quadratic 
type of dependence between these two species. To date, 
however, only a tentative microwave detection of H202 has 
been made because of the low signal-to-noise ratio and pos- 
sible contamination of the line by other features [Waters et 
al., 1981 ]. This detection of about 1.5 ppbv at 30 km is an 
order of magnitude higher than our model prediction with 
the temperature-dependent value of k26 [Kircher and 
Sander, 1984]. Improved signal to noise in the microwave 
measurements (cooled radiometer and longer integration 
times) should be possible in the near future (J. Waters, 
private communication, 1983), allowing a more definite 
detection of the stratospheric H202 abundance. Recently, 
Chance and Traub [1984] have determined an upper limit 
for H202 in the 20-40 km region, using far-infrared emis- 
sion spectra collected from a balloon platform. Their 
results are in much better agreement with model predic- 
tions. 

3.2. NOx 

The NOx radicals (NO and NO2) are predicted to play an 
important role in the catalytic destruction of ozone. An 

overview of NOx observations shows that, on the average, 
mid-latitude measurements are in agreement with our stan- 
dard model, given the uncertainties and variability in some 
of the data, as discussed below. 

Figure 7 summarizes our comparison for NO2. A large 
number of observations of NO2 have been taken during 
sunset by infrared absorption spectroscopy, as shown in Fig- 
ure 7a. These data are composed of various experiments at 
different seasons, and the references can be found in Hud- 
son et al. [1982]. The average vertical distribution is simi- 
lar to our standard model sunset results (Z--90.6* solid 
line), although the model profile is somewhat on the high 
side below about 30 km. In Figure 7b, a typical day-to- 
night variation in NO2 abundance at 32'N, as measured by 
the LIMS (Limb Infrared Monitor of the Stratosphere) 
radiometer [Russell et al., 1984], is compared to our model 
results for the appropriate latitude and times. The large 
diurnal variation, theoretically caused primarily by inter- 
conversion between NO and NO2, is evident in both model 
and observations, which exhibit a similar trend versus 
height. Earlier observations relating to the diurnal variation 
of NO2 in the stratosphere are also shown in Figure 7c, fol- 
lowing the summary by Roscoe et al. [1981 ]. Our standard 
model results for day and night (two sets of solid lines) 
show the predicted range during the 8-hour time periods 
centered around noon and midnight, respectively. Only a 
few observations exist for the altitude range above 35 km. 
Daytime balloon-borne pressure modulated radiometer 
observations of NO2 emission at 6.2gm were obtained by 
Drummond and Jarnot [1978] and Roscoe et al. The latter 

data represent an average daytime result similar to our aver- 
age model profile. We note that these authors simultane- 
ously obtained NO data that are in fair agreement with our 
NO model profile from about 35 to 50 km (but drop off 
much faster below 30 km). The "day" measurements of 
Drummond and Jarnot were made about 1 hour after sun- 

rise, at a time when the NO2 abundance starts dropping 
fairly fast. Nevertheless the corresponding point near 50 
km is still significantly higher than expected, although we 
note that measurements above the balloon float altitude 

represent average column results and might be more uncer- 
tain than indicated. 

One should also note the effect of a decreased model OH 
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[HN03] / ENOz] 
Fig. 8. Predicted values of [HNO3]/[NO2] for our standard model 
(solid line for sunset, dotted line for noon). This is compared to an 
earlier chemical model (dashed line) and available data taken from 
Harries [1978]. Open squares are sunset data and solid squares are 
noon data. 

abundance in the stratosphere on the ratio of [HNO3] to 
[NO2], written (for daytime) as 

[HNO3] k45[M][OH] 
[NO2] j13 -I- k461OH] 

(2) 

Even though the above equilibrium relation will not be 
established instantaneously throughout the day, less [OH] 
will cause J13 to be the dominant term in the denominator, 
and the above ratio will be nearly proportional to [OH]. 
Simultaneous observations of NO2 and HNO3 led to a 
significant discrepancy between observed and theoretical 
values for [HNO3]/[NO2], given the chemistry accepted 
prior to a few years ago [see Evans et al., 1976; Harries, 
1978]. As surmised by Evans et al. [1982], a decrease in 
[OH] can considerably improve the model fit for the above 
ratio. In this respect we compare in Figure 8 our standard 
mid-latitude predictions for the value of [HNO3]/[NO2] 
versus height with observations taken from Harries [1978]. 
The old chemistry model reported by the above author is 
seen to predict a much larger ratio than our standard model 
with updated chemistry. We show two curves, for noon and 
sunset, and the agreement between models and observations 
is now reasonable and clearly improved with the current 
chemistry and reduced OH concentrations. More accurate 
observations should help determine whether this ratio is still 
a source of some discrepancy in stratospheric chemistry. 
There are few measurements of HNO3 above 35 km; some 
promising results at these higher altitudes have recently 
been obtained by ArnoM and Qiu [1984], who used ion 
mass spectrometer measurements. 

We conclude with a summary of various daytime NO 
mid-latitude data [from Hudson et al., 1982], shown in Fig- 
ure 9 along with our standard model for the noon NO 
profile. The range of data is quite large (factor of 2-5). 
Besides possible errors in measurements and differences 
between techniques, seasonal variability and transport 
effects on the long-lived NOx (NO + NO2) abundance are 
probably a source of such variations in the NO data. Rela- 
tively large seasonal changes in upper stratospheric NO 
abundance are indeed observed by Horvath et al. [1983]. 
On the average, however, and particularly in the upper stra- 

tosphere, our one-dimensional model is not in strong 
disagreement with the average of existing mid-latitude mea- 
surements of the key radicals NO and NO2. 

4. OBSERVATIONS OF CLO AND ITS DIURNAL VARIATION 

Chlorine radicals (C/and C/O) are also predicted to have 
a large impact on ozone in the upper stratosphere. The par- 
titioning between C/O and the reservoir species HC/needs 
to be investigated, but unfortunately, we are still limited to 
a separate comparison of C/O and HC/ observations (see 
sub-section 4.1), since no simultaneous measurements of 
these two species exist. The diurnal variation of C/O is 
examined in detail in sub-section 4.2, in light of recent 
observations of diurnal changes in C/O. 

4.1. Midday C/O 

The vertical distribution of ClOx reflects a balance 
between (in large part) the photolysis of halogenated hydro- 
carbons and the formation of HC/through reactions of Cl 
with CH4, H2CO, HO2, and H2. The latter species will be 
affected by transport directly (CH4, H2) or indirectly (H2CO 
comes from CH4 oxidation and HO2 from H20); see also 
Solomon and Garcia [1984]. The equilibrium relation 
between Cl and C/O can be written as 

[C/O] k54103] 
[CI] k5510] + k56[NO] 

(3) 

and is established on the time scale of a few minutes or less 
in the stratosphere. Since the exchange between C! and 
HC! takes place on a time scale of order 1 day (upper stra- 
tosphere) to 1 month (lower stratosphere), an equilibrium 
relationship between these two species may hold in a tem- 
porally averaged sense. Diurnal changes in ClOx are 
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NO MIXING RATIO (ppbv) 
Fig. 9. Summing' oœ mid-latitude daytime NO obse•afions (œ•om 
Hudson et al. [1982], where data references can be found) com- 
pared to our standard model results for noon (solid fine). Data 
include in situ and remote observations. 
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FiS. •0. C/O modc• p•or•;s c;mpa•cd to the inca. or the daytime 
resonance fluorescence measurements (solid triangles), excluding 
the anomalously high July 14, 1977, data [see Anderson et al., 
1980; Weinstock et al., 1981]. Earlier chemistry is illustrated by 
model of Logan et al. [1978 ], see dashed fine, and compared to our 
standard model (solid fine) for similar solar zenith angles (37* and 
44', respectively). Effects of an increase in k60 (OH + HC/reac- 
tion) and an additional decrease in k55 (O + C/O reaction), as dis- 
cussed in text, are illustrated by the dotted and dash-dotted fines, 
respectively. 

presumably due to exchange processes with a shorter-lived 
species (namely C/ONO2). With this in mind, we write 

[CI] 

[HCI] (4) 

k601OH] 
k61[CH4] + k62[HO2] + k63[H2] + k64[H2CO] + k65[H202] 

and the ratio [CIO]/[HCI] is then obtained from the pro- 
duct of equations (3) and (4). For the lower stratosphere, 
where kss[O] < < ks6[NO] and k61[CH4] is the dominant 
term in the denominator of (4), we obtain the familiar 
expression 

[C/O ] k54k6o[03] [OH] 
[HCI] k56k61 [CH4] [NO] 

(5) 

This is one example of the interdependence between HOx, 
NOx, and ClOx species. Our previous comment about 
transport also applies in terms of the C/O dependence on 
OH and NO abundances, which are sensitive to the long- 
lived source species H20 and N20 (or total NOy). An ideal 
experimental test of the above relationship would require a 
simultaneous measurement of all six gases involved, as well 
as temperature. Such measurements are difficult and not 
yet available, so that models are best compared with an 
average of the observational data currently available. 

A large number of daytime C/O measurements has been 
acquired from in situ resonance fluorescence balloon obser- 
vations [Anderson et al., 1980]. The observations cover the 
period 1976-1979, and the mean of these data, excluding 
the anomalously high July 14, 1977, profile was compared 

in Weinstock et al. [1981] to a model by Logan et al. 
[1978]. The spread in the nine observational C/O profiles is 
quite large (factor of 2-3 from the mean), although the gra- 
dient versus height is fairly well represented by the mean 
profile. As illustrated in Figure 10, earlier models (such as 
Logan et al. [1978]) did not give a satisfactory fit to the 
observed average C/O profile shape. The later increases in 
laboratory rate constants for OH + HNO3 and OH + 
HO2NO2 significantly improved the lower stratospheric C/O 
model fits because of the resulting reduction in the OH con- 
centration. Further changes in the kinetics since the WMO 
report [Hudson et al., 1982] would also tend to improve the 
upper stratospheric C/O model profile. The increase in the 
adopted value of k•8 (O + HO2 reaction), as discussed in the 
HOx section above, has led to an increase in model OH 
concentrations in the upper stratosphere (where atomic oxy- 
gen becomes more abundant). This, coupled with a small 
decrease in predicted CH4 (because of more OH), leads to a 
40% increase in ClOx near 40 km, since exchange between 
ClOx and HC/is mainly governed by the Cl + CH4 and OH 
+ HC/reactions [see also Ko and Sze, 1983]. The overall 
shape and magnitude of the C/O profile has therefore been 
favorably modified by a combination of changes in the 
kinetics, as illustrated by our standard model profile (solid 
line) in Figure 10. 

Two additional changes in laboratory data have been sug- 
gested more recently, both of which also tend to increase 
the upper stratospheric C/O mixing ratio, as shown in Fig- 
ure 10. Molina et al. [1984] find a value for k60 (OH + 
HC/ reaction) of 4.6 x 10 -12 exp(-500/T) cm 3 s -1. The 
temperature dependence is not much different from our 
standard expression for k60, but the difference in A factor 
leads to a 20% increase (nearly independent of 7) in this 
rate constant. The resulting increase in C/O ranges from 
10% near 30 km to over 20% at 50 km (dotted line versus 
solid line in Figure 10). The associated decrease in HC! is 
everywhere less than 10%. A recent kinetic study by Keyser 
[ 1984] agrees (within + 10%) with the above laboratory data 
on the OH + HC! reaction and points to a higher rate con- 
stant than previously recommended. However, since 
several previous studies of k60 were in excellent (•<10%) 
agreement and the differences that now exist are not well 
understood, it is not clear that one should adopt a higher 
value for this rate constant. The recent measurement of ks5 
(O + C!O --, C! + 02) by Leu [1984] yields 4.8 x 10 -• 
exp(-96/T) cm 3 s -1. Our adopted (standard) value is about 
40% higher, independent of temperature. Recent laboratory 
work on the O + C!O reaction by a number of workers 
would seem to confirm a reduction in kss. Compared to 
the room temperature (298 K) value of 3.6 x 10 -ll cm 3 s -• 
found by Leu and the earlier recommendation of DeMote 
eta!. [1982] of 5.0 x 10 -•l cm 3 s -1, values of 4.2 _+ 0.8, 3.6 
+ 0.5, and 3.5 _+ 0.5 x 10 -ll cm 3 s -1) have been obtained 
by Margitan [1984], Ongstad and Birks [1984], and 
Schwab eta!. [1984], respectively. If one considers sys- 
tematic errors rather than experimental precision (repeata- 
bility) alone, the total uncertainty in all the above 
determinations is most likely close to _+20% (J. Margitan, 
private communication, 1984). The temperature depen- 
dence of k55 is clearly small but will also contribute to the 
uncertainty (by maybe 15%). Indeed, for most reactions, 
some of which have been studied more extensively than the 
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O + C/O reaction (and some of which are easier to study), 
there seems to exist an error limit of 10%-15% above which 

the uncertainties in rate constants and the differences 

between various groups (with sometimes similar techniques) 
lie. Whatever its exact value, a decrease in k55 will decrease 
the [Cl]/[ClO] ratio above 35 km, where the O + C/O reac- 
tion becomes important in the conversion of C/O to Cl. As 
shown in Figure 10 (dash-dotted line versus dotted line) the 
incremental increase in [C/O] for ks•, according to Leu, is 
about 10% near 40 km and increases to 35% at the strato- 

pause; both diurnal average and diurnal sensitivity tests 
yield similar results. Since the O -• C/O reaction is the 
rate-limiting step in the major chlorine catalytic cycle des- 
troying ozone, we also expect changes in [03] from a 
decrease in k•. Small changes in our model abundances of 
present-day ozone occur with a peak increase close to 5% at 
40 km. 

The daytime (between noon and 4 P.M. local time) 
balloon-borne microwave observations of C/O by Waters et 
al. [1981] are compared to our standard model for 2:00 
P.M. in Figure 11. Good agreement for both the C/O and 
simultaneously measured 03 profiles is found, although the 
slope of the C/O profile between 30 and 23 km seems some- 
what steeper than in the model (note the large uncertainty 
in the observation at 23 km). Other measurements of C/O 
in the stratosphere via ground-based microwave spectral 
observations [Parrish et al., 1981] are consistent with the 
above data. New ground-based microwave observations 
[Solomon et al., 1984] have been performed in Hawaii and 
show a strong diurnal behavior, as discussed in the next sec- 
tion. The midday C/O column densities deduced by the 
microwave ground-based observations have values of 0.9 x 
1013 cm -2 [from Parrish e! al., 1981 ], 0.7 x 1013 cm -2, and 
0.8 x 1013 cm -2 [from Solomon et al., 1984], on average 
about 25% less than the mean of J. Anderson's data 

presented in Figure 11. Given the large spread in the in situ 
data, this should be viewed as a good (if not coincidental) 
agreement. The reevaluated laser heterodyne radiometer 
measurements of C/O at sunset by Menzies [1983] and the 
attempted ground-based infrared measurements by Mumma 
et al. [1983] are discussed later since they pertain more 
directly to the diurnal changes in the C/O profile. 
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Fig. 12. Range of mid-latitude HCI infrared absorption data [see 
Hudson et al., 1982] is illustrated by shaded area, and solid line is 
our standard HCl model profile. 

The chlorine reservoir, HCI, has been measured mostly 
by near-infrared ground-based and balloon-borne absorp- 
tion spectroscopy. As shown in the summary report by 
Hudson et al. [1982], model profiles fall within the bounds 
of these observations and roughly follow the observed verti- 
cal mean profile. A similar result is illustrated in Figure 12 
for our standard model conditions. Reasonable changes in 
K(z) and seasonal changes (in solar radiation) can modify 
this one-dimensional profile by about 30%. Lower- 
stratospheric [HCl] seems somewhat high in most models, 
particularly at higher latitudes (e.g., 2-D model of Miller et 
al., [1981]). Aerosols might be contributing to a chlorine 
sink below-25 km, although quantitative information on 
this subject is lacking. The slope of our HCl profile is 
somewhat different from the mean data and most individual 

observations (see also summary of data in Zander [1981], 
or National Research Council [ 1982]). However, significant 
differences exist between the observations themselves, 
presumably related to the combined effects of transport and 
chemistry. The upper stratospheric HCl mixing ratio (near 
50 km) is close to the total chlorine amount available in the 
stratosphere and should be increasing slowly with time 
because of anthropogenic sources. This upper stratospheric 
value is close to 2.6 ppbv in our mid-latitude models. 
However, it is worth noting that we have fixed the ground 
level values for the halocarbons in the steady state model. 
This leads to a constant total Clx value in the upper strato- 
sphere and mesosphere, which is not strictly realistic. 
Indeed, Gidel et al. [1983] use a time-varying upward flux 
of halocarbons at the ground and obtain a decrease in total 
Clx of about 30%-40% between the ground and 40 km for 
the year 1980. Therefore, although our tropopause values 
for total Clx agree well with the above author's results, our 
upper stratospheric values are higher than theirs by about 
20%. 

4.2. Diurnal Variation of ClO 
VOLUME MIXING RATIO The previous section described measurements and models 

Fig. 11. Simultaneous measurements (crosses) of 03 and ClO by of the midday ClO profile and the diurnally invariant HCl Waters et al. [1981] on February 20, 1981, above Palestine, Texas. 
Our standard model profiles (solid lines)for similar conditions of profile. The other major active chlorine compound is 
illumination (2 P.M. local time) are shown for comparison. chlorine nitrate (ClONO2), which builds up at night through 
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Fig. 13. Calculated diurnal variation of active chlorine species at 
24, 32, 40, and 48 km for 32'N latitude,-11' solar declination, and 
CIRA 1972 April background atmosphere. Long-lived species con- 
centrations are fixed at values obtained from diurnal average model. 

the recombination reaction C/O + NO2 + M and photodis- 
sociates during the day to regenerate the chlorine radicals. 
Its abundance peaks in the lower stratosphere and decreases 
sharply in the upper stratosphere as a result of the decrease 
in [NO2] and [M]. HOC! is a reservoir of secondary impor- 
tance (according to current photochemistry) formed from 
the radicals C/O and HO2 and destroyed mainly by photo- 
lysis. The resulting diurnal variation of the active chlorine 
species is illustrated for various altitudes in Figure 13 (stan- 
dard model as before). Observations of the C!O diurnal 
variation in the stratosphere can provide indirect evidence 
for the main "breathing cycle" between C/O and C/ONO2, 
even though chlorine nitrate is not measured directly. A 
possible C!ONO2 detection (by infrared absorption) near 30 
km has been reported by Murcray et al. [1979], although 
this is a difficult measurement and, at best, represents an 
upper limit consistent with model values [Hudson eta!., 
1982]. To first order, the sum [C/O] + [C/ONO2] will be 
constant during the diurnal cycle, and the combined abun- 
dance depends on the partitioning with HC/. The effect of 
chlorine nitrate is to reduce the amount of free radicals (C! 
and C/O) available to destroy ozone, although the largest 
C!ONO2 abundance occurs below the altitude (-40 km) of 
peak efficiency in the chlorine catalytic cycle. We note that 
we have used a rate of C!ONO2 formation in accord with 
the "fast" value for k64 recommended in DeMore et al. 
[1982] and consistent with the absence of other isomers, as 

implied by recent laboratory work [Margitan, 1983; Cox et 
al., 1984]. 

Several existing C/O observational data sets reflect the 
diurnal variation of C/O and the possible interchange with 
chlorine nitrate. The balloon-borne laser heterodyne 
radiometer measurements by Menzies [1979] showed a 
measurable C/O absorption feature in the vibration-rotation 
band near 12 •tm. The resulting profiles were significantly 
higher than model predictions, but new laboratory spectro- 
scopic data have revealed that the C/O observations were 
referring to an incorrect line position. A reevaluation of the 
observations [Menzies, 1983] in terms of another spectral 
line apparently due to C/O has led to a sunset (Z--94*) 
upper stratospheric profile, as shown in Figure 14. These 
November 1979 data are compared with our standard mid- 
latitude diurnal model plotted for solar zenith angles from 
noon to sunset. The observation at 36 km is an upper 
limit, which is not as satisfying as a definite detection, but 
agrees with the steep gradient versus height obtained at 
higher altitudes. This slope, rather than the absolute 
amount of C/O, constitutes the main difference between 
these results and model profiles. Other comparisons regard- 
ing the diurnal variation of C/O are now presented, prior to 
a discussion of model uncertainties that might be a source 
of the above discrepancy. 

Balloon-borne observations of part of the C/O diurnal 
cycle have been performed by Waters et al. [1981 ]. These 
are microwave limb sounding measurements of the thermal 
emission from a C/O rotational transition near 204 GHz. 

The antenna beamwidth of 0.3* is mostly sensitive to an 
emission region about 4 km wide at the tangent altitude. 
The pointing uncertainty is believed to be ñ 1 km. The 
data shown in Figure 15 are proportional to the C/O 
column abundances between about 28 and 34 km (and to 
the integrated antenna temperatures) as a function of local 
time. The measurements for February 20, 1981 [Waters et 
al., 1981] and May 12, 1981 (unpublished observations by 
the same group) were obtained above Palestine, Texas and 
are compared with model results for similar conditions 
(solar declination of-11' and +18', respectively) at 32'N 
latitude. The scaling of the model for noon is somewhat 

4O 
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Fig. 14. Reevaluated November 1979 ClO data [Menzies, 1983] 
obtained at sunset by laser heterodyne radiometer measurements 
(open circles). Model C/O profiles are shown for various solar ze- 
nith angles. The curve for 95* corresponds to the time of observa- 
tions. 
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arbitrary and the two separate curves shown for each flight 
were obtained by integrating over + 3 km around 29 and 
31 km, respectively, to (conservatively) account for the 
pointing uncertainty as well as the antenna beamwidth. 
Absolute concentrations near 2 P.M. for the February flight 
compared favorably with our model, as shown previously in 
Figure 11. The observed relative decrease from noon to 
sunset also agrees with our model results, given the apparent 
scatter and uncertainties in the data points. The May 
observations from sunrise to noon show a slower increase 

than model predictions, even if one were to choose a noon 
value less than half of the noon February value. 

More recently, ground-based microwave measurements of 
C/O have been obtained [Solomon et al., 1984] at Mauna 
Kea, Hawaii (200N latitude), during October 1-15, 1982, 
and December 9-16, 1982. The C/O rotational emission 
line at 278 GHz was observed fairly continuously during 
these periods, both at day and at night. The data are aver- 
aged over several days of observation to obtain a signal-to- 
noise ratio of about 20 to 1. The column amounts deduced 

from the microwave ground-based measurements are mostly 
sensitive to the C/O abundance above 30-32 km, which 
corresponds to a region within +50 MHz from the line 
center; this is due to the pressure-broadening effect in the 
wing of the line. We have used two models for 200N lati- 
tude and -4 ø (October) or-23 ø (December) solar declination 
for comparison. In Figure 16 (kindly provided by P. Solo- 
mon) the emitted line intensity (in millidegrees K) as a 
function of frequency (or channel number) is shown for the 
December data. Average daytime (1200-1600 hours) and 
nighttime (0000-0600 hours) results (for both model and 
observations) are presented in parts a and b of the figure, 
respectively. The synthetic line profiles generated with our 
model results have been scaled down by a factor of 0.85. 
The agreement with the observed daytime line shape is very 
good. At night an additional scaling factor of about 0.8 
would be needed for a best fit. 
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Fig. 15. Comparison of balloon-borne microwave observations of 
ClO diurnal variation [Waters et al., 1981, and unpublished data of 
J. Waters, for May 1981] with model results. Crosses indicate aver- 
age data for each time period, with associated uncertainties. These 
data are proportional to the ClO column abundances between 
about 28 and 34 km (and to the integrated antenna temperatures). 
The two model curves for each flight correspond to the diurnal 
variation of the ClO abundance integrated over + 3 km around 29 
and 31 km, scaled to the adopted noon value (see text). 
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Our October model yields a peak column, abundance 
almost 20% higher than in December, whereas the observa. 
tions imply less ClO in October than in December. Again, 
seasonal variations are not necessarily well predicted by a 
one-dimensional model and changes in the radiation fielcl 
alone; it remains to be seen how multidimensional models 
compare to these and future C/O, observations. On th ½'• 
average these daytime microwave observations yield abou t 
35% less ClO than our calculated values. This is not unrea, 
sonable, given the data uncertainties and the fact (discussed 
above) that our steady state model might indeed be overes. 
timating the upper-stratospheri.c total chlorine abundance 
(2.6 ppbv instead of a more realistic value close to 2.0 
ppbv). 

We now focus on the relative diurnal variation observed 
by Solomon et al. [1984]. Their data are presented in Fig. 
ure 17 in terms of an integrated intensity within _+ 50 MHz 
of the line center and are normalized to the observations in 

. 

the 1200-1400 hour time bin. Two-hour averages for the 
whole set of October and December 1982 data are shown i 0 
parts a and b, respectively, of the figure. Reasonable uncer- 
tainties of +20% (P. Solomon, private communication• 
1983) have been assigned to each observation. The mode! 
diurnal variations in the C/O column above 31, 33, 35, an d 
37 km that are normalized to the noon values are shown 
for comparison to illustrate the sensitivity to the limits of 
integration. The main differences between these model 
curves are the slope of the decline near sunset and the ratio 
of maximum to minimum values during the 24-hour cycle, 
The diurnal variation in the model values for the column 
above 31 km appears to be the best match to the observe• 
variation in the emission. At the higher altitudes there is 
less diurnal variation (see Figure 13), which is illustrated by 
the difference between the N• and Nj$ model curves in Fig- 
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Fig. 17. (a) Comparison of averaged ground-based microwave observations of C/O diurnal variation obtained in 
October 1982 [Solomon et al., 1984] with our model results; both are normalized to unity at noon. Data (with associ- 
ated error bars) correspond to column abundances above about 30 km. Model column abundances above various alti- 
tudes are shown. (b) Same as in (a), except for December data and model values. 

ure 17. Figure 18 shows the percent contributions to the 
total C/O column abundance as a function of time for vari- 

ous altitude ranges according to our model. During the 
day, most of the C/O resides between 30 and 40 km, while 
the 40-50 km range becomes dominant from about 10 P.M. 
to sunrise as a result of the smaller diurnal variation at 

those heights. This should show up as a narrowing of the 
observed C/O emission line during the evening and night, in 
addition to the decrease in intensity. Such a behavior is at 
least qualitatively observed in the data (P. Solomon, private 
communication, 1983). 

The main discrepancy between our time-dependent 
model and ground-based microwave observations of C/O 
seems to be the somewhat faster calculated C/O increase 

after sunrise and possibly, although not as pronounced, the 
slower decrease in the afternoon. In particular the October 
observations between 0800 and 1000 hours local time are a 

factor of about 0.55 lower than the 1200-1400 hours peak 
values. This contrasts with the model ratio of about 0.9 

and would seem to qualitatively agree with the slow morn- 
ing increase in C/O abundances near 30 km observed 
between 0700 and 1000 hours by the balloon-borne 
microwave limb sounder (Figure 15). However, the 
December ground-based data near 0900 hours yield values 
of '0.7, which persist into the 1000-1200 hours time bin. 
Differences between the data sets themselves also appear 
between 1600 and 1800 hours, when the October value of 

0.65 is less in agreement with the model than the December 
value of 0.9. If the above differences between October and 

December are real, any model that can fit one set of data 
will probably not explain the other set. Further ground- 
based and balloon-borne observations will help define these 
apparent discrepancies between theory and measurements as 
well as provide an intercomparison between experiments. A 
decrease in the average model C/O amount available during 
the day can have an impact on the predicted catalytic de- 
struction of ozone by chlorine radicals, which occurs mainly 
above 35 km, since the chlorine could be tied up in another 
"inert" reservoir, reducing the efficiency of the catalytic 
cycle. Based on the reasonable agreement between these 
observations and our model predictions, this potential effect 
should not be very large, unless it was due to some missing 
chemistry that also "short-circuited" the main ClOx catalytic 
cycle. 

Mumma et al. [1983] have attempted to detect C/O from 
the ground via laser heterodyne radiometer observations 
near sunset and sunrise. They obtain an upper limit for the 
column amount that is significantly lower than model pre- 
dictions and the microwave observations discussed above. 

Given the noise in their data, the upper limit of a factor of 
7 lower than previous daytime data seems somewhat high 
to us. In fact the above authors quote a factor of 5 
difference, rather than 7, if a more subjective method is 
used to determine this upper limit (C/O line Just discerni- 
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Fig. 18. Calculated percent contribution from various altitude 
ranges to the total model C/O column abundance as a function of 
time of day. 

ble" in the residuals). Also, the infrared observations were 
conducted within an hour of sunset or sunrise. If one then 

considers the other data shown above, the early morning or 
late afternoon ClO abundances can be seen to differ from 

the noon values by as much as a factor of 2 (particularly in 
the morning). While this is not expected in terms of the 
models, it could, in reality, account for some of the 
difficulties associated with the infrared measurements. A 

factor of 2 or 3 difference between the latter "revised" upper 
limit and previous measurements of ClO is then less 
dramatic than a factor of 7, if one recalls also that the in 
situ data of Anderson et al. [1980] showed a spread about 
the mean by at least a factor of 2 or 3. On the other hand 
the ground-based microwave data do not exhibit such large 
variations from day to day or season to season (P. Solo- 
mon, private communication, 1984). Additional infrared 
observations from the ground and from balloon (or space) 
are needed in order to deal with the question of short-term 
variability. 

The model diurnal changes in ClO (or ClOx) result from 
the exchange between ClOx radicals and ClONO2. This can 
be seen from Figure 13 and a look at the mass balance for 
chlorine species as a function of time. Most of the diurnal 
variation in ClO occurs below about 40 kin, where the 
abundance of CIONO2 is comparable to or larger than the 
ClO abundance. Smaller variations occur in the uppermost 
stratosphere, where the absolute ClO concentration 
contributes little to the total column amount (except for 
late night and early morning, see Figure 18). The daytime 
photodissociation of ClONO2 releases chlorine atoms to 
ClOx and also HOCI. Except for times just after sunrise 
(within an hour of it), when HOCI photodissociation can 
contribute to the increase in [C/O l, the dominant cause of 
diurnal changes in the ClO abundance is the exchange with 
ClONO2 molecules. In the morning the formation of ClO 
is mainly a consequence of the photodissociation of 
ClONO2, while the afternoon and sunset variations are pri- 

marily the result of the conversion from C/O to ClONO2. 
Near 40 km and above, the smaller diurnal variation of C/O 
is in large part due to HOC! (and HC/), as shown in Froide- 
vaux [ 1983 ] and Ko and Sze [ 1984]. 

Uncertainties in the absorption cross sections for both 
C/ONO2 and HOC! are apparently less than 5%-10% and 
the corresponding photodissociation rates in the strato- 
sphere should be known to within 10%-20% if one consid- 
ers the fact that the fluxes and atmospheric transmission in 
the 300-400 nm range are well determined, particularly 
above 30 km. The rate of formation of HOC! involves a 

rate constant (k68) that could be uncertain by up to 50%, 
but the C!O sensitivity to such a change is less than the sen- 
sitivity to C!ONO2-related uncertainties. The OH + HOC! 
reaction rate constant has not been measured and is a rough 
estimate [DeMore eta!., 1982], but since it is an order of 
magnitude less important than HOC! photodissociation in 
our current scheme, improvements in this reaction rate con- 
stant would either increase the total destruction rate of 

HOC! or leave it essentially unchanged, which will not help 
improve upon the possible discrepancies between models 
and observations of the C!O diurnal variation. The value 

for k66 (C!O + NO2 + M reaction) is more critical, but the 
four available studies [see DeMote eta!., 1982] of this reac- 
tion show agreement within 20% of the mean for the pres- 
sure and temperature ranges of interest here. If we stretch 
the uncertainty in k66 by multiplying the current value by 
1.50, we can indeed convert more C!O to C/ONO2, 
although the increase in ClONO2 partially compensates in 
the morning by releasing more chlorine. In terms of the 
sunset observations of Menzies [1983] above 35 km, such a 
(diurnal) model sensitivity test leads to less than a 20% 
change in the C!O vertical gradient. The corresponding 
difference between our model and the above data is more 

than 50% and cannot be explained by the uncertainties in 
rate constants. The apparently low C!O column abun- 
dances above 30 km obtained by Solomon eta!. [1984] 
near 9 or 10 A.M. are also difficult to account for, given the 
current uncertainties in photochemical data alone. The 
recent sensitivity analysis of the C!O diurnal variation by 
Ko and Sze [1984] corroborates this result; our predicted 
diurnal changes in chlorine species agree quite well with the 
above authors' calculations. Missing chemical cycles and 
possibly missing relatively stable chlorine reservoirs might 
have to be invoked in order to account for the above 

discrepancies, if real. The sensitivity to possible tempera- 
ture changes (typically less than 10 K during the day at 
these altitudes) is not large enough either. In terms of NO2, 
which recombines with C!O, we expect a smooth behavior 
during the day and no sharp impulse that could possibly 
modify the C!O variation near 9 A.M. We stress again that 
differences exist between the October and December 

microwave data that are as large as the discrepancies 
between our model and these observations. If real, such 
discrepancies could have important implications in terms of 
our understanding of the chlorine-related photochemical 
cycles as well as the net ozone destruction, and further 
detailed observational work (some of which is already in 
progress) should help define, if not explain, the existence of 
potential problems. Direct observations of both C/ONO2 
and HOC! would, of course, be very useful. In summary 
the observed diurnal variation of C!O appears to be explain- 
able by current theory to first order. 
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5. MODEL OZONE DEFICIT IN THE UPPER STRATOSPHERE 

We now discuss an apparent discrepancy between the 
absolute concentration of upper stratospheric ozone calcu- 
lated by our updated photochemical model and mean mid- 
latitude observations. This discrepancy of about 50% does 
not appear to be specific to our model and could have 
significant implications for our understanding of present 
and future ozone concentrations. Indeed, this problem 
exists even though, as shown earlier in this paper, the model 
compares favorably with the existing (average) observational 
results for the key radicals currently thought to catalyze the 
destruction of odd oxygen in the upper stratosphere. 
Unlike most other species, ozone has been measured repeat- 
edly by a wide variety of techniques; its abundance does not 
display significant seasonal change (less than 20%) at mid- 
latitudes, near 40 km. In addition we will show that, given 
the current uncertainties in photochemical data (consider- 
ably improved during the last few years) and measurements 
of other trace species, upper stratospheric ozone is not very 
sensitive to any single model input parameter or any given 
trace gas concentration. This comes from the fact that 
ozone depends on many photochemical processes and cata- 
lytic cycles in that altitude range and that no single variable 
overwhelmingly controls its concentration. 

5.1. Model Comparison with Observations of 0 and 0 3 
Theoretical and observational vertical profiles of ozone 

are compared in Figure 19. The U.S. Standard Atmosphere 
1976 follows the observations summarized by Krueger and 
Minzner [1976], most of which are from optical (250-320 
nm) balloon and rocket measurements between 30 and 
600N latitude. The _ 1 o range of variability is indicated. 
The accuracy in individual determinations of [03] is 15%- 
20%, but the mean of these data and almost every single 
sounding [see also Krueger, 1973] yield upper-stratospheric 
ozone abundances higher than our typical (32øN latitude, 

equinox, CIRA 1972, April background atmosphere) mid- 
latitude model. The same holds for the results reported in 
Hudson et al. [1982] concerning the International Ozone 
Rocket Intercomparison (IORI), held between October 21 
and November 4, 1979, which represents data obtained 
more recently by several types of sensors (optical, infrared 
and chemiluminescent). The standard deviation in this case 
(see Figure 19) relates to the intercomparison between vari- 
ous instruments flown nearly simultaneously, with typically 
three flights for each instrument, as opposed to the U.S. 
Standard Atmosphere 1976 estimate of ozone variability, 
which to some extent includes daily, seasonal, and yearly 
variations. The model results (30øN latitude, equinox) of 
Ko and Sze [1983] are also shown for comparison in Figure 
19. In the upper-stratospheric region, where disagreement 
between theory and data exists and where the model ozone 
is in photochemical equilibrium, the two models agree to 
within a few percent. This should be the case, since both 
models are using similar photochemical data (mostly from 
DeMore et al. [1982]) and reduced 02 absorption cross sec- 
tions (see model B of Ko and Sze [1983 ]). 

Such a discrepancy between calculations and observations 
of upper stratospheric ozone has been noted in the past, as 
in the sensitivity study of Butler [1978] and the analysis of 
ozone data in the tropical [Frederick et al., 1978] and high- 
latitude [Frederick, 1980] regions as well. Recent changes 
in input model parameters (decrease in o(02) in Herzberg 
continuum, increase in rate constant for O + HO2 reaction) 
have further reduced the calculated ozone values in the 

upper stratosphere. The two upper-stratospheric model 
ozone profiles shown in Figure 19 agree very well (within 
q-7%) with recent calculations for similar conditions (30øN 
latitude, equinox, U.S. Standard Atmosphere 1976 back- 
ground atmosphere) by D. Wuebbles (private communica- 
tion, 1984) and J. Herman (private communication by R. 
Stolarski, 1984). Crutzen and Schmailzl [1983] find an 
even larger discrepancy at mid-latitudes in the upper strato- 
sphere. Frederick et al. [1984] show that the upper stratos- 
pheric mid-latitude ozone data obtained by the solar back- 
scatter ultraviolet (SBUV) instrument on the Nimbus 7 
satellite are systematically higher (by a factor of 1.2-1.6) 
than model results and, moreover, that the observed sea- 
sonal behavior (phase) is also in some disagreement with 
calculations. The extent to which the ozone discrepancy 
reaches into the mesosphere is not clear. The lower limits 
of the data in Figure 19 are close to our model values, but 
the relative variability becomes larger in the mesosphere. 
Solomon et al. [1983] have found that their mesospheric 
model results are somewhat low, compared to Solar Meso- 
sphere Explorer (SME) ozone observations. The analysis of 
Allen et al. [1984] shows that reasonable agreement can be 
found between the Caltech mesospheric model and observa- 
tions in the mesosphere, given the combined uncertainties 
in the measurements and the prescribed model parameters. 
However, this model did not include the effect of NOx and 
ClOx radicals, which would tend to reduce the predicted 
ozone concentrations by 10%- 15% below about 55 km. 

The mid-latitude data shown in Figure 19 are representa- 
tive of the large number of observations collected until now 
by various groups using both in situ and remote sensing 
instruments. Other observations at mid-latitudes almost 

invariably fall within the limits shown in the above figure. 
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This is true, for example, for the OGO 4 BUV data [Lon- 
don et al., 1977] as well as for the more recent SME satel- 
lite observations [Rusch et al., 1983], the measurements 
from the satellite sensor SAGE (Stratospheric Aerosol and 
Gas Experiment) described by Reiter and McCormick 
[1982], and typical results from the Limb Infrared Monitor 
of the Stratosphere (LIMS) experiment on Nimbus 7 
[Remsberg et al., 1984]. The balloon-borne measurements 
presented by Mauersberger et al. [1981] also show a similar 
trend, although they apply mostly to altitudes below 38 km. 
Observed upper stratospheric seasonal variations are gen- 
erally _+ 10%-20% at mid-latitudes, as demonstrated by De 
Luisi et al. [1979], McPeters [1980], Prather [1981], 
Frederick et al. [1983, 1984], and McPeters et al. [1984]. 
Ozone is quite sensitive to temperature [see also Krueger et 
al., 1980], as discussed further below, and the seasonal vari- 
ations are largely driven by changes in the solar radiation 
and temperature fields. In summary, considering the typical 
measurement uncertainties of less than 20%, the variety of 
techniques used, and the small seasonal (and diurnal) varia- 
tions observed, the mean observed ozone abundances in the 
upper stratosphere are in disagreement with our model 
results and the majority of other recent calculations using 
the recommended photochemical input parameters. 
Clearly, more detailed comparisons with data sets involving 
simultaneous measurements of 03, temperature, and other 
related species are needed, as well as a better understanding 
of differences between models themselves, in order to con- 
strain the magnitude of the ozone discrepancy. 

Given the above discrepancy in upper stratospheric ozone 
and the expected rapid chemical exchange between atomic 
oxygen and ozone within the odd oxygen family, it would 
be interesting to look for a possible discrepancy in the 
atomic oxygen concentration as well. In other words, if the 
ratio of [O] to [03] is as predicted from photochemical 
theory, we would expect to observe a higher than predicted 
absolute concentration of atomic oxygen in the upper stra- 
tosphere. There exists one experiment [Anderson, 1980] 
during which both ozone and atomic oxygen were measured 
simultaneously from a balloon flight above Palestine, Texas 
(32øN latitude, 2 December 1977). The resonance fluores- 
cence atomic oxygen observations (smoothed profile sam- 
pled every 2 km with +25% uncertainties) are compared to 
our model (32øN, equinox) in Figure 20a. As shown also in 
Anderson [1980], there is good agreement between the slope 
and magnitude of the [O] measurements and model results; 
note, however, that observed individual profiles (not shown 
here) show small scale structure as large as a factor of 2 in 
some cases. The ozone observations obtained with the 

Johnson Space Center Dasibi instrument in conjunction 
with the atomic oxygen data presented above, are displayed 
in Figure 20b along with our ozone model and other data 
shown previously in Figure 19. The similarity between the 
Dasibi ozone data and our model profile is striking, which 
leads to excellent agreement [see also Anderson, 1980] 
between the only existing measurement of [0]/[03] and the 
expected ratio in the stratosphere: 

[O] J3 + j4 
Ro -- -- (6) 

[03] kl[O2][M] 

However, the fact that this particular ozone profile departs 
from the generally observed behavior above 35 km, in a 
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Fig. 20. (a) Atomic oxygen resonance fluorescence observations of 
Anderson [ 1980], taken on December 2, 1977 and compared to our 
standard model (32øN, -11 ø solar declination, CIRA 1972, April 
background atmosphere) for a similar solar zenith angle. We have 
smoothed the data between 30 and 42 km and sampled every 2 km. 
(b) Ozone data taken by Johnson Space Center Dasibi instrument 
of D. E. Robbins simultaneously with atomic oxygen data shown in 
(a) are shown by open circles. Our model and other data shown 
previously in Figure 19 are also plotted for comparison. 

way very similar to current photochemical theory, is 
anomalous. The ozone intercomparison shown in Hudson 
et al. [1982] suggests that upper stratospheric ozone meas- 
urements obtained by Dasibi instruments are lower than 
other data by as much as 30%. In fact the JSC Dasibi 
instrument is known to have been subject to such a sys- 
tematic error (increasing at higher altitudes) prior to 1979, 
as discussed in Mauersberger et al. [1981]. Given the lim- 
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ited number of determinations of the ratio [0]/[03] and L(Ox)----2k210][O3] (7c) 
these systematic errors, the apparent agreement between this 
measured ratio [Anderson, 1980] and theoretical results 

should thus be taken with caution. If the actual ozone L(HOx)--2[k•s[O][HO2] + k20103][HO2]-i-k22103][H]} 
values at the time of this experiment were close to the U.S. (7d) 
Standard Atmosphere 1976 values, it could be that the real 
value of [0]/[03] is lower than model predictions by as L(NO•) • 2k3210][NO2] (7e) 
much as 30%-50%. As discussed further below, this would 
affect the model destruction of odd oxygen and could 

and account for much of the ozone discrepancy in the upper 
stratosphere. More evidence is needed in order to ascertain 

the value of this important ratio in the upper stratosphere, L(C/O•) -- 2k5510][C/O] (7fi 
and we strongly recommend that this "pure Ox" system be 
further tested by detailed comparisons between models and 
observations. 

5.2. Model Sensitivity and Uncertainties 

We now address the possible model uncertainties that Prod(O•) in Table 2, for altitudes between 32 and 48 km at 
could help resolve the upper stratospheric ozone 32øN latitude (standard model). These results are similar to 
discrepancy. The various photochemical cycles affecting the values shown in Hudson et al. [1982], but the impor- 
ozone have been extensively discussed elsewhere. Clearly, tance of the chlorine cycle is higher in our model. 
pure oxygen chemistry cannot fully describe the ozone con- Although destruction by NOx dominates below 40 km, all 
centrations in the stratosphere [e.g., Nicolet, 1975a; Johns- four loss processes are seen to play a nonnegligible role in 
ton, 1975]. Solomon et al. [1980] further tested the global the 40-50 km range, where significant differences exist 
ozone balance by including losses caused by NO• chemistry. between observed and theoretical ozone profiles. An explicit 
A complete description of ozone (particularly in the upper equation for ozone in terms only of long-lived species is not 
stratosphere) should include losses due to all four catalyzing readfly inferred for the stratosphere, whereas the simpler 
radical groups (Ox, NO•, C/O•, and HO•). Johnston and mesospheric Ox-HOx system lends itself more easily to such 
Podolske [1978] have considered in great detail the various a relationship [Allen et al., 1984]. A partial test of the 
production and loss mechanisms for odd oxygen and con- ozone photochemical balance equation was made by Ander- 
clude that the net destruction of ozone in the stratosphere is son [1980], but all the radical concentrations necessary for a 
dominated by six or seven chemical reactions that take part meaningful test have not yet been satisfactorily and simul- 
in catalytic cycles. In photochemical steady state the bal- taneously measured. 
ance between those processes that produce or destroy (via Solutions to the ozone abundance problem could, in prin- 
catalytic cycles) two odd oxygen species can be written as ciple, involve one or more of the following (not entirely 

Prod(Ox) • Loss(Ox) 

- L(Ox)+ L(HOx) + L(NO•) + L(ClOx) 

Prod(Ox) • 2j• [02] 

where 

The predicted importance of these various destruction rates, 
averaged over one diurnal cycle (essentially no production 
or loss at night, however), is shown as a percentage of 

independent) answers: (1) The current photochemical 
laboratory data are sufficiently uncertain as not to preclude 
typical observed mid-latitude ozone profiles. (2) Some of 

(7a) the calculated radical concentrations affecting ozone, and 
maybe also the abundances of longer-lived species related to 
these radicals, are not in good agreement with average day- 
time observations. This might be related to 1 in terms of 
photochemical parameters, or it could arise from an inade- 

(7b) quate representation of transport processes. (3) The model 

TABLE 2. Relative Importance of Odd-Oxygen Destruction Rates 

z, km L(Ox) L(HOx) L(NOx) L(ClOx) 

32 10 7 59 15 

36 12 8 53 24 

40 15 15 36 34 

44 19 32 17 31 

48 19 55 7 18 

Numbers represent percentages relative to Prod(Ox) and have been averaged over a diurnal cycle. 
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Fig. 21. Model tests (steady state diurnal average runs) of the 
ozone sensitivity to various photochemical parameters classified 
according to Ox, HOx, NOx, and ClOx terms. The percent ozone 
increases necessary to fit the upper and lower bounds of the U.S. 
Standard Atmosphere 1976 03 data are indicated by the shaded 
area. Labeled curves represent the effect on ozone concentrations 
of individual changes in model parameters, as indicated below and 
discussed in the text. Ox: (a)J3 (03 '-* 02 + O)/2; (b)J4 (03 '-* 02 
+ O( 1 D))/2; (c) kl (O + 02 + M) x 2; (d) k2 (O + 03)/2; (e) old c• 
(02). HOx: (a) kl8 (O + ,HO2) x 2; (b) k29 (OH + ,HO2) x 2 or 
[H20]/2. NOx: (a) k4 (O(' D) + 02) x 2 and k5 (O(' D) + N2) x 

2; (b) k•2 (O + NO2)/2; (c) k33 (0 3 + NO)/2; (d)J9 (NO2) x 2; (e) 
kl0 (O(D) + N2 '-• 2NO)/2. C/Ox: (a) k55 (O + C/O)/2; (b) 
[C/O]/2; (c) no chlorine species. 

description is lacking a significant "ingredient." We note 
that any postulated solution that significantly affects ozone 
in the right way should be regarded with caution if it pro- 
duces a disagreement in other stratospheric gases or if it 
significantly worsens the mesospheric ozone profile fit. 

To explore the effects of changes in adopted parameters, 
we have performed sensitivity tests with our mid-latitude 
(32øN) spring equinox model. Diurnally averaged steady 
state results are shown in Figure 21 in terms of the percent 
increase in ozone abundance arising from a change in input 
photochemical data; the upper and lower bounds required 
to fit the limits of the U.S. Standard Atmosphere 1976 03 
profile are indicated as the limits of the shaded region. We 
typically change a parameter by a factor of 2 (increase or 
decrease); diurnal average tests, although economical, are 
not exactly accurate, but these are mainly intended to give 
us a reasonable idea of the sensitivity to various model 
changes. No single kinetic or photodissociation rate con- 
stant shown in the figure is as uncertain as a factor of 2, 
even at the lower stratospheric temperatures (except, 
perhaps, for the OH + HO2 reaction), and we are merely 
showing how dif•cult it is to significantly change the ozone 
abundance with even unrealistically high variations in input 

data. Halocarbon source concentrations were held fixed in 

these tests. We have separated the changes in predicted 
ozone abundance due to parameters related primarily to Ox, 
HOx, NOx, and ClOx, as indicated in the figure caption. 

In the Ox category the rate constant kl(O + O2 + M reac- 
tion) affects ozone formation, and Figure 21 shows that 
[03] is quite sensitive to its value. However, the change in 
k• necessary to fit the mean ozone data is unrealistically 
high, given the agreement (within -20%) between various 
laboratory studies [DeMote e! al., 1982, and references 
therein]; this would also imply undesirably high meso- 
spheric ozone values [see also Allen et al., 1984]. Simul- 
taneous observations of O and 03 would bear directly on 
the value of kl (see expression (6)). A decrease in k2(O + 
03 reaction) reduces the effectiveness of the direct loss chan- 
nel for Ox, but even a large change will not significantly 
increase [03], since the total destruction rate depends only 
to a small extent on L(Ox) (see Table 3). The photodissoci- 
ation rate of 03 will obviously play a role in controlling the 
ozone abundance and Figure 21 illustrates the sensitivity to 
J3 (03 + hv • 02 + O) and j4 (03 + hv • 02 + O(1D)). 
The difference in the effects of a decrease in J3 or j4 is due to 
two factors: j4 is sensitive to wavelengths short of 310 nm 
and dominates over J3 above about 35 km, and a reduction 
in j4 will also decrease the O(1D) concentration, which in 
turn reduces HOx, NOx, and ClOx abundances and the 
et•ciency of these catalytic cycles. The combination of 
smaller j4 and smaller Ox destruction results in large [03] 
increases, while a change in J3 is not significant for upper 
stratospheric ozone. It should be emphasized that the 03 
absorption cross sections are known quite accurately from 
laboratory data, and we feel that the photodissociation rate 
of ozone in the upper stratosphere is known to better than 
15%. Finally, one could go back to the old absorption cross 
sections c•(O2), which is equivalent to the effect of a 
significant (20%) increase in Jl in the upper stratosphere. 
This effect alone, however, is not enough to eliminate the 
ozone discrepancy, and all of the recent 02 cross section 
determinations point to values consistent with the low 
values used here [see also Cheung et al., 1984; Johnston et 
aL, 1984]. 

Figure 21 shows a few examples of the ozone sensitivity 
to the HOx radicals. The production of HOx occurs via 
O(1D) reaction with H20, while the primary loss process at 
altitudes above 35 km is through the OH + HO2 reaction. 
The ratio of [OH] to [HO2] depends to first order on four 
reactions [see, for example, Hudson et al., 1982] and can be 
written as 

[OH] kls[O] + k34[NO] 
[HO2] k1710] + k19103] 

(8) 

It is possible that our calculated H20 abundance (6-7 ppmv) 
between 35 and 50 km is somewhat high for a mid-latitude 
average; a decrease by a factor of 2 in [H20] produces 
changes similar to the effect of a factor of 2 increase in 
k29(OH 4- HO2 reaction) by reducing [HOx] by 30%-40%. 
The effect of a decrease in kls(O 4. HO2 reaction), which 
appears in (8) and has recently been revised upward by 
about 60% (see subsection 3.1), is also shown in Figure 21 
[see also Ko and Sze, 1983]. Similar changes in other rate 
constants affecting HOx concentrations will produce varia- 
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tions of order 20% or less in [03]. Large changes in indivi- 
dual rate constants would be needed to satisfy the ozone 
observations, and since HOx is the primary component 
affecting mesospheric Ox, one has to reconcile possibly large 
effects on stratospheric ozone with even larger changes in 
mesospheric ozone. Moreover, necessary reductions in 
model HOx by a factor of 2 or more (to significantly 
increase [03]) would not be consistent with currently exist- 
ing observations of OH and HO2. 

The O(1D) concentration, although very small, is a key 
variable affecting the HOx, NOx, and ClOx stratospheric 
abundances. Since NOx is the main ozone-destroying com- 
ponent in most of the stratosphere, we have shown the 
effect of a reduction in [O(1D)] (by about a factor of 2) in 
the NOx segment of Figure 21. This reduction is achieved 
by increasing the quenching rate of O(1D) by a factor of 2 
(rate constants k4 and ks). A significant (up to 40%) 
increase in ozone results, but the real uncertainty in the 
above rate constants appears to be less than 20% [DeMote 
et al., 1982]. The production rate of O(1D) through ozone 
photolysis is about as uncertain as its destruction rate, and 
unless an unknown mechanism exists in the atmosphere to 
deplete the O(1D) abundances (assuming that the 30%-40% 
resulting changes in HOx, NOx, and C/Ox concentrations are 
acceptable), the ozone discrepancy cannot be explained by 
such uncertainties. It is unfortunate that there is little hope 
of detecting O(1D) in the stratosphere at this time. To first 
order, in the upper stratosphere the L(NOx) term in (7) can 
be written using 

k32[NOx] 
k32[NO2] = (9) 

1 + ((J9 + k3210])/k33103]) 

where [NOx] is the sum of NO and NO2 concentrations. 
The ozone sensitivity to the various parameters (k32 , k33 and 
J9) in (9) is not very large in the upper stratosphere. In this 
case, large ozone changes above 40 km would have to be 
accompanied by larger changes in the 30-40 km range. The 
same holds for the 30%-40% reduction in [NOx] caused by 
dividing k•0(N20 + O(1D) reaction) by 2. 

Finally, the effect of changes in chlorine radicals cannot 
by itself produce the necessary ozone increase, although the 
variation with altitude qualitatively matches the required 
changes, as illustrated in Figure 21. The rate of importance 
here is k5510][C/O]. A decrease in k55 has a smaller effect 
on [03] than a similar decrease in [C/O], as shown by cases 
a and b in the figure. This is due to the partially compen- 
sating increase in [C/O] caused by a decrease in k55. Even if 
no chlorine species are included in our model, the mean 
ozone data are still high compared to theoretical values. 

The uncertainties in rate constants or photodissociation 
rates of importance to ozone in the upper stratosphere are 
typically within 20%-40% (much less than a factor of 2). 
The above analysis indicates that no single change in the 
relevant photochemical data can, given the current uncer- 
tainties, increase the ozone abundance by more than 20% 
(much less in most cases). One would need to change 
several rate constants to get the required effect. An example 
in which four important reaction rate constants are changed 
by +30% in a way to increase the ozone abundance is 
shown in Figure 22. It turns out that the O + C/O reaction 
(R55) has recently been studied in more detail (see sub- 
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Fig. 22. Ozone sensitivity to a combination of +30% changes in 
four rate constants chosen to increase [03]. Also shown is the 
separate effect of a 20 ø decrease in temperature. Shaded area has 
same meaning as in Figure 21. 

section 4.1) and that a reduction in k55 by as much as 30% 
might indeed be indicated. Taken alone, however, this 
change affects [03] by 5% or less. We do not find it satis- 
factory to suggest that small (15%) changes in six to ten 
reaction rate constants (or photodissociation rates) can 
explain the observed ozone concentrations. Figure 22 also 
illustrates the large ozone sensitivity to temperature changes. 
This follows from the temperature dependences of the O + 
02 + M and O + 03 reactions, which both tend to increase 
ozone (primarily the latter reaction) if the temperature 
decreases. However, a systematic 20-30 K difference 
between our model temperatures and the actual strato- 
spheric values is not likely, given that model values are 
obtained from observations with uncertainties of less than 5 

K, in general. The range in the observed ozone data can 
probably, in large part, be explained by temperature 
changes, but we do not have the freedom to vary the tem- 
perature very much for mean mid-latitude model results. 
Similarly, the use of different background atmospheres for 
mid-latitudes can lead to changes in the model ozone values 
similar in magnitude to the seasonal changes of ___ 10%-15% 
observed at a given altitude in the upper stratosphere, but it 
is difficult to produce a much larger change for reasonable 
background atmospheres. 

We have had limited success in identifying one or two 
uncertain photochemical input parameters that could help 
resolve the discrepancy in upper stratospheric ozone. 
Furthermore, the observations of key radical concentrations 
presented in previous sections show reasonably good (within 
20%-30%) overall agreement with our model results. We do 
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not find that our model yields a significant overestimate of 
mid-latitude HOx, NOx, or C/O• abundances, but the accu- 
rate simultaneous observations necessary to fully test the 
ozone photochemical balance have not yet been satisfac- 
torily performed. The concentrations of O and O(1D) play 
an important role in the ozone balance, and in fact the larg- 
est changes in [03] shown in Figure 21 are related to 
changes involving the [O] to [03] ratio (cases b and c in the 
O• part of the figure) and the O(1D) abundance (case a in 
the NO• part of the figure). Given the fact that the only 
existing measurement of [0]/[03] below 42 km was not 
conclusive and quite likely lower than model predictions by 
30%-50%, an amount consistent with the model/observation 
ozone discrepancy discussed here, we stress the importance 
of a more accurate determination of the ratio of atomic 

oxygen to ozone abundances in the upper stratosphere. In 
other words, given observations of [03] along with [O], will 
the measured atomic oxygen concentration profile appear 
too low compared to theoretical expectations based on the 
measured [03] and the predicted ratio of [O] to [03]? Since 
this ratio depends only on two model parameters (the total 
03 photodissociation rate constant j3 + j4 and the rate con- 
stant k•), accurate measurements of O and 03 would 
represent a crucial test of the presently accepted values of 
these key parameters. In terms of the O(1D) concentration 
(not measured in the stratosphere) it seems that a decrease 
from the predicted abundance by a factor larger than 2 
would be required to account for the observed ozone abun- 
dances. This would significantly affect the predicted con- 
centrations of HO•, NOx, and C/O• radicals besides generat- 
ing the difficulty of understanding how (as for the [0]/[03] 
case) such a change would be produced. 

Rather than attempting to find a way to reduce the pho- 
tochemical destruction of ozone, can we enhance its pro- 
duction? The molecular oxygen photolysis rate, which is 
the source of odd oxygen, is somewhat uncertain because of 
the problems associated with the 02 absorption cross section 
measurements in the Herzberg continuum. Uncertainties in 
j• of up to 25% currently exist in the upper stratosphere, 
with much higher uncertainties (of opposite sign) in the 
lower stratosphere. However, recent evidence indicates the 
need for a reduction in cross section, and a corresponding 
decrease in [O3], as discussed above. In terms of other pos- 
sible sources of odd oxygen in the stratosphere, the 
evidence--and speculation--is limited. One possible 
mechanism involving an asymmetric C/OO2 complex was 
proposed by Prasad [1980] in relation to the lower-than- 
observed stratospheric C/O abundances predicted by earlier 
models. Briefly, the idea involves the possible decomposi- 
tion of C/OO2 (formed by C/O + 02 + M) into OC/O + O, 
with subsequent photolysis of OC/O into C/O + O. This 
process would thus break the 02 bond and form odd oxy- 
gen. Only limited laboratory evidence exists regarding the 
above speculative scheme [see DeMore et al., 1982; Zellner 
and Handwerk, 1982]. Moreover, even if we assume some- 
what extreme rate constants and C/OO2 abundances near 40 
km in order to provide a significant odd oxygen source, we 
find unrealistically high (much higher than [C/O l) C/OO2 
concentrations near 30 km. This scheme, as it stands, does 
not seem to be plausible as a significant ozone source. 
Other possible sources of ozone could involve excited states 
of molecular oxygen (formed for example by the O + O + 

M reaction) reacting with 02 to form ozone. No quantita- 
tively significant scheme has been found for the strato- 
sphere. Finally, heavy molecular oxygen (180160) photodis- 
sociation might provide a source of odd oxygen in our 
atmosphere. Estimates of this source strength by Cicerone 
and McCrumb [1980] were fairly rough, and a recent 
detailed line by line calculation by Blake et al. [1984] yields 
only a few percent increase (at the most) in the odd oxygen 
production rate from heavy 02. 

The last question we consider is the possible role of trans- 
port in the upper stratospheric ozone distribution. Our 
one-dimensional model does not include an explicit descrip- 
tion of transport processes, particularly meridional and 
zonal motions, which are typically much more rapid than 
vertical processes. Clearly, we cannot adequately simulate 
the latitudinal behavior of ozone or other long-lived species 
in the lower stratosphere, where horizontal motions dom- 
inate the photochemistry. Planetary scale waves (of low 
wave number) generated in the troposphere are thought to 
play a dominant role, notably during the winter, when they 
can propagate upward into the stratosphere and interact 
with the mean flow. Backscatter ultraviolet observations 

from satellites [Heath et al., 1973; London et al., 1977; 
Frederick et al., 1977, 1980, 1983, 1984; McPeters et al., 
1984] have provided interesting global information on the 
ozone distribution and the influence of planetary waves. 
The question of importance for upper stratospheric ozone is 
the extent to which photochemical equilibrium is really 
valid. Observations (see references above) as well as models 
[e.g., Cunnold et al., 1980; Harwood and Pyle, 1980] 
definitely point to dynamical control in the lower strato- 
sphere, below 25 to 30 km. It is also generally agreed that 
above about 40 km, photochemistry will dominate. The 
coupling between radiation, chemistry, and dynamics 
(planetary waves) can lead to significant poleward and 
downward transport, according to the model of Hartmann 
and Garcia [1979], which yields a peak in horizontal trans- 
port near 45 km [see also Hartmann, 1981; Rood and 
Schoeberl, 1983]. Temperature-dependent reaction rates 
(for O + O3, O + O2 + M) lead to the coupling between 
photochemistry and temperature, which is in turn coupled 
to dynamical perturbations [Pyle and Rogers, 1980; Strobel, 
1981 ]. The observed relationship between ozone and tem- 
perature perturbations in the upper stratosphere is generally 
an inverse relationship [Barnett et al., 1975; Ghazi et al., 
1976; Gille et al., 1980; Nagatani and Miller, 1984] in 
accordance with photochemical control. A direct relation- 
ship has been observed in the lower stratosphere 
[Sreedharan and Mani, 1973; Gille et al., 1980]. Ghazi et 
al. note that even in the upper stratosphere (2-mbar pres- 
sure) there are instances where warm temperatures are 
accompanied by high ozone concentrations, as observed 
near 60øN latitude in January, indicating the influence of 
dynamical processes, possibly of the type discussed by Hart- 
mann and Garcia. Rood and Douglass [1985] point out 
that the anticorrelation of ozone and temperature does not 
uniquely identify photochemical domination in the context 
of perturbations of the ozone concentration about the zonal 
mean. D. L. Hartmann (private communication, 1983) 
indicates that a purely photochemical model could underes- 
timate the mean ozone abundance by as much as 15% near 
40 km, although such differences will tend to occur mostly 
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at higher latitudes in the winter, where ozone gradients and zonal mean ozone (at constant pressure), observed at more 
planetary wave activity are larger. However, the mid- than one latitude (J. Russell, private communication, 1983), 
latitude ozone observations discussed here were not taken 

exclusively in the winter. 
Crutzen and Schmailzl [1983] have recently discussed the 

apparent global imbalance between (annually averaged) 
ozone production (by 02 photolysis) and loss rates calcu- 
lated by using observed N20 (source of NOx radicals) and 
03 values in conjunction with model results for other 
species. In the lower stratosphere the production dominates 
the destruction. The situation in the upper stratosphere 
depends on the 02 molecular cross section values. For the 
more plausible low values of c5(O2) the production is less 
than the loss of ozone above about 35 km, according to the 
above authors. They also calculate a lower-than-observed 
ozone concentration in the upper stratosphere (in fact, 
lower than our model predictions). It would be more satis- 
fying to investigate the global ozone budget by a careful 
comparison of observations with a two-dimensional model 
for various latitudes (and altitudes) in order to determine 
where the imbalance actually occurs. A globally averaged 
analysis is subject to uncertainty in part because 90% of all 
ozone observations are for latitudes below 50 ø and that it is 

precisely in the region where total ozone peaks, at high lati- 
tudes in the winter, that the variability and uncertainties in 
the observations are largest. Further comparisons on a glo- 
bal scale, involving long-lived species such as N20, maybe 
CH4, and also CF2C/2, and CFC/3, if possible, should be car- 
ried out in conjunction with ozone comparisons. It is 
tempting to argue for transport of ozone from the lower to 
upper stratosphere (if not directly vertically, maybe as a glo- 
bal redistribution), since this would smooth out the 
discrepancies in both lower- and upper-stratospheric regions 
and since the downward ozone fluxes are estimated and 
observed to be much smaller than needed to account for the 

lower stratospheric global imbalance. This, however, goes 
against the existing ideas related to transport time scales and 
the ozone photochemical lifetime in the upper stratosphere 
let alone the corresponding effects of such transport on 
other long-lived species, and we can offer no transport- 
related solution at this point. 

Detailed observations of the diurnal behavior of ozone 

might also reveal unexpected trends if there is something 
missing in our model. The expected daytime variation of 
less than 10% below 50 km is difficult to accurately detect. 
Carefully planned broadband photometer rocket measure- 
ments of Hartley band absorption by Lean [1982] led to a 
precise determination of ozone daytime variations in the 
upper stratosphere and mesosphere. Approximate adjust- 
ments were made for independently measured temperature 
and density changes from night to day. The percent day- 
time changes in our model ozone concentrations agree quite 
well, in general, with the rocket results [Froidevaux, 1983]. 
A possible discrepancy occurs at 40 km, where the observed 
afternoon increase is about 13%, whereas our model result 
is close to 3%, in agreement with most current models. 
This difference might not seem large, but we find it difficult 
to explain if real [see Froidevaux, 1983, for further details]. 
It is also interesting and somewhat puzzling that an increase 
(from night to day) of close to 10% in 03 near 30-35 km 
was seen by the LIMS instrument aboard Nimbus 7 
[Remsberg et al., 1984]. This systematic diurnal increase in 

appears to be real. The large abundance of ozone near 30 
km makes it very difficult to produce such an increase, and 
our model predicts a 1%-2% change, at most. The observed 
increase by LIMS near 40 km, however, is close to 5%, in 
much better agreement with model results, and significantly 
less than the 13% increase obtained by Lean [1982]. The 
above data on daytime changes in stratospheric ozone are 
somewhat contradictory and uncertain, but we note that 
larger-than-expected increases would tend to substantiate 
the current discrepancy in the mean ozone abundance. 

6. CONCLUSIONS 

It is clearly necessary to understand the present state of 
the terrestrial atmosphere (dynamics and chemistry) if 
model predictions of future atmospheric changes are to 
become more reliable. In this paper we have discussed 
essential aspects of stratospheric chemistry affecting the dis- 
tributions of ozone and key free radicals in the catalytic 
cycles that destroy ozone, notably ClO. Our updated pho- 
tochemical model provides a reasonably good fit to average 
mid-latitude ClO data and observations of hydrogen and 
nitrogen oxides in the stratosphere. In fact, older chemistry 
is generally not as acceptable in terms of such observations 
(e.g., the slope and magnitude of the ClO profile, OH and 
HO2 ground-based data, [HNO3]/[NO2] ratio). The model 
comparison to diurnal C/O observations indicates at least 
first order agreement in terms of a breathing cycle with 
C/ONO2. However, certain discrepancies remain or have 
recently surfaced. Low C/O abundances at certain times 
(morning in particular) are hardly explainable in terms of 
uncertainties in the current photochemical data and might 
suggest an unknown chlorine reservoir or some missing 
chemistry. Such effects could reduce the efficiency of the 
chlorine catalytic cycle. Simultaneous observations of C/O 
and HC/ at various altitudes would represent a significant 
step in our attempt to close the gap between models and 
observations. 

Despite reasonable agreement between our model results 
and the average of existing observations of key radical 
species, the mean observed ozone abundance in the upper 
stratosphere is higher than predicted by about 50%. This is 
a systematic effect, apparent to some extent in virtually 
every observation, regardless of time of day or year, so that 
an underestimate of observational uncertainties does not 

seem to be a likely explanation. Such a discrepancy 
between observed and calculated upper-stratospheric and 
lower-mesospheric ozone has been noted by others in the 
past (as discussed above) but has been enhanced recently by 
changes in t5(O2) and k(O + HO2). At present, most model- 
ing groups agree with the existence of a deficit in calculated 
upper-stratospheric ozone, although we need to refine the 
comparisons between high-quality data sets and models as 
well as between different models themselves. Moreover, a 
fairly accurate laboratory data base appears to have been 
established, so that it is not very easy to argue for large 
errors in any single rate constant or absorption cross sec- 
tion. Our sensitivity analysis essentially rules out the possi- 
bility of one or two large adjustments in the current photo- 
chemical scheme in order to fit the mean ozone observa- 

tions in the upper stratosphere. While a combination of 
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many smaller adjustments could significantly reduce the 
discrepancy, we do not find that this satisfactorily eliminates 
the systematic difference between mean observations and 
theory. The photodissociation rate of 02 is the major term 
for Ox production, but given the current uncertainties in 
absorption cross sections, there are still large uncertainties 
in the value of this key rate (particularly in the lower strato- 
sphere). Recent indications would tend to lower o(O2), thus 
allowing more flux in the lower stratosphere and also 
increasing the global production of ozone [see also Crutzen 
and Schmailzl, 1983]. This increase, however, would not 
manifest itself in the upper stratosphere, where a decrease in 
0(02) leads to a decrease in 03, and it is difficult to see how 
transport processes could shift ozone from the lower to 
upper stratosphere given the short chemical lifetime of 
ozone above 35 km. Because of the one-dimensional 

nature of this model, we have emphasized the upper- 
stratospheric discrepancy in ozone, whereas Crutzen and 
Schmailzl focused on the global imbalance in the lower stra- 
tosphere (25-35 km), where models tend to overestimate the 
ozone concentration. We feel that there is more room for 

model uncertainties in the lower stratosphere as a result of 
transport (horizontal, in particular), the radiation field 
(higher optical depth implies more sensitivity to 02 and 03 
cross sections), and the more complex chemical cycles. 
However, we do not disagree with the above authors that 
there are indications of an "extremely dissatisfactory state of 
affairs" in the ozone balance. 

In the upper stratosphere the loss processes for odd oxy- 
gen are possibly being overestimated by models. We note 
that the O(1D) concentration is a key variable that could 
change the ozone concentration without affecting the 
predicted radical abundances in a drastic way (given the 
observational coverage and uncertainties), since three major 
ozone destruction mechanisms (by HOx, NOx, and C/Ox) 
are simultaneously affected; however, uncertainties in the 
known production and loss mechanisms for O(1D) are not' 
large enough. We strongly favor new simultaneous mea- 
surements of atomic oxygen and ozone in order to isolate 
possible errors in the key model parameters affecting the 
[0]/[03] ratio and in view of the limited and somewhat 
controversial nature of the only detection of this kind to 
date. In the next few years it seems likely that observa- 
tional tests of the (local) ozone balance in the upper strato- 
sphere will become feasible through careful monitoring of 
ozone, temperature, and the key radicals NO:, HO:, and 
C/O (and maybe also O, OH, and NO) during the daytime 
hours, from a balloon platform. Besides the accuracy 
needed in the measurements of these radical concentrations, 
one would also hope for somewhat smaller uncertainties in 
the corresponding laboratory data, since it is the product of 
rate constants and concentrations that determines the rate 

of ozone destruction. The uncertainties in k2(O + O3), 
k18(O + HO:), k22(O + NO:), and k55(O + C/O) for upper 
stratospheric temperatures are currently about 30%, 40%, 
10%, and 30%, respectively. Detailed measurements and 
comparisons with calculations of the solar flux in the mid- 
dle and upper stratosphere at wavelengths between 180 and 
320 nm would enable one to look for discrepancies in the 
UV radiation field that is responsible for the photodissocia- 
tion of 02 and 03 as well as the production of stratospheric 
O(•D), HOx, NOx, and C/O• radicals. In addition, such 

measurements as a function of season could give some clues 
regarding not only the question of the absolute 03 concen- 
tration but also its associated seasonal phase as a function 
of height (see problems discussed by Frederick et al. 
[1984]). 

In a general sense, more attention has to be paid to qual- 
ity of observation and the associated increase in our 
knowledge of the atmosphere. Harries [1982] notes, for 
example, that tests of certain photochemical equilibrium 
relations can be made meaningful only with highly accurate 
simultaneous observations. The detection of new species, 
such as HO2NO2, HOC/, C/ONO2, or N205, would 
obviously increase the possibilities of comparing observa- 
tions with models, which in that respect are ahead of the 
observations. Simultaneous observations are still of primary 
importance, and NASA is presently focusing more on joint 
balloon flights and intercomparisons between various meas- 
urement techniques. In other words, one more C/O profile 
is not nearly as important as a simultaneous detection of 
C/O and HC/, possibly by more than one or two instru- 
ments. Comparisons of multidimensional models with lati- 
tudinal variations of stratospheric gases will help further our 
understanding of chemistry, dynamics, and their interaction. 
A recent example concerns the global NOx observations and 
analysis [Noxon et al., 1983], coupled with two-dimensional 
model comparisons [Solomon and Garcia, 1983]. Despite 
the encouraging results, there are indications that some 
missing factors still exist in relation to the NOx reservoirs at 
high latitudes. 

The photochemical modeler is often faced with the 
dilemma of suggesting a possible change that will help 
reduce a certain discrepancy in a constituent's abundance 
while leaving other species in reasonable agreement with 
observations. This challenge represents a kind of Rubik's 
cube, and while we seem to have mostly the right colors on 
each side, there are still some unmatched, and maybe miss- 
ing, spots. The current first-order agreement between 
models and observations can be satisfying, but we have to 
further refine the level of comparison if we are to believe 
predictions of small (but possibly important) column ozone 
depletion rates due to a variety of long-term trends in 
minor and trace gases. 
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