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ABSTRACT

We have helped develop a one-dimensional photochemical model of the
Earth's stratosphere, in order to provide an up-to-date comparison with
mid-latitude observations. This work focuses on the present state of the
stratosphere, and includes studies of the radiation field (absorption and
scattering), the important partitioning and vertical distribution of halo-
carbons and their products, as well as certain intriguing discrepancies
related to light and heavy ozone.

We briefly comment on the detection by J. R. Herman and J. E. Mentall
of a 10% ratio of total scattered flux to direct solar flux at a wavelength
of about 200 nm and an altitude of 40 km. This ratio is over a factor of
two higher than our theoretical results and cannot be explained without
the existence of a scattering component not included in the model. We also
explicitly demonstrate the first-order effects of the inclusion of spheri-
city (spherical shell atmosphere) on the stratospheric photochemistry at
solar zenith angles close to 90°. The resulting changes in model concentra-
tions for short-lived radicals such as 0, OH, C10, and NO are largest in
the lower stratosphere, but relatively small compared to current observa-
tional uncertainties.

We propose that a significant overestimate of the molecular oxygen
absorption cross sections in the important spectral window from about 200
to 220 nm is in large part responsible for the discrepancy between observed
and modeled vertical profiles of some halocarbons (CFC]3 in particular), as
well as for the long-standing problem of simultaneously fitting NZO‘ CH4,

CFZC]Z, and CFC]3 profiles with a single eddy diffusion model. Recent
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measurements of atmospheric transmission by J. R. Herman and coworkers seem
to support this idea. The use of their proposed reduction in 02 Cross
sections leads to significant decreases in the CFC]3 concentration above

Cl

about 20 km, with smaller reductions in N20, CF and HNO3. The concentra-

272
tions of CH4, H2’ and CO are not sianificantly altered.Changes in other gases
(including ozone) are also discussed, as well as the effect on eddy diffu-
sion coefficients obtained from measurements of N20 or CH4 profiles in the
stratosphere. Accurate determinations of these small O2 absorption cross
sections are needed, since they affect the vertical distribution of halo-
carbons in the stratosphere, and the lifetime of these species has an impact
on ozone depletion estimates.

In terms of the halocarbon decomposition products in the stratosphere,
our model vertical distribution of C10 is shown to provide a reasonably
good fit to the mean of available observations. As discussed by others,
changes in certain rate constants affecting HOx in the lower stratosphere
have led to decreases in model C10 concentrations by over a factor of three
in the lower stratosphere, thus improving the shape of the vertical profile.
In addition, the amount of upper stratospheric C10 has increased due to
recent changes in the kinetics (reactions 0+-H02, 0+-C10; and possibly
OH+HC1). The diurnal variation of C10 observed from the ground (microwave
emission) by P. Solomon and coworkers is consistent with our model results
in terms of the maximum day-to-night decrease in column abundance above
about 30 km. However, the observed mid-morning increase is slower than
theoretical values, while the predicted afternoon decrease might be too
slow, even if one considers the uncertainties in photochemical data. This

could indicate the existence of missing chemistry in the models, although
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the different observations show somewhat contradictory results. Other
observations (balloon-borne microwave spectroscopy and infrared laser
radiometry) are also discussed in relation to our model. To first-order,
indirect evidence for the breathing cycle between C10 and C]ONO2 seems to
have been established. The mean observed HCl mixing ratio profile de-
creases somewhat faster towards the lower stratosphere than model pro-
files, a discrepancy which has previously been noted, particularly at

high latitudes. Measurements of ethane in the lower stratosphere seemed
to indicate that the atomic chlorine concentration was three to five times
lower than predicted, but more recent data do not show such a discrepancy.

The fluorine products consist mostly of HF and C0F2. We show that
the main uncertainty for this system is the value of the quantum yield
(as a function of wavelength) for COF2 photodissociation; which translates
into a factor of three or more uncertainty in the ratio of HF to COF2 con-
centrations in the upper stratosphere. If this quantum yield has an
average value close to 0.25, a better model fit to observations of HF
and [HF]/[HC1] is obtained than if the value is close to unity. Simul-
taneous stratospheric measurements of COF2 and HF, as well as C10 and
HC1, would greatly enhance our ability to test photochemical models of
these halocarbon products.

Finally, we stress that, although generally good agreement is found
between our model and observations of HOX, NOX, and Cle species (in-
volved in catalytic cycles destroying ozone), the mean observed mid-
latitude ozone abundance from about 35 to 50 km is up to 50 or 60%
greater than current model results. Certain observations of a 10 to 15%

daytime increase in ozone concentration in the 30 to 40 km region are



also puzzling, if real. We explore the model sensitivity to various input
parameters and point out that, given the present uncertainties in photo-
chemical laboratory data, no reasonable change in one or even three or

four of these parameters can eliminate the ozone discrepancy. There might

well be some missing chemistry in relation to the effectiveness of the loss

processes for odd oxvaen, or a (less likely) unknown sianificant 03 source.

We have to understand the present upper stratospheric ozone distribution,
before estimates of possible future ozone depletion can be made with con-
fidence. We also discuss our understanding of heavy ozone photochemistry,
which might be related to a 1ight ozone photochemical source. Fast iso-
topic exchange processes between 0 and 02 will dominate the heavy odd
oxygen chemistry, and we do not find any significant heavy ozone enhance-
ment possibilities in the stratosphere, unless unusually large fractiona-
tion processes exist. The in situ mass spectrometer observations of a 40%

]803202 near 30 km by K. Mauersberger remain a mystery, and

enhancement in
further data collection--possibly via infrared or microwave'spectroscopy
as well--should be undertaken if this potentially significant discrepancy

is to be understood.
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I'm sick and tired of hearing things
From uptight short sighted narrow minded hypocritics
A11 T want is the truth

Just gimme some truth

I've had enough of reading things
By neurotic psychotic pig headed politictians
A11 I want is the truth

Just gimme some truth

No short haired yellow bellied son of tricky dicky
Is gonna mother hubbard soft soap me

With just a pocketful of hope

Money for dope |

Money for rope

I'm sick to death of seeing things

From tight 1ipped condescending mommies little
Chauvinists

A11 I want is the truth

Just gimme some truth

['ve had enough of watching scenes
Of schizophrenic egocentric paranoic prima donnas
A11 I want is the truth

Just gimme some truth
Gimme some truth

(John Lennon, Imagine Album, 1971)
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... In a somewhat more relevant context for scientists

I'm not after a "nice" paper
I want the truth!

(D.0.Muhleman,during a seminar, 1982)



1
INTRODUCTION

The relatively thin atmospheric layer above us is the scene of many
different dynamical and photochemical processes. These processes can be glo-
bal or local, and they occur on a wide range of time scales. Solar radia-
tion provides the most important driving force, via absorption and photo-
dissociation processes that release energy and heat up the atmosphere;
temperature gradients lead to pressure aradients which can accelerate air
masses on a alobal scale. Temperature also affects chemical reaction
rates and changes the relative amounts of trace gases, some of which can
catalytically modify the ozone distribution, which in turn influences tem-
perature, dynamics and photochemistry. The coupling between radiation,
dynamics and chemistry, the three-dimensional and nonlinear aspects of
the atmosphere, as well as the interactions at the upper and lTower bound-
aries and the wide range of temporal and spatial scales have made it very
difficult to model the exact behavior of the atmosphere. Progress is
being made in developing General Circulation Models which include some
chemistry, but there are limitations in terms of computer size and soeed
(cost) of calculations. One-dimensional photochemical models describe the
vertical distribution of chemical species in the atmosphere, with a crude
parametrization of transport processes. Two-dimensional models provide a
compromise by using the important photochemistry and zonally-averaged
dynamics to compute latitudinal and vertical distributions of gases. The
fact that a model is two- or three-dimensional does not in itself qualify
it to more accurately describe the behavior of gases in the atmosphere.
For example, eddy coefficients corresponding to horizontal transport are

subject to uncertainties, just as the vertical component of a 1-D model
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is. The dynamical aspects of the atmosphere are not yet as satisfac-
torily understood as the purely photochemical processes, which are in
some sense more predictable, thanks to the large amount of laboratory
data obtained in the last two decades. Although we seem to have a good
first-order understanding of the distribution of minor and trace gases in
the atmosphere, discrepancies remain between models and observations. Our
research addresses various problems related to photochemistry in the
stratosphere (from about 10 to 50 km altitude), with the help of a 1-D
model. In the words of Massie and Hunten [1981] "one-dimensional models
are still the workhorses of stratospheric chemistry." Photochemical sen-
sitivity tests are most easily performed on a 1-D model and processes
that occur on time scales short compared to horizontal transport--e.qg.,
diurnal variations--do not require multi-dimensional modeling (if the
long-lived species are correctly defined).

Since one cannot be expected to "solve the stratosphere" in a few
years, our more modest goals are to focus on some of the current discrep-
ancies and interesting problems in photochemistry. A better understanding
of the chemical composition will eliminate some of the uncertainties in
dynamical studies, since tracer gases can be affected by air motions as
well as by photochemistry. Ozone is of primary importance in the strato-
sphere, where it is produced by photolysis of oxygen and subsequent
reaction of oxygen atoms and molecules. It is responsible for the temper-
ature increase in the stratosphere, which leads to relative stability
against convection (and smoother flights for airline passengers). The
strong ozone absorption below 300 nm prevents hazardous ultraviolet radia-

tion from reaching the ground. The original formulation of ozone
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photochemistry is due to Chapman [1930], who considered pure oxygen
species only. Such basic reactions produced an ozone concentration peak
in the lower stratosphere, as observed, but overestimated the absolute
amounts. More recent studies have demonstrated the importance of hydrogen
oxides [Bates and Nicolet, 1950], nitrogen oxides [Crutzen, 1970], and
chlorine compounds [Wofsy and McElroy, 1974; Stolarski and Cicerone, 1974]
for the destruction of ozone. The potential impact of human activities on
the steady-state concentration of ozone through anthropogenic perturba-
tions of the above compounds has generated a large amount of theoretical
and experimental research during the past decade. The possible impact of
a steady increase in stratospheric nitrogen oxides due to aircraft emis-
sions was initially discussed by Johnston [1971] and further investigated
by McElroy et al. [1974]. The apparent lack of significant tropospheric
sinks for anthropogenically-produced halocarbons and the-potentia11y im-
portant catalytic destruction of ozone by chlorine radicals produced by
stratospheric photolysis of these source species were problems pointed
out by Molina and Rowland [1974] and Rowland and Molina [1975]. The
importance of trace amounts (typically parts per billion) of man-made
nitrogen or chlorine compounds on the stratospheric ozone balance arises
from the catalytic nature of the destruction processes, whereby these
rapidly reacting radicals can interact many times with ozone (and atomic
oxygen) before being lost from the system. The ultimate steady-state
ozone concentration will be determined by the source strengths and life-
times of stratospheric pollutants. The concern is over irreversible
transformations of the environment, although the exact effects of a small
decrease in total column ozone on animals and humans (sunburn, effects on

DNA and immune system response, skin cancer) as well as plants are not yet
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well defined [NRC, 1982]. The predictions of ozone decrease over the next
century have varied in recent years, not only in magnitude, but also in
sign.. This is due to our incomplete understanding of the present strato-
spheric photochemistry. Clearly, in order to accurately oredict small
changes in steady-state ozone amounts, we have to accurate}y~know the
chemical processes affecting ozone, as well as the possible radiative-
dynamical coupling mechanisms. Considering past experience, it is prob-
ably safe to say that predictions will continue to change somewhat,
although one hopes that we are converging towards the truth. A recent
paper by Cicerone et al. [1983] demonstrates some of the nonlinearities
involved in the photochemistry alone and suggests that total column ozone
could be increasing slightly for a few decades before a sharper decrease
sets in. The problem with a fast (10f20 years) detection of an ozone de-
crease is due to the smallness of the effect over such a time scale and
the required accuracy and repeatability of global observations, as well as
the interference from diurnal, seasonal and solar cycle effects. Long-
term satellite observations of global ozone, in particular in the upper
stratosphere where chlorine-catalyzed destruction is predicted to peak,
should help elucidate this question. In the meantime, however, vigorous
research concerning the present state of the atmosphere is being pursued
and regular reports are published almost every year by various workshops
and agencies. Excellent collections of papers can be found, for example,
in Hudson and Reed [1979], Nicolet and Aikin [1980], Hudson et al. [1982],
NRC [1982] and other references therein. A concise review of the physical
and chemical processes involved in planetary atmospheres can be found in

the textbook by Chamberlain [1978]. For those with some French reading

ability, a good reference to stratospheric photochemical reactions and
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laboratory work is provided in the book by Nicolet [1978]. Some of the
above references are already somewhat out of date, but that is a healthy
indication that progress is being made in this field.

The present work focuses on a refinement of our understanding of the
present atmosphere in terms of photochemical modeling and comparisons with
observations. Chapter 1 presents the basic Caltech one-dimensional photo-
chemical model. This includes a discussion of the model input parameters
and laboratory data relevant to the stratosphere, as well as a description
of the basic schemes related to absorption and scattering of solar radia-
tion. In Chapter 2, we present further analyses of the diffuse flux in
the stratosphere: part 1 is a comment on observations by Herman and
Mentall [1982], while part 2 explicitly demonstrates the effects of
Rayleigh scattering on the photochemistry at large solar zenith angles,
where the influence of sphericity is largest. Chapter 3 is a somewhat
expanded version of the work presented by Froidevaux and Yung [1982] on
the sensitivity of the vertical profiles of certain gases (halocarbons in
particular) to changes-in the molecular oxygen absorption cross sections
near 200 nm. Lower cross sections would help resolve the discrepancies
that have been found between halocarbon observations and models. The
vertical distribution of other chlorine and fluorine compounds and their
partitioning is analyzed in Chapter 4. Special emphasis is placed on the
chlorine monoxide diurnal variation (section 4.2), in light of recent
observations. Can we understand the various observations in terms of the
present chemistry or are there some missing factors? The same questions
are raised in Chapter 5 with respect to ozone in the upper stratosphere,
where photochemistry--rather than transport--should dominate, but where

the model underestimates the ozone concentration by a non-negligible
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amount. The latest WMO/NASA report [Hudson et al., 1982] lacked such a
comparison between observed and theoretical upper stratospheric ozone
profiles, but this problem could have significant implications for the
present and future stratosphere. Relevant comparisons are presented in
terms of observed and modeled radical profiles, and the sensitivity of
ozone to photochemical parameters is discussed. The small, but interest-
ing diurnal variations of ozone are discussed in section 5.2 and compared
to observations. In view of the controversial observations of an en-
hancement in isotopic ozone (1803202 ) near 30 km by Mauersberger [1981],
we present our current understanding of heavy ozone photochemistry in

section 5.3.
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Chapter 1
THE CALTECH 1-D PHOTOCHEMICAL MODEL

1.1 Basic Concepts

The basic Caltech photochemical model is intended for a wide
variety of possible atmospheric studies, ranging from the Earth to
Jupiter and planetary satellites, as well as cometary comae. It origi-
nated with the work of Y. Yung and J. Pinto and was subsequently im-
proved into a convenient general package by M. Allen. Specialized
subroutines are introduced for problems that are specific to a particu-
lar atmosphere or atmospheric reqgion. Earlier applications of the basic
model include studies of the primitive Earth's photochemistry and evolu-
tfon [(Pinto et al., 1980], modeling of the Earth's mesosphere and
thermosphere [Allen et al., 1981, 1983] and photochemistry of the atmos-
pheres of Venus [DeMore and Yung, 1982; Yung and DeMore, 1983], Jupiter
(Gladstone and Yung, 1983], and Titan [A]fen et al., 1980]. In terms of
the Earth's stratosphere, we have been continually updating the input
parameters, as well as refining certain features of the model, which--as
most modelers know--can often occupy a significant fraction of the time
spent towards obtaining a particular scientific result.

The continuity equation lies at the center of all photochemical
models. In the vertical (z) dimension, we write this equation for the

ith constituent at each altitude as follows:

ani 3@1
st - Pilngamy) - Lilngan) - 3 (1)
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where n, is number density (cm ~), Pi(nj,nk) = ij kjknj"k is the
s']) which includes two-body and
35-1)

photachemical production rate (cm'3

three-body reactions (effective rate constant kjk in cm as well

as photodissociations. Li("i’nk) is similar in form to pi("j’"k)
except that it expresses the photochemical loss rate (cm'3s'])

2

, and

9. is a vertical flux (cm™

tribution resides in the last term of equation (1) and is parametrized

s']), positive upwards. The transport con-

in the standard eddy diffusion formulation:

5f.(z2)

%,(z) = -K(z) n_(2) ;Z (2)

where K is the eddy diffusion coefficient (szs-l)’ n, is the total
atmospheric density (cm'3) also written as [M] in later sections, and
' th

f. = ”i/"a is the volume mixing ratio of the i

i constituent. Making

use of the ideal gas law for N, and the équation of hydrostatic balance,

relation (2) can be written as:

¢. = -K{a—zi+ (]T‘z k_)"i} (3)

where T is temperature (degrees K), my is mean molecular weight (g) of

the atmosphere, g is gravity (cmzs_]), and k = 1.38)(10']6

(erg/K) is
Boltzmann's constant. The terms mag/kT and [(1/T)(8T/32)-+mag/kT] are
the inverse of the pressure and density scale heights of the atmosphere
[see Colegrove et al., 1965; Hunten, 1975]. In applications such as the

Earth's thermosphere or Jupiter's upper atmosphere, a molecular diffu-

sion term is added to the flux expression. We present in section 1.2
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the various input parameters, such as reactions, rate constants, absorp-
tion and scattering cross sections, model atmospheres, eddy diffusion
coefficients, and boundary conditions needed to solve equation (1).
Substituting for ¢i into equation (1) yields a second order partial dif-
ferential equation for n; with respect to z. Two boundary conditions
are needed and the system is nonlinear due to the production and loss
terms P, and Li' An iterative method with finite differences (implicit
scheme) is used [See for example Shimazaki, 1972; Stewart and Hoffert,
1975; Ashby, 1976]. Boundary conditions can be expressed as fixed concen-
tration, mixing ratio, flux or velocity. The convergence parameter used to
check the variation in concentrattons between successive iterations is
typically set to 10'3 for diurnal average (steady-state) runs and 10'4
for diurnal runs. Species can Ee separated into groups of coupled con-
stituents that are solved for independently before the total solution is
checked for convergence; this allows a reduction in program size, al-
though a large single group usually converges faster. A group can also
be chosen for species that are short-lived and in local photochemical
equilibrium at any time (transport unimportant). Once a steady-state
solution has been found, source species that are long-lived with respect
to transport processes can be fixed and a diurnal calculation performed
for other species, with no transport involved. Such decoupling of trans-
port and photochemistry allows for a more economical solution to be
reached in the diurnal mode. Another feature of the model involves the
choice of spherical versus plane parallel geometry. Sphericity is ac-
counted 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 (see section 1.3).
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1.2 Input Parameters

For stratospheric calculations, close to 50 species (including N2
and 02 as fixed major gases) are typically coupled by 130 to 150 photo-
dissociation and chemical reactions. Table I lists the set of reactions
used and the associated rate constants (two-body, three-body or equilib-
rium values). Since our model spans the 0 to 80 km range (16 to 60 km
for diurnal runs), some of the reactions in Table I 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 ethane, propane and acetylene reactions
(#130 to 134) are usually not included in diurnal runs due to their
limited effect on other species in the stratosphere; fluorine reactions
(#135 to 145) were included only in thé particular study of Chapter 4.
The set of reaction rate constants is essentially taken from the recent
JPL 82-57 Report [DeMore et al., 1982], which is a recommendation based
on a selective average of laboratory kinetics data accumujated over the
past two decades wfth increasing frequency and sophistication. Regular
reports such as this one or the CODATA references [latest version, see
Baulch et al., 1982] are an important part of atmospheric chemistry. It
might be that most of the large (> 50%) changes in rate constants have
occurred by now, given that most reactions have been studied by more than
one person or group with often different techniques, but unexpected sur-
prises (or missing chemistry) may still lurk ahead. The uncertainties
in most of the important reaction rate constants are of order 10 to 30%
at room temperature as well as at colder stratospheric temperatures.

Some of the more recent changes are discussed in Chapter 4 in relation to



Table I.

Input Data for Photochemical Reactions

Reaction

Rate Conltnnt(

Cross Section Data

or

1)

lo(otonco(z)

1)
(2)
3)
(4)
(s)
(6)
(&)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
17)

(18)

02 + hy =) 20
0, + bv => 0 + 0(’p)
03 +bv =)0, +0
B 1
03 + bv =) 0, + 0(°D)
H0 + by =) H + OH
5202 + hy -) 20H
uzooohu—nwo&n
N0 + by =) Ny + 0('D)
NO + hv =) N+ O
N02 + hv -) N +O0
NOJ + hy - NOz + 0
N205 + by =) 2N02 + 0
IINO3 + hy = NOZ + OH
CFC], + hv =) 3C1 + products
CFyCl, + by -> 2C1 + products
CIONO, + hv => C1 + NOg
CCly + bv -)> 4C1 + products

C02 + hv ->CO+ 0

180 < A < 255

A«

200

170

240

470

208

19%0

173

178

185

178

178
[ W4
LQ W ¢
200
352.5
LGP ¢
240
200

420

800

317.5

332.5

630
382.5
327.5
257.5
240
450

272.38

Allen ot al. (1981), Allen sand Frederick (1982)
As in (1)

Allen ot al. (1981), Nicolet (1978)

Allen et al. (1981), DeMore ot al. (1982)

Allen ot al. (1981)

DeMore ot al. (1982), Hudsom and Kieffer (19735)

Allen and Frederick (1982)
DeMore ot al. (1982), Nicolet (1978)

Magnotta and Johnston (1980)

Allen ot al. (1981)

€1



Table I (continued)

Rate Constant(l)
Roaction Cross ;:ction Data Bofcroneo‘Z)
(19) ClOo+hv->Cl +0 200 < A ¢ 337.5 Nicolet (1978), Langhoff et al. (1977)
(20)  B,00 + hv =) Hy + CO 240 < A < 362.5
(21)  CH;008 + by -> CH;0 + OH 205 < A ¢ 352.5
(22) NO3 + hv -) NO + 0, 590 < A ¢ 630 Magnotta and Jobhaston (1980)
(23)  BOCI + by =) OH + C1 195 ¢ < 420
200 o'p) + 0, -> 0+ 0, 3.2(-11) o877
290 o)+ Ny >0+ N, 1.8(-11) J107/T
(26)  o('d) + H,0 -> 208 2.2(-10)
21 o('p) + By, -> H + 0B 1.0(-10)
(28)  o('p) + cuy -> CHy + OH 1.4(-10)
29 o(!p) + Nyo > 2M0 6.7(-11)
(30)  o(!p) + NjO > N, + 0, 4.9(-11)
(31) 0+0, +N-)05+M (3.0(-28) 1T72-3; 2.8(-12); 0.85) Bauloh et al. (1982)
(32) 05 + 0 -> 20, 1.51=11) ¢TINMT
(33) 20 + M->0, + N 4320 T2 Hempson (1980)
(34) 05 + NO > NO, + 0y 3.20-12) o IR0
(35) 0 + N0, -> NO + 0, 9.3(-12)
(36) N+ 03 =) NO + 0, 1.0(-15)
(3T ol + 05 =) WO, + 0, 1.6(-12) o7%O/T

121



Table I (continued)

Rate Conltant(l)

or

Reaction Cross Section Data Reference(?)
(38)  HO, + 05 =) OH + 20, 1.4(-14) o7380/T
(39) 0+0H->0, +H 3,2(-11) ST
(40) 0+ HO, -> OH + 0, 3.0(-11) (200/T
(41) H+05->08+0, 1.4(-10) ¢7470/T
(42) H+0, +M->HO, + M 1.6(-28) T1:4
(43) N+0, > NO+0 4.4(-12) o73220/T
(44) N+NO-> Ny +0 3.40-11)
(45) OH + NO, + M -) HNOg + N (4.0¢-23) T29; 4000 T13; 0.6)
(46)  OH + HNO; -> NOy + H,0 9.4(-15) o718/T
(47) Ol + HO, =) K0 + O, 2.2(-12) (1 + 4 P,) o 4307 See text
(48) H + HO; -) Hy + 0y 3.8(-12) See text
(49) H + 10, -> 204 6.8(-11) See tesxt
(50) H + HO, -> H0 + 0 3.2(-12) See text
(51)  HO, + HO, -) Hy0p + 0y See text
(52)  Hy0, + OUl =) H0 + HO, 3.1(-12) o7 18VT
(53)  OM + CHy -> Cliy + B0 2.4(-12) ¢73TI/T
(54) 1O, + NO -) NO, + Ol 3.1(-12) $240/T
(55)  NOg + NO -> 2N0, 2.0(-11)
(56) Ny + 05 =) Nog + 0, §31-111 o ST

]



Tuble 1 (continued)

Rate Contt-nt(l)
or

(2)

Reaction Cross Section Data Reference
(57)  Noy + No, + M => NyOg + M (1.9(-23) T2:8; 1,0(-12); 0.6)
(58)  OH + HCl -> C1 + H,0 2.8(-12) o 433/T - See text
(59) €1 + CH, -> CHy + HC 9.6(-12) ¢71350/T
(60) €1+ 05 ->ClO+0, 2.8(-11) o 257/T
(61) 0+Cl0-)Cl+0, 1.7(-11) ¢130/T See text
(62) €10 + NO -> C1 + No, 6.2(-12) $2%/T
(63) C1 + HOp -> HC1 + 0, 1.8(-11)e}70/T
(64) €10 + NO, + M -) CIONO, + M (4.8(-23) T34 7.6¢-1) 729 0.6)  See text
(65) €O + OH -)> COp + H 1.35(-13)(1 + P_ )
(66) M, + OH - H,0 + H 6.1(-12) ¢72030/T
(67) NO+ 0+ M->No, + M (3.5¢-21 1718 3.0(-11); 0.6)
(68)  NjOg + M -> NOy + N + M kgp/(1.77(-27) o11001/T)
(69)  CIONO, + 0 =) C10 + NOg 3.0(-12) o7808/T
(100 €1+, -> HCl + W 3.7(-11) #72300/T
(11) €1+ 0y + N ->Cl00 + M 3.3(-30) T7!-3
(12) €100 + M -> €1 + 0, + N kg, /(2.43(-25) $2979/T)
(13)  Cu30, + NO - CH30 + NO, 4.2(-12) J180/T
(74)  Cli;0, + N0y + M =) CH30,N0, + M (1.2¢-20) 749 5.8-1) 729 0.4) ¥, from Baulch ot al. (1982)
(15)  CH30 + 0, => HyCO + WO, 1.2(-13) 71330/

91



Table 1 (continued)

Rate Conntunt(l)
or
Reaction Cross Section Data lo(otonco(z)
- _ 220/T
(16)  2CH;0, -> 2CH;0 + 0, 1.6(-13) o
(17)  B,C0 + OH -> HCO + B,0 1.0(-11)
(78)  HCO + 0, -> CO + HO, 3.5(-12) $MO/T
1300/T
(19)  CH;0, + HO, -> CH;00H + 0, 7.7(-14)
(80)  CHy00H + OB -> CHy0, + H,0 2.6(-12) #7190/T
(81) CHy + 0, + M -> CH;0, + N (6.2(-26) T2:2; 3.3¢-8) T1-7; 0.6)
(82) CHy + 0, -> H,CO + OH 5.0(-17) Baulch ot al. (1982)
(83) NO, +0 + M-)>NOy + M (8.1¢-21) 12:%; 2.2¢-11); 0.6)
(84)  CHgCl + OH =) C1 + HyO + products 1.8(-12) o 3112/T
(85) €1 + HyCO -) HCI + HCO 8.2(-11) ¢ 3¢/T
(86) €10 + HO, -> HOCI + O, 4.6(-13) $130/T
(87)  HNO4 Isipout products Logan et al. (1981)
(88) uc1 EaiBOUL 5 products As in (87)
(89)  myc0 Eainout ) products As in (87)
(90) B0, Eainout products As in (87)
(91)  cugoon EAIBONE ) products As in (87)
(92)  HO,No, ERMBOUL ) proguces As in (87)
(93) HNO, Isipout , products As in (87)

(94) 1O, + NO, + M =) HO,NO, + M (5.1(-200 746, ¢.2¢-12); 0.6)

L1



Table 1 (continued)

Rate Constant )
or
Reaction Cross Section Dats Reference(?)
(9s)  o('p) + cuy -> M, + ByCO 1.4(-11)
(96)  0(’p) + CFC1; =) 3C1 + products 2.3(-10)
(97)  0('p) + CF,C1, -> 2C1 + products 1.4(-10)
(98) 0+ Nog -> 0, + No, 1.0(-11)
(99) 20 -> B0 + 0 4.2(-12) 2T
(100)  OH + BOCI - Hy0 + C10 3.0(-12) 7130/
(101) 208 + M -> Hy0, + M (z.1(-28) 719, 3.00-9) T-0; 0.6)
(102) €1 + Hy0, -> HC1 + HO, 1.1(-11) ¢980/T
(103)  C10 + OH -> HO, + CI 5.1(-12) o180/T
(104) CHy + 0 - H,CcO + B 1.4(-10)
(105)  H,CO + 0 -> OH + HCO 3.0(-11) $71330/7
(106) cosmic ray source -> NO soe toxt Nicolet (1975)
(107)  HO,NO, + hw =) HO, + NO, 190 ¢ A ¢ 321.8
(108)  CHgCI + bv -) C1 + Ci 175 (A < 220 DeMore ot al. (1981)
(109)  1NO, + by -> OH + NO 312.5 < A ¢ 392.5
(110) Ol + N0 + M = 1NO, + M (1.00-24) 72:3; 2.6(-100 T70:3; 0.6)
(111)  NO + Cli;0, -> HyCO + HNO, 7.4(-13) (~10% of kq3)
(112) 00y + N0, =) UNO, + 0, 3.0(-15) Humpson and Garvim (1977)
(113) O + N0y -> 1,0 + NO, 6.6(-12)

81



Table I (continued)

Reaction

Rate Conutnnt(l)

or
Cross Section Data

Rolotonoo(Z)

(114)
(115)
(116)
(117)
(118)
(119)
(120)
(121)
(122)
(123)
(124)
(125)
(126)
(127)
(128)
(129)
(130)
(131)

(132)

NO, + by -> NO, (extinction)

M + by =) Rayleigh scattering
HO,NO, + OH -)> H,0 + NO, + O,
HO,NO, + M -)> HO, + NO, + M
tropospheric source -) NO,
CoH3Cl3 + by ) 3C1 + products
C2F3C13 + hy =) 3Cl1 + products
C2F4Clz + by =) 2C1 + products
C283C13 + OH -)> 3Cl1 + products
CUF,C1 + OH -> C1 + products
cuF €1 + 0(*D) -> HC1 + products
C,F3C15 + 0('D) =) 3C1 + products
C,F,C1, + 0('D) > 2€1 + products
Cli;0,N0, + M -> CH30, + NO, + M
Cu302N02 + by =) CH302 + Nﬂz

UCl + hv =) H + C1

Cll + ol - H; + products

c2u6 + Ol - u20 + products

czus + Cl =) HC1l + products

A< 710
292.5 ¢ A < 800

1.3(-12) ¢380/T
kgy/(2.33(-27) o10870/T)
See text

180 < A < 240

180 ¢ A ¢ 220

175 < A < 220

5.4(-12) 71820/T

7.8(-13) 7 1330/T

1.9(-10)

2.9(-10)

1.8(-10)

Kyl (1.2(-28) $11330/T)
200 < & < 312.8

A < 230

6.5(-12) ¢ 630/T

1.9(-11) ¢71260/T

1.7(-11) ¢ %0/T

Gelimas (1974), Delore ot sl. (1982)

See text

Logan et al. (1981)

Nicolet (1978)

Pitts ot sl. (1974)

Pitts ot al. (1974)

Pitts ot al. (1974)

See text

Baulch ot al. (1982)

Inn (1975), Myer and Ssmson (1970)

See text

61



Table 1 (continued)

Rate Constant(l)
or
Reaction Cross Section Data lntotoneo(z)

(133)  C3Hy + OH -> Hy0 + products 1.6(-11) o7800/T
(134)  C4Hg + C1 - HC1 + products 1.4(-10) #40/T
(135) F + 0, =) FO + 0, 2.8(-11) ¢7326/T
(136) F +Hy, -) HF + B 1.9(-10) ¢7370/T
(137)  F + CH, - HF + CHy 3.0(-10) 7400/T
(138) F + 1,0 -> WF + OH 2.2(-11) 7300/T
(139) FO + NO -> F + NO, 2.6(-11)
(140) 2P0 -) 2F + 0, 1.5(-11)
(141) FO+0->F+0, : 5.0(-11)
(142) ®F +0(p) -> F + o 2.0(-10) Ses text
(143) up Esdnout ) products As ia (87)
(144)  COFy + hv -> 2F + CO 185 <A ¢ 228
(145) COFCl + bv -> F + C1 + CO 185 ¢ < 228

¢ ;-1 for three-body resctions, and am for photodissocistion

(Mgoad a(-b) as o 5 10°, Units are cu’ ¢! for two-body resctions, cm
wavelength range. For three-body reactions, values are ususlly listed as (k; k, F;) where &k (o-‘ oY) and k, (o-’ s71) are low and

high prossure limits and the rate constant is expressed as:

k, (M) -1
AT = —2  pl1 o+ [log(k IM)/k D))

1 (gl °

‘Z)Unlonn otherwise stated, reforence is DeMore et al. (Report JPL 82-57, 1982),

02
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chlorine chemistry. The expression used for H202 formation (reaction
#51) is based on the work of Kircher and Sander [1983] (S. Sander,
privéte communication, 1982), without their recently determined tempera-
ture dependence (whose main effect is to lower the H202 abundance in the

stratosphere, see Chapter 4):

1 -14 2
H20+1.2x10 £8 1

2
)2

k0+5.2x10_ o

51
(1 +¢C
HZO

« (1+5.4x 10‘32[M]/k0)

-14 eTZOO/T

where k_ = 4.5x10 and C, ~ = 1.25x 10723 *100/T [H,0]. The

H,0
bracketed term includes a water vapoi-dependent effect (useful only in
the troposphere) and its associated temperature dependence, whereas the
second term expresses the pressure-dependent effect. In the stratosphere
(low pressure, low [H20]), ke becomes equal to Ky The value for ks
recommended in DeMore et al. (1982) is about 40% lower than the above
value. A lower value yet is indicated by the pressure and temperature-
dependent studies of Kircher and Sander [1983]; a lower temperature
dependence has also been determined by Patrick and Pilling [1982] and
Thrush and Tyndall [1982]. The OH+HO2 reaction rate constant (k47)
follows the pressure dependence recommended in DeMore et al. [1982], but
includes a temperature-dependent factor consistent with the--somewhat
preliminary--results of F. Kaufman's group (paper presented at the 7th
International Symposium on Gas Kinetics, Gdttingen, 1982), which
increases the total HOx (0H-+H02) destruction rate by 10 to 40% in the

stratosphere. The rate constants for the various channels of the H+HO2
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reaction (#48, 49, and 50) are consistent with the experimental results
of Sridharan et al. [1982], although their final published values are
slightly different from the results that we used here. Recent possible
changes in k58 and k61 for the OH+ HC1 (M. Molina, private communication,
1983) and 0+C10 [M. T. Leu, 1983; J. Birks, private communication, 1983]
reactions are discussed in later chapters. The rate constant k64 used
for C]ONO2 formation follows the "fast" recommended value in DeMore et
al. [1982] and is consistent with chlorine nitrate being "the sole prod-
uct of the C10-+N02-+M recombination," as demonstrated by Margitan [1983].
The_HOZNO2 formation reaction rate constant k94 is slightly modified to
account for tropospheric water vapor dependence [Sander and Peterson,
1983], which introduces a miltiplicative factor of (1+1.07x107'° [#,0])
(s.Sander, private communication, 1982). The equilibrium rate constant used
in the expression for k]27 was obtained by S. Sander (private communica-
tion, 1982) from data on the thermal decomposition of CH302N02 [Bahta et
al., 1982], coupled with the forward rate constant data of Sander and
Watson [1980]. The rate constant for HF-+O(]D) is estimated to be close
to the gas-kinetic 1imit [Stolarski and Rundel, 1977], but is uncertain
by over a factor of three [see DeMore et al., 1982, who recommended

-10 . 3 -1].

= 1x10 m"s This uncertainty is not critical, however,

K142
since transport time scales are many times faster than this chemical loss
time scale and HF will be lost mostly by downward transport to the tropo-
sphere and subsequent rainout. Reactions (87) through (93), as well as

(143) are an attempt to describe average rainout losses for water soluble

gases in the troposphere, as discussed in Logan et al. [1981]. Reaction

(130) between hydroxyl radicals and acetelyne should probably be modified
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at low pressures (DeMore, private communication, 1982); we note that it
is a significantly faster rate than the expression used in Chameides and
Cicerone [1978], which produced a much better fit to the C,H, data of
Rudolph et al. [1981]. Reaction 106 schematically represents a latitude-
dependent average production of NO by cosmic ray jonization of nitrogen
mostly in the lower stratosphere [see Dalgarno, 1967; Nicolet, 1975].
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 [1975] for six latitude bins (four 10° bins be-
tween 15° and 55°, one bin below 15°, and one above 55°). This produces
a non-negligible natural source of NO mostly at high latitudes and at
night [see also Ashby, 1976]. Reaction (118) 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 tropo-
sphere [see Logan et al., 1981]. Lightning and oxidation of ammonia have
been proposed as significant global odd nitrogen sources, but the rela-
tive role of in-situ sources versus downward transport from the strato-
sphere is not yet well determined in terms of NOx and 03 production in
the troposphere [see e.g., Fishman and Crutzen, 1977; Fishman, 1981;
Callis et al., 1983].

For the photodissociation reactions in Table I, reference is made
to the source of the cross section data (mostly from the complication in
DeMore et al. [1982] as well as the wavelength region used in the model.
Our total coverage in wavelength extends from 96 to 800 nm, although
strong 02 absorption as well as the wavelength variation in solar flux at

the top of the atmosphere 1limit the radiation in the stratosphere to
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wavelengths above 175 nm. The model wavelength bins are typically 5 nm
wide below 402.5 nm and 10 nm wide from 410 to 800 nm. Cross sections
sometimes depend on temperature, and quantum yields for various channels
can also depend on temperature and wavelength. An example of the effect
of temperature and wavelength dependences on photodissociation rates is
shown in Figure 1 for reaction (4), the major source of O(]D) radicals in
the stratosphere. The photodissociation rate constant ("j value") for

this process can be written as:

= TF.() o) s(r,T) e ® (4)
A

where F_(1) is the solar flux (cm2s7') at the top of the atmosphere,
o(A) is the absorption cross section (cmz) for ozone (in cases such as
055 CFyC1,, NoOg, or N,O, o(X) =o(X,T)), ¢(X,T) is the temperature (and
wavelength) dependent quantum yield for 0(]D) formation near 310 nm
[DeMore et al., 1982], and rs(z) is the slant optical depth from height
z to =,

Figure 1 shows the effect of neglecting the temperature (altitude)
variation of ¢(A,T) on j4 and j3;\the temperature-independent case (solid
line) follows the recommendation of DeMore et al. [1981] for 263 K, whereas
the dashed 1ine represents the temperature-dependent values [DeMore et al.,
1982]. In both cases, ¢ =0.90 below 300 nm. These calculations are
diurnally-averaged for 45°N latitude at 23° solar declination (surmer),
0

with U. S. Standard Atmosphere 1976 profiles for 0 P and T.

2, 2’ 3|’
While the total photodissociation rate (j3-+j4) of O3 is essentially un-

changed due to the limited contribution from j3 and the decreasing impor-

tance of the 310 nm wavelength range as z increases, there is a decrease
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Figure 1. Effect of the temperature dependence of the quantum
yield for 0(10) production on the ozone photodissociation rate
constants versus altitude.
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in j3 of up to 30% in the lower stratosphere. This leads to fewer

O(ID) radicals, which will imply less production of OH and NO via reac-
tions (26) and (29). Reactions (1) through (4), (114), and (115) con-
stitute the important extinction reactions that contribute to the calcu-
lation of optical depths (see section 1.3). NO2 extinction, reaction
(114), represents absorption without photodissociation (NO2 photolysis
is reaction (10)) and is everywhere quite small compared to absorption
by 02 or 03. Reaction (115) refers to the Rayleigh scattering cross
sections discussed in the next section. Most photodissociation reac-
tions occur at wavelengths less than 400 nm and an earlier version of
our model did not explicitly include the range beyond 400 nm. Instead,
constant values for j(NO3) and j(03, Chappuis band) were used. We have
added the range from 410 to 800 nm in order to more accurately describe
the above reactions as well as Rayleigh scattering in the atmosphere.
For example, Figure 2 illustrates the variation of j(03) as a function
of time of day for 30°N latitude, equinox conditions, scattering in-
cluded. The Chappuis band (410 nm < A < 800 nm) contribution is a major
part of j(03) in the middle and lower stratosphere and becomes more im-
portant at large solar zenith angles (x). The oxygen atom production
from ozone photolysis is correctly calculated at all times if the Chap-
puis band is explicitly included in the mocdel. At the shorter wave-
lengths, from 175 to 200 nm, we have to deal with the very fine structure
of the 02 Schumann-Runge bands [see e.g., Frederick and Hudson, 1979,
1980; Yoshino et al., 1983]. The bands comprise hundreds of lines which
become rapidly opaque as the height decreases; as z decreases, or as ¥

increases, photons become more sensitive to the regions between lines and
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the effective cross section in a 5 nm bin decréases. The computationally
accurate (compared to line-by-line calculations) and efficient parametri-
zation of altitude- and zenith-dependent 02 cross sections by Allen and
Frederick [1982] is used in this work. This also affects photolysis of
H20 and NO. The 02 absorption cross sections in the 200 to 230 nm region
(Herzberg continuum) have been measured by various groups with a wide
range of results (almost a factor of two); this uncertainty leads to a
large uncertainty in the absolute amount of solar radiation reaching the
lower stratosphere, where species such as NZO’ HN03, and the halocarbons
photodissociate near 200 nm. If one adopts cross section values signi-
ficantly lower (by about 0.6) than the average laboratory data, signifi-
cant improvement between the model chlorofluorocarbon vertical profiles
and observations is obtained [Froidevaux and Yung, 1982], as discussed in ‘
Chapter 3. Recent in situ observations of solar fluxes transmitted down
to the 30-40 km region [Frederick and Mentall, 1982; Herman and Mentall,
1982] have led to a determination of the O2 absorption cross sections in
the Herzberg continuum and the results are lower than the lowest labora-
tory data. We have adopted the values from Herman and Mentall [1982] in
the 196 to 250 nm region (similar to data of Shardanand and Prasad Rao,
1977, beyond 215 nm) for model results described in Chapters 2, 4, and 5.
Above 196 nm in the Schumann-Runge band region (spectral intervals 1
through 5 in Allen and Frederick, 1982), we have reduced the effective
cross section by a factor of 0.55.

The input for solar flux at the top of the atmosphere comes from
various sources. The accuracy of measurements made from rocket and,

more recently, from satellites has improved to the point that the
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uncertainty in fluxes is about 10% or less. There is, however, some
natural variability in the solar output, mostly below 200 nm, in rela-
tion ‘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 gen-
erally 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 C10 diurnal
variation for the most recent observations of C10 by Solomon et al.
[1983] used the solar minimum flux observations of Mount and Rottman
[1983]. The model atmospheres for the mid-latitude work described here
involve pressure and temperature values for every level, total number
density (from ideal gas law), and number densities for N2 (78.08% x [M])
and 02 (20.95% x [M]). Summer, winter and spring/fall models are taken
from the CIRA 1972 tabulations for 30°N latitude and altitudes above

25 km. Below 25 km, we refer to the tables in Houghton [1977] for 40°N
latitude, June, December, and March. Another model often used near 45°N

is the U. S. Standard Atmosphere 1976. Water vapor amounts vary signifi-

cantly from season to season, particularly in the troposphere. We fix
the HZO concentrations in our model calculations from'0 to 80 km, but
generally solve for [HZOJ along with other species when 16-80 km or
16-60 km runs are involved. The fixed tropospheric profile is taken
from an average of the northern mid-latitude data shown in Logan et al.
[1981]. Our fixed profile from 16 to 40 km is taken from an average of
4 profiles obtained from mass spectrometer balloon measurements in the

stratosphere (Mauersberger, private communication, 1982); these data
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show remarkable consistency (spread of +20%), given that they were taken
at various seasons from 1979 to 1981. Above 40 km, the fixed profile is
extrapolated using model results. The resulting profile is constant at
3.6 ppm from 16 to 34 km and increases to 4.5-5 ppm between 40 and 50 km
with a slow decrease above the stratopause. When we solve for water
vapor above the tropopause, we typically find about 7 ppm between 40 and
50 km, a value close to the average of a large number of past
observations ( J. Frederick, private communication. 1983 ). We
agree with Frederick that any individual observed profile can vary
significant]y from model predictions due to variations in the release
rate at the cold tropopause as well as horizontal transport, but that
the increase in the average of many measurements seems to fit model re-
sults in terms of the methane oxidation sequence producing HZO in the
stratosphere. Nevertheless, such variations in HZOareé source of uncer-
tainty in hydroxyl radical concentrations throughout the atmosphere.

Northern mid-latitude model boundary conditions for the longer-lived
species and upward diffusing source species of biologic or anthropogenic
ground origin (such as Hy s N20, CH4, C02, C0, chlorofluorocarbons) are
listed in Table II. A1l other species are relatively short-lived with
respect to transport and assumed in local photochemical equilibrium with
® = 0 at both boundaries. After experimenting with various types of
boundary conditions, we have found that the list in Table II is probably
as valid as any other reasonable choice of boundary conditions. This is
particularly true for model results at altitudes sufficiently removed
(5 to 10 km) from the boundaries so that their sensitivity to the bound-
ary condition types or values is small. For example, reasonable velocity

or flux boundary conditions at 80 km will produce negligible differences



Table II. Boundary Condnlonlu) for Northern Mid-latitudes

Fized Profile ia

Spec 1es'?) 0 ks 16 '3 80 km Diurnal Rua
0,4 ve=-0.2 Fixed f §=0 No
Hy f=5.30(-7) Fixzed f § = -5.0(8) Yes
H,0 Fixzed in troposphere f = 3.60(-6) & = 0 (or fixed profile) Yes
0, v=-0.2 Fized ¢ §=0 No
N0 f =3.10(-7) Fized ¢ §=0 Yos
HNO4 v=-0.2 Fized ¢ §=0 No
no,uoz ve=-0.2 §=0 §=0 No
Ci, f = 1.65(-6) Fixzed ¢ §=0 Yos
CH302N02 ve=-0,2 §=0 §=0 No
(o1} f=1,10(-7) Fized & = -3.009) Yos
co, f = 3.20(-4) Fized ¢ & = +3.0(9) Yos
CH;00H ve=-0.2 Fized ¢ §=0 No
C10NO, ve=-0.2 §=0 §=0 No
HC1 f = 8.00(-10) Fized ¢ §=0 No
ciyc1 f = 6.10(-10) Fized ¢ §i-0 Yo
CPzClz (FC12) f = 2.40(-10) Fized ¢ éd=0 Yeos
CKCly (KFC11) f = 1.40(-10) Fized f =0 YQ;
cCl, f = 1.30(-10) Fized ¢ 4 =0 Yos
L‘zH,ClJ f =1.10(-10) Fized ¢ $8=0 Yes
Cur, €1 (FC22) f = 6.00(-11) Fized =0 Yos

C,F3Cl5 (KC113) f = 1,90¢(-11) Fized §=0 You

1€



Table II (continued)

Fized Profile ia

Species(?) kn 16 k(¥ 80 knm Diursal Rua
C;F,Cl, (FC114) 1.20(-11) Fized ¢ 0 Yes
c,H, 4.00(-10) )

C,Hg 2.00(-9) 0

Cylig 4.00(-10) 0

COF, -0.2 0

COFC1 -0.2 0

P -0.2 0

(l)l.ld a(-b) as & 3 1070, Symbols are v for vertical velocity (cm a'l). f for volume mizing zatio, and & for

verticsl flux (om 2

. & and v sre positive upwards sad megative downwards.

‘2’All other species are sssumed im local photochemical equilibsrium with & = 0. The last siz species were mot

included in models other tham diurnsl sverage ocalculations from O to 80 km.

(3)1a model caloulations sbove 16 km, the '‘Fized '’ lower boundary conditioa is obtaimed from 0 to 80 k=

model results.

43
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in model concentrations obtained with boundary conditions described
in Table II. The main exceptions involve H2 and CO, for which downward
flux -conditions are used at 80 km; the latter flux values were obtained
from model results for mesosphere/thermosphere photochemistry at mid-
latitudes (Allen, private communication, 1982), in the 40 to 130 km
range. The downward fluxes of H2 and CO are due to photodissociation of
HZO and CO2 above 80 km. Our O to 80 km ("stratospheric") and 40 to
130 km ("mesospheric") models have been compared in detail for similar
latitudes and solar flux conditions and were found to be in very good
agreement in the overlapping region (40 to 80 km), taking into account
the small differences produced by the lack of chlorine and nitrogen chem-
istry in the mesospheric version. The odd nitrogen (N0x= NO*-NOZ) fluxes
in the mesosphere consist of an upward stratospheric contributfon and a
downward thermospheric contribution which probably cancel to a large ex-
tent [Jackman, et al., 1980]; hence, our choice of zero flux at 80 km
should be reasonable in terms of the effect on stratospheric NOx amounts
(at mid-latitudes). The limited sensitivity to the upper boundary con-
dition comes from the fact that the concentrations drop fairly rapidly
with altitude for most gases, so that even a significant change in flux
(or concentration) at 80 km will produce little change in the strato-
sphere. We are therefore justified in usina somewhat crude estimates
for all mid-latitudes and seasons, although this might not hold for polar
latitudes. Similarly, the lower boundary deposition velocities
(v=-0.2 cm/s) that are applied to certain species (mostly of strato-
spheric origin, diffusing downwards) are rough average values. Aldaz [1969]

estimated the deposition rates of ozone over land and ocean surfaces and
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found the land sink to be largest by an order of magnitude. However,
changes in v by a factor of three produce little variation in important
chemical species above the tropopause. The most important boundary
conditions involve the source species that diffuse upwards into the
stratosphere and directly affect the photochemistry in that region; these
co

are H,0 (see previous discussion), Hys N,0, CH €0, and the halo-

4> Do
carbons. A review of their source origins and strengths can be found in
Hudson and Reed [1979] and Hudson et al. [1982]. Mixing ratios are gen-
erally used as lower boundary conditions, although some modelers choose
average fluxes, particularly in the case of chlorofluorocarbons; while
fluxes might be more physically realistic, they are not measured directly
like mixing ratios. The halocarbon mixing ratios used here correspond to
average 1978 values for the four~major anthropogenic sources (CFZCIZ,

3 CCl,, and C2H3C13). Since it takes about two years to thoroughly

CFC1
transport and mix these source gases into the stratosphere, there will
be a certain time lag before steady state is reached (or approached) in
the upper atmosphere, given that the total amount at ground level in-
creases by about 10% per year [Hudson et al., 1982]. Our stratospheric
results are probably best compared to 1979-80 data, in terms of chlorine
chemistry. Boundary conditions for FC113 and FC114 are taken from the
review by Cicerone [1981] and the FC22 value is consistent with measure-
ments of Rasmussen et al. [1980] and Leifer et al. [1981], which indicate
about 50 ppt (slightly less than our adopted value of €0 ppt) near the
ground at northern mid-latitudes. These three gases are less abundant

than the 5 main chlorine source species in the troposphere, but they are

not destroyed as fast in the stratosphere and can contribute a
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non-negligible source of chlorine in the middle and upper stratosphere

(see Chapter 4). The HC1 mixing ratio of gx10°10

at ground level is
consistent with the results of Farmer et al. [1976], although their es-
timate of tropospheric HC1 was rather crude; their profile implies that
about two-thirds of the total HC1 column resides in the trdposphere. The
HC1 amount in the troposphere might be influenced by ocean proximity.
More recent infrared ground spectra taken from Los Angeles (by Farmer's
group) and Kitt Peak (by R. Zander) show much less tropospheric HC1 con-
tribution (Farmer, private communication, 1983). A varying tropospheric
HC1 amount should not, however, influence the stratospheric abundance by
more than 5-10% due to the tropospheric rainout rate which acts as a
loss of HC1 before transport can bring it into the stratosphere, where
it is produced from halocarbons. |

The eddy diffusion coefficients used in this work are plotted as a
function of altitude in Figure 3 and discussed further in Chapter 3 in
terms of CF2C12 and CFC]3 stratospheric profiles [see also Froidevaux
and Yung, 1982]. We have varied the eddy diffusion profile in various
ways and checked the sensitivity of NZO’ 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 NZO’ CH4, and chlorofluorocarbon
mixing ratios become too large compared to observations. As discussed
further in Chapter 3, the sharp decrease in halocarbons (FC11 in par-

ticular) in the stratosphere probably requires more than a vertical
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Figure 3. Model eddy diffusion coefficients versus height.
Profile K1 is very similar to the composite profile deduced
by Massie and Hunten (1981) and is used for latitudes near
30° N. Profile K2 is preferred for latitudes near 45°N (see
text) and is closer to the values derived from 14CO2 tracer
data by Massie and Hunten.
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transport adjustment (in order to still fit NZO and CH4 observations) and
the radiation field near 200 nm should also be known accurately. Massie
20 and CH4 verti-
cal profiles as a function of latitude and solved for K(z) using equations

and Hunten [1981] have made a more systematic study of N

(1) and (2) in steady-state:

3f (2) -1
K(z) = ny(2) = [ [Py(2)- L)1 a2 (5)
Z

where afi/az represents a weighted global average of observations. Pi(z)
is zero for species such as N20 and CH4 and Li(z) is calculated from a

photochemical model--photodissociation is the main loss for N,0, attack by

2
OH, O(]D) and C1 destroys CH4--and observations (extrapolated above 40 km).

Massie and Hunten also used downward ozone flux estimates in the lower

stratosphere to obtain limited information on K(z) in the region below

14

20 km. Diffusion of CO2 left over from a large series of nuclear tests

in the 1960's provided another constraint with time information as well

[see also Johnston et al., 1976]. The resulting "best fit" composite eddy

14

diffusion profile of Massie and Hunten [1981], along with their ""CO

2
profile, is shown in Figure 3 (0 to 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

0, 02, COZ’ Ar, and CO observations in relation to thermospheric and meso-
spheric transport. This profile is used (in conjunction with the values
above 70 km from Allen et al. [1981]) for our standard models near 30°N.

For observations of N20, CFZC]Z, and CFC1, near 45°N [see Hudson et al.,

3
1982], we prefer to use a somewhat slower rate of mixing, namely profile
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Kz(z) in Figure 3, as discussed further in Chapter 3. 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
supported by observations of the mixing ratio vertical gradients for CH4
[Enhalt and Tonnissen, 1980] as a function of latitude, as well as for
N20, CF2C12, CFC13, and CC14 [Vedder et al., 1978, 1981; Goldan et al.,
1980; Gallagher et al., 1983]. Two-dimensional models typically use a
latitudinally-varying K(z) [e.g., Miller et al., 1981]. The eddy diffu-
sion vertical profiles used here can be described semi-analytically as
shown in Table III. Values in the troposphere are difficult to determine
from observations of vertical concentration profiles since fast convec-
tion and small photochemical losses yield small afi/az values for observ-
able species. The adopted value of 1x 105cm2/s translates into a
transport (mixing) time scale (Hg/K) of about 3 months, where Ha is the
atmospheric scale height. The large uncertainty below the tropopause is

not very crucial since the "bottleneck" for vertical transport occurs in

the Tower stratosphere.

1.3 Absorption and Scattering of Solar Radiation

Since the photodissociation of various molecules plays an important
role in stratospheric photochemical processes, it is necessary to model
the absorption and scattering of the solar flux as accurately as pos-
sible. We thus define a mean state of the radiation field, determined
by molecular absorption by 02, 03, and NOZ’ as well as Rayleigh scat-
tering ( by 02 and N2) and ground Lambert reflection. Our standard

model and the results in later chapters combine the absorbed fluxes in a



Table I1I. Mid-latitude Model Eddy Diffusion Cooffioients.

Altitude z (km) Model K, Model K,
z {8 As in Massie and Hunten (1981) As in Massie and Hunten (1981)
8z 14 As in Massie and Hunten (1981) K(z) = 1.0 x 10% oxp(-(z-8)/1.59)
z =16; z = 18 As in Massie and Hunten (1981) K(z) = 2.1 x 103
20 <z £ 70 K(z) = 4.6 x 103 exp((z-20)/8.64) K(z) = 2.5 x 103 oxp((2-20)/7.82)
z )10 As in Allen et al. (1981) As in Allen ot al. (1981)

.Units are cnzs_lz only 2 significant digits are used in model values.

6€
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spherical shell atmosphere with the diffuse component calculated in a
plane parallel geometry. We take a closer look at the effects of
spherical geometry on the diffuse flux and photochemistry in Chapter 2.

In the case of absorption (or extinction) in a spherical shell at-
mosphere, many modelers use the Chapman function formu]atioh to calculate
slant optical depths. We have replaced this approach (used in our
earlier models) by a more exact geometrical ray path length calculation.
Although the Chapman function is quite accurate for the Earth's atmos-
pheric applications, our general model is applicable to other systems
(such as Titan) where the differences between approaches can become lar-
ger; moreover, the exact calculation is implemented in a clearer fashion
in our program and, although it requires integration along the ray path
for each level, we have saved a little computing time. Figure 4 depicts
the geometry--not to scale--for absorption without refraction along a ray
path §K; in the Earth's atmosphere. The flux along this path has been
exponentially attenuated by the slant optical depth To» which is merely
the sum of each layer's incremental opacity along the path:

Atg =S E ﬁk Ek, where s is the incremental distance through the layer

and nk and Ek represent average densities and absorption cross sections

for each absorbing gas. For point A0 at latitude ¢0, height Z, hour
o]
angle Lo(t)= (r/12)(t-12), with t in hours, and a solar declination 3

the local zenith angle x_. (t) is given by
8

cos X, (t) = sindsin b, * cos S cos b cos Lo(t) (6)
0

The general procedure is then to calculate the path length (and opacity)

from A_ to the tangent point M, given x_ and h, =R+z_ , where R is
0 a, a, a,



Xco= T-Xq,

‘V“{’OA " &

S L agq: % N\
Sunlight

Figure 4. Geometry (not to scale) for calculation of geometric
ray path length through the Earth's atmosphere (see text).
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the Earth's mean radius (6372 km), and add COT-PZK;W to obtain K;T
(since K;ﬁ'= ﬁf;). Details are given in Appendix A, but simple trigo-
nometry is used to compute values for Xy and ha at point Ai between

i i
Ao and A, (Towest level before tangent point):

X, = m/2+arccos[(h_ /h_ ) cos(x. -m/2)] (7)
a; a ' a; a,
and
2 2 5 2 1/2
s. = (h -ht sin®y. ) + h. cos ¥ (8)
3 41 Y 3 3 3

In the range from Co to T, the path length increment is as given in (8)
with the appropriate values for hi’ with X; replaced by (w-—xi), and the
arccosine expression in equation (7) subtracted from w/2 rather than being
added. Extrapolation is used for computing K;ﬁ, as well as if the ray
passes through low layers that are not included in the model altitude
range (see Appendix A).

We can compare the above geometrical approach to the Chapman function
formulation, originally discussed by Chapman [1931] and reviewed in Appen-
dix B. For a point at height z and zenith angle x, the total slant

optical depth Tq is related to the normal t by

Lo i Ch(X,x) (9)

where X=(R+z)/H and H is the density scale height for the absorbing
gas at height z. The Chapman function Ch(X,yx), which is weil represented

by sec x for x<75° in the Earth's atmosphere, is defined as follows:

Ch(X,x) = Xsin;<? exp[X(1-sin x/siny')] coseczx' dy' (10)
J
g for x < m/2
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and

Ch(X,x) = 2 exp[X(1-sinyx)]Ch(Xsinyx,m/2) - Ch(X - x) (11)

for x > w/2

Numerical evaluation of these integrals can be performed accdrate]y by
using the erf function, as described by Fitzmaurice [1964]. The Chapman
function is strictly valid only for exponentially varying density distri-
butions n=n_ exp(-(z - zo)/H), and it takes into account the variation

of x' along the ray path. Moreover, it assumes a constant H (or iso-
thermal atmosphere) and constant absorption cross section o along the ray
path. In an earlier version of our model, we were using the Chapman func-
tion in an incremental sense: ATS'=AT Ch(X,x), which allows one to vary

H and o along the ray path. However, this is good only if Ch(X,x) does
not vary much between layers. The total optical depth calculation con-
sists of three main terms (NO2 is quite insignificant at most wavelengths):
02 absorption, 03 absorption and Rayleigh scattering (extinction). The
radiation that is removed from the direct flux via Rayleigh scattering is
then multiply scattered and returned as a diffuse flux contribution, as
discussed later; in terms of the extinction at a given wavelength, the
density of interest is [M], which varies in a way similar to 02. Let us
compare the Chapman functions for O2 and O3 in the Earth's atmosphere.
Figure 5 displays the variation in X(z) for 02 and 03 vertical profiles

(and inferred scale heights) from the U. S. Standard Atmosphere 1976.

H(z) is obtained by inverting the equation n(z+az) = n(z) exp[-(az/H(z)],
where Az=2 km. Since [03] increases up to about 20 km, the scale

height is negative in the lower atmosphere and we have used its absolute
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Figure 5. Altitude variation of the variable X that enters
in the Chapman function. Differences between Oz'and 03
profiles are due to scale height variations versus height.
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value. This is part of the problem with the Chapman function, which
assumes monotonically, as well as exponentially varying densities with
height. X03 also varies significantly with height as compared to XOZ.
However, Ch(X,x) does not vary much as a function of X for x less than
about 85°, as expected. As shown in Figure 6, the variation with X oc-
curs mainly at the large zenith angles, particularly for x > 90°. The

height variation of Ch(X,x) is plotted in Figure 7 for 87°, 90°, and 93°

zenith angles and U. S. Standard Atmosphere 1976 02 and 03 profiles. The
profile for 02 is rather smooth from level to level, whereas the O3 curve
is much more variable with height, due to the 03 scale height variations
(mostly below 25 km). The total slant optical depth will be affected by
both Chapman functions with weighting factors depending on the wavelength.
Photodissociation rates are usually a sum over a large number of wave-
lengths, which dilutes the sensitivity to any particular wavelength. These
j-values are, however, the ultimate test of interest, in a comparison of
Chapman versus geometric approach to the absorption of solar radiation.
For x < 75°, as expected, we find that both approaches yield j-values
equal to within less than 1%. For a zenith angle of 90°, differences of
up to 30% can occur for the lower stratosphere and j near 10-]05-];
however, such low photodissociation rates will not affect the gas abund-
ances, given that Tlittle time is usually available for photodissociation
near sunset or sunrise. In the optically thinner regions (in altitude
and wavelength), the Chapman formulation still yields j-values within
5-10% of the exact calculations at zenith angles near 90°. However,

our use of the Chapman function in incremental opacity calculations is

not as accurate as in a total slant optical depth determination
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Figure 6. Plot of Chapman function versus X, for various
zenith angles. Variation is most pronounced for angles
larger than 90°, X varies mostly between 800 and 1600 for
the Earth's mid-latitude stratosphere (see Figure 5).
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(equation (9)), due to the sometimes large height variations in Ch(x0 »X)
and the non-monotonic 03 vertical profile. An example of the calculated
slant extinction optical depths (TS) at various altitudes and as a function
of wavelength (1) between 210 and 800 nm is presented in Figure 8. Strong
ozone absorption is evident below 300 nm, as is the weaker 03 Chappuis

band between 500 and 700 nm. The underlying slope between 350 and 800 nm
ijs due to Rayleigh scattering out of the direct solar beam (A'4 dependence
of the cross section). The crossing of curves for 20 km and 30 km below
300 nm is due to the ozone peak density region just above 20 km, through
which a ray from the sun to 30 km passes twice (for x =93°), as opposed

to the single passage for a ray terminating at 20 km (beyond its tangent
point). The Chapman function approach will not produce such a behavior.
Molecular oxygen starts absorbing below about 250 nm and mostly below the
200 nm window region, in the Schumann-Runge bands. As mentioned in section
1.2, the effects of temperature and O2 column amount are folded into the
parametrization of the effective Schumann-Runge band cross sections (SSRB)
versus height and zenith angle [Allen and Frederick, 1982]. The zenith

angle dependence for 9spB in each of the 17 spectral intervals is written

as:
oepp(Z2X) = gpg(2:0)/(sec )2 (12)
for x < 60°
and
oo (2:X) = Tgpg(2,0)/[Ch(z,5)1¢() (13)

for 60° < x < 90°

Values for o z,0) and c(z) are obtained from Allen and Frederick [1982]

SRB(
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Figure 8. Variation of total slant optical depth versus
wavelength, for various altitudes and a solar zenith angle
of 93°. Model atmosphere is same as in Figure 7.
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as implemented by M. Allen in our program. The Chapman function is re-
tained in the above equations; for x > 90°, we use Ch(z,90°) in equation
(13), since the tangent point should provide the largest weighting for
the effective cross section along the ray path. Furthermore, we set a
Tower limit on oSRB(z,x) in each band, as determined by the continuum
1imit results of Allen and Frederick [1982]. Refraction effects will
introduce some errors in the flux calculations at large zenith angles.
Figure 9 illustrates the ratio of air mass (column density) for the

)5

using the results of Snider and Goldman [1975]. The main effect is an

Chapman function (uCh) versus an exact ray tracing calculation (uRe
overestimate of the absorption in the non-refracted case. While this
effect can be non-negligible if one wants to model intensities received
at a given altitude, the net effect on the photochemistry should be
qualitatively similar to the effect due to the inclusion of diffuse flux
in a spherical shell (versus plane parallel) atmosphere discussed in
Chapter 2. The cost and difficulties involved in treating refraction in
a photochemical model, the probable smallness of the resulting effect on
photochemistry and the importance of other uncertainties (cross section
values, scattering by air molecules or aerosols and clouds) do not war-
rant an attempt at including this effect in photochemical models for

X > m/2.

Multiple scattering has been shown to have a significant effect on
photodissociation rates and photochemistry in the stratosphere [Callis et
al., 1975; Sundararaman, 1975; Luther and Gelinas, 1976; Isaksen et al.,
1977; Luther et al., 1978; Pitari and Visconti, 1979; Fiocco, 1980; Meier

et al, 1982; Nicolet et al., 1982]. e have therefore incorporated a
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Figure 9.

Ratio of air masses from Chapman function cal-

culation to exact, refracted ray tracing results (Snider
and Goldman, 1975), as a function of solar zenith angle.
Height z_ is the tangent point altitude (refracted ray).
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calculation of the diffuse flux in our photochemical model. Without in-
tending to repeat all the results from the above references, we briefly
describe our approach and the validation with earlier work on this sub-
ject. The total flux FT affecting molecular photodissociation rates in
equation (4) has to be modified to include the diffuse intenéity I
integrated over solid angle [see e.g., Luther and Gelinas, 1976]. At

any wavelength A, we can write:

Fl(2) = FA2) +J e b d (14)
4
where
FA(z) = F_ exp{-rs(z)}

and 2" has been defined previously and includes absorption by 02, 03,
NOZ’ as well as extinction due to Rayleigh scattering. According to the
classical theory of Rayleigh scattering [see e.q., Liou, 1980] an inci-
dent wave (field Eo’ intensity IO) induces an oscillating dipole moment
(aEO, where a is polarizability) in the scattering mo]ecu]es--O2 and N2
in our case--whose acceleration in turn leads to a scattered wave

describable at a distance r far from the dipole by an intensity

I 5
1(0) = _ga212_84v_p%_) (15)
r 3\

where the normalized phase function for unpolarized sunlight is

(1 + cos20) (16)

lw

p(9) =

and 9 is the scattering angle. The familiar dependence on the fourth
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power of the frequency comes from the second time derivative of the
oscillating field (dipole acceleration), coupled with the proportion-
ality of the intensity on the square of the electric field. The Rayleigh

scattering cross section is defined from (15) by:

Op = — G ¢ (17)

The polarizability is related to the index of refraction m of air at den-

sity n by the Lorentz-Lorenz formula [see Liou, 1980]:

2
3 m -1
a = (18)
4mn m2+2
Since m is very close to unity for air, we can simplify (18) and use
o = 0! (19)

which is not density or height dependent [(m-1)/n is constant]. For

P, =101325 N/n’ and T_=288.16 K, such that n_=2.548 x 10' %cn™>, disper-
sion measurements by Edlen [1966] have led to the wavelength-dependent

formula:

-1

m -1 = 10°6764.328 + 29498.1(146 - 1/32)™1 + 255.4(41 - 1,1%8)" 17 (20)

where X is in um. This wavelength dependence of the index of refraction
leads to a 20% decrease in a between 0.2 and 0.6 um, implying about 40%
variation in Op> in addition to the much larger A'4 dependence (factor of

80 effect on o Combining equations (17), (19), and (20) and including

gl
a multiplicative anisotropy factor (King factor) of 1.048 [see Young,
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1980], the Rayleigh cross section becomes:

-32 25.25 , _11577.0 100.24
2 &
A (146 A

oR(A) = 3.466 x 10 (21)

1) (81 2%-1)

with IR in cm2 and A in uym. This leads to values very similar to those
tabulated by Penndorf [1957].

The diffuse radiation field has been shown to significantly affect
photochemistry and photodissociation rates mostly above 290 nm, beyond
the strong absorption region due to 03 and 02 (e.g., Luther and Gelinas,
1976; Luther et al., 1978], although large changes in flux can occur in the
lower stratosphere and troposphere below 290 nm. We have included the
diffuse flux in our model for wavelenaths above 290 nm. The calculation
is based on the solution of the radiative transfer equation [Chandrasekhar,

1960] for an inhomogeneous, plane parallel atmosphere:

~ 1 &r
H g%'(f,u,¢) = I(t,u,0) - 72 I f p(u,dsu',0") I(t,u',0"')ds" du'
-1 0
@ -t/u
0 0 .
-3 fFe P(1,85-u:0,) (22)

where u=cos 8 (8 is zenith angle) and ¢ is azimuth; Mg = cos?o and jo
refer to the solar coordinates, and ¢o is usually set equal to zero.
Also, T is normal total optical depth, nF=F_ and 50 is the single-
scattering albedo:

= Ry

0 axn. + (0n Ny +Tya Nun )
Ra 03 O3 NO2 NO2

(23)

and n_, n, , n represent the air, ozone, and nitrogen dioxide densi-
a O3 NO2

ties, and IR 003, and o

(.. are cross sections. If shorter wavelengths

2
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were included, 00 n0 would have to be added to the denominator. We note
2 72
that

cos 0 = up' +(1-u8)12 (1-u?)V2 058 -4) (24)

which allows us to write the phase function (16) as:

pu,dsu',0') = p(o)(u,u')+p(”(u,u') cos(s-4")

¢+ p 8 (u,u) cosl2(6-4")] (25)

with
Dt = oy = 302 321wl (26)
M) =0y = 3 08V 0012 (27)
oDy = pBaun =308 a-w?) (28)

We use the Feautrier method [Feautrier, 1964] to solve the integro-
differential equation (22). This procedure has been described by
Gladstone [1982] in a somewhat different application for radiative
transfer in the Jovian upper atmosphere and we have used the basic sub-
routines developed by R. Gladstone for calculating I(t,u,4) and the
diffuse flux of interest. Prather [1974] has also described this method
of solution for a Rayleigh scattering atmosphere, including polarization.
Briefly, one can expand the intensity to the same order as the'phase

function:

Hrwa) = 11O+ 1 (c0) coso-0,)

+ 1(2)(T,u) cos[2(¢-¢0)] (29)
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which then yields three separate equations for I(O), I(]), and 1(2),

similar to (22). For each component i, upwards and downwards intensi-

ties are defined

My = 10 w0 (30a)

P e "< (30b)

I'(i)(r.u)

for which the radiative transfer equation is written. Combining these

upwards and downwards equations (sum and difference) yields two equations

in terms of mean and net intensities j(1)(r,u)Aand h(I)(r,u)

i e =-% () () + 170 (00) (31)
0 e = 3 (e - ) (32)

For components j(o)(r,u) and h(o)(r,u), for example, we get:

2.(0)
u2 94%;—-(T,u) =
dt 1
O -3a, [ -2 e @208 50w o
0
¢/
-0, Fe‘ru°[3-u2+(3u2-1)u§] (33a)
and
(0)

p () o p(0) .y (33b)

A Gaussian quadrature can accurately replace the integrals over u'

by discrete equivalents over several (typically 6) streams, upwards and
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downwards. Finite differences are used and a tridiagonal system of
equations in j(t,u) for components 0 and 2, or in h(t,u) for component
1 is then solved, subject to upper and lower boundary conditions [see
also Mihalas, 1978]. At the top, zero downward intensity is imposed
(no scattering at low densities), while the ground boundary condition
is Lambert reflection (isotropic upwards intensity) with albedo A. For
mid-latitudes, we use an albedo of 0.25 which is representative of a
combination of ground and cloud effects. Atmospheric cloud variability
will introduce an uncertainty not taken into account by a model which
represents average conditions, since clouds can significantly increase
the diffuse flux in the lower stratosphere [Callis et al., 1975]. To
compute the additional flux due to multiple scattering (second term in

(0),

(14)), we only need to calculate the isotropic component I T,u) since
the integration over solid angle of the last two terms in equation (29)

is identically zero. Therefore, the diffuse component

is added to the direct flux FA(r) to obtain FT(r).

The U. S. Standard Atmosphere 1976 is used for air and ozone den-

sities in our radiative transfer program with an arbitrary model profile
for NOZ' The model covers the 0 to 60 km range, but densities are in-
terpolated to a finer grid so that the total opacity in each level is
always about 0.1 or less; 76 levels are used above 315 nm, and 355 below
this wavelength. Values for FD are stored on disk in an array that is
subsequently read into the photochemical model; 26 altitude levels in

the 0 to 50 km range are saved (this corresponds to our 2 km model grid
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for photochemistry) and the flux above 50 km is set equal to its value

at 50 km. The latter statement holds true to better than 1% and the
diffuse flux in the upper stratosphere and mesosphere is essentially all
upwards radiation due to scattering and reflection from the Tower atmos-
phere and ground. Moreover, only 19 wavelengths are stored and calcula-
tions are saved for 13 values of solar zenith anale (uo==0.0125, 0.025,
0.05, and 0.1 to 1.0 in steps of 0.1). Linear interpolation in Mo and

A is used in our photochemical model to calculate intermediate values
with accuracy of a few percent in most regions, owing to the relatively
smooth variation in FD. We have tested our radiation results by using
the input model atmosphere of Luther and Gelinas [1976] and comparing
their results to our model. These authors show plots of the ratio of
total flux to pure absorption flux as a function of height, wavelength
and ground albedo, for x=60°. Our results are essentially identical in
the 290-800 nm range, for various albedos, and we will not duplicate
their graphs. Photodissociation rates from the above authors and others
are also in good agreement with our results, although there have been
some changes in cross sections. The effect of multiple scattering on the
photodissociation of O3 (-~ 02+-O), NOZ’ and C]ONOZ, three species that
are affected by the diffuse radiation, is illustrated in Figures 10 and
11 for small and large solar zenith angles. For yx=30°, multiple scat-
tering and ground reflection (A=0.25) enhance these photodissociation
rates at all altitudes. For x=85°, however, a small enhancement is seen
in the stratosphere, but a reduction in fluxes occurs below ~20 km due to
the scattering out of the direct beam which is not compensated for by

multiple scattering from below or ground reflection. In our photochemical
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model, the diffuse flux is calculated (by interpolation from the stored
coefficients) at every time step in a diurnal run, whereas an average
zenith angle (ﬁ;v) is used for diurnal average runs, as defined by the
diurnally-averaged direct flux at any height and wavelength:

FA(Z,A)= F_(A) exp{-r/ffav }. We now discuss some of the aspécts of di-

urnal averaging, as treated in our model.

1.4 Diurnal Average and Diurnal Calculations

The diurnal average model represents the basic state from which di-
urnal runs are started. The concentration of species whose lifetimes are
short compared to a day often varies significantiy during the day, as
well as at night, when photolysis no longer drives the chemical cycles.
This applies to radicals such as OH, HOZ’ NO, NOZ’ NO3, c1, C10, 0 and
O(]D). Combinations of some of these radicals lead to temporary reservoir
species, whose photochemical lifetimes vary between about one day and
.severa1 weeks, depending on the altitude. Examples include HZOZ’ HNO3,
H02N02, NZOS’ HC1, and C]ONOZ,trace gases showing slow diurnal variations,
if any. The radicals themselves are derived from source species with
Tong lifetimes (about a year or more in lower stratosphere), for which
transport is an important factor. These source species show no diurnal
variations and their concentrations are fixed to diurnal average values,
when the model is stepped in time for diurnal calculations: NZO’ HZO’ HZ’
CH4, €0y CO2 and the halocarbons comprise this group. The diurnal average
model computes photodissociation rates averaged over 24 hours as input to
the continuity equation (1) for each species. Various approaches to

diurnally-averaged calculations have been given by Whitten and Turco [1974],
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Kurzeja [1975, 1977], Martin [1976], Coaley and Borucki [1976], Rundel
[1977], Kramer and Widhopf [1978], Turco and Whitten [1978], and Boughner
[1980j. The use of a fixed sun at an average zenith angle has been shown
to be less accurate than a 12 hr or 24 hr average of photodissociation
rates. We define a 24 hr average for the fluxes at each height and wave-

length in terms of an average transmission

. 1SS
Tr(z,0) = 1‘2[ exp{-7 (z,A,t)}dt (35)

12
where t is the local time in hours and ts is the time at sunset for al-
titude z. In a plane parallel atmosphere, the slant opacity Tg is
related to the normal optical depth t and cosx(t) =A+BcosL(t), with
A=sindsin¢ and B=cos§ cosd, as defined in (6). A good approximation
to the integrated transmission in (35) is given by the transmission at
noon (tr(12) = exp{-t/(A+B)}) multiplied by (t*-12), where t* is defined

by tr(t*)=0.5 tr(12), which leads to

e-r/A+B t/(A+B) - (A/B) In2

t/(A+B) +1n2

tr(t) = % arccos (36)

This analytic formulation can well reproduce the exact numerical evalua-
tion of the integral in (35), as demonstrated by the fit to the results
of Rundel [1977] in Figure 12, for ¢ =30° and § =0°. At low optical
depths, the daytime transmission is close to unity during the day and
drops sharply to zero at sunset and sunrise, so that tr=0.5. If one
were to represent tr(z,A) by exp(-t(z,A)/cosX ), where x is an average

solar zenith angle, the value of X would be close to 90° for the low
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representation described in the text. Calculations
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opacfty limit, but near 30 or 40° for large optical depths (t > 10) in

the lower stratosphere. Figure 13 illustrates this variation of ¥ as a
function of altitude and wavelength, demonstrating that a poor approxima-
tion would result if one used a fixed x for all z and A values. In general,
the spherical nature of the Earth's atmosphere, as well as the varying day-
light period as a function of height is taken into consideration, and

tr(t) is evaluated numerically using TS T Ch(X,x) at each altitude and
zenith angle. Since a large number of calculations would have to be done
in the photochemical model (for each z and 1), a polynomial series of the
form ‘gl a5 rg'] is fit to the function EFKri) over a wide range of normal
opticg; depths and the coefficients aij are stored for fast evaluation of
the diurnal transmissions (and fluxes) during a model calculation. Care
has to be taken to ensure accuracy of the fit (5% or less for most cases)
at all relevant optical depths.

Use of diurnally-averaged photodissociation rates in the continuity
equation is necessary to evaluate the concentrations of lang-lived species
such as NZO or the halocarbons, whose chemical destruction is essentially
all due to photolysis. However, there is no exact method for diurnally-
averaged chemical reaction rates, which involve products of concentra-
tions. The diurnal average model calculates a rate k[X][Y], as opposed to
the average rate Efijf?j. Similarly for photodissociation, J[X] # K
for the halocarbons, N20 or diurnally-invariant species in general, one
can use EIY] for an accurate description of the loss process, but this
will not hold for constituents which vary during the day. Moreover,

nighttime chemistry is important for certain species such as NO3, C]ONOZ,

and NZOS’ which build up after sunset. The concentrations of these species
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depth (wavelength and altitude dependence).
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will be underestimated by a diurnal average model which assumes that day-
time processes (photolysis) are most important. The above factors and
nonlinearities are responsible for differences between the true diurnally-
averaged concentrations of certain species and the concentrations
obtained via our diurnal average model. Turco and Whitten [1978] de-
scribe a procedure that takes into account nighttime averages and daytime
averages to yield more accurate diurnal (24 hr) averages. They note that
erroneous diurnal average concentrations for short-lived species can also
affect longer-lived species. No method is perfect in terms of diurnal
averaging and each modeler should be aware of his or her own model limi-
tations. We have compared the true diurnal averages versus the diurnal
averages, where a true diurnal average represents the average of a
quantity over 24 hours, as computed from a full diurnal calculation. The
largest differences occur for NO3 and NZOS for reasons of nighttime
build-up mentioned before. In terms of the long-lived source species
mentioned above, many are mostly affected by photolysis, so that the 24
hr average photodissociation rate calculations are sufficiently accurate;
Short-1lived species will not dominate over transport effects in deter-
mining the abundances of the source species. Even if 20-30% differences
occur in the calculated concentrations of some source species due to
inexact values for the radical concentrations, we are conscious of the
fact that one-dimensional models suffer from inaccuracies in the trans-
port processes affecting the source species. In terms of ozone, our diurnal
average calculations are within about 10% of the true diurnal average
concentrations; further discussion is given in Chapter 5. Temporary

reservoir species are generally strongly couoled to short-lived radicals,
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and even though their concentrations might not vary significantly over the
course of a day, the true diurnal average values can be quite differ-
ent than the simple diurnal average model results, as illustrated in

Figure 14 for HNO,, HO NO,, and H,0, in particular. This can be traced

3? "2
to the differences in production rates, which involve products of radi-
cals, averaged over the day. The diurnal run used for this test is from
the fifth day and night of a model used in Chapter 4 for comparison to
C10 observations (32°N latitude, -11° solar declination). True diurnal
average and diurnal average HNO3 volume mixing ratios are compared to a
compilation of mid-latitude observations [see references in Hudson et al.,
1982] in Figure 15. The true diurnal average results are about a factor
of two lower than the diurnal average values in the upper stratosphere,
and show better agreement with the observed decrease above 25 km.
Long-Tived source species will be sensitive to both transport and
photochemistry, and multi-dimensional models will lend themselves best
towards producing a simultaneous fit to such gases, when a good set of
global observations becomes available. One-dimensional models could then
use a fixed series of vertical profiles corresponding to such observa-
tions in order to study processes, such as diurnal variations of short-
lived species (ideally measured at the same time as well), which depend
much less on vertical or horizontal transport. In this work, we compare
our model results with average mid-latitude data, often obtained by a
variety of techniques at different times, and look for a reasonable
model fit to long-lived species, even though the transport processes are
parametrized in a fairly simplistic fashion. Vater vapor was discussed

earlier and our model profile is within the range of observed miq-
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latitude data, given the uncertainties and variability in these data.
Typical H2 and CO vertical profiles are compared to mid-latitude obser-
vations in Figures 16 and 17. The H2 data for 25-35°N are taken from
the summary in Hudson et al. [1982]; individual observed profiles show
some decrease, particularly at somewhat higher latitudes (455N), although
maybe not quite as strong as in the model. H2 is sensitive both to
transport and productfon by CH4 oxidation [Ehhalt and Tdnnissen, 1980].
The CO data shown here extend to 80 km for completeness and are mostly
taken from the recent review of Louisnard and Lado-Bordowsky [1983].
Above 60 km, the microwave data of Clancy et al. [1982] and some later
(unpublished) data provided by R. T. Clancy (private communication,
1983) are used to delineate an acceptable range of CO mixing ratios. The
microwave results of Waters et al. [1976] and Goldsmith et al. [1979]
also fall within tﬁis range, and the uncertainty limits shown in the
figure are typical of ground-based observations; below ~60 km, the CO
profile (particularly the lower limit) is not well constrained by these
observations and the range shown is merely indicative of the expected
trend. The general shape of the observed CO profile from O to 80 km is
reproduced by mid-latitude models, although the minimum occurs at some-
what higher altitudes in our model. Stratospheric CO is sensitive to
the CH4 profile and the CH4 q;idation sequence producing HZCO, HCO, and
eventually CO [see Calvert, 1980; Logan, 1980; Ehhalt and Tdnnissen,
1980], while CO2 photolysis becomes a dominant source above 60 km.
Destruction in the atmosphere occurs via the CO+OH reaction, which
shows some not c]early understood pressure dependence [DeMore et al.,

1982]. Further studies of this molecule in relation to COZ’ CH4, HZO’
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and possibly HZCO on a more global scale should soon be possible with
the use of infrared spectroscopy measurements from the Space Shuttle
(ATMOS project). CO2 in our model has a constant mixing ratio through-
out the atmosphere due to its very long lifetime and upward diffusion
from the ground. A small, but persistent increase of less thénfO.S% per
year, presumably related to fossil fuel burning, has been recorded
[Keeling et al., 1976a,b]. Long-lived natural and man-made source
species for chlorine and fluorine products in the stratosphere, as well

as NZO and CH,, are discussed in Chapter 3, in relation to transport and

4
to molecular oxygen absorption cross sections (radiation field).
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Chapter 2
FURTHER STUDIES OF THE DIFFUSE FLUX IN THE STRATOSPHERE

2.1 Comment on Ultraviolet Solar Flux Measurements

We wish to comment on a feature of the observations of "direct and
scattered solar flux within the stratosphere," by Herman and Mentall
[1982a]. These authors conducted an interesting study of the ultraviolet
flux from 190 to 320 nm, as measured from a balloon-borne gondola at
40 km and a rocket payload during parachute descent (60 to 38 km) with
nearly identical spectrometers. In addition to direct flux measurements,
with the instrument pointing at the sun, the balloon platform carried
another spectrometer, successively pointed at different directions away
from the sun for measurements of the scattered (diffuse) flux. The obser-
vations of direct flux, coupled with Nimbus 7 observations of the solar
flux Fm(x) above the atmosphere, led to a wavelength-independent result
for the ozone column amount above 40 km. The above measurements thus
indicated consistency with the laboratory measurements of ozone absorption
in the Hartley band [Inn and Tanaka, 1959]. Ackerman [1971] and Nicolet
[1978] have compared the existing laboratory data in that spectral range
and the ozone absorption cross sections are seen to be in very good agree-
ment (within a few percent of the mean at most wavelengths); high resolu-
tion measurements not fully published [Bass and Paur, 1981] show no
indication of significant changes. The scattered flux observations of
Herman and Mentall [1982a] were shown to match theoretical calculations

at wavelengths longer than about 215 nm. Our multiple scattering model
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results also agree quite well with their measured ratios of diffuse to
direct flux longward of 210 nm, as shown in Figure 18, where the 03 pro-
file deduced by Herman and Mentall and an appropriate solar zenith angle
(41°) were used. A ratio of 10% at 200 nm, however, is Targer than cal-
culated [see also Luther and Gelinas, 1976] by more than a factor of two.
We disagree with the suggestion that this discrepancy is simply the result
of an inaccurate treatment of the solar radiation penetration in the
Schumann-Runge band region. The bands themselves are weak and the under-
lying continuum is important near 200 nm [Hudson and Mahle, 1972]. Using

average 02 cross sections at 200 nm of 1.45x 10'23cm2 for the older ac-

242 (reduction by a factor of 0.55) for the

cepted value and 8.0x 10
more recent value used in our model [see Chapter 3; Herman and Mentall,
19825], we obtain the different ratios of scattered to direct flux shown
in Figure 18, below 210 nm. The change in 0(02) affects this ratio only
below 215 nm, because 03 absorption dominates O2 absorption beyond that
wavelength. Nevertheless, the resulting ratios of 3.9% and 4.7% are more
than a factor of two less than the observations at 200 nm. Even if only
03 absorption was considered at that wavelength (i.e., 0(02)= 0.0), in
order to allow for greater penetration of the solar flux to lower levels
where multiple scattering is more important, the ratio of diffuse to
direct solar flux at 40 km would be only 6.7%. Moreover, such a change

in o(0,) would make the direct flux too high compared to the observations.

5)

A required change in total (02 and 03) apacity of a factor of three
at 200 nm is very large and unrealistic. The diffuse to direct flux ratio
is also quite insensitive to reasonable uncertainties or changes in ground

albedo, solar zenith angle, or total atmospheric density. Herman and
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Figure 18. Comparison of our model ratio of total

scattered flux to direct solar flux with the in situ

spectrometer data of Herman and Mentall (1982a).
discrepancy below about 210 nm, not explainable by a
reduction in 02 cross sections (see text).
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Mentall [1982a] also point out that, although the total scattered flux is
obtained by integrating over a finite number of viewing angles, the pat-
tern of intensities is not far from isotropic in the short wavelength
region, and that the anisotropy should not be a source of much uncertainty.
The authors quote an experimental uncertainty of *10% in the‘ratio of
diffuse to direct solar flux and note that "successive spectral scans at
balloon float altitude differ by less than +10%." It would seem that
the discrepancy noted below 210 nm is real, barring an unexpected system-
atic instrumental effect at those wavelengths, and that uncertainties in
02 or 03 absorption cannot account for most of the problem. The scat-
tered flux is enhanced in absolute value, compared to theoretical expecta-
tions. A change in the Rayleigh cross section by a factor of two seems
prohibitive, although we do. not know the exact uncertainty associated
with that parameter. As shown in Figure 18, however, a large change in
9n would affect wavelengths beyond 200 nm as well, and the data would
have to be explained by a change in the variation of cR(X), Gas fluores-
cence or scattering by aerosols might be contributing to the scattered
flux, but the added scattering occurs only below 210 nm, which Timits its
possible sources. The observations were apparently no; affected by
clouds (J. R. Herman, private communication, 1982). Nitric oxide fluores-
cence has been observed near 200 nm above the mesopause [e.g., Barth,
1964; Feldman and Takacs, 1974]. Barth et al. [1972] note that Rayleigh
scattering should dominate NO fluorescence (in the gamma band) below
about 70 km. Moreover, distinct NO bands would give more structure to
the scattered flux observations, given the resolution of 2.2 nm. An

interesting candidate could be fluorescence by molecular oxygen itself.
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Absorption in the Schumann-Runge bands produces fine structure in the di-
rect flux observations below about 195 nm (resolution of 0.21 nm), but
this would be smoothed out in the less resolved scattered flux observa-
tions; diffuse flux data are not shown below 195 nm by Herman and Mentall
[1982a]. In a different wavelength region (500 to 700 nm) the question
of 02‘f1uorescence was raised by MacAdam [1963] in relation to the spec-
tral intensity distribution of direct and diffuse sunlight and the dis-
appearance of absorption bands in the diffuse observations. In the case
discussed here, we need to double the single-scattering albedo by adding
a term g n. to the numerator in ao. At 40 km and for 200 nm, ao is

equal to 0.08 (or 0.06 if the higher O2 cross section is used). For O2
fluorescence to provide the additional flux, this would imply a cross sec-
tion for fluorescence at least 10-20% of the 02 absorption cross section.
Such a large effect has not been observed in the laboratory, althouah

we are not aware of studies specifically designed for this purpose. The
calculations of Frederick and Abrams [1982a,b] regarding NO and O2
fluorescent emissions at somewhat longer wavelengths (beyond 250 nm)
would seem to yield contributions to the scattered flux of less than 10%,
although quenching rates of excited 02 states are not well known.
Frederick (private cormunication, 1983) notes that satellite BUV ob-
servations do not show significant discrepancies between observed and
theoretical values of scattered flux. Further careful in situ observa-
tions should be performed, if we want to distinguish between possible
measurement contamination and a real source of scattered flux near 200 nm

in the stratosphere.
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2.2 Diffuse Flux in a Spherical Shell Atmosphere: Effects on Photo-

chemistry

In this section, we attempt to explicitly demonstrate the effect of
sphericity in the atmosphere on the diffuse radiation field and, more
importantly, on photochemistry. The NASA Report 1049 [Hudson and Reed,
1979] indicated that the assumption of a plane parallel atmosphere for
the diffuse flux was one source of model uncertainty at large zenith
angles. We will quantify this uncertainty to first-order for solar
zenith angles close to but less than 90°, although we note at the onset
that an exact and elegant method for treating multiple scattering in a
spherical shell atmosphere has not yet been invented and will not be here.
The equation of radiative transfer (22) needs to be modified to take into
account a fourth coordinate, namely the angle between the radius vector
and the solar direction, and this greatly increases the mathematical com-
plexity. The Russian scientific literature seems to be proliferous in
terms of various approaches to this problem. Reviews and references can
be found in Sobolev [1975] or Nazaraliyev and Sushkevich [1975], as well
as in the IAMAP Conference Report [Fouquart et al., 1980]. Monte Carlo
studies are the most obvious (although by no means simple or fast) answer
to complex problems such as this one; a good approximation and faster ap-
proach has been described by Whitney [1972].

-t/u

The last term in equation (22), (60/40 Fe  plu,s3-u }s

describes the contribution of single scattering to the diffuse intensity.

o’jo

A first-order approximation to the effects of sphericity can be introduced

by modifying the slant optical depth r/uo to the appropriate value. Some
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modelers have used this in their photochemical model, but we have not
seen an explicit description of the associated effects. The modification
of Tg €an be made using the Chapman function, but we use the geometric ray
path calculation described in Chapter 1 and Appendix A. We first present
results for a homogeneous and conservative (5o==1) atmosphere; in order
to compare the diffuse intensities to the backward Monte Carlo calcula-
tions of Adams and Kattawar [1978]. The results at large zenith angle
(eo==84.26°) are shown in Figures 19 and 20 for total normal optical
depths 7 of 0.25 and 1.00, respectively, as a function of viewing angle
9 at the top of the atmosphere and for two azimuthal directions (4 =0 and
180°). The plane parallel calculations are in excellent agreement. If
sphericity is included, more direct radiation and therefore a higher
single-scattered intensity will be present throughout the atmosphere. The
slant optical depth for a homogeneous atmosphere of height z, is easily

evaluated analytically

R+2z

) oy * L+ - 17172 (37)

R+2z
Zy

T (z,u5) = 1(z) (

This correction to the single scattering term in the radiative transfer
program leads to intensities very similar to the Monte Carlo results for

8 < 75°., At large viewing angles, sphericity can lead to large changes

in the intensity. However, in termé_of photochemical effects, the integral
of the intensity over solid angle is the relevant quantity (see equation
(14) in Chapter 1), and this diffuse flux is not very sensitive to the
intensity changes at large 9 . We also attempted to refine the diffuse

radiation field calculation by using the source function
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Figure 19. Intensities at the top of a 100 km thick (homogeneous
and conservative) plane parallel or spherical shell model atmo-
sphere of total normal optical depth 1y = 0.25, for a solar zenith
angle of 84.26°, The Monte Carlo results of Adams and Kattawar
(1978) are shown. Our spherical shell approximation includes the
first-order single scattering correction (see text).
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¢

2m 1
Artnd) = g2 [ [ plwointiot) et o) e ao
0 -1

) =T (o)

+ T Fe p(i'u,¢,-uo,¢o) | (38)
where I(T,u',¢') and rs(uo) are calculated as discussed above, and then
recalculating the intensities from the formal solution to the radiative

transfer equation [see e.g., Chandrasekhar, 1960]:

I(t,fu,0) = | J(t',+u,8) e > 3

1 -(t'-1.)
J dr; (39a)
T

t -(t_-1!)
I(t,-u,9) = J J(t',-u,0) e s drg (39b)
0

where Ts(u) is the slant optical depth in direction p, and I(r],+u,¢)and
I(0,-p,4) are assumed equal to zero. This procedure was checked in the
plane parallel case (rs =1/u), where fluxes (and intensities) should not
change from one iteration to the next (true to within one or two percent).
Moreover, intensities can be calculated at any angle, rather than simply
at the Gaussian quadrature points. For large solar zenith angles
(eot>85°), we find that the above correction leads to diffuse fluxes very
similar to the results obtained using only a correction to the single-
scattered term., le have thus used the latter approximation for a real
(inhomogeneous) atmosphere. The above test results were still an
approximation to the problem of spherical shell atmospheres, since all
points within the atmosphere are directly illuminated by the solar flux
at a fixed angte. In reality, sphericity can affect the intensities

even for eo = 0° [Adams and Kattawar, 1978]. However, the useof a sphericity
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correction in the single-scattered term, coupled with the multiple
scattering contribution for a plane parallel atmosphere, should give

a reasonable estimate of the diffuse fluxes at large eo’ as shown in
Figures 19 and 20, even if the intensities at large 8 are not well ap-
proximated. The intuitive comment that is often referred to in this
respect is that photons that scatter many times have "lost track" of
the geometry of the atmosphere, whereas the photons which are scat-
tered only once "remember quite well" that the optical depth just tra-
versed was smaller than in a plane parallel atmosphere. The above
comments will not hold for twilight cases with eo much larger than 90°,
as shown for example by the Monte Carlo studies of twiliaght radiation--
including refraction--by Blattner et al. [1974]. In a short report with
few details about the spherical model, Anderson [1982] also concludes
that the use of plane parallel geometry for multiple scattering and
spherical geometry for single scattering leads to small errors in the
fluxes for solar zenith angles less than 95°.

We now describe the effects of sphericity on the diffuse fluxes,
photodissociation rates and species concentrations in the Earth's strato-
sphere. 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 strona absorption occurs (below
" 300 nm), the fraction of diffuse flux is large but molecular photodis-
sociation rates will be affected more (in terms of total flux) by the
longer wavelengths. Ozone absorption is small in the Chappuis band

(400 to 800 nm), but the small total opacity (Rayleigh+ozone) leads to
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a large direct flux relative to the total flux. Species such as HNO3
and HOZNOZ’ whose photodissociation occurs shortward of 330 nm, are

most affected by the diffuse flux effect just longward of 300 nm, and

in the lower stratosphere, as we will see. Figure 21 shows the ratio

of fluxes calculated in the spherical shell approximation (SS) versus
the plane parallel case (PP) for both diffuse and total fluxes at

312.5 nm and various altitudes. At 30 and 40 km, there are large changes
in the diffuse flux near 90°, but the total flux changes very little
since the diffuse radiation contributes only a small fraction to the
total field. In the lower stratosphere, however, most of the radiation
is diffuse at this particular wavelength and the total flux is also sig-
nificantly affected by the inclusion of sphericity. This will affect
the photodissociation rates sensitive to this wavelength. The effect on
photodissociation rates and species concentrations is ultimately what we
are really interested in for photochemical modeling. The most relevant

changes in photodissociation rates (jSS

/jpp) are plotted in Figure 22 as
percent increases versus altitude for a solar zenith angle of 88.5°
(diurnal model, 32°N Latitude, -11° Declination). As expected from the
previous graph, the lower stratosphere is most affected and the wave-
length-dependent diffuse flux effect, combined with the molecular photo-
dissociation region, leads to the largest increases (about 30%) in

j(HNOB) and j(HOZNOZ). Small changes also occur for CI1ONO,, NO,, MO,

and 03. We have included the effect of sphericity on the diffuse fluxes

in a diurnal calculation (32° N latitude, -11° solar declination) , 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
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Figure 21. Ratios of fluxes (total and diffuse) from the

(approximate) spherical shell (SS) to plane parallel (PP)
cases in the Earth's stratosphere, as a function of solar

zenith angle, for a wavelength of 312.5 nm. The effect of
sphericity on the total flux is largest in the lower stra-
tosphere, for large zenith angles.



50
45
40
35

(km)

30

25

20

99

Solar Zenith Angle = 88.5° —

(32 1) x 100

j PP

Figure 22. Percent increase in the photodissociation rate constants
of certain stratospheric species due to the inclusion of sphericity

in the single scattered intensities, for a solar zenith angle of 88.5°.
The magnitude of the increase is largest in the lower stratosphere.



100

jllustrated in'Figure 23 for a height of 20 km, where the diffuse flux
plays a large role, the short-lived radicals such as 0, OH, C10, NO, N02
and NO3 display the effect of the above increases in photodissociation
rates. 0(10) is also significantly affected (close to 30% in the Tower
stratosphere). The ozone photodissociation rate increase leads to more
[0] and [O(]D]. Moreover, [H], [OH] and [HOZ] are all affected in a
similar fashion-by increased j(HNO3) and j(HOZNOZ) near 90° in the lower
stratosphere. [NO] is increased due to j(NOZ) . [N02] itself is
decreased somewhat, while [NO3] decreases due to less [N02] and a higher
j(NO3). Chlorine nitrate photolysis leads to enhancement in the chlorine
radicals (C1,C10,C100), although only [C10] is plotted in the figure.
[OH] 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°, and the effect diminishes at higher altitudes. An extrapola-
tion to twilight effects would also indicate that the hydrogen radical
(H,(MiandHOz) concentrations are underestimated in the standard model

by possibly as much as 50% at 20 km. We should note, however, that other
effects that are not included in photochemical models, such as refraction
or aerosol absorption and scattering are sources of uncertainty, par-
ticularly at large zenith angles [Adams et al., 1974]. Such uncer-
tainties preclude an exact determination of the chemical abundances of
radicals near sunset and sunrise, especially during the twilight period.
Moreover, observations of these radicals near the terminator contain
intrinsic uncertainties as well. The above discussion concerning the
diffuse flux near the terminator and its effects on the photochemistry,

depending on the geometry used, is therefore more of a theoretical
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exercise than an observable effect. It is always useful, however, to be
aware of the degree of uncertainty caused by various assumptions, and
this was merely an attempt to show the model sensitivity to one particu-

lar assumption. A much more significant assumption is discussed in the

next chapter.
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Chapter 3
MODEL SENSITIVITY TO 02 ABSORPTION CROSS SECTIONS

IN THE HERZBERG CONTINUUM

3.1 Photolysis of Stratospheric Gases in the 190-220 nm Spectral Region

In this section, we emphasize that photodissociation of certain spe-
cies in the stratosphere is quite sensitive to the 190-220 nm spectral
region, which coincides with the O2 Herzberg continuum domain. Photo-
chemical models, both 1-D and 2-D, have had difficulty producing a
satisfactory simultaneous fit to the altitude distributions of all long-
lived source species that diffuse upwards from the troposphere and undergo
relatively simple chemistry in the stratosphere. In particular, it has
been difficult to produce good simultaneous fits to NZO’ CH4, CFZCIZ(FC12)

and CFC1,(FC11) profiles above 20 km. The calculated mixing ratios near

3
30 km for FC12 and FC11 are generally overestimated by a factor of about
two and five or more, respectively, given a model that is in reasonable
agreement with N20 and CH4. This general discrepancy holds for 1-D and
2-D models alike and seems to be fairly independent of latitude or season
[see Hudson et al., 1982; Miller et al., 1981]. Possible solutions
including either transport, unknown chlorofluorocarbon sinks or inaccurate
solar radiation calculations in the Schumann-Runge bands have been sug-
gested. UYe discuss in detail the most plausible solution, which involves
the uncertainty in the photodissociation rate of some stratospheric mole-

cules (such as NZO’ FC11 and FC12) due to uncertainties in molecular

oxygen absorption cross sections near 200 nm.
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Nicolet [1980, 1981] had reviewed the subject of absorption of

solar radiation within the stratosphere, with some emphasis on molecular
oxygen and ozone absorption; it certainly seems that the 02 Cross sec-
tions in the Herzberg continuum (200-242 nm) are uncertain by at least
25%. Moreover, the solar flux at the top of the atmosphere is not known
to much better than 15% in this spectral region [see Hudson et al., 1982].
However, molecules that dissociate near 200 nm, where 02 is the main
opacity source, will be more sensitive to the 02 cross sections OX(OZ)
than to the solar flux, since ox(oz) enters as an exponential factor in
the photodissociation rate calculations. Indeed, Ajk/jx =-ATX =
-TA(ATA/TA), which implies that a small percentage change in total

optical depth t, can lead to a larger relative change in jx if T, is

A A

larger than unity (below about 35 km in this case).
Figure 24 illustrates the importance of the 190-220 nm region for

N,0, HNO,, CF,C1, and CFCI

2 3* T 2me b
spectral range; however, the total photolysis rate of HNO3 also depends

for which jk peaks in the center of this

on the flux longward of 300 nm and actually peaks at ~310 nm below about
20 km, Rates in Figure 24 were calculated with O2 and O3 profiles from

the U. S. Standard Atmosphere 1976 and 24 hr diurnally-averaged trans-

mission (see Chapter 1). The optical depths 02) and t (03) in the

X( A
200-220 nm range are shown in Figure 25. O2 and O3 contribute roughly
equally to the total opacity in this region, and it is clear that this
model yields total 3% values of order 1 to 10 between 20 and 30 km. The
02 cross sections above 207.5 nm follow the recommendation of the 1979
NASA Report [Hudson and Reed, 1979] and the 03 values are from Ackerman

(1971]. Below 207.5 nm, effective O2 cross sections, depending on height
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and zenith angle, are calculated according to the work of Allen and
Frederick [1982]. Above 197.5 nm, the contribution from the bands
should be about 5% or less, most of the absorption being due to the
continuum [Hudson and Mahle, 1972]. Shardanand and Prasad Rao [1977]
have obtained the latest (and smallest) measurements of O2 Cross sec-
tions in the Herzberg continuum and have described the problems asso-
ciated with laboratory determinations of these very small cross
sections.

If the older model cross sections (average values of 14.5, 11.5,

2402 for 200, 205, 210, 215 and

8.85, 7.43 and 5.75 in units of 10~
220 nm, respectively) are reduced by a factor of about 0.6, we find some
fairly significant changes in relevant stratospheric profiles. Some of
our preliminary sensitivity tests were presented by Y. Yung at the
Chemical Manufacturers Association Meeting [Steed et al., 1982]. During
that month, related work from the NASA/Goddard Space Flight Center

became available to us, with quite timely and direct implications for the
Herzberg continuum absorption of 0,. Frederick and Mentall [1982] dis-
cuss some of the direct solar flux measurements within the stratosphere
(30-40 km) and conclude that the atmospheric transmission in the 200-210
nm range is larger than expected from laboratory data on O2 and 03 Cross
sections. Herman and Mentall [1982] give a more expanded analysis of the
transmitted radiation from 190 to 320 nm, from which they derive some
constraints on the absorption characteristics of 02 and 03. " They find
that the 03 cross sections seem to agree within a few percent with the
laboratory data, whereas the 02 cross sections seem to have been over-

estimated by 30% or more by laboratory measurements, in agreement with
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our own suqggestion based on more indirect modeling tests of N,0, HMNO

2 3

and chlorofluorocarbon profiles.

3.2 Modeling of Stratospheric Species and Sensitivity to 02 Cross
Sections

Since Herman and Mentall [1982] have recently estimated that the O2
cross sections in the Herzberg continuum region should be even lower (by
n30%) than the lowest laboratory values, we adopt average cross sections
in agreement with their results. We use reduced values of 5.6, 5.1 and
3.5 (107%%cn?) at 210, 215 and 220 nm, respectively, keeping in mind

that these values have associated error bars of 10-30%. We note that
these values were obtained prior to the final published results of Herman
and Mentall [1982]. Their final results are slightly different and we
use corresponding cross sections of 6.5, 5.8 and 4.5 (in units of
]0'24cm2) throughout the other chapters of this thesis, but the following
discussion is not significantly altered by this revision. Below 207.5 nm
we multiply the effective 02 cross sections by a factor of 0.55, down to
196.1 nm (spectral interval 5 in Allen and Frederick, 1982). This pro-

duces effective average cross sections of about 8.0x 10-24cm2 (200 nm)

and 6.3 x 10-24cm2 (205 nm) at an altitude where the O2 absorption effect
is maximized.

The mid-latitude models presented below are compared to NZO’ CH4,
CF2C12, CFC]3 and HNO3 observations graphically summarized in Hudson et
al. [1982]; the latter report describes in more detail the data base and

the relevant references. Most of the observations were taken between

40°N and 50°N, during the summer, and the calculations refer to 45°N
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latitude and summer solstice solar illumination. Two eddy-diffusion
profiles are used (K](z) and Kz(z), see Chapter 1). Clearly, there is
no "ideal” profile in this oversimplified representation of transport
processes, but it will be seen that the slower K2 model will result in
better fits with observations near 45°N; indeed there is strbng evi-
dence that vertical transport is latitude-dependent and increases
towards the tropics. In model A, we use the standard O2 cross sections
and transport profile KZ' Model B differs from A simply by the reduction
(factor of 0.6) in 02 cross sections described above and Model C is the
same as case B, except that the K(z) profile is the faster K] model.

The N20 profiles shown in Figure 26 illustrate the fact that both
an increase in transport rates and an increase in O2 cross sections can
increase the mixing ratios above 20 km. Methane also shows an increase
due to transport (from Model B to C), but is insensitive to the 200-220 nm
spectral region and Models A and B yield similar profiles. Nevertheless,
the N20 and CH4 observations do not provide the most sensitive test of
these three models. FC11 and FC12 show larger reductions in mixing ratios
in the middle and upper stratospheres, if Model B is used instead of A
(see Figure 27): CF2C12 is reduced by factors of 0.62 and 0.41 at 30 and
40 km, respectively, whereas CFC]3 is decreased by factors of 0.19 and
0.06 at these altitudes. A much better fit is obtained with Model B; use
of the faster transport profile (Model C) increases the mixing ratios
back to values similar to Model A. An additional improvement due to Model
B is shown in Figure 28. Nitric acid'(HN03) has always been in disagree-
ment with observations above about 30 km. The increase in photolysis

between models A and B is translated into a 50% decrease above 30 km,
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and much smaller chénges in the Tower stratosphere, where the total
photolysis rate becomes insensitive to radiation in the O2 Herzberq con-
tinuum. Moreover, as discussed in Chapter 1, the true diurnal average
profile is in better agreement with observations. Ve emphasize that the
significant lower stratospheric increase in flux near 200 nm in Model B
(flux higher than in Model A by a factor of 2-5) cannot be caused by a
10-20% change in the solar flux at the top of the atmosphere, since the
latter uncertainty is not amplified by an exponential factor, as in the
case for 0(02).

Other atmospheric gases are also affected--directly or indirectly--
by a reduction in 02 cross sections. The main direct effect is an
increase in the photodissociation‘rates of other halocarbons in the middle
and upper stratosphere, due.to the larger fluxes in the 200-220 nm range.
Large reductions in CC]4 and C2H3C13 are found, similar to the effect on
CFC]3 shown above (factor of 0.16 at 30 km). There are no published
observations of CC14, and only tentative measurements (lower limit) of
C2H3C13 are presented by Fabian et al. [1981]; these authors find 1pptv
at 23 km, which is about an order of magnitude lower than in our model
B. They also measured a few less abundant chlorofluorocarbons, and we
compare our model to their observations of C2F3C13(FC113) and C2F4C12(FC114)
in Figure 29. These species photodissociate very slowly and display much
less of a decrease with height than the major halocarbons. OCnly the re-
duced cross section model (B) is shown in the figure. The C2F4C12 profile
varies little (< *30%) from case 8 to A or C; C2F3C13 is somewhat more

sensitive (increase by up to a factor of two near 30 km if either model A

or C is used). Given the uncertainties in both model and observed values,
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FC113 and FC114 observations seem to be reasonably well reproduced. The

large natural source of stratospheric chlorine, methyl chloride (CH3C1),

is destroyed mainly by reaction with OH and is therefore not affected

much by an increase in photolysis (22% decrease in concentration at 30 km).

As seen in Figure 30, we find good agreement with the few observations

of CHyCI presented in Hudson et al. [1982], regardless of the 0(02)

values, but a faster vertical diffusion (model C) worsens the model fit.
Another effect that could have some importance in determining the

vertical distribution of source species with sharply decreasing concen-

trations in the stratosphere was recently discussed by Hunten [1983]. He

argues that since air parcels spend some time above and some time below

their mean vertical position, the dissociation rate at a given mean

height will be biased towards the higher values (at higher z) due to the

steep increase in j with altitude. This smearing effect will be most

important for species with such a steep photodissociation gradient, like

CFCl4, CC1, or C,HaCly, but its magnitude will depend on the value

adopted for o, the half-width at 1/e of the Gaussian type of altitude

variation about the mean position. We have performed some model calcula-

tions including the reduced 02 cross sections as well as this second-order

effect of vertical motions, for various values of ¢ (0 to 8 km). Figure

31, also used in Hunten [1983], depicts the variation in the CFC1, ver-

3
tical profile for a model with vertical eddy diffusion described by our
faster K](z) profile, similar to the composite profile of Massie and

Hunten [1981]. The two sets of data shown in this figure illustrate the

latitudinal dependence of the CFC]3 concentration gradient in the strato-

sphere. The 40-45°N data were discussed above and the 25-40°N data were
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obtained mostly near 32°N and are averagé values taken from Heidt et
al. [1975], Williams et al. [1976], Krey et al. [1977] and Vedder et
al. [1978]. The "o =0" case corresponds to model C in Figure 27. If
o is less than 2 or 3 km, the effect is not very significant, but the
decrease in mixing ratio will become large if ¢ is larger than 4 km. It
seems to us that an amplitude of several kilometers in vertical motion
would be detectable by rigid balloons floating at constant pressure,
although the question of time scale is another unknown parameter. In
order to produce the effect described above, the oscillatory motion
should occur on a time scale that is not long compared to the constitu-
ent's photochemical lifetime. We agree with Hunten that at least two of
the three processes discussed above (vertical diffusion rate, O2 absorp-
tion cross section values, and vertical oscillations of air parcels) are
probably needed in order to fit the mid-latitude (~45°N) CFC]3 vertical
distribution.

Above 30 km, the net effect of an increase in flux near 200 nm and
a (larger) decrease in‘c(Oz) is a slight (up to 20%) decrease in O2
photolysis rate. This leads to less ozone production and, along with
the slight increase in ozone photolysis, to a 10-20% reduction in [03]
above 35 km. Our originally somewhat Tow [03] values in the upper
stratosphere thus become 20-40% smaller than the lower limits in the

U. S. Standard Atmosphere 1976. We discuss this apparently significant

discrepancy at more length in Chapter 5; Ko and Sze [1983] have also
noted that current photochemical input data lead to low upper strato-
spheric ozone values. Below 30 km, the decrease in the large total

opacity leads to a significant increase in flux between 200 and 220 nm,
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with a net result of 30% larger 03 concentrations at the 20-25 km level.
This change near the [03] peak leads to a 15% increase in total column

ozone and brings our model into closer agreement with the U. S. Standard

Atmosphere 1976. The 70% change in 0(02) is more important than the
10-20% 03 reduction above 30 km, which also Teads to an increase in flux.
Furthermore, the increase in 03 below 30 km produces a decrease in flux

in the lower stratosphere which counteracts the upper stratospheric O3
reduction effect. To isolate the effect of a change in c(02), we have

run a case identical to model B, but with the 03 profile fixed as in the
Model A case. We find that the largest part (80-90%) of the reductions in
the trace species discussed above is due to the change in 0(02), not to
the subsequent change in the ozone vertical profile. Moreover, if we fix

the O3 profile as in the U. S. Standard Atmosphere 1976, we obtain chloro-

fluorocarbon concentrations close to the Model B values and actually smal-
ler by up to 30% below 30 km. The Standard ozone concentrations are sig-
nificantly higher than the model values above 35 km, but again, the
chlorofluorocarbon profiles are more sensitive to the ozone profile in the
lower stratosphere, where the Standard concentrations are somewhat (up to
25% lower than the Model B values. Uncertainties and variability in

[03] in the lower stratosphere can therefore also affect.ha1ocarbon and
other species concentrations and accurate measurements of 03 should be
performed in conjunction with other observations whenever possible. In
the upper stratosphere, we also find a reduction in NOy species (NO, NOZ’

NO,, N 05, HNO,, HO,NO,) by 20-30%, due to the decrease in NZO (and a

3* 2 2> 72772
small decrease in O(]D)). In the 20-30 km region, the increase in [03]
and decrease in [NO] lead to a significant shift in[HOzj/[OH] and

[c10]/(Cc1], and C]Oxis enhanced due to increased halocarbon photolysis;
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the above ratios are both almost linearly related to the
[03]/ [NO] ratio there. [C10] increases by a factor of 2.3 and [HOZ]
by 1.7 at 20 km; [HZOZJ is increased by a factor of 3 at 20 km, since
it depends quadratically on [HOZ]. HC1, CO, and OH show little change
(~10%) at all altitudes. The above changes will be reduced somewhat if
the final 0(02) values from Herman and Mentall [1982] are used. More-
over, lower stratospheric radical densities are not crucial in terms of
ozone in this transport-dominated region and observations of OH, HO2
and C10 are lacking, below 25 km.

A few further comments are indicated, regarding the reduction in
0(02). The lower boundary condition for halocarbons in our model is a
fixed concentration. The increased column destruction of these species,
due to a decrease in 0(02), leads to higher fluxes at the bottom in a
steady-state calculation. It might be more realistic to use a model
with fixed upward surface fluxes. However, the global emission rates of
chlorofluorocarbons are probably not known to better than 40% and might
be underestimated by such an amount, as pointed out by Rowland et al.
[1982] and Crutzen and Gidel [1983], based on model analyses of life-
times and abundances. If we fix the fluxes at the surface in our test
of the effect of a reduction in 0(02), we find that the concentrations
of FC11 and FC12 are 45% and 25% higher (at any given altitude) than in
the test with fixed surface concentrations. Equivalently, the surface
fluxes are increased by similar respective amounts for these speéies,
when fixed concentrations are used as a boundary condition. At 30 km,
the reductions in FC11 and FC12 arising from the reduced 5(02) values

were a factor of 5.3 and 62%, respectively. A change in boundary
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conditions (to fixed fluxes) would therefore dampen the above decreases
somewhat, but for the most sensitive species such as FC11, this effect is
quite small compared to the 0(02) effect itself. Various models will
therefore lead to slightly different results, when a change in 0(02) is
considered, due to the choice of boundary conditions as well as the pro-
posed reduction in 0(02) versus wavelength, the model parametrization of
the radiation field in the Schumann-Runge bands and the basic transport
coefficients used. Subsequent studies by Ko and Sze [1983] and Brasseur
et al. [1983] have led to results similar to ours. It is also worth
pointing out that the resulting changes in the radiation field (decrease
in upper stratosphere, increase in lower stratosphere) will lead to a
modification of the eddy diffusion coefficients derived from N,0 or CH,
data. This is a consequence of the steady-state assumption equating flux
at a given height to the integrated column loss above that height, as
done by Massie and Hunten [1981] for N20 and CH4. The direct or indirect
changes in loss rates for these species, as a result of a reduction in
0(02), will lead to a change in K(z) obtained from observations. This
is illustrated in Figure 32 for our two model profiles K] and KZ' The
effect is small for CH4 loss rates (fluxes), since they are only indirectly
affected by the radiation field. The changes in K(z) derived from NZO
observations could reach -50% in the upper stratosphere. However, the
uncertainties or at least the spread in K(z) profiles derived by Massie

0 and CH

and Hunten [1981] from N data are of the order of a factor of

2 4
two. Given the already existing uncertainties in the simplistic one-
dimensional parametrization of transport processes, there is no urgent

need to adjust the composite K(z) profile adopted by Massie and Hunten
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loss rates versus height).
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[1981], according to the effect due to reduced 02 cross sections.

One should go beyond this one-dimensional sensitivity analysis'and
check the effects of 02 cross section and transport uncertainties on the
latitudinal distribution of halocarbons which are most sensitive to such
effects (e.g., CFC13). Sze (private communication, 1983) has }ecently
concluded that a more satisfying fit to the observed latitudinal depend-
ence of CFZC12 and CFC]3 can be obtained if the reduction in 0(02) is
included in the AER two-dimensional model. A better fit to halocarbon
observations means that the reduced lifetimes of FC11 or FC12 due to the
faster photolysis rates will be closer to reality. As pointed out by
Ko and Sze [1983], this would tend to decrease steady-state ozone deple-
tion estimates. We conclude by noting that it is interesting that over
17 years ago, Brewer and Wilson [1965] had measured the direct solar flux
in the lower stratosphere and that these somewhat crude observations had
already indicated that the 02 cross sections were probably overestimated
by at least 30% near 210 nm. The direct or indirect sensitjvity of many
stratospheric species to the radiation field in this spectral range has
been demonstrated. These results should motivate further refinement of
both laboratory and solar flux measurements related to these small, but

important molecular oxygen cross sections.



127

References

Ackerman, M., Ultraviolet solar radiation related to mesospheric proc-

esses, in Mesospheric Models and Related Experiments, G. Fiocco,

ed., 149, 1971.
Allen, M., and J. E. Frederick, Effective photodissociation cross sections
for molecular oxygen and nitric oxide in the Schumann-Runge bands,

J. Atm. Sci., 39, 2066, 1982.

Brasseur, G., A. De Rudder, and P. C. Simon, Implication for stratospheric
composition of a reduced'absorption cross section in the Herzberg

continuum of molecular oxygen, Geophys. Res. Lett., 10, 20, 1983.

Brewer, A. W., and A. W. Wilson, Measurements of solar ultraviolet radia-

tion in the stratosphere, Quart. J. Roy. Met. Soc., 91, 452, 1965.

Crutzen, P. J., and L. T. Gidel, A two-dimensional photochemical model of
the atmosphere II: The tropospheric budgets of the anthropogenic
chlorocarbons, CO, CH4, CH3C1 and the effect of various NOx sources

on tropospheric ozone, J. Geophys. Res., in press, 1983.

Fabian, P., R. Borchers, S. A. Penkett, and N.J.D. Prosser, Halocarbons
in the stratosphere, Nature, 294, 733, 1981.

Frederick, J. E., and J. E. Mentall, Solar irradiance in the stratosohere:
implications for the Herzberg continuum absorption of 02, Geophys.
Res. Lett., g, 461, 1982.

Heidt, L. E., R. Lueb, W. Pollack, and D. H. Ehhalt, Stratospheric pro-

files of CC13F and CCl,F,, Geophys. Res. Lett., 2, 445, 1975.

Herman, J. R., and J. E. Mentall, O2 absorption cross sections (187-225nm)

from stratospheric solar flux measurements, J. Geophys. Res., §7, 8967,

1982.




128
Hudson, R. D., and S. H. Mahle, Photodissociation rates of molecular oxygen

in the mesosphere and lower thermosphere, J. Geophys. Res., 77, 2902

1972.
Hudson, R. D., and E. I. Reed, (eds.), The Stratosphere: Present and Future,

NASA RP 1049, 58, 1979.

Hudson, R. D. (editor-in-chief), et al. (16 editors), The Stratosphere 1981

Theory and Measurements, WMO Global Ozone Research and Monitoring

Project Report No. 11, 1982.
Hunten, D. M., A second-order effect of stratospheric vertical motions,

Geophys. Res, Lett., 10, 333, 1983.

Ko, M.K.W., and N. D. Sze, Effect of recent rate data revisions on strato-

spheric modeling, Geophys. Res. Lett., 10, 341, 1983.
Krey, P. W., R. J. Lagomarsino, and L. E. Toonkel, Gaseous halogens in the

atmosphere in 1975, J. Geophys. Res., 82, 1753, 1977.

Massie, S. T. and D. M. Hunten, Stratospheric eddy diffusion coefficients
from tracer data, J. Geophys. Res., §§, 9859, 1981.

Miller, C., D. L. Filkin, A. J. Owens, J. M. Steed, and J. P. Jesson, A
two-dimensional model of stratospheric chemistry and transport, J.

Geophys. Res., 86, 12039, 1981.

Nicolet, M., Solar UV radiation and its absorption in the mesosphere and
stratosphere, Pageoph., 118, 3, 1980.

Nicolet, M., The solar spectral irradiance and its action in the atmos-

pheric photodissociation processes, Planet. Space Sci., 29, 951, 1981.
Rowland, F. S., S. C. Tyler, D. C. Montague, and Y. Makide, Dichlorodi-

fluoromethane, CC]ZFZ, in the Earth's atmosphere, Geophys. Res. Lett.,

9, 481, 1982.



129
Shardanand and A. D. Prasad Rao, Collision-induced absorption of 02

in the Herzberg continuum, J. Quant Spectrosc. Radiat. Transfer,

17, 433, 1977.

Steed, J. M., A. Owens, and B. C. Lane (eds.), Proceedings of the Chem-

istry Task Force Workshop on Stratospheric Chemistry, NOAA Aeronomy

Laboratory, Boulder, Colorado, 1982.

U. S. Standard Atmosphere 1976, U. S. Government Printing Office, Washina-

ton, D.C., 1976.

Vedder, J. R., B. J. Tyson, R. B. Brewer, C. A. Boitnott, and E.C.Y. Inn,
Lower stratosphere measurements of variation with latitude of
CFZCIZ, CFC13, CC]4 and N20 profiles in the northern hemisphere,
Geophys. Res. Lett., §, 33, 1978.

Williams, W. J., J. J. Kosters, A. Goldman, and D. G. Murcray, Measure-
ments of stratospheric halocarbon distributions using infrared tech-

niques, Geophys. Res. Lett., 3, 379, 1976.




130
Chapter 4
CHLORINE AND FLUORINE SPECIES

4.1 Vertical Distribution and Partitioning

Having discussed in the previous chapter some of the modeling uncer-
tainties involved in terms of the chlorine and fluorine source species,
and having adopted 02 absorption cross sections that lead to a better fit
of halocarbon observations, we now focus on the products themselves.
Chlorine atoms are released by the various halocarbons via photolysis and
attack by the OH or 0(]D) radicals. One usually assumes that all the
chlorine atoms are released at once (e.g., 2 atoms from CFZCIZ, 3 from
CFCl5, 4 from CC14, etc.). This is not strictly true, although we feel
that it is probably a very good approximation, as discussed further below.
Based on this assumption, the total chlorine production rates for each
halocarbon as a function of altitude are shown in Figure 33 for 45°N
latitude and 23° solar declination (model B of Chapter 3). The total Cl
production rate peaks in the lower stratosphere. We have included the

more minor species CHF2C1(FC22), C2F3C13(FC113) and C2F4C12(FC114) in our
model calculations. These species are not very abundant at the ground,
compared to FC11 or FC12 for example, but they contribute to the chlorine
and fluorine release rates at higher altitudes than the major halocarbons
[see also Wuebbles and Chang, 1981]; while they produce less than 10% of
the total chlorine amount currently in the stratosphere, their relative
importance will undoubtedly grow if their ground emission rates are not
decreased or stabilized, as in the case of FC11 or FC12. The question of
the number of chlorine atoms released in a given reaction could con-

ceivably affect the model abundances of chlorine radicals in the lower

stratosphere. In other words, we are not including possible intermediary
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products in our reaction set. Laboratory studies of the photolysis of
CF2C12, CFC]3 and CC]4 in the presence of various gases, including O2
and 03, have been pursued in order to study the products and quantum
yields in more detail [Marsh and Heicklen, 1965; Milstein and Rowland,
1974; Jayanta et-al., 1975; Rebbert and Ausloos, 1975, 1976/77; Rebbert,
1978; Ralph and Wayne, 1981; Suong and Carr, 1982]. The exact mechanisms
are not necessarily well known or directly measured, and the number of
chlorine atoms released depends on the photon wavelength. Intermediary
products that have been observed in the laboratory, and are believed to
arise from the photolysis of CFZCIZ, CFC13 and CC]4 and subsequent reac-
tions, are COFZ, COFC1 and COCIZ, respectively. These species are
subject to photolysis in the atmosphere, with fairly well defined de-
struction rates (from laboratory data). Inclusion of these intermediary
products in a photochemical model lead to a negligible decrease (a few
percent) in active chlorine species (Cl, C10). One could argue that
other reactions occur in the atmosphere (not in the laboratory) before
the above products are formed and that other complexes are produced.
These products would have to be stable for about a year in the lower
stratosphere in order to make a non-negligible effect on»the current
chemical scheme for chlorine products. There is, however, no observa-
tional evidence from in situ sampling and mass spectrometry analysis of
atmospheric samples, that major intermediary products exist, although

no thorough search has been undertaken. Given the above indirect evi-
dence and the long lifetimes required, halocarbon intermediary products
are not thought to play a significant role and the abundances of C10 or

HC1 are probably not affected (overestimated) by more than 10% by the
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assumption concerning the number of chlorine atoms released by the source
species.

Once the chlorine is produced in the stratosphere, it becomes par-
titioned into several constituents connected by various photochemical
reactions. The main pathways are illustrated in Fiqure 34. Chlorine
atoms form C10 by reaction with ozone and C10 is attacked by 0 and NO to
yield C1 back again. This equilibrium is set up on a very short time
scale (typically minutes) and represents the main chlorine catalytic _

cycle destroying odd oxygen (0, O(]D) and 03) and reforming the 0, bond.

2
The large ozone abundance causes C10 to be the dominant radical through-
out the stratosphere by a factor of about 1000 in the lower stratosphere
and 10 close to 50 km. (C100 is of minor importance (less abundant than
C1) and is also in essentially instantaneous equilibrium with C1. This
system of radicals (C10x==C]-+C10:=C10) is tied to the major sink, HCI,
as well as the more temporary reservoir species, ClONO2 and HOC1. These
gases reduce the effectiveness of the main ozone destruction cycle (from
C]Ox) by tying up some of the chlorine atoms. Time scales for the ex-
change between C]Ox and C]ONO2 or HOC1 are typically a few hours, but
vary with altitude, and chlorine nitrate is the more abundant of these
reservoir species, according to current photochemistry. yThe details of
the diurnal behavior of these gases and observational constraints are
discussed in section 4.2, HC1 is the most abundant chlorine compound
throughout the stratosphere, with a destruction lifetime (from HC1 + OH

> C1+-H20) varying from a few months to a few days from the lower to
upper stratosphere. Recombination of chlorine to HCl1 occurs mainly via

CH4-¥C], although significant pathways in the upper stratosphere also
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Figure 34. Schematic diagram of model stratospheric chlorine
products and main photochemical pathways connecting them.
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include C1 reaction with H2C0, HO2 and H,. The total free chlorine
(C1x= C1+Cil0+ ClON02+ HOC1 +HC1) lifetime in the stratosphere is very
long, being governed by transport down into the troposphere on the time
scale of a year or more. Rainout of HC1 and surface deposition are the
ultimate tropospheric sinks for chlorine species. This tropoépheric
sink leads to a downward flux of HC1 and a decreasing mixing ratio
towards Tower altitudes; in the upper stratosphere and mesosphere, HCl
becomes the only form of chlorine with a mixing ratio close to 2.6 ppbv
for our mid-latitude models.

For the simple reason of detectability, observations have centered
around C10 and HC1 in the stratosphere, although unfortunately, there
have not yet been any simultaneous measurements of both species. It is
convenient to relate C10 to the stable (diurna]]y-ihvariant) constituent
HCl, but even this ratio will be affected by transport due to the depend-

H and H,. The latter

4° "2 2 2
species will all be affected by transport, directly (CH4, Hz) or in-

ence on the recombination of Cl1 with CH Cc0, HO
directly (HZCO comes from CH4 oxidation and HO2 comes from HZO)' This will
in turn produce a variable or uncertain rate of HCl1 production and if we
do not have measurements of at least CH4 in addition to C10 and HC1, the
[C10] / [HC1] model could be off by 50%; temperature will also affect reac-

tions such as C1+CH4 or C1-+H2. In general, we can write

[c10] [c10] [c1]
e 0] O

Referring to Figure 34 and the reaction set of Chapter 1, we have the

radical equilibrium expression
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(€101 kgol0,]
[c1] k6][0] + k62[N0]

and

[C1] k58[0H]

[HC1]  kgqlCH, T+ kaglH,C01 + kg3 [H0,] + koo [Hy1 + ky 0o [H,0,] (42)

For the lower stratosphere, where k6][0] << k62[N0] and ksg[CH4] is the
dominant term in the denominator of equation (42), we obtain the familiar

expression

[c10] ) keokegl05]  [OH]
[HC11 kg kgglCH, 1 [NO]

(43)

This is one example of the interdependence between HOX, NOx and C]Ox

species. The source of OH and HOZ’ rapidly equilibrated radicals similar

2 ]D), while N20-+0(]D) produces NO (leading

to N02) in the stratosphere. The photolysis of ozone below about 310 nm

to C1 and C10, is from H,0+ O(

produces 0(10) radicals, which are rapidly quenched by 02 and N2. Our
previous comment about transport also applies in terms of these source
species, HZO and N20 (or total NOy), which affect the C10 abundance in an
indirect way. An ideal experimental test of the chemistry would involve

a simultaneous measurement of all the constituents in (43), as well as
temperature, in order to check the relationship's validity. Such measure-
ments are difficult and not yet available, so that average observational

data are the best means of comparison with models.

A large number of C10 measurements has been performed by the group
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of J. Anderson [Anderson et al., 1980], from in situ balloon observations.
The resonance fluorescence technique that is used actually measures the
C1 atomic resonance scattering after conversion of C10 to C1 by NO addi-
tion to the flow sample. Additional summaries of these observations
appear in Weinstock et al. [1981], and the recent stratospherﬁc reports
[Hudson et al., 1982; NRC, 1982]. 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 C10 pro-
files is quite large (factor of two to three from the mean), although the
gradient versus height is well represented by the mean profile. As il-
lustrated in Figure 35, the older models [such as Logan et al., 1978]

did not give a satisfactory fit to the observed average C10 profile
shape. Later revisions in the laboratory rate constant data for 0H+HNO3
and 0H+H02N02 significantly improved the lower stratospheric C10 model
fits. Increases in the above reaction rates lead to an increased loss of
HO, via the following cycles:

0H+N02+M > HNO3+M

0H+HNO3 =+ H20+NO3

> Hzo s NO3

Net: 20H+N02

and

}m2+N02+M * H0£m2+M

OH + H02N02 . H20 * 02

Net: OH +HO

+ N02

> Hy0+0

2 s

The effects of such changes are nicely reviewed in Hudson et al. [1982]
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Figure 35. C10 model profiles compared to the mean of

J. Anderson's daytime resonance fluorescence measurements
(excluding the anomalously high July 14, 1977 data). 01-
der chemistry, illustrated by old model of Logan et al.
(1978), predicted a much slower decrease in lower strato-
spheric C10 than observations and current photochemistry
indicate. More recent possible changes in rate constants
would further modify the C10 abundance, as shown, particu-
larly in upper stratosphere.
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and partially = discussed in Sze and Ko [1981] as well. The main loss
of HOx in the upper stratosphere is through the direct recombination
0H-+H02'* H20-+02. The above loss mechanisms (via HNO3 and HOZNOZ) and
the direct recombination contribute about equally in the lower strato-
sphere, with current chemical rate constants. As discussed in Hudson et
al. [1982], the decrease in lower stratospheric OH by a factor of two or
more has led to an even greater decrease in C10. This is due to the
fact that less OH leads to less HNOé and more nitrogen tied up in NO and
NOZ‘ Since [C10] depends on [OH]/[NO] in equation (43), the decrease in
[OH] and increase in [NO] lead to a quadratic dependence on [OH] for
lower stratospheric [C10]. Our model with standard chemistry now shows
a much faster decrease in the C10 profile below about 30 km, as can be
seen in Figure 35. The curve is for 32°N latitude, -11° solar declina-
tion, a model used further below to fit the February 1981 microwave
observations of J. Waters and his group.

Further changes in the kinetics since the WMO Report [Hudson et al.,
1982] have also improved the upper stratospheric C10 model profile. The
latter report noted that, although the Anderson data did not exist above
about 40 km, there did not seem to be much decrease, if any, in most of
the profiles above 35 km, while models predicted a reasonably fast drop
in mixing ratio above that height. 0zone steady-state depletion due to
chlorine is most sensitive to the upper stratospheric C10 profile (via
the 0+C10 reaction). New careful studies of the O+H02 reaction con-
verting HO2 to OH [Keyser, 1982; Sridharan et al., 1982], and its
associated temperature dependence have increased the adopted rate con-

stant by about a factor of two at stratospheric temperatures. The
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average recommendation from DeMore et al. [1982], used in our standard
model, has increased OH by about 30% in the upper stratosphere near the
C10 peak mixing ratio. This, coupled with a small decrease in CH4 (by
added OH), leads to a 40% increase in C]Ox near 40 km, since exchange

between C'IOx and HC1 is mainly governed by C1+CH, and OH + HC1 [see also

4
Ko and Sze, 1983]. This effect is largest in the upper stratosphere due
to the atomic oxygen abundance increase with height, and therefore favor-
ably modifies the C10 profile shape. Two additional chanqes in laboratory
data have been suggested very recently, both of which also tend to in-
crease the upper stratospheric C10 mixing ratio, as shown in Figure 35.
Molina (private communication, 1983) finds a new value for k58 (OH + HC1
reaction) of 4.6)(10']2 exp(-500/T)cm3s'1. The temperature dependencz is
not much different than in our standard expression for k58’ but the dif-
ference in A-factor leads to a 20% increase (nearly independent of T) in
this rate constant. The resulting increase in C10 ranges from 10% near
30 km to over 20% at 50 km. The associated decrease in HCl is everywhere
less than 10%. However, since several previous studies of k58 were in
excellent (5 10%) agreement, it is not clear that one should adopt a
higher value for this rate constant. The recent measurement of k61

-11 3 -1

(0+C10 - C1+0,) by Leu [1983] yields 4.8x 10 ' 'exp(-96/T)cm”s '. Our

5)
adopted (standard) value is about 40% higher, independent of temperature.
Recent laboratory work on the 0+ C10 reaction by J. Birks (private com-
munication, 1983) and coworkers apparently confirm a reduction in k61 by
at least this much. This decreases the [C1]/[C10] ratio above 35 km,

where the 0+ C10 reaction dominates the NO +C10 pathway in the conversion

of C10 to C1. As shown in Figure 35, the increase in [C10] is about 10%



141

near 40 km and increases to 35% at the stratopause; both diurnal average
and diurnal sensitivity tests yield similar results. Since the 0+C10
reaction is the rate-limiting step in the major chlorine catalytic cycle
destroying ozone, we also expect changes in [03] from a decrease in k61'
Small changes in our model ozone abundances occur, with a peak in-
crease close to 5% at 40 km. Since the steady-state total ozone column
depletion due to chlorofluorocarbon emissions should be roughly linear in
k61’ we expect a decrease in depletion estimates by 30-40% [Leu, 1983,
quotes a model decrease by Cicerone from -6.8% to -4.1%]. Recent esti-
mates have become fairly small [see e.g., Ko and Sze, 1983] and this
revision in k61 should Tower most estimates to less than 5% total O3
column depletion. One further note concerns the effect of a smaller OH
abundance in the lower stratosphere on nitrogen compounds. Simultaneous
observations of NO2 and HNO3 led to a significant discrepancy between ob-
served and theoretical values for [HN03]/(N02] [see Evans et al., 1976;

Harries, 1978]. This ratio (during the daytime) can be written as:

HNO, | k,-LM] LOH
(03] kyg[M] [OH] "

IN0Z1 Jyn, * kgl OH]

Less [OH] now implies that j >> k,.[OH] and that the above ratio is
HNO5 46

proportional to [OH]. As surmised by Evans et al. [1982], a decrease in

[OH] can considerably improve the model fit. We compare our current mid-

latitude model (same diurnal run as for C10) to the observations in

Figure 36, taken from Harries [1978]. The "old chemistry" model reported

by the above author can be seen to predict a much larger ratio for

[HNO3]/EN02] than our standard model. We make a distinction between noon
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Figure 36. Improvement in the value of the ratio [HN03]/[N02],
according to changes in lower stratospheric HOx concentrations.
Model is for 32°N latitude, -11° solar declination. See text
for data references.
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and sunset profiles; the model fit is considerably improved with the
current chemistry and reduced OH concentrations.

Other measurements of C10 in the stratosphere were made by Parrish
et al. [1981], and Waters et al. [1981] by (respectively) ground-based
and balloon-borne microwave spectral observations. Recent réanalysis
of the ground-based data [Solomon et al., 1983] indicates good agreement
with the mean of J. Anderson's in situ data (excluding the largest two
values). HNew ground-based observations by Solomon et al. [1983] have
recently been obtained from Hawaii and show a strong diurnal behavior,
as discussed in the next section. The re-evaluated laser heterodyne
radiometer measurements of C10 at sunset by Menzies [1983] are also dis-
cussed later since they pertain more directly to the diurnal changes in
the C10 profile. The daytime (between noon and 4 p.m. local time) C10
data of Waters et al. [1981] are compared to our model for 2:00 p.m. in
Figure 37. Good agreement between both the C10 and O3 measurements and
models is found, although the slope in the C10 profile between 30 and
23 km seems somewhat steeper than in the model (note the large uncer-
tainty in the observation at 23 km). The H202 detection was only tenta-
tive, due to possible contamination of the line by other features and the
low signal-to-noise ratio. Model results near 30 km predict signifi-
cantly Tess H202 than one part per billion. As shown in Figure 37, the
more recent determination of the formation rate constant and its tempera-
ture dependence [Kircher and Sander, 1983] lead to 0.1-0.2 ppbv. Refer
to Chapter 1 for the standard (old) and new values for kS] (H02+H02
> H202-+02). A more definite detection of HZOZ is needed. We discuss

OH and HO2 observations in Chapter 5.
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Figure 37. Simultaneous measurements of 03, C10, and (tentatively) H202
by Waters et al. (1981) on February 20, 1981. Model profiles for similar
conditions of illumination (32°N latitude, -11° solar declination, 2 p.m.)
are shown. The old (standard in this work) and new H202 model profiles
refer to the value of the HO2 + HO2 reaction rate constant (see text).
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A further constraint on [C1] and [C10] in the stratosphere can be
provided by observations of ethane (CZHG)’ as was indicated by Rudolph
et al. [1981]. Their in situ measurements, however, implied that sig-
nificantly less free chlorine (C1, to be exact) was present in the Tower
stratosphere than predicted by models, since the ethane abundance--
determined in large part by destruction by chlorine atoms--was over two
orders of magnitude higher than theoretical values in the 25-30 km
region. Possible uncertainties due to transport, the [C1]/[C10] ratio
or rate constant values do not seem large enough to explain the C2H6
data. The sensitivity of CZHG to various assumptions and the ethane
data are shown in Figure 38 (model is for 45°N, summer). For the faster
K](z) eddy diffusion profile, we also show the effect of possible Cl
sinks. Conversion of Cl to HC1 could occur by hydrogen abstraction from
H02N02 and CH302N02; the rate constants for these additional pathways
have not been quantitatively measured in the laboratory, and we have used
estimated probable upper limits (Simonaitis, private communication, 1983).

-11__3_-1 -10

Values of 2x10 ' 'ecm”s ' for C1+H02N02 and 1x10 cm3s'] for

C]+CH302N02 could increase the conversion rate to HCl1 by close to 50% in
the lower stratosphere (C1+CH4 is still the dominant term), and lead to
an increase in [CZHG]’ as shown in Figure 38. The possible effect of
faster upwards diffusion is nevertheless more important. A better fit to
the data of Rudolph et al. [1981] would be obtained if [C1] was lower
than expected by a factor of 4 to 5 below 30 km. This significant dis-
crepancy has no obvious solution and the possibility of measurement

error (contamination) should be considered further. Indeed, more recent

in situ measurements by the group of P. Fabian seem to be in much better
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Figure 38. Ethane data and model tests below 30 km. The in situ
sampling results of Rudolph et al. (1981) are shown by closed cir-
cles (16 June 1979) and open circles (28 June 1979). Crosses are
results from a recent analysis (by S. Penkett) of CZHG data collec-
ted by P. Fabian's group, and they compare more favorably with
standard model results. Model sensitivity tests are described in
text.
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agreement with the theory (preliminary results provided by S. A. Penkett,
private communication, 1982), as shown also in Figure 38. P. Fabian
(private communication, 1983) believes that the much larger samples ob-
tained by his group are less subject to contamination than the measure-
ments of Rudolph et a}. [1981], although the latter authors ruled out
contamination as a significant source of error. The C2H6 discrepancy
does not really exist, according to the later observations, but further
investigations will have to confirm this contention.

The longer-lived chlorine constituent, HC1, has been measured
mostly by near-infrared ground-based and balloon-borne absorption spec-
troscopy. The average mid-latitude profile and the associated spread in
various observations has been presented in Hudson et al. [1982]. As also
shown in the latter report, model profiles fall within the bounds of the
observations and roughly follow the observed vertical mean profile. A
similar result is illustrated in Figure 39 for model conditions as
described above for C10 (Figures 35 and 37). Reasonable changes in
K(z) and seasonal changes (in solar radiation) can modify this one-
dimensional model profile by about 30%. The upper stratospheric HCI1
mixing ratio (near 50 km) is close to the total free chlorine (C]X)
available in the stratosphere and should be increasing slowly with time
due to anthropogenic sources. The slope of the HCI profile is somewhat
different than the mean data and than most individual observations [see
also summary of data in Zander, 1981, or NRC, 1982]. However, signifi-
cant differences exist between the observations themselves, presumably
related to the combined effects of transport and chemistry (direct and

indirect effects on HC1). Lower stratospheric [HC1] seems somewhat high
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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 lack-
ing. The reaction probability vy , per molecule-aerosol collision, is not
well known [see e.g., Cadle et al., 1974]. Observations of the effects
of heterogeneous chemistry could be performed by searching for changes
during a major volcanic event such as E1 Chichon, although other changes
due to a different temperature or radiation field could mask such effects.
The C10 and HC1 mid-latitude observations are in general agreement with
our model, and the changes in the kinetics during the last few years have
all helped improve the fit to the mean slope of the C10 profile. The
subsequent increase in the relative amount of C10 above 35 km is also
in agreement with the recent ground-based microwave observations of C10
spectral line shape and peak height [Solomon, et al., 1983]. These ob-
servations are most sensitive to the C10 abundance above about 30 km and
the indirect evidence for the existence of the third major chlorine con-
stituent (C]ONOZ) in the stratosphere is discussed in section 4.2.
Fluorine products of chlorofluorocarbon destruction in the strato-
sphere are of lesser importance than chlorine products to ozone destruc-
tion. The radicals F and FO play similar roles as Cl1 and C10 in the
chlorine system, although the catalytic ozone destruction is reduced by
about 104 due to their much smaller abundance [Stolarski and Rundel,
1975]. HF is the sink for fluorine, as HC1 is for chlorine, but the much
greater stability (bond energy) of HF eliminates the channel releasing
free fluorine by reaction with OH (as in the analog reaction OH +HC1).

Only 0('D) is believed to attack HF, and although the kinetics of
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fluorine chemistry are not as well quantified as for chlorine compounds,
the HF molecule will undoubtedly be the major constituent, with little
sensitivity to the rates related to F and FO exchange, or the 0(10)-+HF
reaction. A tropospheric sink (rainout and ground deposition of HF) is
included in our model, as for HCl1; the long photochemical lifetime
(years) of stratospheric HF implies that transport will significantly
affect its vertical distribution, leading to a roughly constant mixing
ratio in the upper stratosphere, with a decrease towards the lower strato-
sphere and troposphere, where fluorine is effectively retained by the
chlorofluorocarbon source species. We have included intermediary halo-
carbon products in our model (32°N latitude, equinox) of fluorine com-
pounds. CF2C12 and CHF2C1 are assumed to yield COF2 as a stable inter-
mediary, whereas CFC]3 photolysis and subsequent oxidation yields

COFC]. The main stratospheric fluorine compounds then become HF and
COFZ, as illustrated in Figure 40. Models A and B refer to the uncer-
tainty in the quantum yield for COF2 photolysis. A quantum yield of
0.25 at 206 nm was measured by Molina and Molina [1982], as discussed

in DeMore et al. [1982], but additional information at other wave-
lengths (from about 190 to 220 nm) is needed to determine the true value
for jCOFZ(z). Model A hence assumes a quantum yield ¢COF2(k)= 1 for all
A, whereas model B uses ¢COF2(A)= 0.25 for all A. This leads to a
factor of four difference in upper stratospheric [C0F2] and produces a
decrease of about 40% in [HF] between models A and B. COFC1 photodis-
sociates more rapidly and is less abundant than COFZ, as are'CF2C12,
CHF,C1 and CFC1,. Simultaneous observations of COF2 and HF in the

2 3
stratosphere could also differentiate between models A and B, since--
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depending on the altitude--the ratio [COFZJ/[HF] differs by a factor
of 2 to 5 between cases A and B. The actual profiles (at least their
ratios) should lie within these upper and lower model bounds. The
radicals F and FO are not shown in the figure because their mixing

16 o1 1ess in the stratosphere and they are not

ratios are of order10
likely to be directly measured. The rates of COF2 production from
CHF2C1 and CF2C12 are shown in Figure 41, along with the yield of F

(and therefore HF) from COFC1 and COF2 (cases A and B).

Available HF observations [see surmary in Hudson et al., 1982]
are compared to model profiles in Figure 42. One has to be cautious,
however, when comparing these various observations. Data sets 1 and 5
[Farmer et al., 1980; Mroz et al., 1977] are significantly lower than
the other observations (excluding the 30 km point from data set 6).
This can be at least partially understood. The infrared absorption
measurements of Farmer et al. [1980], obtained in 1977, were from the
southern hemisphere (30°S), and could--in part only--reflect the inter-
hemispheric gradient in chlorofluorocarbon concentrations. Moreover,
uncertainties in the data and profile retrievals do not rule out [HF]
values about 50% higher than shown (C. B. Farmer, private communication,
1983). The data of Mroz et al. [1977] were obtained by in situ filter
collection, which presumably samples COF2 (and COFC1) as well as HF.
However, HC1 filter collections [Lazrus et al., 1977], which should
yield an upper limit to [HC1], have also led to results lower than most
remote sensing data; we are not convinced that the collection effi-
ciency of filter techniques is well known for such in situ atmospheric

sampling. Measurement 6 [Bangham et al., 1930] employs a technique
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different from 2, 3 and 4. Infrared emission, rather than absorption,
is used. Although model B is not inconsistent with the 37 and 40 km
points, the observation at 30 km shows a sharper decrease than the model
and other observations. If this is indeed real, transport processes not
modeled here, rather than direct photochemistry would probably have to be
invoked; intercomparisons between various measurement techniques are
needed. Model B fits profiles 2, 3 and 4 within the uncertainties in-
volved. A1l these data come from infrared absorption measurements.
Profile 3 from Marché et al. [1980] cannot be very sensitive to the
exact slope, since these were ground-based (column) measurements. The
balloon-borne observations of Buijs et al. [1980] are also consistent
with a model such as B; however, these data were obtained at 65°N
latitude. The data of Zander [see Zander, 1981] represent three average
column mixing ratios above 27.9, 30.5 and 36.8 km. We have converted
these to mixing ratios at these altitudes in Figure 42, by assuming a
model profile such as B. Since these data were taken, respectively,
during 1976, 1978 and 1979, we should allow for an increase in the at-
mospheric fluorine content. A 10% increase per year is in good agree-
ment with both the above data set and observed tropospheric increases
in the source species (principally CF2C12). In summary, there are
inconsistencies between various sets of data for HF, the major fluorine
sink in the stratosphere, but given the measurement uncertainties, mean
models and observations are not in violent disagreement. This also
holds for published data concerning the ratio of [HF] to [HC1] (see
Figure 43), if one omits the southern hemisphere data of Farmer et al.

[1980]. Model B is in better agreement with [HF] and [HF]/[HC1]
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observations, which indicates that COF, might indeed photolyze with an

2
effective quantum yield closer to 0.25 than to 1. This seems to be a
more reasonable--although not experimentally verified--explanation of

the observations than the use of a very low HZO abundance (1 ppm in-
stead of 4 or 5 ppm), as used by Sze [1978], which reduces the conversion
rate of F to HF (reaction (138)). Decrease in lower stratospheric model
[OH] in the past few years has also decreased the [HF]/[HC1] ratio by
increasing [HC1], although most HCl1 observations are lower than the
models in the lower stratosphere. If future laboratory data on the COF2
photodissociation quantum yield point to an average value much larger
than 0.25 (model A instead of B), other fluorine reservoir(s) might have
to be searched for in order to reduce the model HF abundances. Laboratory
and atmospheric data on COF2 would therefore be useful. The relative

increase in HF observed by Zander between 1976 and 1979 is consistent

with tropospheric increases in the halocarbon source species.

4.2 Diurnal Variation of C10

The previous section described measurements and models of the day-
time C10 profile and the diurnally-invariant (in theory) HC1 profile.
The other major active compound is chlorine nitrate (C]ONOZ), which builds
up at night through the recombination reaction C]O-+N02-+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, due to the decrease in [Noz] and [M]. HOCI is a
reservoir of secondary importance (according to current photochemistry)

formed from the radicals C10 and HOZ’ and destroyed mainly by photolysis
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(see Figure 34). The resulting diurnal variation of the active chlor-
ine species is illustrated for various altitudes in Figure 44 (32°M
latitude, -11° solar declination). Observations of the C10 diurnal
variation in the stratosphere can conceivably provide indirect evidence
for the main "breathing cycle" between C10 and CIONOZ, even though
chlorine nitrate is not measured directly. A possible ClONO2 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 et al., 1982]. To
first order, the sum [C]O]-+[C]ON02] will be constant during the diurnal
cycle and their combined abundance depends on the partitioning with HCI.
The effect of chlorine nitrate is to reduce the amount of free radicals
(C1 and C10) available to destroy ozone, although the largest C]ONO2
abundance occurs below the altitude (v 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 (see Chapter 1)
recommended in De More et al. [1982], and consistent with the absence of
other isomers, as implied by the laboratory work of Margitan [1983]. We
now discuss the implications of existing C10 abundance determinations
that are relevant to diurnal variations and chlorine nitrate.
Measurements taken near sunset or sunrise have to be compared to
the appropriate model profiles, since there is a strong variation in
[C10] at those times. This holds for the unpublished ground-based laser
heterodyne radiometer observations of Rogers et al. [1982]. These
measurements seemed to yield an upper limit for the C10 column amount

that was significantly lower than model predictions, even near the
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Figure 44. Model diurnal variation of active chlorine species at 24, 32,
40, and 48 km. Standard results for 32°N latitude, -11° solar declination
are presented.
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terminator; we feel that a positive detection is needed to validate
this technique, particularly in light of the more recent millimeter
ground-based observations of Solomon et al. [1983], which agree reason-
ably well with model results (see below). The balloon-borne measure-
ments of C10 by Menzies [1979], also by laser heterodyne radiometer
measurements of atmospheric transmission, did show a measurable absorp-
tion feature in the vibration-rotation band near 12 um. The resulting
profiles were significantly higher than model predictions, but new
laboratory spectroscopic data have revealed that the C10 observations
were referring to an incorrect line position. A re-evaluation of the
observations [Menzies, 1983] in terms of another spectral line apparently
due to C10 has led to a sunset (X =94°) upper stratospheric profile, as
shown in Figure 45. These November 1979 data are compared to our typi-
cal mid-latitude diurnal model (32°N latitude, -11° solar declination),
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 detec-
tion, but agrees with the steep gradient versus height obtained at
higher altitudes. This slope, rather than the absolute amount of C10,
constitutes the main difference between these results and model profiles.
Other comparisons regarding the diurnal variation of CTO are now pre-
sented, prior to a discussion of model uncertainties.

Balloon-borne observations of part of the C10 diurnal variation
have been performed by Waters et al. [1981]. These are microwave limb
sounding measurements of the thermal emission from a C10 rotational
transition near 204 GHz. The antenna beamwidth of 0.3° is mostly sensi-

tive to an emission region about 4 km wide at the tangent altitude. The
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Figure 45. Re-evaluated November 1979 C10 data(Menzies, 1983) ob-
tained during sunset by laser heterodyne radiometer measurements.
Model C10 profiles are shown, for various solar zenith angles. At
95° (sunset), the model profile does not exhibit the sharp decrease
observed between 40 and 35 km.
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pointing uncertainty is believed to be +1 km. The data shown in Figure
46 represent the observed brightness temperature as a function of Tocal
time, which corresponds to a normalized C10 amount between about 28 and
32 km. The measurements for 20 February 1981 [Waters et al., 1981] and
12 May 1981 (unpublished observations by the same group) were obtained
above Palestine, Texas and are compared to model results for similar
conditions of solar illumination (declination of -11° and +18°, respec-
tively) and 32°N latitude. The model normalization chosen here is some-
what arbitrary and the separate curves shown for each flight were obtained by
integrating (conservatively) over *3 km around 29 and 31 km, respec-
tively, to 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 37. 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. Note that both data sets are directly com-
parable in this figure and that the absolute C10 amount is less in May
than in February, contrary to our model results. However, a multi-
dimensional model is better suited for comparisons of seasonal variations,
since meridional transport as well as solar radiation can (indirectly)
alter the absolute abundance of C10. These post-sunrise and pre-sunset
microwave measurements should soon be repeated by the same group with an
improved signal-to-noise ratio, in order to refine and (possibly) confirm

the relative diurnal C10 variation presented here.
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Figure 46. Comparison of balloon-borne microwave observations of C10
diurnal variation (J. Waters and coworkers, 1981) with normalized mod-
el results. Observed brightness temperature (ordinate) is proportio-
nal to the C10 abundance between about 28 and 32 km. Model curves for
each flight correspond to the diurnal variation of the C10 abundance
integrated over *3 km around 29 and 31 km, and normalized to the noon
value (see text).
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Finally, ground-based measurements of the same nature as the above
microwave observations have been made by Parrish et al. [1981] and
recently again by the same group [Solomon et al., 1983]. The former
data were taken at 42°N and the average of Anderson's in situ data
(excluding the two large July values) is in good agreement with the
204 GHz emission line shape and intensity (C10 vertical distribution
and column amount); a recent re-evaluation of the absolute amount leads
to a 15% increase over the published values, bringing the average in
situ and ground-based microwave observations in even better agreement
(Solomon, private communication, 1983). The latest set of observations
was taken from Mauna Kea, Hawaii (20°N latitude) during October 1-15,
1982, and December 9-16, 1982, The C10 rotational emission line at
278 GHz was observed fairly continuously during these periods, both at
day and at night. The data are averaged over the several days of obser-
vation for October and December to obtain a signal-to-noise ratio of
about 20 to 1. In order to compare absolute abundances and relative
diurnal variations, the best approach is to use model C10 vertical pro-
files and compute the synthetic spectrum to fit the observed spectrum.
Solomon et al. [1983] have performed such a study for various models,
including our own.

We have used two models for 20°N latitude and -4° (October) or
-23° (December) solar declination for comparison. The C10 emission
line is underlined by a broad sloping baseline due to an ozone line wing.
The column amounts deduced from such ground-based measurements are mostly
sensitive to the C10 abundance above 30 to 32 km, which corresponds to a

region within 50 MHz from the line center. This is due to the pressure-
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broadening effect in the wings of the 1line, and the fit is not affected
much by the decreasing C10 concentration below 30 km. Our peak daytime

14cm-2

December model C10 column amount of 1.1 x 10 above 30 km provides
very good agreement with the peak observed December intensity and Clb
line shape (Solomon, private communication, 1983). Our October model
yields a peak column abundance almost 20% higher than in December,
whereas the observations imply less C10 (by about 20%) in October than
in December. Again, seasonal variations are apparently not well pre-
dicted by a one-dimensional model and it remains to be seen how multi-
dimensional models compare to these and future C10 observations. On
the average, the agreement between our daytime model profiles and the
observations of Solomon et al. [1983] can be considered reasonable,
given the uncertainties of order #20% in the data. Our model has about
2.6 ppbv of total free chlorine (mostly C10 and HC1 in the upper strato-
sphere), and the 1982 amount should be at least this high, given the
abundances of source halocarbons at the ground; total chlorine measure-
ments [Berg et al., 1980] have also led to values between about 2.5 and
3.5 ppbv in the lower stratosphere. We now focus on the relative diur-
nal variation observed by Solomon et al. [1983]. Their data are pre-
sented in Figures 47 and 48 in terms of a relative integrated intensity
within +50 MHz of the line center, normalized to unity at noon. Two-
hour averages for the whole set of October and December 1982 data are shown,
respectively. Reasonable uncertainties of #20% (Solomon, private com-
munication, 1983) have been assigned to each observation. The model

diurnal variations in the C10 column above 31, 33, 35, and 37 km,

normalized to the noon values are shown for comparison. The main
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Figure 47. Comparison of averaged ground-based microwave observations of
C10 diurnal variation (Solomon et al., 1983) with our model results; both
are normalized to noon value. Data correspond to column abundance above
about 30 km, and model column abundances above various altitudes are shown.
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difference between these model curves is the steepness of the decline
near sunset and the ratio of Ng?é to N?;S . A plot of this ratio as a
function of height above which NC]O is calculated is shown in Figure 49
for October (December values are similar to within 5%). The observed
ratio of maximum to minimum intensities is about 7. This would corre-
spond to the variation expected for a column abundance above 31 km,
according to our model. This is also true for the comparisons shown in
Figures 47 and 48, which to first-order show good agreement in the
"breathing cycle" of C10 and--presumab]y--CIONOz. The higher altitudes
show Tess diurnal variation (see Figure 44), which is illustrated by the
difference between the N, and N,

31 37
percent contributions to the total C10 column abundance as a function

curves, Figure 50 shows the model

of time for various altitude ranges. During the day, most of the C10
resides between 30 and 40 km, while the 40-50 km range becomes dominant
from about 10 p.m. to sunrise, due to the smaller diurnal variation at
those heights. This should show up as a narrowing of the observed C10
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 of Solomon et al. [1983]. The main discrepancy between models and
ground-based microwave observations versus local time seems to be the
somewhat slower rise after sunset and possibly--although not as pro-
nounced--the faster decrease in the afternoon. In particular, the Octo-
ber observations between 8:00 and 10:00 local time yield an intensity or
column abundance a factor of about 0.55 lower than the 12:00 to 14:00
peak values. This contrasts with the model value of about 0.9 and would

seem to qualitatively agree with the nearly constant C10 abundances near
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Figure 49. Ratio of maximum to minimum (day to night) C10 column
abundance above height z (model for 20°N, October).



~
@)

W £ w (o))
O o o o

n
o

o

PERCENT CONTRIBUTION TO CIO COLUMN
o

173

crrrrerrrerrprererretrerrered

. 40 to 50 km

30 to 40 km

.

B 1 I T A I A A A

6 8 I0 I2 14 I6 B2022 O 2 4
LOCAL TIME (hours)

Figure 50. Model percent contribution from various altitude

ranges to the total C10 column abundance variation as a func-
tion of time.



174

30 km observed between 7:00 and 10:00 by the balloon-borne Microwave
Limb Souhder (Figure 46). However, the December ground-based data
between near 9:00 yield values of v 0.7, which persist into the 10:00 -
12:00 time bin. This difference between the data sets themselves also
appears between 16:00 and 18:00 hours, when the October value of 0.65
is less in agreement with the model than the December value of 0.9.
Within the observational uncertainties, the two sets of data might be
considered consistent, although the relative change in intensity is bet-
ter known than each individual average value. 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 discrep-
ancies between theory and measurements, as well as provide an intercom-
parison between experiments. A decrease in the average CI10 amount
available during the day can have an impact on the predicted catalytic
destruction 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 observa-
tions, this effect should not be very large, unless it was due to some
missing chemistry that also drastically altered the main C1-C10 cataly-
tic cycle in terms of the reactions destroying odd oxygen (e.g., by
forming a "net-nothing" cycle instead). We do not wish to reopen the
question of chlorine nitrate isomers, in light of the recent laboratory
work of Margitan [1983]; moreover, the introduction of such rapidly
photolyzing isomers would increase the amount of C10 and its rate of

formation, and would not help resolve the possible discrepancies noted
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above concerning the slope of the vertical profile near sunset or the
time rate of change of the C10 column abundance above 30 km. One could
also question other effects such as spatial inhomogeneities in the at-
mosphere (although the microwave observations represent averages over
several days) or possible small changes in the ozone line wing which
provides a baseline for the observed C10 emission line and might lead to
larger changes in the latter line, but we have no firm basis for such
mechanisms at the present time. It would be interesting to try to con-
firm the existence of discrepancies between these observations and
models on a day-to-day basis, rather than for the averaged sets of data,
although the signal-to-noise ratio will be lower for any given day.

Let us now consider the uncertainties in the current photochemical
scheme, in relation to the column diurnal changes and the vertical gra-
dient near the terminator. Herman [1979] has discussed some aspects of
diurnal changes in stratospheric species concentrations. As he notes,
the net variation as a function of time is often the difference between
large production and loss terms. Rather than considering the terms that

represent fast interactions between C1 and C10 in the expression for
d[Cc10]

, we find it more useful (and accurate enough) to group these

short-lived radicals together and calculate:

d[c10,] d[C1] d[c10] d[c100]
= + + (45)
dt dt dt dt

Since [C10] is typically much larger than [C1] or [C100] in the strato-
d[c10] d[c10, ]
dt dt

sphere, Furthermore, if we combine the individual
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production and loss terms for each member of equation (45) and compute

the net result, we find:

d[c10]
- P8 -Lt) = 8e0 = eono, * Bhoct * tuar {40a)
where

Acron0,, J16 * Kgg ~ Kga
= (316 + kgqlOD)[CTONO,T - k4 [C101INO,T[M] (46b)

Buoc1 = Y923 * Koo ~ Kgs
= (3p5+ Ky golOHI) [HOCT] - kgg[CT01[HO, ] (46c)

Bycr = Kog = Kgg = Kg3 = K70 = Kgg

(46d)

= k58[OH][HC1J1 (ksg[CH4]-+k63[H02]-+k70[H2]-+kas[HZCO])[C]]

The A expressions can be seen to represent production minus loss terms
for [C]Ox], or alternatively, loss minus production terms for CTONOZ,
HOC1, and HC1, respectively. In other words, equation (46a) is equiv-
alent--as it should be--to the condition é%-[Cle-+C1ON02-+HOC1-+HC1]= 0.
Vertical transport can be neglected for the timescales considered here.
If A(t) is the net photochemical production (or loss) of [CTOx]t, we

can compute the estimate

[C10]5 = [C10,15 = 8cqq(t) st + [C10,1E (47)
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This should yield a good estimate of [C]O]t, and in the upper strato-
sphere, where [C1] becomes larger (up to 25% of [C10]), we can use the
following correction:

e
[CIOX]t
1+R,(t)

[c101§ (48)

where

[C1], kg [0y +kgp[NOT, + Ky o3 [0HTy

t kgol03]:

The third term in the numerator of R](t) is of minor importance. If we
start with model values for [C]Ox]0 before sunrise and compute [Cle]i
at subsequent times, using the above expressions (and model values for
R](t) and A(t)), we find excellent agreement with the model C10 diurnal
behavior, as shown in Figure 51. The model solves each individual con-
tinuity equation and does not group species as we did in our estimate,
but we expect similar answers. Ve have neglected a few small terms in
our estimate and small errors tend to add up towards the end of the day.
If we only include the C10N02 terms, and neglect AHOC] and AHC1 in the
estimates, we obtain somewhat different [C10] values (dashed line in
Figure 51). This is a way of illustrating the importance of the interac-
tions between [C]Ox] and [C]ONOZ], which provides the main diurnal
variation in [C10]. [HOC1] production and loss terms provide most of
the remaining changes. If one considers the model diurnal variation for
[HOC1] in Figure 44, it can be seen that in the lower and middle strato-
sphere, there is an increase in [HOC1] during the day, whereas photodis-
sociation becomes more important in the upper stratosphere and leads to

a decrease in daytime [HOC1]. This is consistent with the change between
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Figure 51. Daytime variation of C10 concentration at 24, 32,
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compared to estimates using photochemical production and loss

rates for C‘lOx (see text). Main coupling is with C10N02.
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the dashed 1ine (no HOC1 effect on C10) and the solid line (HOC1 included)
in Figure 51, where the lower stratospheric [C10] decreases due to the
increase in [HOC1], while the upper stratospheric [C10] increases due to
production by HOC1 photolysis. The relative importance of HOC1 increases
in the lower regions of the stratosphere, where [C10] concentrations are
small. Figures 52 and 53 illustrate the relative contributions of the &
(production minus loss) rates to AC]0=-LE%%1. At 32 km, most of the morn-
ing increase and afternoon decrease in [C10] can be seen to arise from the
AC]ONOZ term, with some enhancement or damping from Shoct® The same holds
at 40 km, although the morning rise is not as strong and the subsequent small
rate of change in [C10], relative to the abundance at that height, results
in a small diurnal variation (see also Figure 44). Furthermore, morning
changes in C10 are mostly sensitive to the photodissociation rate (J]6)of
C]ONOZ, while afternoon and sunset variations are sensitive primarily to
the conversion rate (K64)of C10 to C]ONOZ. Other terms play a smaller, but
non-negligible role.

Uncertainties in the absorption cross sections for both C]ONO2
and HOC1 are apparently less than 5-10% and the corresponding photodis-
sociation rates in the stratosphere should be known to within 10-20%, if
one considers the fact that the fluxes and atmospheric transmission in
the 300-400 nm range are well determined, particularly above 30 km.
The value for k64 is possibly somewhat more uncertain, but the four
available studies [see DeMore et al., 1982] of this reaction show agree-
ment within 20% of the mean, for the pressure and temperature ranges

of interest here. The rate of formation of HOCI (K86) involves a

rate constant that could be uncertain by up to 50%, but the C10
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sensitivity to such a change is less than the sensitivity to C]ONOZ-
related uncertainties. The OH+HOC1 reaction rate has not been

measured and is a rough estimate [DeMore et al., 1982], but since it

is an order of magnitude less important than HOCl1 photodissociation in
our current scheme, improvements in its rate constant would either
increase the total destruction rate of HOC1 or leave it essentially
unchanged, which will not help improve upon the possible discrepancies
between models and observations of the C10 diurnal variation. If we
stretch the uncertainty in k64 by multiplying the current value by 1.50,
we can indeed form more C10N02 and decrease the C10 abundance, althouah
the increase in C]ONO2 partially compensates in the morning by releasing
more C10. The largest changes occur in the lower stratosphere, since
the ratio [C]O]/[C]ONOZJ is smaller there. In terms of the sunset ob-
servations of Menzies [1983] above 35 km, we find less than a 20% change
in the vertical gradient. The possible difference of more than 50%
cannot be explained by the uncertainties in rate constants. The same
holds for the apparently low C10 column abundances above 30 km obtained
by Solomon et al. [1983] near 9 or 10 a.m. Missing chemical cycles and
possibly missing relatively stable chlorine reservoirs might have to be
invoked in order to account for such discrepancies, if real. The sen-
sitivity to possible temperature changes (typically less than 10K
during the day at these altitudes) is not large enough either. In terms
of NOZ’ which recombines with C10, we expect a smooth behavior during
the day, and no sharp impulse that could possibly modify the C10 vari-
ation near 9 a.m. We stress again that differences exist between the

October and December microwave data, that are as large as the
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discrepancies between our model and these observations. If real, in
general, such discrepancies could be significant in terms of our under-
standing 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
ClONO2 and HOC1 would of course be very useful. To first order, at

least, the diurnal variation of C10 can be explained by current theory.
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Chapter 5
OZOME SPECIES AND DISCREPANCIES

5.1 Upper Stratospheric Ozone

Given the uncertainties in current photochemical data and observations
of trace species in the stratosphere, we wish to bring attention to several
discrepancies between ypdated models and observations of ozone, with
potentially significant implications in terms of our understanding of
present and future ozone concentrations. Althouah we cannot suagest def-
inite solutions to these problems at this time, we present our way of
thinking and test various hypotheses. The problems raised in the next two
sections might turn out not to be real, given the limited observational
evidence, but this section focuses on the better defined question of mid-
latitude ozone abundances in the upper stratosphere, above about 35 km. Ye
will see that a discrepancy of about 50% exists between measurements and
theory. While this might not seem extremely significant, and comparisons
of other constituents can show similar differences, we stress that ozone
has been accurately measured by a wide variety of techniques and does not
show much seasonal change (< 20%) at mid-latitudes, near 40 km. Even the
lower 1imits of most observations are higher than our current model pre-
dictions and we believe that this systematic difference is real. More-
over, as we will show, the sensitivity of upper stratospheric ozone to
various model input parameters or other species' concentrations, is not very
high, although [03] depends on many photochemical processes and catalytic

cycles in that altitude range.
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5.1a Model comparison with observations

Theoretical and observational vertical profiles of ozone are compared

in Figure 54. The U. S. Standard Atmosphere 1976 follows the observations

summarized by Krueger and Minzner [1976], most of which are from optical
(250-320 nm) ozone-sounding rocket measurements between 30 and 60°N lati-
tude. The *lo range of variability is indicated. The accuracy in indi-
vidual determinations of [03] is 15-20%, but the mean of these data and
almost every single sounding [see also Krueger, 1973] yield upper strato-
spheric ozone abundances higher than our typical (32°N latitude, egquinox)
model. The same holds for the preliminary results reported in Hudson et
al. [1982], concerning the International Ozone Rocket Intercomparison
(IORI), which represents data obtained more recently by several types of
sensors (optical, infrared and chemiluminescent). The standard deviation
in this case relates to the intercomparison between various instruments

flown nearly simultaneously, as opposed to the U. S. Standard Atmosphere

1976 estimate of ozone variability, which--to some extent--includes daily,
seasonal, and yearly variations. The recent model results (30°N latitude,
equinox) of Ko and Sze [1983] are also shown for comparison in Figure 54.

In the upper stratospheric region, where disagreement between theory and
data exists and where ozone should be 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 sections [see model B of Ko and
Sze, 1983]. We note that our model has been corrected for the small (< 10%)

effects due to diurnal averaging (see Chapter 1), and represents true
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diurnal average values. Direct and indirect vertical transport effects
and variations between the model atmospheres can cause differences be-
tween models below about 30 km (where Ko and Sze find somewhat more

ozone than in our model). Another example of the systematic difference
between our model and observations is illustrated in Figure 55. The data
of interest in the 35-50 km region (5-1 mb) come from the Limb Infrared
Monitor of the Stratosphere (LIMS) experiment on Nimbus 7 [Remsberq et al.,
1983]. Figures 55a and 55b, taken from the above reference, also display
the results of balloon-borne sensors flown at times and places close to
the tangent point LIMS emission measurements. The LIMS experiment obtained
many vertical ozone profiles over a 7 month period and the two profiles
shown here should be typical of mid-latitudes and are in agreement with
the data of Figure 54. The extent to which the ozone discrepancy reaches
into the mesosphere is not clear. The lower limits of the data in Fiqure
54 are close to our model values, but the relative variability becomes
larger in the mesosphefe. Solomon et al. [1983] have found that their
mesospheric model results are somewhat low, compared to Solar Mesosphere
Explorer (SME) ozone observations. The analysis of Allen et al. [1983]
shows that reasonable agreement can be found between models and observa-
tions in the mesosphere, although their results are also on the low side
of measurements in the lower mesosphere. We have used the same model as
in Figure 54 for comparison to the LIMS data, although the LIMS profiles
refer to two slightly different latitudes and different seasons (October
and May). Our model results in the upper stratosphere show little sensi-
tivity to latitude and solar declination alone, but a comparison with

average profiles is recommended. Observed upper stratospheric seasonal
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Figure 55. a) Nimbus 7 LIMS ozone retrievals over Palestine, Texas, on
October 31, 1978, along with similar results obtained from ECC and Dasibi
measurements on balloon underflight (see Remsberg et al., 1983).

b) LIMS and ECC ozone data over Wallops Island, on May 1, 1979.
In both cases, same model (32°N, equinox) is used to illustrate discrepancy
in upper stratospheric ozone.
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variations are generally less than 15-20% at mid-latitudes, as discussed
by De Luisi et al. [1979], McPeters [1980], Prather [1981], and Frederick
et al. [1983]. Ozone is quite sensitive to temperature [see also

Krueger et al., 1980], as discussed further below, and the seasonal vari-
ations are reasonably well understood in terms of solar radiation and
temperature changes. Other ozone observations generally fall within the
1imits shown in Figure 54. This holds, for example, for the early Ogo 4
BUV data [London et al., 1977], as well as for the recent SME satellite
observations [Rusch et al., 1983], and the measurements from the satellite
sensor SAGE (Stratospheric Aerosol and Gas Experiment) described by
Reiter and McCormick [1982]. The balloon-borne measurements presented by
Mauersberger et al. [1981] also show a similar trend, although they apply
mostly to altitudes below 38 km. In summary, the mean observed ozone
abundances in the upper stratosphere are in disagreement with model re-
sults, given the typical measurement uncertainties of less than 20%, the
variety of techniques used, and the 1imited seasonal (and diurnal) vari-
ations.

There exists one experiment (see Anderson,1980) during which both ozone
and atomic oxygen were measured simultaneously (Dasibi instrument and
resonance fluorescence, respectively) from a balloon flight above
Palestine, Texas (32°N latitude, 2 December 1977). The atomic oxygen
observations (smoothed profile sampled every 2 km with *+25% uncertain-
ties) are compared to our model in Figure 56. As shown also in Anderson
[1980], there is good agreement between the slope and magnitude of the
[0] measurements (mean data) and model results, although observed indi-

vidual profiles (not shown here) show small scale structure as large as
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(2 December 1977, see Anderson, 1980) compared to our model

for similar solar zenith angle. We show a smoothed version of

the data between 30 and 42 km, sampled every 2 km.
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a factor of two in some cases. The ozone observations carried out on
December 2, 1977, in conjunction with the atomic oxygen data presented
here, are displayed in Figure 57, along with our ozone model and other
data shown previously. The similarity between Anderson's ozone data and
our model profile is striking, which leads to excellent agreement [see
also Anderson, 1980] between the only measurement of [O]/[03] and the
expected ratio in the stratosphere:

L R AT
° 1051 kgy[0,10M]

R (49)
The fact that this particular ozone profile departs from the generally
observed behavior above 35 km, in a way very similar to current photochem-
ical theory, is puzzling and not explained at this time. A recent ozone
intercomparison shown in Hudson et al. (1982) suggests that upper strato-
spheric ozone measurements obtained by Dasibi instruments are lower than
other data by 30% or more (this might be related to losses at the cell's
walls). Given the Timited nature of the [01/[04] determination and the
possibly systematic errors noted above, it could be that the real value
of this ratio is lower than model predictions by as much as 50%. The
apparent agreement between this measured ratio (Anderson, 1980) and theore-
tical results should thus be considered with caution. More evidence is

neéded in order to ascertain the value of this important quantity.
5.1b Model sensitivity and uncertainties

We now wish to address the possible model uncertainties that could

help resolve the upper stratospheric ozone discrepancy. The various
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Figure 57. Same ozone model and data as in Figure 54, but
over a more limited altitude range. Also shown are the
results from the Johnston Space Center Dasibi instrument of
D.E. Robbins and J.G. Carnes, obtained simultaneously with
the atomic oxygen abundances shown in previous figure; these
Dasibi ozone data agree with our model, but not with other
measurements.
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photochemical cycles affecting ozone have been extensively discussed
elsewhere and some of the key references were alludedto in the Introduction.
Clearly, pure oxygen chemistry cannot fully describe the ozone concentra-
tions in the stratosphere [see also Nicolet, 1975; Johnston, 1975].
Solomon et al. [1980] further tested the global ozone balance by includ-
ing nitrogen dioxide observational constraints. A complete description
of ozone (particularly in the upper stratosphere) should include losses
due to all four catalyzing radical groups (OX, NOX, C]OX, and HOX).
Johnston and Podo1ske [1978] have considered in great detail the various
production and loss mechanisms for odd oxygen and conclude that the net
destruction of ozone in the stratosphere is dominated by six or seven
chemical reactions which take part in catalytic cycles. Furthermore, in
the upper stratospheric region of interest here, the main HOx rate-
limiting step is the O+HO2 reaction, and the set of important odd oxygen

destruction reactions becomes:

k3o
0+0, —5 20 (50a)
3 2
K35
0+N0, —> NO+0, (50b)
Ko
0+H0, —> OH+0, (50c)
kg1
0+C10 — C1+0, (50d)
with minor contributions from
ky
0. +H0, —8 OH+20 (50e)
3™ My 2
kg1
and 0, + H—> QH+0 (50f)

3 2
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The source of odd oxygen, which breaks the 02 bond, is provided by
3y
02+hv —> 20 (51)
with negligible contribution from the channel forming 0(]D). In photo-
chemical steady-state, the balance between those processes that produce

or destroy (via catalytic cycles) two odd oxygen members can be written

as:
P(O.) = L(O.) = L, +1L + L + L (52a)
X X 0x HOx NOx C10x
where
P(Ox) = 2j][02] = 2J] (52b)
LOx = 2k32[0][03] = 2K32 (52¢)
Ly = 2{kgql010HO] + kygl010HO,] + Ky (031041}
= 2{Kyq +'Kyg + Ky} (52d)
LNOX = 2k35[0][N02] = 2K35 (52e)
and
LC]OX = 2k6][0][C10] = 2K61 (52f)

The importance of these various destruction rates is shown as a percentage
of P(Ox) in Table IV, for altitudes between 32 and 48 km, and 32°N lati-
tude. These diurnal average results are similar to the results shown in
Hudson et al. [1982], although the importance of the chlorine cycle is
higher near 40 km and above, in our model. This is due to our higher C10

abundances at those altitudes, and a reduction in k6](0-+C10) --as
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Table IV

Relative Importance” of 0dd Oxygen Destruction Rates

z (km) ‘o, "o, “No, “ci0,
32 9 6 74 8
36 9 6 68 16
40 1 8 53 27
44 16 19 3 34
48 20 39 13 28

*
Numbers represent percentages relative to P(Ox)
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discussed in the previous chapter--would further enhance the relative
effect of chlorine radicals in the upper stratosphere. The sum of the
contributions in Table IV at any given altitude is very close to 100%.
Although destruction by NOx dominates below 40 km, all four loss processes
are seen to play a non-negligible role in the 40-50 km ranage, where sig-
nificant differences exist between observed and theoretical ozone profiles.
If we include only the major HOx loss term (2K40) and make use of the
instantaneous equilibrium relation (49) between [0] and [03], we can re-
place relation (52) by a quadratic equation in [03]

k3ol0,1% + (22) (03] - Jy/R, = 0 (53)

which can be solved for an estimated ozone concentration

172
o (kg IR+ 2% g
[0,1° - (54)
with Iy = 2 + 2 + 2
Ho, * "o, * *cio

k40[H02] + k35[N02] + k61[C]°]
and

RO = (j3+j4)/ k3][02][M], as bEfOre.
If the reactions involving H02+O3 and H+O3 were considered as well, the
above equation for Z2& would simply include two additional terms
(k38[H02]-+k4][H]) of smaller importance. An expression such as {54) can
adequately represent ozone concentrations in the upper stratosphere, given

the appropriate radical concentrations, as discussed below. However,

the ozone sensitivity to various parameters is not immediately apparent
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from this equation, since there is an implicit dependence on rate constants
through the radical concentrations, and changes in one radical can indirectly
affect the other terms. Also, the loss terms enter in a nonlinear fashion

in equation (54) and [03] itself affects the radical concentrations. An
explicit equation for ozone in terms of long-lived species only is not
readily inferred for the stratosphere, whereas the simpler mesospheric

OX-HOx system lends itself more easily to such a relationship [Allen et al.,
1983].

Since the odd oxygen photochemical lifetime is of order [03]/2J],
ranging from a few hours near the stratopause to over a year in the Tower
stratosphere, ozone displays little diurnal variation below 50 km. The
radical concentrations [HOZ], [NOZ]’ and [C10] that enter in (54), however,
do vary significantly during a 24 hour period. The diurnally-invariant
ozone abundances will therefore be in equilibrium with time-averaged radical
concentrations. Daytime averages, rather than 24 hour averages, provide a
good ozone estimate ([03]e), when compared to the model resu!ts (obtained
by simultaneous solution of all continuity equations). The dffference between
the use of n(24 hr) andn(12 hr) for the radical abundances in (54) is illus-
trated in Figure 58, The latter method of evaluation is very close to our
model results (32°N latitude, -11° declination). If we use [Fﬁé], [Nﬁz]
and [CT0] 24 hour averages instead, the [03]e values are up to a factor of
two smaller than expected. The explanation [see Kurzeja, 1977], lies in
the fact that the ozone balance depends on average rates of the form
k[XJ[Y] rather than on the separated k[X][Y] product. In particular, the
accurate rate expression (52) implies essentially no ozone loss at night,

since the key [0] radical concentration disappears rapidly after sunset.
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Figure 58. Diurnal average model ozone vertical profile
compared to estimates using equation (54), with HOZ’ NOZ’
and C10 concentrations averaged over 24 hours ( n(24hr.) )
or only over daytime hours ( n(12hr.) ). Latter estimate
yields better fit to model. Results are for 32°N latitude,
-11° solar declination.
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However, equation (54) depends explicitly only on average HOZ’ NO2 and
C10 concentrations. While [HOZ] and [C10] show significant nighttime
decreases, [NOZ] increases at night due to the N0+03 reaction and the
absence of NO2 photolysis. This leads to the different diurnal (24 hour)
and daytime (v 12 hour) average radical abundances displayed in Figure
59. Moreover, as shown in Figure 60, the differences between ETYTTVT and
k[i][?] are significantly larger for 24 hour averages (true diurnal
average) than for daytime averages. These factors combine to explain

the reliable ozone estimate obtained by using equation (54) with daytime
average radical concentrations, since nighttime ozone destruction is neg-
ligible, regardless of the NO2 abundance. Used with the appropriate
(simultaneous) daytime-averaged observations of key radicals, equation
(54) could therefore be used to test the ozone balance in the upper
stratosphere. Alternatively, the rate equation (52) can be tested if [0]
is observed as well (and Ro is not assumed known). A partial comparison
was made by Anderson [1980], but the data necessary for a meaninaful test
of upper stratospheric ozone balance have not yet been satisfactorily mea-
sured.

Solutions to the ozone abundance problem could in principle involve
one or more of the following (not entirely independent) answers: 1) The
current photochemical laboratory data are sufficiently uncertain as to
not preclude typical mid-latitude ozone profiles. 2) The radical concen-
trations affecting ozone, and the abundances of longer-lived species
related to these radicals, are not in good agreement with averaace daytime
observations (what role does transport really play?). 3) The model

description is lacking a significant "ingredient." We note that any
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Figure 59. Diurnal (24 hr.) and daytime average concentrations for 0,

HOZ’ NOz, and C10 (same model as in Figure 58), obtained by integration

of diurnal run results. Note behavior of NOZ’ which shows a nighttime
increase in concentration, rather than the decrease seen in other radicals.
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postulated solution that significantly affects ozone in the right way
should be regarded with caution if it produces a disagreement in other
stratospheric gases, or if it significantly worsens the mesospheric
ozone profile fit. As stressed earlier, equation (54) can only give an
indication of the ozone model sensitivity to various terms. An approxi-
mate example of ozone sensitivity to the main terms (L2 and JI/Ro) in
(54) is shown in Fiqure 61. The enclosed area delineates the percent
changes that are required in our current ozone model to fit the upper

and lTower bounds of the U. S. Standard Atmosphere 1976 data (see Figure

54). As expected, the ozone sensitivity is greater towards J1/R0 than
towards Z 2. Between 40 and 50 km, a significant enhancement in JT/Ro
would be required in order to match the observed mean, while a large
reduction in the loss- term £ 2 would be necessary. Such changes are
quite large, given current uncertainties in laboratory data, but this
approach is very approximate. We now describe the results of a more
exact and detailed analysis of the [03] sensitivity to various param-
eters.

We have performed sensitivity tests for our mid-]atitdde (32°N)
equinox model. Diurnal average steady-state results are shown in
Figure 62, 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 Timits of the U. S. Standard Atmosphere 1976 are

shown, as in the previous figure. We typically change a parameter by
a factor of two (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.
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Figure 61. Approximate example of the ozone sensitivity

to the two main terms (T¢ and Jl/RO) in our ozone abundance
estimate (equation (54)). The enclosed area represents the
percent increase needed in our model ozone concentrations
to fit the bounds of the U.S. Standard Atmosphere 1976 data.
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Figure 62. Model tests (steady-state diurnal average runs) of the ozone
sensitivity to various photochemical parameters, classified according to
Ox’ HOX, NOx
ozone concentrations of changes in model parameters, as indicated in the

, and C10x terms. Labeled curves represent the effect on

figure and discussed in the text. The percent ozone increases necessary
to fit the upper and Tower bounds of the U.S. Standard Atmosphere 1976
data are indicated by enclosed area , as in Figure 61.
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No single parameter shown in the figure is as uncertain as a factor of
two, and we are merely showing how difficult it is to significantly
change the ozone abundance, even with unrealistically high variations

in input data. Halocarbon source concentrations were held fixed in

these tests. Ue have separated the changes due to parametefs related
primarily to Ox’ HOx, NOx, and C]Ox. In the 0x category, the rate con-
stant k3](0-+02~+M) affects ozone formation, and [03] depends quite
sensitively on its value, as can also be seen from equation (54). However,
the change in k3] necessary to fit the mean ozone data is unrealistically
high, given the agreement (within ~20%) between various laboratory
studies [DeMore et al., 1982, and references therein]; this would also
imply undesirably high mesospheric ozone values [see also Allen et al.,
1983]. A decrease in k32(0+03 reaction) reduces the effectiveness of
the direct loss channel for Ox’ but even a large change will not signi-
ficantly increase [03], since the total destruction rate depends only to
a small extent on LOx (see Table IV). The photodissociation rate of O3
will obviously play a role in controlling the ozone abundance and Figure
62 illustrates the sensitivity to i3 (03-+hv - 02<+O) and j, (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 below 310 nm and
dominates over j3 above about 35 km, and a reduction in j4 will also de-
crease the O(]D) concentration, which in turn reduces HO , MO, and C10,
abundances and the efficiency of these catalytic cycles. The combination
of smaller j, and smaller O  destruction results in large [03] increases,
while a change in j3 is not significant for upper stratospheric ozone.

Although model NOx abundances might be somewhat high compared to
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observations, as dingssed further below, 30-40% changes in the various
radicals, coupled with significant mesospheric increases in ozone, do
not seem to provide a satisfactory answer to the upper stratospheric
ozone discrepancy. More important, the 03 absorption cross sections are
known quite accurately from laboratory data (see also Chapter 3) and
we feel that the photodissociation rate of ozone in the upper strato-
sphere is known to better than 15%. Finally, one could go back to the
old absorption cross sections 0(02), which is equivalent to the effect of
a significant change in J]. This effect alone, however, is not enough to
eliminate the ozone discrepancy. We have already indicated (Chapter 3)
our preference in terms of the effect of 0(02) on the halocarbon vertical
profiles (opposite to the effect on ozone), although further measurements
are needed to confirm the results of Herman and Mentall [1982]. Figure
62 shows a few examples of the ozone sensitivity to the HOx radicals. The
production of HOx occurs via O(]D) attack of HZO’ while the primary loss
process at altitudes above 35 km is through the 0H+H02 reaction, reform-
ing water vapor. The ratio of [OH] to [HOZ] depends to first order on
four reactions [see, e.g., Hudson et al., 1982] and can be written as:
[OH] k40[0]<+k54[N0]

. (55)
[H0p1  k3gl0]+k;;[05]

It is possible that our 6-7 ppmv amount of H20 between 35 and 50 km is
somewhat high; a decrease by a factor of two in [HZO] produces changes
similar to the effect of a factor of two increase in k47(0H-+H02), by
reducing HOx by 30-40%. The effect of a decrease in k40(0-+H02), which

appears in (55) and has recently been revised upwards by almost a factor
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of two, is also shown in Figure 62 [see also Ko and Sze, 1983]. Similar
changes in other rate constants affecting HOX will produce changes of

order 20% or less in [03]. Large changes in individual 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 meso-
spheric ozone. Moreover, as we show later, necessary reductions in model
HOX by a factor of two or more (to significantly increase [03]) would not
be consistent with currently existing observations of OH and HOZ' The
0(]D) concentration--although very small--is a key variable affecting the
HOX, NOX, and C]Ox stratospheric abundances. Since NOx is the main
ozone-destroying component in most of the stratosphere, we have shown the
effect of a reduction in [0(]D)] (by about a factor of two) in the NOX
segment of Figure 62. This reduction is achieved by increasing the quench-
ing rate of 0(]D) by a factor of two; 0(]D)-+M refers to both O(]D)H-l2
and 0(]D)+02 reactions (rate constants k24 and k25)‘ A sienificant (up

to 40%) increase in ozone results, but the real uncertainty in the above
rate constants appears to be less than 20% [DeMore et al., 1982]. The
production of O(ID) throuagh ozone photolysis should be even less uncertain
than its destruction rate, and unless an unknown mechanism exists in the
atmosphere to deplete the 0(]D) abundances (assuming that the 30-40% re-
sulting changes in HOX, NOx and C]Ox are acceptable), the ozone discrep-
ancy cannot be explained by such uncertainties. In the upper stratosphere,

NO and NO2 are the main odd nitrogen species and we can write

(0] + [N0,] = [rO,] (56)
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with (to first order)

(N0, kyy[04] )
so that the 2N0 term in (54) can be expressed as
X
k,[NO ]
& = 35 X
’LNox * kqs[NO,] = (58)

14+ {(d; g+ kysl0]) / kyy[05]}

The ozone sensitivity to the various parameters (k34, k35 and j]O) in (58)
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, The same holds for the 30-40% reduction in NOx cgused by
dividing k29(N20-+0(]D)) by two. Finally, the effect of changes in chlor-
ine radicals cannot by itself produce the necessary ozone increase,
although the variation with altitude qualitatively matches the required
changes, as illustrated in Fiqure 62. Even if no chlorine species are
included in our model, the mean ozone data are still high compared to
theoretical values.

The above analysis indicates that no single change :in the relevant
photochemical data can, given the current uncertainties of about 20% (up
to 40% in a few cases), increase the ozone abundance by more than 20%
(much less in most cases). One would need to change several rate con-
stants to get the required effect. An example for four important reac-
tion rate constants, changed by +#30% in a way to increase the ozone
abundance, is shown in Figure 63. It turns out that the 0+ Cl0 reaction

has recently been studied in more detail and that a 30-40% reduction is
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Figure 63. Ozone sensitivity to a combination of properly
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indicated (see Chapter 4). Taken alone, however, this change affects
[03] by 5% or less. Ue do not find it satisfactory to suggest that
small (10-15%) changes in 8 to 12 reaction rate constants (or photodis-
sociation rates) can explain the observed ozone concentrations. While
such changes can undoubtedly exist, a random combination of increases
and decreases would not significantly affect the ozone abundance, since
a cancellation of effects would occur. Figure 63 also illustrates the
large ozone sensitivity to temperature changes. This follows from the

temperature dependences of the 0+0,+M and 0+ 0, reactions, which both
2

3
tend to increase ozone (primarily the latter reaction) if T decreases.
However, a systematic 20-30K difference between our model temperatures
and the actual stratospheric values is not lTikely, given that model
values are obtained from observations with uncertainties of less than 5K,
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 free-
dom to vary T very much for mean mid-latitude model results.

Further clues can be sought by comparing key radical observations
with our model results. We have previously presented the reasonably good
agreement for the C10 vertical distribution and diurnal variation. A
1imited number of mid-latitude observations of HOx and NOx radicals in
the upper stratosphere currently exist. Comparisons with models have
been made by various groups [see, e.g., Hudson et al., 1982] and our
model is in general agreement with other recent results. lle briefly pro-
vide further model validation by comparing our typical mid-latitude
results (32°N latitude, -11° solar declination) with observations of OH,

NO and NO,. Anderson's balloon-borne molecular resonance

HO,, 2
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fluorescence measurements of OH [summarized in Anderson,. 1980] above 30 km
at 32°N are shown in Figure 64. The averages of the observed profiles
for x =80° and x =41° are in good agreement with model results at

similar zenith angles, given the observational uncertainties of about
+30%. Further evidence of the general validity of model OH values can

be found in Figure 65, where average ground-based Pepsios spectrometer
measurements [Burnett and Burnett, 1981, 1982] of OH absorption near

308 nm are plotted versus sec x . The column abundances represent fits
through average data taken during 1977-79 and during solar maximum in
1980; 1981 data (not shown here) are 3% lower than during 1980, on aver-
age. Our model results (solar maximum flux conditions), extrapolated
above 60 km by an additional 20% for total column abundance, agree with
both data sets to within 20% for sec x < 3.5 (x<73°). In terms of the
effects on ozone, the average daytime model OH column abundance appears
to be within 15% of the average 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 ”OH at large zenith
angles is somewhat puzzling, if it is real and not caused by some con-
tamination of the absorption feature. A factor of two difference near 80°
could imply a possible overestimate of [0(10)] by a factor of four in the
upper stratosphere and mesosphere. At noon, the model OH column above

45 km provides about half of the total column abundance, but its contri-
bution is reduced to one-third for x = 80°. The discrepancy at large ¥
thus seems to imply that a large part of this effect has to come from the

uppermost stratosphere and mesosphere. The limited data of Anderson shown



42
40 —
38
z(km)
36
34
32

30

28

220

T TI ] 1 18 | RS Tl’ 1] T T T | B U §
—  ANDERSON DATA x=804° 7 -
— 012 JANUARY 1976 & -
x eo° —
LA 26 A;=R|BLO°|977 X=436° -
014 JULY 1977 -
- X=4|° .
| @20 SEPT. 1977 \.~ "
- X=4|° s ]
. pd |
— 7~ —
»% 1
-—lllll k3 LLliLLLl | 1 1111111—“

0™ 100 Toke

OH MIXING RATIO

Figure 64. Resonance fluorescence measurements of OH (see
Anderson, 1980) compared to model OH mixing ratio prof11es
for similar solar zenith angles ( at 32°N ).



Non (10" cm2)

221

e rr b

Burnett —©—©— |977-79
- Data —— 1980 1

[N N s )
5 4 3 2 1 2 3

sec X
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Burnett and Burnett (1981,1982), as a function of secx for
1977-79 and 1980 averages. Our standard mid-latitude results

(32°N latitude, -11° solar declination) are shown for com-
parison.
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in the previous figure did not show a factor of two discrepancy with the

model for x = 80°. One expects more sensitivity to O(]

D) and the short
wavelength solar flux producing this radical at the higher altitudes.
There are other aspects of these 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 afternoon and early evening [Heaps and Mc Gee, 1983] show

large disagreement with models and other measurements discussed above;

in view of this and the large uncertainties associated with these observa-
tions, we feel that further LIDAR data are needed for a more accurate test
of this method and its repeatability. The HO2 radical has been observed
to a lTimited extent in the stratosphere. Our summary plot, Figure 66, is
taken from the recent paper by de Zafra et al. [1983], who observed HO2
from the ground (Mauna Kea, Hawaii, 20°N latitude) during four days in
September-October 1982. Microwave emission lines were observed near

266 GHz by this group, whose ground-based C10 measurements were discussed
in Chapter 4. The in situ cold trap measurement by Mihelcic et al. [1978]
at 32 km has a large uncertainty, as shown in the figure. The somewhat
indirect in situ observations of H02 (conversion via NC to OH followed by
resonance fluorescence detection of OH) by Anderson et al. [1981] are also
illustrated. The range and average profile of three 1977 measurements are
indicated. Both of these data sets were taken below the altitude region
of most interest to us, in terms of the ozone profile. Curves a, b, and

c in Figure 66 are model results used by de Zafra et al. [1983] to com-

pare with their ground-based data. The main difference from model b to
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model a is an increase in k40 (0 +HO, ~ OH-+02) by almost a factor of two

2
(as discussed previously), which shifts the value of the ratio [OH]/ [Hozl
(= k40/k39 above 45 km) and decreases [HOZJ. Curve ¢ is a rough fit
through Anderson's data, combined with a smooth increase towards profile
a. The average of four days of HO2 measurements taken betweén 10 a.m.

and 5 p.m. by de Zafra et al. [1983] agrees quite well with a synthetic
line profile generated from model a. As shown by the above authors, model
b Teads to a higher peak line intensity than observed, whereas model ¢
provides too much lTow altitude HO2 (pressure-broadened in the wings of

the emission 1ine). Our model results for 20°N latitude (October),
averaged between the appropriate times of observation, are essentially
similar to model a. Although models b and ¢ might be considered margin-
ally acceptable, or one could argue that variations in HZO could produce
different HO2 abundances such as cases a and b, it is reassuring that the
most recent photochemical data (particularly the value for k40) provides
the best fit to the ground-based microwave data. These re§u1ts show a
systematic difference between Anderson's data and models which agree bet-
ter with the ground-based data (cases c versus a). If anything, the higher
HO2 abundances measured by Anderson et al. [1981] would tend to reduce the
ozone concentration, although this effect would be small for the altitudes
covered by the in situ observations. The around-based observations are
not very sensitive to HO2 below 35 km, or to the exact profile shape, but
since most (v 80%) of the HO2 column amount resides below about 53 km for
model a, with 40% in the 35-50 km region relevant to upper stratospheric
ozone, we feel that there is good agreement between these observations and

our model. Therefore, considering the model agreement with existing OH
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and HO2 observations, we are not free to argue for changes in the rate
constants affecting HOx radicals in order to increase the ozone amount.
Such changes would undoubtedly worsen the agreement between models and
observations by decreasing the HOx abundance to unacceptably Tow levels.
- A brief overview of NOx radical observations also indicaﬁes gener-
ally good agreement with model results, given the uncertainties and
apparent spread or variability in some of the data. Figure 67 displays
some of the more recent NO2 data, taken from the summary by Roscoe et al.
[1981]. Model results for <Day> and <Night> indicate the variation dur-
ing the 8-hour time periods centered around noon and midnight, respec-
tively. There are few observations above 35 km. Daytime balloon-borne
pressure modulated radiometer observations of NO2 emission at 6.2 um were
obtained by Drummond and Jarnot [1978] and Roscoe et al. [1981]. The
latter data represent an average daytime result similar to our average
model profile. We note that these authors'simultaneously determined NO
data (see Figure 70) are in fair agreement with our NO model profile from
about 35 to 50 km (but drop off much faster below 30 km). The earlier
measurements [Drummond and Jarnot, 1978] were made about one hour after
sunrise, at a time when the NO2 abundance starts dropping fairly fast.
Nevertheless, the point near 50 km is still significantly higher than ex-
pected, although we note that measurements above the balloon float alti-
tude represent average column results and might be more uncertain than
indicated. A partial summary of sunset NO2 data, taken from Hudson et
al. [1982] ( see Fiqure 68 ) shows an average vertical distribu-
tion similar to our model sunset results, although the model profile is

somewhat on the high side below 30 km. Russell et al. [1983] have
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Figure 67. Day to night variation in NO2 mixing ratio profile,
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model (same as in Figure 65) results for 8-hour periods centered
around noon and midnight.
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compared and validated some of the LIMS NO, data below 40 km with other

2
data sets. One such comparison with balloon-borne solar occultation mea-
surements [see Russell et al., 1983] is reproduced in Figure 69. Within
the observational uncertainties, these NO2 day and night profiles at
32°N latitude agree with our model results for the appropriate times.
Further analysis of the LIMS data, in terms of the simultaneously
observed 03, H20, and NO2 profiles (plus HNO3 as well), will be useful in
assessing the relative importance of various catalytic cycles affecting
ozone, although the 03 and NO2 data shown above should be typical of mid-
latitudes. We conclude these comparisons with a summary [from Hudson et
al., 1982] of various daytime NO mid-latitude data (Fig.70). There are
relatively few measurements of NO above 35 km, and the range of values
covers about a factor of five. Seasonal variability and transport effects
on the long-lived NOx {= NO-fNOZ) total abundance are at least a partial
explanation for such differences [Horvath et al., 1983]. Transport ef-
fects that are not properly accounted for in our 1-D model could
indirectly affect the concentrations of key radicals involved in the ozone
destruction process. Overall, however, we do not find that there is a
significant overestimate of mid-latitude model HOx, NOX, or C]OX radical
abundances which could resolve the upper stratospheric ozone problem,
although the necessary accurate and simultaneous observations have not yet
been satisfactorily performed.

Rather than attempting to find a way to reduce the photochemical
destruction of ozone, can we enhance its production? The molecular
oxygen photolysis rate, which is the source of odd oxygen, is somewhat

uncertain due to the problems associated with the 02 absorption cross
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section measurements in the Herzberg continuum. Following the analysis
in Chapter 3, we would argue that uncertainties in J1 of up to 25% cur-
rently exist in the upper stratosphere (with much higher uncertainties,
of opposite sign, in the Towermost stratosphere). However, recent evi-
dence would indicate the need for a reduction in cross section, and a
corresponding decrease in [03], as discussed above. In terms of other
possible sources of odd oxygen in the stratosphere, the evidence--and
speculation--is limited. One possible mechanism involving an asymmetric
C]O.O2 complex was proposed by Prasad [1980] in relation to the lower-
than-observed stratospheric C10 abundances predicted by earlier models.
Briefly, the idea involves the possible decomposition of C]O.O2 (formed
by C10+-02+M)into 0C10 + 0, with subsequent photolysis of 0C10 into
C10+0. This process would hence break the 02 bond and form odd oxygen.
Only limited laboratory evidence exists regarding the above speculative
scheme [see DeMore et al., 1982; Zellner and Handwerk, 1982]. More-
over, even if we assume somewhat unreasonable rate constants and C10.02
abundances near 40 km in order to provide a significant odd oxygen
source, we would find unrealistically high (much higher than [C10])
C10.O2 concentrations near 30 km. This scheme, as it stands, is not
really plausible in terms of a significant ozone source. Other possible
sources of ozone could involve excited states of molecular oxygen (formed
for example by the 0+0+M reaction), reacting with O2 to form ozone. No
quantitatively significant scheme has been found for the stratosphere,
and such processes tend to be more effective in the mesosphere, where
quenching is less (and photon energies are higher). Finally, heavy

molecular oxygen (]80160) photodissociation could provide a source of odd
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oxygen in our atmosphere [Cicerone and McCrumb, 1980]. Although the
]80]60 abundance is less than one percent of [02], this heteronuclear
molecule has twice as many lines in the Schumann-Runge bands, result-

ing in an increased photodissociation coefficient for the heavy molecule
which absorbs more sunlight between the 02 lines. The estimates by
Cicerone and McCrumb [1980] are fairly rough and they erroneously assumed
equal line strengths for both isotopes (D. Freeman, private communication,
1983), but even their upper limit implies only a few percent contribution
to odd oxygen production near 40 km, with a more significant effect in
the 60-70 km region. The transmission through the Schumann-Runge bands
has been underestimated in the past, and further detailed investigations
of the possibility of a significant ozone source by photolysis of heavy
O2 in this intricate spectral region would be worth while. Heavy ozone
is interesting in itself and is discussed in section 5.3.

The last question that one should consider is the possible role of
transport in the upper stratospheric ozonedistribution. Our one-
dimensional model does not include an explicit description of transport
processes, particularly meridional and zonal motions, which are typically
much more rapid than vertical processes. Clearly, we cgnnot adequately
simulate the latitudinal behavior of ozone or other long-lived species
in the lower stratosphere, where horizontal motions dominate the photo-
chemistry. Indeed, the observed global distribution of total ozone does
not show a peak during the summer at the equatorial regions of maximum
photochemical production, but rather at high latitudes during winter and
spring [Ditsch, 1974]. Mixing ratios show a peak at mid-latitudes during

the spring. Meridional and vertical transport both play a role in the
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redistribution of ozone in the lower stratosphere and such dynamical
processes cannot be ignored in that region. Planetary scale waves (of
Tow wave number) generated in the troposphere are thought to play a
dominant role, notably during the winter, when they can propagate up-
wards into the stratosphere and interact with the mean f1ow.. Such
aspects of stratospheric dynamics are reviewed to some extent in Hudson
and Reed [1979] and Hudson et al. [1982], along with pertinent observa-
tions of ozone. Backscatter ultraviolet observations from satellites
[Heath et al., 1973; London et al., 1977; Frederick et al., 1977, 1980,
1983] have provided interesting global information on the ozone distri-
bution and the influence of planetary waves. The question of importance
for upper stratospheric ozone is the extent to which photochemical equil-
ibrium 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 stratosphere, below 25 to 30 km.
It is also generally agreed that above about 45 km, photochemistry will
dominate. The coupling between radiation, chemistry and dynamics
(planetary waves) can lead to significant poleward and downward transport,
according to the modef of Hartmann and Garcia [1979], which yields a peak
in horizontal transport near 45 km [see also Hartmann, 1981; Rood and
Schoeberl, 1983]. Temperature-dependent reaction rates (for O-+O3,
0-+02-+M) lead to the coupling between photochemistry and temperature,
which is in turn coupled to dynamical perturbations. Pyle and Rogers
[1980] and Strobel [1981] have discussed these coupling effects in terms
of the limitations of eddy diffusion parametrization in one or fwo

dimensions [Reed and German, 1965]. Nevertheless, the observed
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relationship between ozone and temperature 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, 1983] in
accordance with photochemical control. A direct relationship has been
observed in the lower stratosphere [Sreedharan and Mani, 1973; Gille et
al., 1979]. Ghazi et al. [1976] note that even in the upper stratosphere
(2 mb pressure), there are instances where warm temperatures are accom-
panied by high ozone concentrations, as observed near 60°N latitude in
January, indicating the influence of dynamical processes, possibly of the
type discussed by Hartmann and Garcia [1979]. Hartmann (private communi-
cation, 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 be more prominent at higher latitudes,
where ozone gradients and planetary wave activity are larger. At mid-
latitudes, we cannot expect much contribution from transport processes

in terms of a significant (30-50%) increase in mean ozone abundances.
Changes in the cufrent photochemical data or missing photochemical proc-
esses must be involved. In the next section, we look for possible clues

in the observed diurnal behavior of stratospheric ozone.

5.2 Diurnal Variations of Ozone in the Stratosphere

The expected daytime variations of ozone below 50 km are about 10%
or less, due to the magnitude of the ozone abundance and its net daily
production or loss rate. The absence of significant loss processes at
night leads to a constant ozone nighttime concentration. If there are

certain missing or inaccurate elements in our current photochemical
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representation of ozone, perhaps we can also find some discrepancies
between theoretical and observational variations of ozone during the day.
Few measurements of diurnal ozone variations have been made in the
stratosphere, and the constraints on the accuracy required for a meaning-
ful comparison with models are quite severe. Hilsenrath []971] obtained
daytime and nighttime ozone observations in the stratosphere and meso-
sphere at 38°N latitude, by means of a chemiluminescent parachute-
sonde released from a rocket. Given the 20% accuracy and 10% precision
of these data, as well as the small daytime ozone changes in the strato-
sphere, we cannot find any significant discrepancy with model results.
A more accurate and meaningful comparison can be made with the broad-
band photometer rocket measurements of Hartley band absorption by Lean
[1982]. These carefully planned observations were performed from seven
rockets (ascent and descent) with similar instruments sensitive to
three separate wavelengths, flown during various times of day and night
(by moonlight). One notes that the data were acquired on three different
days over a period of fwo weeks. Averaged results with typical uncer-
tainties (repeatability) of *3% are shown in Figure 71, in terms of the
percent change relative to nighttime data. Adjustments have been made
by Lean [1982] for independently measured temperature ahd density changes
from night to day. Ozone concentrations will be sensitive to such
changes, as mentioned earlier, primarily via the 0-+OZ-+M and O+O3 reac-
tions. The percent daytime changes in model ozone concentratioﬁs (32°N
latitude, -11° solar declination) agree quite well, in general, with the
rocket results (Figure 71). The observed morning change near 60 km is

apparently uncertain by much more than 3% (Table 2 of Lean, 1932) and
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Figure 71. Percent daytime variation in ozone between 35 and

60 km. Rocket data of Lean (1982) were obtained at 38°N, over
several days. Overall agreement with our model is good , although
observed increase at 40 km is significantly larger than expected.
See text for discussion of model and observational uncertainties.
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should be considered compatible with model results. A possible dis-
crepancy occurs at 40 km, where the observed afternoon increase is about
13%, whereas our model result is close to only 3%, in aqreement with
most current models. This difference might not seem large, but we find
it difficult to explain, if real.

Daytime variations in various ozone production and loss rates have
been briefly discussed by Herman [1979]. Our approach is to follow the
changes in odd oxygen (ozone +atomic oxygen) concentrations by consider-
ing the terms P(Ox) and L(Ox) described in the previous section. The
estimated ozone concentration [03]5 at time t during the day can be ob-

tained from:

(0,5 = [0,35; + (P(0,) - L(0,)) 5t (59)
with

[0,0F = [0,15/ (1+R (1)) (595)
and ,

w () - 3 3 (s

° k1 00,10M]

where the time variation of P(OX) and L(Ox) is used, and the starting
value for [Ox]e is given by the model value before sunrise. Figure 72
illustrates the fact that the use of J] (oroduction process) and K32,
K40, K38’ K4], K35 and K6] (1oss processes), as described in egquation
(52), can also provide a good description of the ozone daytime variations
in the upper stratosphere. Details of the daytime variations for the

relevant production and loss rates are presented in Figures 73 and 74,
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Figure 72. Daytime changes in ozone concentration

at 40 and 46 km from our standard model , as well as
estimates using the time variation of production and
lToss terms for odd oxygen; see equations (52) and (59).
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Figure 73. Individual contributions from Ox, NOx, C10x, and HOx to the
odd oxygen (ozone) production and loss rates as a function of time of
day for 40 km altitude. Note that main loss term just after sunrise is
due to nitrogen oxides. Changes in P-L cause daytime variations shown
in Fiqure 72.
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Figure 74. Same as Figure 73, except for 46 km altitude. Note increased
loss term from HO (L HO,, ), which leads to decrease in mid-day ozone con-
centration (see var1at1on in Figure 72).
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for 40 and 46 km. The small differences between P and L cause the ozone
variations as a function of time. Just after sunrise, for example, we

see that the contribution from LNox dominates the loss terms because NOZ’
unlike HO2 and C10, does not disappear at night. The atomic oxygen con-
centration rises sharply after sunrise, due to ozone photolysis, while

the total odd oxygen production rate is sensitive to shorter wavelengths
and increases less rapidly. These effects combine to produce a negative
value for P-L at sunrise and a small decrease in ozone. Small decreases
in the stratospheric ozone abundance have been observed shortly after sun-
rise [see Aimedieu et al., 1981; Hudson et al., 1982], which could be
taken as a measurement of the NOx catalytic destruction of ozone. Although
the observations tend to agree with our model in terms of a few percent
decrease near.40 km, a quantitative comparison is difficult because of mea-
surement uncertainties, and--maybe more important--other variations due to
temperature and density changes. Moreover, a variable NO2 concentration
could affect the magnitude of the ozone decrease [see also Zucconi et al.,
1981].

At 40 km, we see from Figures 73 and 74 that the terms L and L

NO c10
dominate the daytime ozone loss processes, whereas at 46 km, Hoi becomes *
the major loss mechanism and the small net destruction causes a decrease
in ozone. In the mesosphere, atomic oxygen becomes the major odd oxyaen
component and is converted into ozone at night, so that nighttime ozone
densities are generally higher than during the day [for further details,
see Allen et al., 1983]. In order to produce a 13% increase in ozone at

40 km, we would have to multiply the average value for (P-L) by a factor

of four. This would require significant changes in the individual loss
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terms from NOx or CIOX, even though (P-L) is generally small (< 10%),
compared to P or L. Ve find, for example, that the new laboratory re-
sults which indicate a 30-40% decrease in kg, (0+C10 reaction) would
change our daytime percent ozone increase at 40 km from 2-3% (current
model) to 3-5% (new diurnal run test). We do not favor an increase in

J] (production term), since this would affect other altitudes and would
also increase the loss rates (via the atomic oxygen concentration in-
crease), so that a change by more than 20% is probably needed. An
increase in Ro (= [0]/[03]) could also change the ozone daytime varia-
tion. It is quite plausible that whatever change is needed in our cur-
rent photochemical model to increase [03] in the upper stratosphere will
also increase the percent daytime increase below 40 km, since both
effects are tied to the balance between P(Ox) and L(Ox)' However, despite
the careful data acquisition and analysis by Lean[1982], the measurements
could be in error by an amount large enough to reconcile them with a daytime
ozone increase of about 5% near 40 km. Indeed, measurements performed
during different days could be prone to systematic changes, and although

a correction was made for observed density and temperature changes, these
variables themselves are subject to uncertainties. The corrections ranged
from a few percent to 20 percent changes in [03]. The temperature cor-
rection (A[03]/03]= (-1364/T)(AT/T)) leads to an enhancement by a factor
of five between percent temperature and ozone changes. Moreover, this
expression is valid for a pure oxygen atmosphere only, and our mcdel tests
as well as observations by Barnett et al. [1975] indicate that a factor of
about 900 (rather than 1364) would be more appropriate in the upper

stratosphere. Also, the quoted nighttime measurement uncertainty at 40 km
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[Table 2 of Lean, 1982] is 8%, larger than at all other altitudes. The
+ 3% uncertainty that we used in Figure 71 is most certainly an underes-
timate and the discrepancy at 49 km should be considered with caution,

It is interesting--although possibly questionable as well--that an
increase (from night to day) of close to 10% in O, near 30-35 km was seen by
the LIMS instrument aboard Nimbus 7 [Remsberg et al., 1983]. This sys-
tematic diurnal increase in zonal mean ozone (at constant pressure), ob-
served at more than one latitude (J. Russell, private communication,
1983), appears to be real. The large abundance of ozone near 30 km
makes it very difficult to produce such an increase, and our model pre-
dicts a 1-2% change, at most. The observed increase near 40 km, however,
is close to 5%, inmuch better agreement with model results, and signifi-
cantly less than the 13% increase obtained by Lean [1982]. The LIMS
data do not show any systematic temperature changes near 30 km that
could be related to the ozone daytime increase.

In view of the limited and somewhat uncertain data discussed above,
the magnitude of possible discrepancies between observed and theoretical
diurnal ozone variations in the stratosphere is not clearly defined.
Larger-than-expected increases would tend to substantiate the current
discrepancy in the upper stratosphere ozone abundance, and further high

precision observations are needed.

5.3 Heavy Oxygen and Ozone

The abundance and photochemistry of heavy ozone have recently become
a topic of interest, primarily as a result of the controversial balloon-

borne mass spectrometer data of Mauersberger [1981]. These results show a
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(2]

significant enhancement in 5003,re1at1'veto 4003,atstratospheric alti-
tudes from about 23 to 38 km. This effect disappears in the lower
stratosphere and also seems to go to zero near 40 km; the peak enhance-
ment of about 40% occurs near 32 km. Mauersberger [1981] refers to the
work of Cicerone and McCrumb [1980], concerning the enhanced bhotodisso-
ciation of heavy 02 in the Schumann-Runge bands as a possible source of
heavy ozone in the stratosphere. However, the latter authors were com-
paring the light odd oxygen source (02 photolysis) to the additional
source of light 0x due to heavy 02 photolysis. They alluded to the
l1ikely dilution of isotopic effects in heavy ozone, due to the rapidity
of the Chapman reactions. Since there has been some confusion concern-
ing heavy ozone photochemistry and the expected ozone enhancement in the
stratosphere, we describe below our understanding of the heavy odd oxygen
system.

One should stress that a 40% fractionation in heavy ozone near 30
km is a very large effect. A preferential source near that height would
be required, in order to provide a continuous effect that is not diluted
by dynamics and mixing. Observed isotopic anomalies of a few percent in
meteorites [see review by Clayton, 1978] are considered large; possible
quantum mechanical effects have been discussed by Arrhenius et al. [1979].
Changes of that magnitude or less occur on the Earth as well, as in the
case of ]80 variations in water sources [Epstein and Mayeda, 1953],
where evaporation and distillation processes are thought to play a role.
Fractionation has also been observed in laboratory experiments [e.g.,
Servigne et al., 1962], and a possible mass-independent effect has re-

cently been discussed by Thiemans and Heidenreich [1983]. On the other
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extreme, Clancy and Muhleman [1983] have detected an unexplainably large
(factor of two) depletion of the ratio []3C0]/ []ZCO] in the mesosphere
of Venus, relative to the lower atmosphere and the Earth's ratio. He
find no specific clues in any of the above studies, in terms of a large
localized enhancement of heavy stratospheric ozone, relative to observed
ground (laboratory) abundances.

For clarity in this section, we have not followed the reaction num-
bering scheme of Chapter 1. Furthermore, we use the simplified notation

180, ]80]60, and ]803202, respectively, where "e"

®0, %0,, and “0; for
stands for molecular weight eighteen (heavy component). Qualitatively,

of course; the scheme would also hold for oxygen seventeen. For now, we
do not distinguish between the two possible isomers of e03, one with €0

at the center (0%00) and one with %0 at either end of the molecule

(®000). The photochemical reactions of interest are summarized below.

For 1light odd oxygen, the Chapman reactions are

0p +hv > 0+0 3y
O +hv >~ 0, +0 3y
0+02+M + 03+M M
0+0, ~ 0,+0, K,
while the corresponding reactions for eOx are
0, +hv > f0+0 31 = £d; (1< f,<100)
g+ + 50,40 = 535755,
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fog4hv > 0+ %0 AR EAR B
0+902+M > eo3+|~1 kT4 = K
%0+0,#M > C0 4 M K, = Ky

0+%; ~ f0,+0, koy = Ky

0+0; = %040, Kb = ks

The most likely values of rate constants are indicated above, neglecting
"~ effects of a few percent that can be caused by the small mass difference
between the elements of light 0x and heavy Ox' Mass-dependent effects
(tied to the energy levels) have been quantitatively described by Urey
[1947] and Bigeleisen and Mayer [1947] for isotopic exchange reactions.
Based on simple symmetry arguments, the photodissociation of e03 (total
rate jg[eo3]) will produce e02 + 0 twice as many times as it would

02 + eO, implying j;a = ngb' The value of f] has been estimated by
Cicerone and McCrumb [1980] and could be as large as 100 in the meso-
sphere, dropping to 1 in the middle and lower stratosphere. In addition,
isotopic exchange reactions between atomic and molecular oxygen should
be rapid [e.g., Ogg and Sutphen, 1954] and this fast "scrambling" process

has been examined in the laboratory [Jaffe and Klein, 1966]:

-555/T

0 +0, - 0+ k.. = 6.5x10712 &

2 2 £l
2 kgg =kgy/2

From symmetry araquments, kE1/kE2 =~ 2, since the exchange between 0 and.O2

always leads to 0 + e02, whereas a "do nothing" channel exists for the
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reverse reaction. As recently discussed by Kaye and Strobel (1983), kEI/kEz
is probably slightly larger than 2 (2.16 at 298K), but this does not affect
our analysis, since the expected variation (versus T or z) is less than 5%.
The ratio [302]/ [02] is equal to 0.409% [Nier, 1950] and should be
constant in.the Earth's stratosphere and mesosphere. The above exchange

reactions lead to rapid equilibrium, given by

kge[50100,] = k,[01E%,] (60)
so that
%01/ [0] = ez [e02] 1 (0.004) = 0.002 (61)
E] [02] -E . = .

The balance of production and loss terms for heavy ozone is written as
e e e re _ ps@ .8 \re B B
kS [010%0,10M] + k5, [%0100,1(M] = (35, +35,) (%01 + k5, [01(%0,]  (62)

which can be combined with (61) to yield the expected heavy ozone mixing
ratio:

(0,1 {K], *kTplkep/key ) LOIC0,1IM [%0,]
[0,] (355 * 3pp * k5,001) [05] [0,]

Using k$a=k$b=k], j§a+j‘2*b=j2, kgo/kgq = 0.5, and k§a=k2, along with

the fact that kz[O]< 0.01 Jp» and that k][O][Ozj[M]=,j2[O3], we obtain

[0,] 3 -

[°0,] "
O P =6.1x10

[0,] [0,]

(64)

which is the ratio observed at the ground by Mauersberger [1981]. Our
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result is not height-dependent. We note that if we consider the forma-
tion of isomers 000 and 0°00 in the addition of atomic oxygen to either

side of the oxygen molecule

P(®000) = 0.5 kfa[OJ[eozj + k?b[QOJ[oz]

[}

k8_[010%0,] (65)

whereas

p(0%00) = 0.5 k?a[0][302] = 0.5 P(%000) (66)

For equal photolysis rates of these isomers, we then expect [®000] = 2[0600]
as a result of the preferential formation of the €000 isomer. Although
Mauersberger's mass spectrometer cannot distinguish between these two
isomers, high resolution spectroscopic observations could.

The production and loss rates for heavy odd oxygen, as well as the
modifications to the light odd oxygen system are summarized in Table V.
Reactions involving HO*, NOX, or C]Ox are negligible in the destruction
of heavy odd oxygen, given the magnitude of terms such as kE][eOJ[Oz] or
even jga[e03]. The main uncertainty in Table V centers around j?, which
has been estimated by Cicerone and McCrumb [1980]. In the production
terms for eO, the fast isotopic exchange rate dominates by two orders of
magnitude or more throughout the stratosphere, even if j$= 100j1 below
about 40 km (a factor of ten larger than the upper limit of Cicérone and
McCrumb, 1980). Terms such as jgb[e03] or k?a[o][eoz][M] will also domin-
ate over j?[eoz], at least in the stratosphere. Even if the Cicerone and

McCrumb calculations significantly underestimated the magnitude of the
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Table V. Production and Loss Rates for er and Ox+

Species Production Rate Loss Rate
e e e
0 kE2[0][ 02] kEl[ 0][02]
+ 35, 15051 + 33[%0,] + k8, [%0100,1(M]

+ k5, [%0100,]

%0, k],[010%0,1[M] (32, * 35,001
+ k§,[50100,1M] + k3, [01[%0,]
®0, ke,[01050,] kgq [50100,]
+ k8 _[01[%0,1(M] + §3.0%0,1
+ 38%,] + k§,[01C%0,]
+ k3, [50][0,]
0 330%,1 + 35,%0,] k3 ,L010%0,1(M]
+ k5. [01(%0,4]
0, k5[ 50100, ]
0, 2370%,] 2k5,[010°0,]
(see text) N 2k§b[e01[03]
-f.

For the 0x system, only additional production and loss terms due to
heavy oxygen photochemistry are indicated.
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heavy 02 photolysis rate, we cannot arbitrarily set j?= 1000j1 or more,
without affecting the average atmospheric transmission in the Schumann-
Runge bands, in conflict with observations of direct solar flux. Heavy
oxygen photodissociation will not affect heavy ozone, although it can
still play a role in terms of light ozone production. We can rewrite

equation (63) as:

(03] (K§y/ky) * LKGu/ky) (kep/key)T [0,

.e,. (67)
[0,] (38/3,) [0,]

In order to get a 40% enhancement over the factor of 1.5[e02]/[02], signi-
ficant departures from the expected values of (kla/kl)’ (klb/kl)’

(kEZ/kEl)’ (jg/jz) or even [902]/[02] would be required. Moreover, small
mass-dependent effects would tend to favor the lighter isotope reaction

over the heavier one. In terms of jg, we do not have a situation similar

to the intricate Schumann-Runge band region and photodissociation of heavy

0,. A large (40%) decrease in jgljz would be needed to =nhance e03 by 40%.It is

hard to explain the preferential enhancement near 30 km. Temperature

varies smoothly (by ~10%) from 20 to 40 km, and temperature variations
over a day are also small. Mauersberger's measurement was made at night
and showed some temporal variation. We do not expect any nighttime change
in e03, since both production and loss mechanisms disappear at night.
Further measurements and checks for possible contamination of any kind
should be performed. Spectroscopic observations could also be attempted.
A quantitative detection of heavy ozone in infrared spectra (0. Raper,
private communication, 1983) does not appear feasible at this time, pri-

marily because the exact line positions and parameters do not seem to be



253

known well enough. Microwave spectra from the ground [de Zafra et al.,
1983] show the presence of heavy ozone in the atmosphere with the expected
average abundance (P. Solomon, private communication, 1983), although this
method is not accurate enough for the detection of a possible 40% en-
hancement near 30 km. Accurate balloon-borne observations could improve
this situation. We have a little trouble believing that the existence of
a phenomenon that can significantly and preferentially enhance heavy
ozone near 30 km is more 1ikely than the existence of a process that some-
how contaminates the experiment itself, although it is certainly worth pur-
suing this question without ruling anything out. Kaye and Strobel [1983]
have independently discussed the apparent difficulty associated with any
significant heavy ozone enhancement in the stratosphere.

Heavy oxygen photochemistry provides a source of light odd oxygen,
as shown in Table V. If we make use of the equilibrium between the

secondary production and loss terms for eOx,

35,05051 = 370%0,1+k3,[010%0,1(M] - k3, [01C%0,1 - k5, [°01(0,1 ,

in addition to the terms related to 0 and 03, we obtain net production and
loss terms for Ox’ as shown in the table. The additional loss terms for
Ox are small (< 15%), compared to 2j$[e02], for reasonable values of j?

in the stratosphere and mesosphere. A net 0x source of 30% could result
from heavy oxygen photolysis near 60 km, but Cicerone and McCrumb [1980]
find less than a 5% increase in 03 near 40 km. Although the calculations
related to this additional source are approximate, we tend to agree with

the upper 1imit results of the above authors. Even with low (continuum)
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average absorption cross sections in the Schumann-Runge bands of 02 (and
hence higher fluxes), the contribution to 0x from e02 photolysis will not
be nearly as large as the 50% discrepancy in upper stratospheric O3 would

require.



255

References

Aimedieu, P., P. Rigaud, and J. Barat, The sunrise ozone depletion problem

of the upper stratosphere, Geophys. Res. Lett., §’ 787, 1981.

Allen, M., J. I. Lunine, and Y. L. Yung, The vertical distribution of ozone
in the mesosphere and lower thermosphere, submitted to J. Geophys.
Res., 1983.

Anderson, J. G., Free radicals in the Earth's stratosphere: A review of re-

cent results, Proceedings of the NATO Advanced Study Institute on

Atmospheric Ozone: Its variation and Human Influences, Report No.

FAA-EE-80-20, U. S. Dept. of Transportation, pp. 233-251, 1980.
Anderson, J. G., H. J. Grassl, R. E. Shetter, and J. J. Margitan, HO2 in

the stratosphere: Three in situ observations, Geophys. Res. Lett., §,

289, 1981.
Arrhenius, G., J. L. McCrumb, and N. Friedman, Primordial condensation of
meteorite components--Experimental evidence of the state of the

source medium, Astrophys. Space Sci., 65, 297, 1979

Barnett, J. J., J. T. Houghton, and J. A. Pyle, The temperature dependence

of the ozone concentration near the stratopause, Quart. J. Roy.

Meteorol. Soc., 101, 245, 1975.
Bigeleisen, J., and M. G. Mayer, Calculation of equilibrium constants for

isotopic exchange reactions, J. Chem. Phys., 15, 261, 1947,

Burnett, C. R., and E. B. Burnett, Spectroscopic measurements of the verti-
cal column abundance of hydroxyl (OH) in the Earth's atmosphere, g;v

Geophys. Res., 86, 5185, 1981.

Burnett, C. R., and E. B. Burnett, Vertical column abundance of atmospheric

OH at solar maximum from Fritz Peak, Colorado, Geophys. Res. Lett.,
9, 708, 1982.




256

Cicerone, R. J., andJ. L. McCrumb, Photodissociation of isotopically heavy

heavy O2 as a source of atmospheric 03,Geophys. Res. Lett., 7, 251, 1980.

Clancy, R. T., and D. 0. Muhleman, Ameasurement of the ]2C0/13C0 ratio in the

mesosphere of Venus, submitted to Astrophys. J., 1983.

Clayton, R. N., Isotopic anomalies in the early solar system, Ann. Rev.

Nucl. Part. Sci., 28, 501, 1978.

Cunnold, D. M., F. N. Alyea, and R. G. Prinn, Preliminary calculations

concerning the maintenance of the zonal mean ozone distribution in

the northern hemisphere, Pure Appl. Geophys., 118, 329, 1980.
DelLuisi, J. J., C. L. Mateer, and D. F. Heath, Comparison of seasonal vari-

ations of upper stratospheric ozone concentrations revealed by

Umkehr and Nimbus 4 BUV observations, J. Geophys. Res. 84, 3728, 1979.
DeMore, W. B., R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo,
C. J. Howard, M. J. Molina, and A. R. Ravishankara, Chemical

Kinetics and Photochemical Data for Use in Stratospheric Modeling,

JPL Publication 82-57, Jet Propulsion Laboratory, Pasadena, Cali-
fornia, 1982.

deZafra, R. L., A. Parrish, P. M. Solomon, and J. W. Barrett, A measurement
of stratospheric HO2 by ground-based mm-wave spectroscopy, submitted

to J. Geophys. Res., 1983.

Drummond, J. R., and R. F. Jarnot, Infrared measurements of stratospheric

composition II. Simultaneous NO and NO2 measurements, Proc. Roy. Soc.

London, A, 364, 237, 1978.

~ s

Diitsch, H. U., The ozone distribution in the atmosphere, Can. J. Chem., 52,

1491, 1974.
Epstein, S., and T. Mayeda, Variation of 018 content of waters from natural

sources, Geochimica Cosmochim. Acta, 4, 213, 1953.




257

Frederick, J. E., B. W. Guenther, and D. F. Heath, Spatial variations in
tropical ozone: The influence of meridional transport and planetary
waves in the stratosphere, Beitrdge zur Physik der Atmosphire, 50,

496, 1977.

Frederick, J. E., R. B. Abrams, R. Dasgupta, and B. Guenther, An observed

annual cycle in tropical upper stratospheric and mesospheric ozone,

Geophys. Res. Lett., 7, 713, 1980.
Frederick, J. E., F. T. Huang, A. R. Douglass, and C. A. Reber, The distri-

bution and annual cycle of ozone in the upper stratosphere, J.

Geophys. Res., §§, 3819, 1983.

Gille, J. C., P. .L. Bailey, and J. M. Russell, III, Temperature and composi-
tion measurements from the LRIR and LIMS experiments on Nimbus 6
and 7, Phil. Trans. Roy. Soc. London, A, 296, 205, 1980.

~

Ghazi, A., A. Ebel, and D. F. Heath, A study of satellite observations of

ozone and stratospheric temperatures during 1970-1971, J. Geophys.
Res., 81, 5365, 1976.
Hartmann, D. L., Some aspects of the coupling between radiation, chemistry,

and dynamics in the stratosphere, J. Geophys. Res., 86, 9631, 1981.

Hartmann, D. L., and R. R. Garcia, A mechanistic model of ozone transport

by planetary waves in the stratosphere, J. Atmos. Sci., 36, 350,

1979.
Harwood, R. S., and J. A. Pyle, The dynamical behavior of a two-dimensional

model of the stratosphere, Quart. J. R. Met. Soc., 106, 395, 1980.

~

Heaps, W. S., and T. J. McGee, Balloon borne LIDAR measurements of strato-

spheric hydroxyl radical, J. Geophys. Res., §8, 5281, 1983.

Heath, D. F., C. L. Mateer, and A. J. Krueger, The Nimbus -4 backscatter



258

ultraviolet (BUV) atmospheric ozone experiment--Two years' opera-

tion, Pure Appl. Geophys., 106-108, 1238, 1973.

Herman, J. R., The response of stratospheric constituents to a solar eclipse,

sunrise, and sunset, J. Geophys. Res., 84, 3701, 1979.

Herman, J. R., and J. E. Mentall, 02 absorption cross sections (187-225 nm)

from stratospheric solar flux measurements, J. Geophys. Res., 87,

8967, 1982.

Hilsenrath, E., Ozone measurements in the mesosphere and stratosphere dur-

ing two significant geophysical events, J. Atmos. Sci., gg, 295,
1971.

Horvath, J. J., N. Orsini, A. R. Douglass, and J. E. Frederick, Nitric
oxide in the upper stratosphere: measurements and geophysical in-

terpretation, J. Geophys. Res., in press, 1983.

Hudson, R. D., and E. I. Reed (eds.), The Stratosphere: Present and Future,

NASA RP 1049, 1979.

Hudson, R. D. (editor-in-chief), et al. (16 editors), The Stratosphere

1981: Theory and Measurements, WMO Global Ozone Research and Monitor-

ing Project Report No. 11, 1982.
Jaffe, S., and F. S. Klein, Isotopic exchange reactions of atomic oxygen

produced by the photolysis of NO2 at 36602, Trans. Faraday Soc., 62,

3135, 1966.
Johnston, H. S., Global ozone balance in the natural stratosphere, Rev.

Geophys. Space Phys., 13, 637, 1975.

Johnston, H. S., and J. Podolske, Interpretations of stratospheric photo-

chemistry, Rev. Geophys. Space Phys., 16, 491, 1978.

Kaye, J. A., and D. F. Strobel, Enhancement of heavy ozone in the Earth's

atmosphere?, J. Geophys. Res., in press, 1983.




259

Ko, M.K.W., and N. D. Sze, Effect of recent rate data revisions on strato-

spheric modeling, Geophys. Res. Lett., 19. 341, 1983.

Krueger, A. J., The mean ozone distribution from several series of rocket
soundings to 52 km at latitudes from 58°S to 64°N, Pure Appl.
Geophys., 106-108, 1272, 1973. |

Krueger, A. J., and R. A. Minzner, A mid-latitude ozone model for the 1976

U. S. Standard Atmosphere, J. Geophys. Res., gl, 4477, 1976.

Krueger, A. J., B. Guenther, A. J. Fleig, D. F. Heath, E. Hilsenrath, R.
McPeters, and C. Prabhakara, Satellite ozone measurements, Phil-

Trans. R. Soc. London, A, 296, 191, 1980.

Kurzeja, R., Effects of diurnal variations and scattering on ozone in the
stratosphere for present-day and predicted future chlorine concen-

trations, J. Atmos. Sci., 34, 1120, 1977.

Lean, J. L., Observation of the diurnal variation of atmospheric ozone, J.

Geophys. Res., 87, 4973, 1982.
London, J., J. E. Frederick, and G. P. Anderson, Satellite observations

of the global distribution of stratospheric ozone, J. Geophys. Res.,

82, 2543, 1977.
Mauersberger, K., Measurement of heavy ozone in the stratosphere, Geophys.
Res. Lett., 8, 935, 1981.

Mauersberger, K., R. Finstad, S. Anderson, and P. Robbins, A comparison of

ozone measurements, Geophys. Res. Lett., 8, 361, 1981.
McPeters, R. D., The behavior of ozone near the stratopause from two years

of BUV observations, J. Geophys. Res., 85, 4545, 1980.

Mihelcic, D., D. H. Ehhalt, G. F. Kulessa, J. Klomfass, M. Trainer, U.

Schmidt, and H. Rohrs, Measurements of free radicals in the



260

atmosphere by matrix isolation and electron paramagnetic resonance,

Pure Appl. Geophys., 116, 530, 1978.

~

Nagatani, R. M., and A. J. Miller, Stratospheric ozone changes and trans-
ports during the first year of SBUV observations November 1978 -

October 1979, J. Geophys. Res., in press, 1983.

Nicolet, M., Stratospheric ozone: An introduction to its study, Rev. Geophys.

Space Phys., 13, 593, 1975,

Nier, A. 0., A redetermination of the relative abundances of the isotopes
of carbon, nitrogen, oxygen, argon, and potassium, Phys. Rev., 7,
789, 1950.

Ogg, R. A., Jr., and W. T. Sutphen, Reactions of atomic oxygen with molecular

oxygen, Disc. Faraday Soc., 17, 47, 1954,

Prasad, S. S., Possible existence and chemistry of C]O.O2 in the strato-
sphere, Nature, 285, 152, 1980.

Prather, M. J., Ozone in the upper stratosphere and mesosphere, J. Geophys.
Res., §§, 5325, 1981.

Pyle, J. A., and C. F. Rogers, Stratospheric transport by stationary

planetary waves--the importance of chemical processes, Quart. J. R.

Met. Soc., 106, 421, 1980.

~

Reed, R. J., and K. E. German, A contribution to the problem of strato-

spheric diffusion by large-scale mixing, Mon. Weather Rev., gg, 313,
1965. '

Reiter, R., and M. P. McCormick, SAGE-European ozone-sonde comparison,
Nature, 300, 337, 1982

Remsberg, E. E., J. M. Russell, III, J. C. Gille, L. L. Gordley, P. L.

Bailey, W. G. Planet, and J. E. Harries, The validation of Nimbus



261

7 LIMS measurements of ozone, submitted to J. Geophys. Res., 1983.

Rood, R. B., and M. R. Schoeberl, A mechanistic model of Eulerian,
Lagrangian mean, and Lagrangian ozone transport by steady planetary

waves, J. Geophys. Res., 88, 5208, 1983.

Roscoe, H. K., J. R. Drummond, and R. F. Jarnot, Infrared measurements of
stratospheric composition III. The daytime changes of NO and N02,

Proc. Roy. Soc. London, A, 375, 507, 1981.

~ o as

Rusch, D. W., G. H. Mount, C. A. Barth, G. J. Rottman, R. J. Thomas, G. E.
Thomas, R. W. Sanders, G. M. Lawrence, and R. S. Eckman, Geophys.
Res. Lett., 19, 241, 1983.

Russell, J. M., III, J. C. Gille, E. E. Remsberg, L. L. Gordley, P. L.
Bailey, S. R. Drayson, H. Fischer, A. Girard, J. E. Harries, and
W.F.J. Evans, Validation of nitrogen dioxide results measured by
the Limb Infrared Monitor of the Stratosphere (LIMS) experiment on
Nimbus 7, submitted to J. Geophys. Res., 1983.

Servigne, M., F. Mahieux, and P. Vernotte, An enrichment effect of oxygen
in the isotope oxygen-18 obtained during an experiment with concen-
trated ozone, Nature, 193, 775, 1962.

Solomon, S., H. S. Johnston, M. Kowalczyk, and I. Wilson, Instantaneous
global ozone balance including observed nitrogen dioxide, Pure Appl.
Geophys., 11§, 59, 1980.

Solomon, S., D. W. Rusch, R. J. Thomas, and R. S. Eckman, Comparison of
mesospheric ozone abundances measured by the Solar Mesosphere Ex-

plorer and model calculations, Geophys. Res. Lett., 10, 249, 1983.

Sreedharan, C. R., and A. Mani, Ozone and temperature changes in the lower

stratosphere, Pure Appl. Geophys., 106-108, 1576, 1973.

~ e




262

Strobel, D. F., Parametrization of linear wave chemical transport in

planetary atmospheres by eddy diffusion, J. Geophys. Res., §§, 9806,

1981.

Thiemans, M. H., and J. E. Heidenreich III, The mass-independent fraction-
ation of oxygen: A novel isotope effect and its possible cosmo-
chemical implications, Science, glg, 1073, 1983.

Urey, H. C., The thermodynamic properties of isotopic substances, J. Chem.
Soc., April, 562, 1947.

U. S. Standard Atmosphere 1976, U. S. Government Printing Office, Washing-

ton, D. C., 1976.

Zellner, R., and V. Handwerk, Kinetics of the reactions of C10 radicals
with NO2 and 02, Paper presented at the International Symposium on
Chemical Kinetics Related to Atmospheric Chemistry, Tsukuba,
Ibaraki, Japan, June 6-10, 1982.

Zucconi, J. M., G. Moreels, and J. P. Parisot, Photolytic effects of solar
radiation at stratospheric levels during sunrise and sunset, Can. J.

Phys., 59, 1158, 1981.



263

CONCLUSIONS

We have discussed and tested our photochemical model, in relation
to certain observations of minor and trace gases, as well as solar radia-
tion measurements in the Earth's stratosphere. Progress has been made in
the recent acquisition of atmospheric as well as laboratory data; the
latter help reduce model uncertainties due to photochemical input data,
while the former obviously are needed in order to test our current under-
standing of photochemistry. The present state of the atmosphere has to
be better defined and understood, if we are to believe predictions of
small (but possibly important) column ozone depletion rates.

We have shown that the vertical distribution of certain species, in
particular the halocarbons, is quité sensitive to the assumed absorption
cross sections of molecular oxygen in the Herzberg continuum. The direct
solar flux measurements in the stratosphere [Herman and Mentall, 1982]
should provide further incentive for a confirmation of the suggested re-
duction in 02 cross sections. Similar measurements recently performed in
the 28 to 39 km range [Anderson and Hall, 1983] also indicate that a re-
duction in these cross sections is in order. Our model results demon-
strate that a much better fit to mid-latitude CFC]3 observations arises,
when reduced cross sections are used. Such factors will affect the life-
time of halocarbons in the stratosphere, and consequently, the ozone
depletion estimates [Ko and Sze, 1983]. We also find that the current
photochemical model provides a reasonably good fit to average C10 data,
as well as OH, HOZ’ and NOx observations. In fact, older chemistry is

generally not as acceptable, in terms of such observations (e.g., the
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slope and magnitude of the C10 profile, OH and HO2 ground-based data,
[HN03]/ [N02] ratio). The model comparison to diurnal C10 observations
indicates at least first order agreement in terms of a breath%ng cycle
with CIONOZ. '

However, certain discrepancies remain, or have recently surfaced. Low
C10 abundances at certain times (morning in particular) are hardly explain-
able 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 C10 and HC1 at various altitudes would repre-
sent a significant step in our attempt to close the gap between models and
observations. The slope of the HCl1 profile is generally steeper than
model predictions, and although individual profiles vary, a systematic
difference appears to exist. In parallel with C10 and HC1 observations,
we have discussed the COFZ-HF system, whose modeling is uncertain primarily
because of the uncertainty in the COF2 photodissociation quantum yield.
Simultaneous observations of these two compounds, as well as further labo-
ratory studies of COFZ, would help reduce such uncertainties in the
fluorine reservoir species, which are linked to the chlorine reservoirs
through their cormon source. Observations of ethane in the stratosphere
have proved controversial, and later data are in much better agreement
with model results (P. Fabian, private communication, 1983). Before the
modelers lose too much sleep over possibly large discrepancies.in lower
stratospheric chlorine, we should obtain accurate confirmation of unusu-
ally high ethane abundances. Caution toward observational contamination

should also be used, when attempting to explain the amount of scattered
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flux observed in the stratosphere at wavelengths near 200 nm (see Chapter
2).

The mean ozone abundance in the upper stratosphere is higher than in
current photochemical models by about 50%. This is a systematic effect,
apparent in virtually every observation, so that an underestiméte of ob-
servational uncertainties does not seem to be a likely explanation. It
is true that over five years ago, photochemical models were predicting too
much ozone, so that certain changes have occurred in the photochemical
data, as well as the inclusion of NOx and C]Ox catalytic loss processes,
in order to reduce the 03 abundance by more than 50%. However, we cur-
rently have a more accurate and trusted laboratory data base, so that it
is not as easy to argue for possible changeslin rate constants or absorp-
tion cross sections. Further comparisons between various models should be
performed. Our sensitivity analysis essentially rules out the possibility
of one large necessary adjustment in the current photochemical scheme. A
combination of six to ten smaller adjustments to certain key parameters,
all changed in the right way to increase the ozone abundance, is not satis-
fying either. Moreover, we have to realize what such chanaes will do to
mesospheric models and to radical concentrations which have been measured
in the stratosphere and mesosphere, although one could argue that some of
these data do not yet provide a good mean distribution and that variability
certainly exists. We note that the O(ID) concentration is a key variable
that could change the ozone concentration without affecting the radicals
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 production and
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loss mechanisms for 0(10) are not large enough. The atomic oxygen con-
centration (relative to ozone) is also an important variable, although
changes in the stratosphere would probably lead to similar or larger
changes in the mesosphere. The photodissociation rate of 0, is the major
term for 0x production, but given the uncertainties in absorption cross
sections, we are faced with uncomfortable uncertainties in the value of
this key rate (particularly in the lower stratosphere). We note that re-
cent indications would tend to lower 0(02), thus allowing more flux in
the lower stratosphere and increasing the global production of ozone.
This increase, however, should not manifest itself in the upper strato-
sphere, where transport processes should be of minor importance, and where
a decrease in 0(02) leads to a decrease in 03 concentration. High-quality
observations of the diurnal behavior of ozone in the stratosphere could
suggest the existence of an ozone source; there are such indications in
existing data, although the limited evidence should be considered with
caution. Observations of a 40% enhancement in heavy ozone near 30 km
[(Mauersberger, 1981] provide another ozone discrepancy that we find very
difficult to explain, given our presentation of the relevant photochemi-
cal reactions.

In terms of future research, more attention has to be paid towards
quality of observation and the relevance to our gain in understanding.
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 HOZNOZ’
HOC1, C]ONOZ, NZOS’ or COF2 would obviously increase the possibilities of

comparing observations with models, which in that respect are ahead of the
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observations. Simultaneous observations are still of primary importance
and NASA is (rightly so) presently focusing more on joint balloon flights
and intercomparisons between various measurement techniques. In other
words, one more C10 profile is not nearly as important as a simultaneous
detection of C10 and HCl1, possibly by more than one or two ingtruments.
Global satellite observations are also becoming more frequent, accurate
and sophisticated; Comparisons of multi-dimensional models with latitu-
dinal variations of stratospheric gases will also 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 et al., 1983]. Despite
the encouraging results, there are indications that some missing factors
still exist in relation to the NOx reservoirs at high latitudes. Any
changes that can affect the current state of the stratosphere will have
some effect on ozone depletion estimates. Cicerone et al. [1983] stress
the existence of nonlinear effects related to the chemistry (1-D model).
The global interaction of dynamics and chemistry provides for even more
nonlinearities and uncertainties.

The discovery--or at least the indication--of missing factors in
current photochemical models is being facilitated by the continued efforts
of laboratory kineticists, who help reduce model uncertainties, as well
as the improvement in stratospheric observations and global coverage. The
importance of excited states for certain species has not yet been analyzed
in great detail. 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
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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 missing-- spots.
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Appendix A
GEOMETRIC RAY PATH CALCULATION IN SPHERICAL SHELL ATMOSPHERE

Referring to Figure 4 in section 1.3, we wish to calculate the (non-
refracted) path length ﬁ;T'in the plane A 0S defined by the Sun, the
Earth's center and point Ao (1atitude %9 local hour L(t), and solar
declination § determine X, » see equation (6)). We use the symmetry about

0
the tangent point M to write:

AOT = 2A°M + COT (A1)
Let us define OA0 = ha = R+za
0 0]
OA, = h. =R+z
1 a] a]
and Sa] = AOK]

and similar quantities for points A2,A3,--- down to Al’ the lowest level
before the tangent point M. Simple trigonometry in triangle OAOA] relates

the following quantities:

which can be solved for sa
1

S 2 oz 2 1/2
s. =[ht - ha sin"x, ] -+ha

cos X (A3)
a1 a3 1 a

1 1

leading to the general equation (8) of Chapter 1. Moreover, let

OM = qn= R+-zm, and consider triangles OMA0 and OMA], for which:
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hm 2 haocos(xao-n/Z) = ha]cos(xa]'-n/Z) (A4)

which leads to

Xal =7m/2 + arccos{(hao/ha1) cos(xao-v/Z)} (A5)

as described in section 1.3 (equation (7)) for any xai along the ray path.
Starting at Ao’ we can use (A5) and (A3) to calculate the incremental

path lengths in each layer down to Al‘ This integration is stopped when

z becomes less than z_= (R+-za0) cos(xao-'n/Z)- R. The tangent layer

contribution (often quite large) is given by K;ﬁ = s

n = [(R+2, 2= (Rez )2 (36)

The average density between z and Zaz is obtained by simple linear in-
terpolation between the two levels that define the tangent layer. In

case the model's lowest altitude level is above portions of the ray path,
the path length through these layers can still be obtained accurately as

in (A6). The average number density below the lowest level is extrapolated
by assuming an exponentially varying profile with scale height defined
by the Towest two levels available. This could be done more accurately

(in particular for ozone) by storing model profiles. The ray path length
calculation for x < m/2 proceeds in a manner very similar to the above
procedures. From C0 to T (top level), and with angles xco, Xc.s ©°° UP

1
to Xct defined by:

x~ = (m/2) -arccos{(h. /h. ) cos(x. -7/2)} (A7)
Ci : Co Ci co
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as in (A5) except for a sign change, we find the incremental path lengths

- 2 = 2 /2
= [h =h sin Xci- ] - he

cos X¢ (A8)
1 j-

i-1 1

This is equivalent to an incremental path length symmetrically located
with respect to the tangent point, as it should be, if one replaces

Xc by (“"XC. ) to get a general expression similar to (A3) or (8),
]-

i-1
using the identities sin(m-x)=sin x and cos(m-yx) = -cos x. Finally,

the contribution above the top level T is added by multiplying the normal
column density N(zt) = "(Zt) H(zt) for each absorbing species by the ap-

propriate Chapman correction factor.
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Appendix B
CHAPMAM FUNCTION Ch(X,x)

Referring to Figure B], we note that the zenith angle x along a ray
path increases as the ray gets deeper into the Earth's atmosphere. The
slant optical depth T, cannot simply be related to the normal opacity t
by a secx factor ifx is larger than about 75°; below 75°, x varies by
less than 2° from the surface to 100 km altitude. The Chapman function

formulation assumes that the density along the ray path varies as

n(h') = n(h) exp{-(h' - h)/H} (B1)

where h=R+2z, h'=R+2z', and H is a constant scale height. Then,

T ® ands
along ray path
or -
r, - J a(h*) n(h') secx' dn’ (82)
h
Noting that h'sinyx'= hsiny and dh' =-hsiny cos:('/sinzx', we rewrite
(B2) as:
X
t, = o n(h) hJ' exp{(h-h')/H} (sin x/sin®') dy’ (83)
0

which is customarily written as

o n(h) H Ch(X,x) = t Ch(X,x) (84)

~
n

where X = (R+2z)/H = h/H

and the Chapman function replacing sec x (plane parallel atmosphere) is:
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Sunlight

Figure Bl' Schematic representation of geometric ray path
through the Earth's atmosphere, and changing solar zenith
angle along the path.
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X
Ch(X,x) = X sin X f exp{X(1 - sin x/sinx*)} coseczx' dy " (85)
0

for x < w/2.
For zenith angles larger than 90°, we make use of the fact that
Tg(Py) =2t (M) - 7 (P,) in Figure By, and therefore Ch(X,x) =74 (P;)/x(P,)

can be written as:

ZT(M) Ch(xM,TT/Z) = T(Pz) Ch(X’W'X)

Ch(X,x) = nlh) (86)
Now ©(P,) = (Py) = o n(h))H; Xy = X siny
and ©(M) =an(h )H =oHn(h)) exp{(h] - h_)/H}
or t(M) = t(P) exp{X(1-sin x)}

so that (B6) becomes:

Ch(X,x) = 2 exp{X(]-—sin x)} Ch(Xsiny,m/2) - Ch(X,7 - %) (87)
for x > m/2.

Equations (B5) and (B7) correspond to (10) and (11) in section 1.3.



