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1. INTRODUCTION

Ozone is of great importance to the human environment.
Although the amount of this constituent relatively to the total atmo-
spheric gas is- only of the order of 5 x 10-7

ultraviolet radiation which would have biologically harmful effects if

, it strongly absorbs solar

it penetrated to the Earth's surface. Moreover, this absorption leads to
a considerable heating of the upper stratosphere and affects therefore

the atmospheric thermal structure and the general circulation.

In recent years, a number of hypotheses have been put forward
to show that the injection of various antropogenic gases could lead to a
depietion of the ozone amount. Nitrogen oxides ihjected in the strato-
sphere by high altitude aircraft ha?e been considered by Johnston (1971)
and Crutzen (1970; 1972) to be a real threat to the ozone layer. The
release of NO by thermonuclear explésions (Foley and Ruderman, 1972;'
1973; Goldsmith et al, 1973; Johnston et al, 1973; Bauer and Gilmore,
1975; Braséeur, 1978) and nitfogen fertilizers (Crutzen, 1974; Mc Elrdy

et al, 1976) with the possible impact on the ozonosphere has also been
considered. ' ‘
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Mbre recently, Molina and.Rowland (1974) have predicted large
ozone depletion in relation with the injection chlorofiuorocarbonS’
produced in large amount by the industry. The seriousness of this
problem arises from the rapid increase of the.CFC production and from

the long time scales for the effects to be seen.

Most analyses of the aeronomical and meteorological mechanisms
are based on mathematical computer models which have become essential
diagnostic and prognostic tools. These models solve a large number of
continuity equations representing the chemical and photochemﬁcal
‘reactions as well as the effect of the motions which are responsible for
the transport of the long-lived species. In the most sophisticated
models, the momentum and the energy conservation equations are also
solved in order to make the atmospheric energetics cbnsistent with the
chemistry and the photochemistry. :

These questions have been widely discussed 'by the inter-
national scientific community and official reports have been published
by several national or international agencies. The pu;pose'of this paper
is only tu review the main processes involved in the ozone problem and
to the preseht some modellresults, in particular the distribution of
several constituents and the predictions of the likely effects of

anthropogenic gases.

.2. CHEMICAL AND PHOTOCHEMICAL PROCESSES IN THE STRATOSPHERE

The purpose of this section is not to undertake a complete
analysis of the aeronomical proceéses in the stratosphere but to point
" out the chemical and photochemical reactiohs which are essential to
carry out a quéntitative treatment of the ozone chemistry. Further
details can be found in review papers vwhich have been recently published
(see e.g. Nicolet, 1975; Logan et al., 1978; Johnston and Podoléke,
1978). | '
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The balance of the various atmospheric species can be

established by writing for the concentration n, of each constituent i a

continuity equation

a“i S
T + div $i =-Pi - Li; E (1)
where $i is the particle flux, Pi‘and Li are respectively the local rate
of formation and of ‘destruction..The particle flux has to be derived

from the momentum and the energy Balance equations.

The first photochemical theory of ozone was presented in Paris
in 1929 by Chapman and published in 1930. This theory was able to
explain the presence of an ozone layer in the middle stratosphere.
Twenty years later, it was pointed out by Bates and Nicolet (1950) that
the effect of hydrogen radicals was of major importance in the meso-
sphere and in thg upper stratosphere. The possibility of an ozone
depletion by nitrogen oxides was suggested in 1970 by Crutzea (1970)
and, sinég the publication of the famous paper by Johnston (1971),
special attention has been given to the action of anthropogenic NOx
released in the atmosphere by stratospheric aircraft. Also the effects
of nitrate fertilizers, of PCA events and of cosmic rays on the ozono-
sphere have been considererd. More recently Stolarski and Cicerone (1974)
suggested that chlorine might constitute an important sink for strato-
spheric ozone and Molina and Rowland (1974) showed that chlorine could
be present in the atmosphere in relatively large amounts due to the

industrial release of chlorofluoromethanes at ground lievel.

These brief considerations show the necessity of treating the
stratosphere as a complex interacting chemical system. However, for
clarity of presentation, the various reactions will be considered in

progression and different steps introduced.
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2.1. Ozone 'in a pure oxygen atmosphere '

— i
P'f S :

.;_'Ozo;efié prodhted essentially between thevalfiiudes of 25 and
60 kn.. In this atmosphéric region, - a large number of oxygen molecules
are dissociated by 'U.V. radiation below 242.4 nm. The oxygen atoms

produced in this wangéact rapidly with molecularndxygenlto form ozone

(Joz) 02 +,Pyl+ 0+0

(kz)‘ ; 0+ 02 + M- 03 + M

where M is a third body (M = NZ or 02 essentially).

The instantaneous production rate of ozone P(03) =2 JOZ n(02)
varies with altitude, solar zenith angle and ozone content. Integration
over the whole atmosphere leads to an ozone prduction of the order of
1017 g/yr. Additional sources are believed to be very small except in
the troposphere and in the lower stratosphere where '"smog" reactions
based on nitrogen oxides and methane ;re important. The strength of this

latter source will appear later in this section.

Ozone is weakly photolyzed to produce stabie triplet oxygen
atoms O(3P) by visible 1light (450 - 650 nm) and by UV radiation of
wavelength greater than 310 nm '

. . 3 -
(303) i 0y +hv>0(P) +o,

Below 310 nm, the photodissociation leads to O(ID) atoms :

* 1
(JO ) ; 03 + hv »0(D) + 0

3 2

The majority of these electronically excited oxygen atoms are de-
activated by atmospheric molecules to form 0(3P) but a small fraction of
them react with nitrous oxide, water vapor, methane, molecular hydrogen,

etc... as it wili be s<¢en in the following sections.
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Most of the ground state oxygen atoms react with 02 by
reaction (kz) to reform ozone but a small fraction of them recombine

with ozone

(k3) 5. 0+ 0320, +0,
so that the loss rate of bozone in a pure oxygen atmosphere can be
written L(0,) = 2k, n(0) n(?3). |
! | .

This simple desc;iption, represented in fig. 1 is called the
Chapman theory of bzone.EOne can easily show that the corresponding
equilibrium time scale of d3 is less than 1 day at 45 km and larger than
1 year below 25 km. Thus the behavior of ozone will largely differ with
altitude : photochemical eﬁuilibrium conditicns may.be assumed in the
upper stratosphere but a wide departure occurs in the lower strato-

sphere, where transport phepomena predominate.
!
]

The kinetic equations for atomic oxygen 0(3P) and for ozone

can be written

""gg) + k, n() n(0,) n(0) + ky n(05) n(0)
=2 JO2 n(02) + 303 n(03) (2)
dn(0 ) .
dt’ + (35 + 3g) n(0;) + kn(0) n(0y) = k, n(M) n(0,)  (3)

3 3

Since the lifetime of atomic oxygen in the stratosphere is
very short, photochemical equilibrium conditions can be adopted (i.e.

d/dt = 0) and the following expression is a good approximation

J

n(0,) " k, n( n(0) °

When photochemical equilibrium conditions are valid (above

25 km), the ozone concentration can be quantitatively derived from
expression (5).



+hv +0, (+M) -

0Dk , 0,

Fig, 1,-  Aeronomic reactions in a pure oxygen atmosphbere,
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2 _ 2 . 2 2
n2,0y) = 35 B0 8’0 3T (5)
. 03 3

The Chapman theory, and in particular the use of equation (5),
leads to a vertical distribution of ozone which does not fit the
observatigngﬁwith sufficient precision. In the upper stratosphere and in
the mesosphere where photochemical equilibriuﬁ conditions may be assumed
the calculated concentration is larger than the reported observations.
The discrepancy can be explained by the simplicity of the chemical

‘reaction scheme and different corrections have to be introduced. ' -

2.2. The effect of hydrogen compounds

The. first correction may be attributed to the hydrogena_ted
free radicals. The reaction of O(ID) atoms with watér vapor, methane and

molecular hydrogen

(a,®); o('p) + H,0 > OH + oH
~y . 1 '

(a,%);  o('D) + cH, > cHy + OH

(a4%); o('D) + H, > oM +H

leads to the formation of hydroxyl radicals and of hydrogen atoms and,

after subsequent reaction via

.

(a); H + 0, +M>HO, + M,

to hydroperoxyl radicals.

The following reactions

(32) ; H+ 03 »+ OH + 02
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(36) OH+ 0, > HO, + 0

“e

™ Mt fay
(ag,) 3 HO, + 0, > OH +}?Q?;j;
(ag) . OH+O o+ He+ ozf
() ; HO, + 0> oOHf ; 92; o

» .

constitute destruction mechaniéms of odd oxygen with a rate
LHox (03) = [32 n(H) + a, n(OH) + gy n(HOz)l n(03)
+ [a5 n(OH) + a7_n(H02)] n(0) .

. . N .
These chemical reactions of HOx are coupled also by conversion processes

which introduce the action of NO and CO :

(326) 3 Ho2 + NO - No2 + OH

(336) ; OH+ CO - co2 + H.

In a more detailed analysis, other molecules such as»HN03, H°2N°z'.“2°2'
CHA’ HOC1 have to be considered. Figure 2 shows a_schematic representa-
tion of the Hox reaction scheme in the stratosphere.

Since hydroxyl and hyroperoxyi' radicals have a 'ver} short
lifetime in the atmosphere, equilibrium conditions can usually be
adopted. Therefore, neglecting the slowest reactions, the steady state

equations for H and HO2 give the ratio of HO2 to OH as

s 36 a n(M) n(Oz)

n{(OH) = a, n(Q) + 26 n{NO) + ah n(03) l a n(M) n(O?) + a

n(HOz) a_ n(0) + a n(Cd)

Z,n(03)

.

a, n(03)

S ‘ ag n{0) *'336 n{Co) | ] ' - (6)
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Near the stratopause, a good approximation to expression (6) is
n(10,) a

n(OH) " a
while, in the lower stratosphre, one may write

6 356
n{(OH) n(O ) + a__ a(NO)

n(HO,) a n(o, )+ a__ n(cO) .

26b 26
The most 1mportant destruction reaction for HO in the middle

and upper stratosphere 1s the recombination of OH and HO2
; .
(a);) 5 OH + HO, > H,0+0

»

2 2 2.

t

| - : N .
In the lower stratosphere and in the troposphére, the main destruction

s :
is due to the followingireactions :
I

OH + HN03 > HZO + hOj i

OR + HOZI\O2 - H20 + N02 + Q2

OH + H202 * H20 + HO2

Moreover the reaction:

(CZ) ; CHA +0H - CH3 + H20

-

has to be taken into account and the global balance of hydroxyl and
hydroperoxyl radicals can be written in a simple form by the following
" equation (see Nicolet, 1975)

14X )

n(0('D)) [a% n(4,0) + a3 ¢ 52 ) ntan) + ay u(i, )] = a5 n(ON) n(l0,)

A

*t c, ( 155 ) n(CHb) n(OH) '(7)
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where X is a function related to the branching ratio of the photo-~ -
dissociation rate of formaldehyde (Nicolet, 1975); its value is in the
range of 1-2.

2.3. The effect of nitfogen oxides

The second correction which has to be applied to the Chapman
theory is the effect of nitrogen oxides. The main source of nitric oxide

NO is due to the oxidation of nitroux oxide sz. This latter constituent

is produced at ground level by anaerobic bacterial processes. It is

transported into the stratosphere where it is photodissociated

' ' 1
(JNZO) 3 N0 + hv -~ N, + 0('D)

or déstroyed by 6xidation_: | !

- \

- l-\ l _‘ ’
(b38) ; N,O + o('D) » NZ + 0,

Ld

| , |
(by9) 5 N,0 + 0('D) > 2NO

. . \ - .
The continuity equation for nitrous oxide is thus.

an(NzO)_ . - 1
—5— * div $ (00 + [y o + (byg * byg) n(0C'D))] n(N,0) =0

(8)
and the production rate of NO is
= 2 .
P(NO) -b39 n(0{ D)) n(NZO)

As ﬁentioned above, additional sources of nitric oxide can be
considered : the dissociative ionization of Nz by cosmic rays (see
Brasseur and Nicolet, 1973; Nicolet, 1974) or the effect of PCA events
(see Crutzen et al., 1975). |
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Nitric¢ oxide is converted into nitrogen dioxide by reactions

(bg).; " NO + o3 > No2 +0
(326) ;o ?Off H02 + N02

2
v

+ OH

. (cs) ; ~ NO.+ cHO, - .SOZ + CH;0 : ;
but sz is qhiékly reconvertéd’into'NO during the day by the following
processes : : - ' B
. . i
(JNOi) ; 502 +hy > NO+O
+ (bj) ; NO, + 0O > NO+O,
|

The ratio of the NO to NO, concentration is thus given by

2
n(NO) . INo. + b, n(0) , ' ‘

(No)}'b'()f 3(Ho) (CH.0.) )
nENOT o By nl0g7 2y nUHOY) ¥ e nlCH,0,

It can be easily seen.that reactions (b&) and (b3)‘constitute a cata-
lytical c¢ycle destroying odd oxygen., Considering that the photo-
dissociation of N02 leads to the formation of Q(3P) which is quickly
transformed by reaction (k2) into ozone, the additional source term of

03 related to nitrogen oxide becomes

pNOx(OS) - LNOX(03) = JN02 n(NOz) ~.b4'n(N0) n(03) - b3 n(NOz) n(O)

or, if expression (9) is used,
Puo (03 = Iyo (03) = layg n(10,) + cg n(CH;0,)] a(NO) - 2by n(NO, n(O)

Thus, it appears that the action of nitrogen oxides on ozone is
characterized by an additional loss term in the middle and Upperrstrato-‘

~ sphere and a production term in the lower stratosphere and in the tropo-
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f
sphere, as shown in fig. 3. In the simple model which has been used for
the computation of PNO (0 ) and LNo (o ), the cross-over point appears
to be at the altxtude of 13 km. Thus the ozone production due to
nitrogen oxides wh1ch is of great 1mportance to understandlng the ozone
budget, requires a precise determlnatzon of the HO and CH,O, concentra-

2 372
tions.

Other reactions have to be considered since they convert NO
and NO2 into other molecules which have no direct chemicai effect on
ozone and thus constitute reservoirs for nitrogen oxides. These
molecules are for example NO3, NZOS’ HNOS, H02N02, etc... The most
important processes are

]

formation and destruction of HN03

(byy) 3 NO, + OH + M > HNO; + I
J

INo ) ; HNO3 + hv » N02 + OH
(b,7) 5 HNO, + OH » NO, + H,0

{

formation and destruction of NO3

(b ) ; NO, + 0, > NO, + 0,
§03 H N03 + hv » NO + 02:
N03 ; NO, + hv > NO, + 0

formation and destruction of N205

"No + NO. +M > N.O. +M

(byr) s 3 2 2’5
Nzos) ; N205 + hv » No3 + No2
(b35)7s Nzo5 +M N03 + N0, + M

formation and destruction of H02N02

(b
Q]

23) 3 NO, + HO, > HO,NO, |
3 +
HOZNOZ) ; Hozno2 + hv > NO, + HO,
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Figure 4 gives a diagram of the principal reactions'rélated to
nitrogen oxides in the stratosphere and in the mesosphere (where atomic
nitrogen has to be taken into account. '

: . . i H
T — . R - B “ ]

2.4. The effect of chlorinated species,

N R P
The third correction to the Chapman theory of é%dne is the
introduction into the reaction scheme of chlorine and its deriQatives.
Chlorine atoms are produced by dissociation of halocarbons which are -
released at ground level and diffuse slowly towards the stratosphere.
The main natural source of chlorine seems to be due to methyl chloride

CH3C1 which is photodissociated in the stratosphere

(JCH3CI) . CHyCL + kv > CHy + C1

or destroyed by OH in the stratosPhefe and in the tfop05phére

'(dl) : CH3C1 + OH » CHZCI + HZO .

The industrial halocarbons which play the méjor role as anthropogenic
sources of chlorine are carbon tetrachloride CCla, trithorofluorO*
methane CFC].3 (freon 11) and dichlorodifluoromethane CFZCI2 (freon 12).
These gases are photolyzed in the stratosphere by UV radiation

(JCc1 ) ; CCl, + hv » CCl, + CL

4 3 | | :
(JCFC13) ; CFCl, + hv > CFCl, + C1
(JCcm1z) 3 CF,Cl, + hv » CF,Cl + C1

The continuity equations for these species are
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] (cn3c1)
—3 — +aiv § (cH c1) + [J

ot cn3c1 + d; n(0H)] n(CH,C1) =0 . (10)

“an (cC1)) - |
: ~t.div § (cC1,) + 3

cCl

4

an (CFC1.) r x s N
on ( 37 +43iv (crc1 3) * JCFC1 n(CFC1,) = 0 . (12)
ot 3 - ’

—————— L

. 6n(CF cl.) .
— 272 4 4aiv? (CF ,CL,) + 3.

ot CF Cl n(CF CIZ)éz 0 ‘ (13)

| | |
Similar equations can be written for the otheﬁ halocarboﬁs.which are
Teleased in the atmosphere. But considering only;thgse four constituents
and assuming that they are completely dissociated after subsequent
reactions, the production rate of chlorine atoms is giveh by
. \

i

L

) n(CC1,) + 37

P(CIX) = & J . cFe1, n(CFC1, )+ 2 JCF c1 n(CF c12)
4 2772
+ [JCH c1 +d, n(OH)] n(CH c1)

The chlorine atoms reac£ rapid1y with ozone to form chlorine
monoxide C10 which is reconverted into Cl by atomic oxygen and nitric
oxide |

(dz) Cl + 03 -+ Cl0 +_02'
(d3) ; -Clo+0->Cl + 02
(d4) H Cl0 + NO » C1 + NO

-

2

The coupling of reactions (dz) and (d3) constitute a catalytic cycle for

the destruction of odd oxygen and the corresponding loss rate for 0x is

LClx (Ox).= 2 d3 n(CIO)»n(O)
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The ratio of -the Cl to the Cl0 concentration is given by

n{(c1) =_.d3hn10).+wd4wn(N0)u. : _ (14)
n(Clo) ¢, 0a(0,) |

Again, other reactions have to be considered since they lead to the
. ¢ . .

formation of molecules such as HC1, C10N02, HOCl which constitute

' "reservoirs” for chlorine atoms and chlorine monoxide. The most

important processes are

- Formation and destruction of HCl
Cl + CHA - HC1 + CH3_

=lC1 + HO2 + HC1 + 02'

_\HCl +hv > H + Cl

- HCl + OH > H,0 + Cl

- = Formation and destruétion of CIONO2

Cl0 + NOZ + M- ClONO2 + M

c1¢woz + hv » C10 + No,,

CIONO2 + 0 » products
- Formation and destruction of HOC1

Cl0 + HO2 > HOC1 + O

HOC1 + hv » C1 + OH

2

The Cl1X chemistry in the stratosphere is schematically represéhted on
fig. 5. This last equation can be simplified when the relations between
'NO and NO2 on the one hand and between Cl and C10 on the other hand are
expressed. An approximate but general balance equation for ozone can be

‘writtcn :
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dn (03)

+ div § (0,) + 2k, n(0) n(0.)
— 93 3 ™ 3

+ [ag n(OH) + a, n(HOz') + 2by n(NO,) + 2d, n(C10)] n(0)
+ [a2 n(H) + ag rn(OH) tag n(HOz)] n(03)
=2 *’o{‘“’é’ + layg n(noz) + cg n(CH,0,)) ln(NO) (15)

Itvlshould be émphasized that the transport term (div 3(03)) becomes
dominant in the regions where the replacement time 1 = n(03)/P(03)

becomes larger than the residence time of inert tracers, roughly two
- years. Near the equator, the photochemical replacement times are very
short compared.to stratospheric residence times except near the tropo-
pause, where the times are Eomparable. At midd%e and high latitude, the
ozone replacement time T below 20 km are much longer than residence
times. In the region where T is between 4 months and 10 years, the ozone
distribution is a complicated function of photochemical formaﬁion, air

transport and chemical destruction.

The efficiency of a chemical reaction is described by its rate
constant which is generally a function of the temperature T. Table 1
gives the presently preferred values of the rate constants
characterizing the most important chemical reactions in the ozonosphere.

The efficiehcy of a photochemical reaction is provided by the photo-

dissociation coefficient J of the corresponding molecule X. It is given

by the following expression :

J (X

z, X) = / e(X; A). o(X; A). q(A, 2z, X). dv  (16)

B Y - |
vhere o(X; A) is the absorption cross section at wavelength A, (X, A)
is the corresponding quantum yield of the photodissociation and q(A, 2z,
X) is the solar irradiance at altitude z and for a zenith ﬁngle of the
Sun given by Y. The integral has to be performed on all wavelengths

which have to be considered for the photodissociation. When penetrating
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TABLE 1 : Reaction rates of the most important reactions in the strato-

sphere (WMO, 1982).

. . ' -1
Reactions Rate constants cm3 s

0+0+H>0,+H k= 4.7 x 10733 ( 3%9 )2 a(n)
0+0.  +H->0, +H k. = 6.2 x 1073% (32232 L)
2 3 2 -1 _-2h18/1

0 ' 0.+20 k., = 1.5 x 1071} e
3 2 3 -11 109/T
o( D) + N +» 0 P) + N k, = 1.8 x 10 e
2 “ -1 6T
O( D) + O -» 0( P) + 0 k., =3.2 x 10 e
2 2 5
H+ 0, +H>5ho, +H a; =5.5x 10‘32'{§%§ )" 4 a0
H+0,>0, + OH_ a, = X 10‘-10 e /T
| 3 2 veod 2 -11 _110/T
OH+ 0+ H + 02 ag =2.3x 10 e
OH + 0, » HO, + 0, a. = 1.6 x 10712 ¢ 40/T
HO. + g' > oﬁ + 23 : ° 1.4 x 10714 o~380/T
27 V3 2 6p -~ X -1 €
HO, + 0+ 0, + OH ¢ , a, = 3.5 x 1?11
OH + HO, » H.0 + O a.. =8 x 10
LR 17 =10 _-950/T
H + HO, » OH + OH o a.. = 4.2 x 10710 793
| z 23a <11 _-350/T
H+HO, »H, +0 ' a = 4.2 x10 "7 e
2 2 2 23b -11 _-500/T
H+HO, » HO+O - a.. =8.3x10 M1 e |
2 2 | 23c -12  240/T
- HO, + NO » NO_, + OH : a,, =b,, =3.7 x 10 e
2 2 26 = P29 T -1 %
HO, + HO, » H,0, + 0, : a,; = 3.0 x 10 -,
OH + €O > CO, + M ag = 1.35x 100 (1 + P, )
o(ln) + H,0 » OHt + OH a¥ = 2.3 x 1010
o( D) + CHA > CH3 + OH ag = 1.4 x ;0—10 ,
o¢'D) + H, » OH + H a§ = 1.0 x 1070
CH, + OH » CH, + H,0 ¢, = 2.4 x 10712 711O/T
CH§0 + NO > CH,0 + No, g = 7.4 x 10712
(’P) + NO, » NO + 0, b, =9.3x 10712
0, + NO Noz + 0, b, = 3.8 x 1072 e"1380/T .
Ne®s) + No - N, + 0 be = 3.7 x 1071
N(4s) + 0, N0 + 0 b, = 4.0 x 10712 c'322°$r
) <13 -2450/T
No2 + 03 - N03 + 02 b9 = 1.2 x lQ e
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Reactions

Rate constants Cm3 3

-1

N03 + N02 + M- N205 + M

NO, + OH + B » HNO, + M

2 3
HNO3 + OH ~» H 0+ N03
hzos + M- N03 + N02 + M

N20+0(D)~>N2+0

N20 + 0O( D) -+ 2NO

2

2 272

H02N02 + OH -» products

CH3C1 + OH ~» CHZCI + HZO

Cl + 03 » Cl0o + 02

Cl0+ 0> Cl + 02

Cl10 +' NO » C1 + NO2
Cl + CH& » HCl + CH3

Cl + HO2 + HC1 + 02

HC1 + OH » C1 + H 0

2 2
+ 0 » products

Cl10 + NO, + M ~» ClONO + N

CIONO2

Cl0 + H02 -+ HOC1 + 0

CH CCl + OH » CH CCl + H

3 3

HO2 + NO, + M » HO,NO,, + M
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7.2 x 1371
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4 x 10712

1.8 x 10712 @ INUT
2.8 x 1071} "23N/T
7.7 x 1071} 13077
6.2 x 10°12 S1294/T
5.6 x 10712 ¢~1350/T
4.8 x 10”11

) g x 10712 (425/T

see below

3.0 x 10712 ~808/T
= 4.6 x 10"13 e710/T '

5.4 x 10°12 "1820/T

see below'



Three-body reactions with the following expression for their rate ' . = |
3 -l : ‘;-;'“!:‘_ ::
constant k (cm™ s 7). Pl 7
- S . ! ",’ b " :,':.-';
ko n(M)~ {l + [loglo (k n(M/kx )] } . P
k = 0.6 _ e .- ;’
1 + k_ n(M)/X ; .
o » t .
L _ .300 . -n
ylﬂ'll . ko = ko (T/300)
©_ .300 -m
k, = k%% (1/300)
| 300 _ -30
N03 + NOZ + M NZOS + M ko = l..lo x 10 |
: n=2.8
300 _ -13
k399 = 8 x 10
"m =0
NO, + OH + M » HNO, + M k390 = 2.6 x 10730
2 3 : o :
n=2.9
k300 = 2.4 x 1071
[+
m=1.3
- , ' 300 _ ., . i .-3
h02+H02"‘H"H02h02+H ko_‘-...lx 10
: - n=25 .
%300 - 6.5 x 30712
o .
m= 2
C10 + NO, + M » ClONO, + M 0% = 4.5 x 1072, 1.2 x 107 (isomen
' _— n=3.8
300 _ -11 .
ko = 1.5 x 10
m=1.9 .
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TABLE 2 : Photochemical reaétions in the stratosphere.

O, + hv »0 ¢+ 0‘.

2

0, + hv o(’p) + 0

CH

O, +hv2>20+0

3 2

3 2

NO+ hv > N+ 0

N02 + hv > NO + O
N03 + hv 2 products
N,O + hv > N, + o('n)
NZOS + hv = products
H20 + hv » H + OH
HZO2 + hv » Oh + OH
HNO, + hv - OH + NO, - \
INO, + hv'~ products - {
Co, + hv > CO + 0 | 1
, t hv » products '

Cl0 + hv » C1 + O

HC1 + hv » H + C]

HACl + hv » OH + C1

C10%0
CCIA
cel,
CCle2 r
CH3C1 +_hv 2 products

FH3CC1

; L

2 + hv - products
+ hv - products
F + hv > products

+ hv -+ products |

3 + hv - products
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in the atmosphere, the solar i‘rr'ad-iance is éti-:enuaf.ed'by absdrption
essentially by molecular oxygen and by ozone. Its value can also be
altered by scattering effects and by the albedo of the Earth, especially
for the wavelengths larger than 300 nm. Table 2 shows the most important

photodissociation processes in the stratosphere.
/‘—"-

3. DYNAMICAL AND THERMAL PROCESSES IN THE STRATOSPHERE

) Long-lived traces such as CH4, NZO’ CrCs, HZO’ HZ in the whole
atmosphere or such as water vapor in the lower part of the stratosphere
'_ are transported by air motion. Heat produced by sunlight ébsorption is
also subject to atmospheric transport in different atmospheric regions.
The description of the dynamical processes in the atmosphere is very
- complicated since one has to consi'der simultaneously mean motion, waves
characterized by different écales-, eddies, etc... and the ‘mutual '
interactions between these various' mechanisms. Since this paper is
devoted mainly to chemical processes,ionly the general equatjons will be

given hereafter.

3.1. Governing equations of atmospheric dynamics
¥

-

The basic. continuity equations of momentum and energy with
proper boundary an.d initial conditions can in principle describe the
detailed physical state of the atmosphere. These non linear partial
differential equations, which épply in three dimensions, cannct be
treated without severe 'approximations using the available computer
facilities. The conservation of momentum and of energy may be written

respectively as
av 1 _ > o ‘ o
EE"’Z&XV'P‘—)ap“—g*? . (17)

aT _1_ &, Q
dt = pc, at ' ¢, a8



g4

where p is the pressﬁre, p thé denéity; T the absolute_témperaturé, v
air velocity, G the Earth angular velocity; 3 theyfriétional force per
unit mass, Q the net (diabatic) heating raﬁe, E the appérent accelera-
tion due to the Earth gravity and Cl‘) ...the specific hgat of air at
constant pressure. It can be shown (see e.g. Brasseur, 1982) that these

equations can be developed in three dimensional spherical coordinates as

4

ou u ou 'v ) o du
e —— 2D — - —_—
9t a cos @ 3JA a cos ¢ DY (u ;os ?) +w 9z

. 1 3% _p g
va+pacosq: oA FA_O,,f _ .. (19.2)
Q_Y.-r__..._.}_l__ _QY_.;_‘{ .a_.‘_’+w§.Y.+'tB"‘P u
ot acos 9 3XA a J¢ 3z - a
1 % _ . t
+ fu + — -F =0 19.b
- pa 9P @ (19.b)
ow , u ow , v Ow 'vuz o
—t ———— —t - —+—1+2QcosP u
ot a cos @ dA a 99 a
12 _p - | |
tgtrtg 5, " F, =0 _ | | (19.¢)
aT u- 9T , v oT 3T
3t ' acosg O\ T ade ' Yz

-L(QE-}_ u §2+!§E+w.a_2) Q_ (20)

‘pCp Qt a cos ¢ OA adp = 9z .
where 2 is the Earth radius, f = 2 Q sin ¢ the Coriolis factor, A,pand z
‘respectively the longitude, the latitude and the altitude, u, v and w
respectively the zonal, meridional and vertical component of the wind
velocity. These variables are not independent since the conservation of

mass has to be satisfied through the following continuity equation
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ow

1 all 1 3 ( w
oy ———— — (v cos ¢ + — -—==0 21
acos @ ah a cos @ 3<P ) 3z H . (21)

‘where H = kT/mg is the atmospheric scale height.

3;2. Thermal processes in the stratosphere

The heating rate 1n the stratosphere is due mainly to the
absorption of ultraviolet rad1at1on by ozone in the Hartley and Huggins

bands. Its value depends critically on the concentration of O, and is

3
given by (if expressed in K/day)
n(03) - : :
P= J( 0(03; A) F(A, z, X) dA (22)
DCPA B | ,

A
where F is the solar_energy flux at wavélength A, at altitude 2z and for

a solar zenith angle X.

The cooling of the atmosﬁhere below 80 km is due mainly to the
infrared emission of carbon dioxide in the 15 pm band. The contribution
of the 9.6 pm.band emission of ozone accounts for never more than 30-35
percent. In the stratoéphere where local thermodynamic equilibrium
applies, the cooling rate which is proportional to the Planck function
is a direct function of the emitting gas temperature and reaches
therefore a maximum near the stratopausé. Fig. 6 shows the heating rate

due to the different processes occuring in the stratosphere.
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4. MODELLING OF THE NATURAL OZONOSPHERE

The treatment of the governing equation requires a proper
separation of the mean motions and of the waves. In some cases, the
three-dimensional problem is reduced to. a two-dimensional or even a
one-dimensional representation. Even with these simplifications,

valuable conclusions can be obtained.

One of the purposes of numerical models is to verify if the
adopted chemical and photochemical scheme with its related rate
constants takes into account the most important atmospheric processes.
In order to achieve this goal, the concentration fields obtained
theoretically are compared with the available observations. The
discrepancies have to be attributed either to missing reactions, to
errors in some reaction rates or to an inadequateness in the transport

parametrization.

In the recent years, several numerical models have been
developped with vétious' degrees of sophistication. In the most
- comprehensive two or three dimensional models, detailled dynamical
processes afe 'considered as well as feedback mechanisms between
chemical, radiative, thermal and dynamical aspects. One dimensional
models which will be considered here give a simplified'description of
the chemical and phofocﬁemical processes in the atmosphere. They are
useful to estimate, without prohibitive computer time, the sensitivity
of the atmospheric composition to the numerous factors which are
introduced as input data (rate constants, solar irradiance, absorption
cross section, temperature, vertical exchange coefficients, boundary

conditions, ...). In this case, the continuity equation (1) becomes

.ani a¢i . :
5 t5z B v ' | (23)

[}
-~

where the vertical flux ¢i is usually parametrized by an effective

diffusion equation, namely
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In this expression n(M) is the total atmospheric concentfatioh,fi;is'the‘;;h

volume mixing ratio of species i, z the altitud and K the sqféélledr,T

be derived from dynamical considerations. Howev. for  practical’:

reasons, this phenomenological parameter is usually derived by iqéetting”'

the continuity/transport equation for long-lived trace species (such a#;

NZO or.CH4) whose vertical distribution is known with a certain degreéf_

of accuracy.

The 1-D models, despite the limitations of the K theofy, have
been extensively used in studying perturbations to the ozone layer. The
purpose of this section 1is to describe the 1-D model used at the
Aeronomy Institute and to present some of the most significant results.
In order to validate the model, calculated aéd observed distributions

will be compared.

4.1. Model description, simplifications and input

The model which extends up to 100 km altitude considers the
chemical and photochemical reactions which are givean in table 1 and 2.

It can be run in two different versions :

1. a steady-state version in which 3/3t is put eqﬁal to zero.

2. a time-dependent version which does not consider daily or seasonal
variations but which simulates the long term effect of a CFC
injection.

Most results have been obtained with the first versicn which

‘consumes little computer time. The main characteristics of the model are

the following T

LI

vertical exchange or eddy diffusion coefficient wh. *h can in principlef..f

i

i
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Physical domain of definition : thé model extends from 0 to 100 km

altitude in 1 km vertical steps..

Boundary conditions : the concentration or the flux of theilong-

lijgd_Epecieé is held fixed at the lower and upper boundaries (see
table 3). For perturbation calculations the flux of anthropogenic
compounds produced ét ground level is specified. For short;liveﬁ
s?ecies, photochemical conditions are édopted and .no boundary

condition is required..

Transport parameters : The exchange coefficients (K) given by fig.

7 are adopted.

Chemical kinetics system : 0,4, OC’P), o('p), N,0, N, Mo, No,, N,0

2°5°
HNO,, HO,NO,, H, OH, HO,, H,0,, CH,, €O, CH,Cl, CCl,, CF,Cl,,
CFC1

37 Cc1l, Clo0, HC1, HOC1, ClONO2 are treated fully interactively

while O N

b Ny HZO’ H2 and CH,O, concentrations are specified.

372

Photodissociation coefficients : The photodissociation rates are

3

computed for the following conditions : 24 hours average at 30

degrees latitude and at the equinox. Solar fluxes are from Brasseur
and Simon (1981). '

Diurnal variations : The diurnal variation of the concentration is

not computed explicitly since the purpose of the model is to derive
steady state values representing a 24 hours average. For some
reservoir species'such as NZOS the average concentration is far
from the concentration obtained with an average solar illumination.
This constituent is quickly produced during the beginning of the
night but its destruction during the day is very slow and its
concentration never reaches a daytime equilibrium value. For such
temporary reservoir, it is assumed in the model that the nighttime
production is on the average balanced by the daytime destruction.

When two constituents (say X and Y) with larger diurnal variations



TABLE 3 : Boundary conditions.

870

(f = volume mixing ratio; @ = vertical flux).

Constituent Lower 4~ . Upper
| |  boundary bouhdary
(0 km) (100 knm)
N,0 £f=33x10" #=0
CH,C1 £=8.0x 10:20 p=0
cH, f=15 %07 P =0
co £f=1.0x10" 9 =0
a £=1.0x 107 =0
H photochemical f=4.3%x10°%
~ equilibrium ‘ ;
o f=3.0x107° £=5.4x10"°
0, (0+0,) £53.0x 1078 = 5.3 x 1072
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are reacting together, the average of the product X.Y is different
from the product of the mean -values, namely.i.§.'1n this case, it

is assumed in the model that
X.Y=aZX¥

where a can only be‘ﬂetermihed‘from a detailed diurnal model. In
the present work, the value of a'for the differént reactions (e.g.
N02 + 0 or Cl0 + 0) has beem imposed in accordance with the day/
night variations obtained im current diurnal models. With such a
parametrization, large time steps or steady state calculations can

be used, taking into account the effect of the diurnal variation.

7. Other physical data : temperature are tiken from the IAS reference

model.

8. DNumerical method : in order to avoid stiffness problems when

solving the set of differential equations, the short-lived species
are grouped into families (e.g. odd oxygen, odd nitrogen, odd
chlorine, ...). Hence the fast rates due to the strong coﬁpling of
the individual constituents belonging to these families are
eliminated. The different equations are then solved in sequence
using a simple implicit discretisation technique. An iteration has
to be performéd in order to deal wigh the non linear terms. Species
within the families are assumed to be in mutual photochemical

equilibrium.

4.2. Model results

-The interpretation of results provided by the 1-D model is not
straightforward since the calculated concentrations are necessarily
global averages over all 1latitudes and longitudes. Observations are
- obtained at specific locations and time and the comparison with'

calculated profiles is therefore not trivial. Furthermore a satisfactory
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validation would require observational data of many chemical species
obtained simultaneously. Since these conditions can not be achieved, the
analysis of the calculated distributions can only be partial and no

final c¢onclusions can yet be drawn.

Fig. 8 shows for example the vertical distribution of the
ozone concentration. This profile is in rather good agreement with some
observations : the maximum value is located at 23 km with a
corfesponding value of 4.5 x 1012 cm-3. The calculated ozone column is
of the order of 345 Dobson units which corresponds to the value observed
at 45° degrees latitude by Krueger an Minzner (1976). This number is
very sensitive to the chemistry used, even if the shape of the profxle
remains almost the same when current changes are introduced in the:
values of the rate constants. For example, the ozone column is a
function of the tropospheric production of 03 and consequently to the
calculated concentrations of NO, HOZ’ and CH302 which are poorly known
below 15 km. For these reasons, a detailed tropospheric 2-D model is
under elaboration at the Aeronomy Institute. Furthermoré, the shape of
the ozone profile around and below the tropopause is determined by the

value of the eddy diffusion profile and its gradient.

3‘between 0 and 32 km

for different representations of the transport across the tropopause.

Fig. 9 represents the distribution of O

The corresponding (downward) fluxes at 12 km are the following :

- 6.3 x 10 cm.:2 s.1 for the standard case labelled K, -~ 1.6 x 10]0

-2 "1 10 cm-? s}

cm © s = when K is divided uniformly by 3 and - 3.0x 10 for

the Massie and Hunten profile of K.

The‘intensity of the ozone destructién by‘c£10tine compounds
is diréctly related to the emission, transport and photodestruction of
the chlorofluorocarbons. The most important of them, namely CCIA’p
CFZCIZ, CFCI3 CH3CC13 are considered by the model as well as the.
natural CH3CI For the conditions corresponding to the present timej._ 2
fixed mixing ratio based on the observations is ‘prescribed as lower

boundary condition (see table 4).
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T&BLE 4 : Bouqdary conditions of the CFCs at the ground for the "presem

day" atmosphere. =

eral 0 ex10710
cc1, : 1.5 x 10710
CFC1, . 16 x 10710
CF,Cl, -~ 2.8x 10710
CH.cCl . ex10 !
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The mixing ratio of the total chlorine is thus equa1 to 2.6

ppbv. Fig. 10 compares the distribution of the various chlorocarbons of

stratospheric interest. Fig. 11, 12 and 13 compare the calculated

profiles with some available observations taken in southern France. It
can be’;‘é‘én immediately that the model predicts concentration values
which are considerably higher than the observations (a factor of 3 or so
in tbe upper leyeis). The reasons for these discrepancies which appea}
in all current models are yet unclear but several hypothesis-caﬁ be

done. For example, the intensity of the adopted vertical exchange

coefficient can be overestimated. In fact, the results cbtained whem

this coefficient is unifbrmly divided by 3 are in much better agreement

with the observations. However, other problems will appear with other

constituents, such as carbon monoxide arcund the tropopause and in the

upper stratosphere (fig. 14). .
_ : , .
Another reason for the discrepancy between model:and observa-

.tions could be an overestimation in the solar absorption‘which takes
plate in the Schumann-Runge bands of molecular oxygen. This spectral
range plays an important role in the photodestructioh of halocarbons,
especially in the middle and hpper part of the stratosphere. If’this
reason was proved to be right, it could probably also explain the
discrepancies occuring in the case of nitric acid. However the
determination of the Schumann-Runge bands absorption has been done
carefully by Nicolet and Peetermans (1980) and Frederick and Hudson
(1979). Both analysis done separately lead to more or less the same
absorption values. Further work is needed because of the potential
errors both in the fine structure of the Schumann-Runge bands and in the
model representation of the absorption. Finall&, it should'be noted that
most calculations related to the present day aimosphere‘do not consider
the féct that the presently observed distribution of CFCs has not
reached any steady state and these profiles are instantaneous pictures
of an evoluting process related to the source strength (and' its

evolution) at ground level.
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~exchange coefficients.
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_ The atﬁospheric concentrations of Cl0 is of great importance
"sinc‘e‘. the lo‘s!s; rate of ozone is directly related to its value. The
compatison bétéeen observation and theory is not straightforward since
the measurements show a large scatter which 1s not yet explained. Fig.
15 shows t,hat. the general shape of the distribution is rather well
'represented by the model below 30-35 km hut that it is not the case
anymore in the upper stratosphere (above 35-40 kn) where the calculated
bmixing ratio gradient becomes negative, contrary to most observétions.
In fact, the calculated profile falls toward the high end of the
observation between 25 and 35 km (if the two abnormal measured profiles
are excluded) and toward the low value at 40 km. The discrepancy of the
Cl10 distribution is one of the main problems whic will have to be solved
in order to give some credibility to the predictions in relation to the
CFCs perturbations. At the present time, the wmodels seem to under—-
estimate the amount of chlore in the upper stratosphere. Fig. 15 also
shows the sensitivity of Cl0 to the K profile. The enhancement of the
Cl10 mixing ratio when K is divided by 3 is due to the reduction of the
methane concentration and therefore to the slow down of the conversion
of C1 into HCI.

The comparison of theoretical and observed values has changed
quite substantially in the recent months. The recent appearance of new
values of the destruction rate of OH by ENO,, BOZLO2 and H20 , leading
to a smaller amount of OH and consequently to a smaller €10 concentra-
tion, which is closer to the average observation below 30 kn. However,
the results have become really unsatisfactory in the upper stratosphere.

The calculated distribution of CH‘ is shown in fig. 16 and is
compared to observations performed at 32°N (Palestine, Texas) and 44°X
(Aire sur 1'Adour, France). Due to the rather large scatter in the
cbservations, it is not clear what eddy diffusion coefficient is the
most convenient. TFor instance, the profile of Massie and Hunten
represents well the observation by Ackerman et al {1978). Bowever, even

vhen a high value of K is adopted, the calculated concentratioms are
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:mﬁch lower than the values observed by rockets around the stratopause.

This problem also remains openT'

f' When nitrous oxide is considered, in particular the‘mixing
‘ratio measured at mid-latitude (see fig. 17), it is also difficult to
give a.preference to one of the exchange coefficient profiles. In fact,

for all these long—lived trace species, continuous observations are
'vheeded, at different latitudes and in relation with the general

circulation.

The distribufion of most stratospheric compounds ié directly
related to the behavior of fast reacting odd hydrogen compounds, namely
H, OH, HOZ’ Hzo2 In order to compute an exact value of the concentra-
tion of these species, the balance between the production and the
destruction has to be establlshed The production rate is proportional
to the concentration of Of D) which is produced by ozone photo-
dissociation and to the concentration of H20, CHQ and Hz. The
distribution of water vapor is highly dependent on the location and the
dynamical conditions of the atmosphere and it is quite difficult to
prescribe an average distribution. The absolute valﬁe of the H20 mixing
ratio at the stratopause is particularly poorly known due to the lack of
observations. The loss rate of odd hydrogen in the middle anﬂ upper
stratosphere is due essentially to the recombination of OH with HOZ'
However, in the lower stratosphere and in the troposphere, one has to
consider the reaction of OH with HN03, POzNo2 and HZOZ

The rate constants of these reactions are ndt well known even
if the knowledge of the quantitative values referring to these rate
constants have been improved very receantly. Three cases have been

considered for the computations :



886

HEIGHT ABOVE MEAN TROPOPAUSE (km)

— MODEL
- GOLDAN et al.{1979) _
O MIDLATITUDINAL (WYOMING)
@ POLAR (ANTARTICA) '
o]~ © EGUATORIAL (PANAMA and BRAZIL)
15 L L !Llyl' 1 1 J'Jl
10 . 50 100 ' 500

MIXING RATIO (ppbv)

Fig. 17.- Same as fig. 3.4 but for NZO"
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‘Case 1 | | ///‘
. ’ . . \
OH + HO aL=4x10 11 e st
2 17 -14. 3 -1
OH + HN03 b27 =9 x 10 "cm” s
_ -13 3 -1
~ OH + HO,NO, | Py =5x107" e’ s
Case 2
OH + O, a;; = 1.5 x 10710 3 71
- OH + HN03 b27‘ = 1.5 x 10-14 exp (649/T)-cm3 s
OH + HONO, by = b x 10712 o3 72
Case 3
- ‘
Ol + Ho, a;; =8x 107! emd 71
oH + HNO3 : : b27 = 1.5 x 10-14 exp (649/T) cm3
. _ -12 3 -1
OH + H02N02 | : b30 =4 x 10 cm” s

Case 3 refers to the recent recommendation of NASA which is presently
widely accepted. Case 1 considers a slow destruction rate of HOx and is
thus representative of the 1979 chemistry. Finally case 2 uses a fast
recombination of HOx and leads thus to low values of the odd hydrogen
concentrations. The sensitivity of the OH concentration to these changes

is described in fig. 18.

Finaily, fig. 19 to 21 represent the calculated mixing ratio
of NO, NO2 and HN03

rather good for NO even if 'a more careful model description is needed

as well as some observations. The agreement is

below 235 km and own in the troposphere. The calculation for NOZ leads to
acceptable values below 40 km but to relatively small values in the
upper stratosphere. In th1s region most of the NO is converted into Noz-
during the night and a detailed diurnal study would be useful. Again the
disagreement between the several observations makes the analysis rather

complicated. Finally, one can see in fig. 21 that the agreement between
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Figo 21.—

JTY_ITT_I H { T 117

— MODEL

OBSERVATION RANGE

-

HNO; MIXING RATIO {ppbv)

Same as fig. 3.11 but for HNO
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observed_éna calculated HN03 is_poor above 25 km. There is a need for a
stronger destruction mechanism or a weaker production process in the
upper stratosphere. In the vicinity of the tropopause, the concentration
Qf nit;ié .écid dependsWIQery' much on the intensity of the wash-out
mec.hanism;s‘ and of the downward transp.ort.-.The' probiem remains open.
Below 30 km, the ratio between the HN03 and:Nﬂz concentration (fig. 22)
is 'well Tepresented and there has been a great improvement with the

introduction of the recent values of the rate constants.

;The main conclusion is that 1-D models givé a general piéture
of the chemical processes occuring in the stratosphere and provide
congenﬁrations with an order of magnitude which is compatible with most
observations. However, severe disagreements -remain and these appear
essentially in the upper stratosphere; i.e. in a chemically controlled
region. Last year, the upper stratosphere was believed to be'almost'
‘explained with the current chemistry while the description of the lower
~stratosphere was much poorer. With the updated reaction rates, the
representation of the concentration values in the lower layers has been
considerably improved but discrepancies appear above 35 km in the
chemically active region. Further investigétioh is needed with a special
emphasis on the variability near the stratopéuse and the interactions
between the stratosphere and upper regions such as the mesosphere and
the thermosphere. At the present time, the most importént problems which

have to be solved are the following :

1; The discrepéncy of the CFCs in the middle and upper sfratosphere_

2. The probable theoretical underestimation of the chlorine amount in
the present atmosphere. Observations of HC1 and ClO seem to
indicate a 3 ppbv mixing ratio of ClX at the stratopause. An under-
estimation of the chlorine release (natural or man-made) could
explain this discrepancy.

3. The differences between the calculated and observed Cl0 profilés.

4. The large theoretical overestimation of nitric acid above 30 km and
the discrepancy between observed and_calculated NO2 in the uppér

stratosphere,
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5. An exact determination of OH and-HO2 in the entire stratosphere
(and mesosphere). _

6. The water vapor beﬁavior as a function of altitude, latitude and
season. '

7. The exact balance between production, destruction and transport of

. ozone in the lower stratosphere and in the troposphere.

4. EFFECT OF MAN-MADE PERTURBATIONS ON THE OZONE LAYER

Different chemical compounds which are produced‘by anthro~-
pogenic activities are released in the atmosphere and can be destroyed
by several reactions to produce active radicals X which destroy ozone

through the catalytic cycle :

X+03 —> X0 +0,
X0 + 0(3p) ——b X+0,

net 0, + 0(’P) — 20

3 2

For example, the release at ground level of chlorofluoromethanes, which
have a large lifetime in the troposphere, leads to the formation of .
chlorine atoms (X = Cl) in the stratosphere. On the other hand, nitric
oxide (X = NO) can be directly introduced by aircraft engines. In this
case the source is located at the flight altitude in the upper tropo-
sphere or in the lower stratosphere. Most subsonic aircrafts enter the
stratosphere only at relatively high latitude. Supersonic aircrafts such
as Concorde fly around 15-17 km. A few military airplanes can fly higher
in the siratosphere. Finally, one has to consider the wide use of |
fertilizers which Jncrease the production of nitrous oxide’ at ground

level. NZO reacts with 0 D) atoms to produce NO molecules.
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4.1. Potential changes?inlthe ozone amount due to chlorofluorocarbon
emissions o

The sensitivitj of the ozone layer to the chlorofluorocarbons
is a critical function of the chemical scheme which is adopted and
depends in particuler_ on the rate constants describing' the most
important aeronomical'reactiéns. The numbers for the ozone depletion,
'obteined by the models in the recent years, have changed quite a lot
while new data becama available from laboratory work. For example,
adopting the 1976 release rate of CFCs as a permanent emission rate, it
was felt two years ago that the steady state ozone depletion was of the
order of 16 percent. At the present time, a 4 to 7 percent ozone

reduction is currently accepted for the same emission strength.

In the present calculation, it is assumed that CH3CI, which is

'presently the most abundant chlorine species in the troposphere, is of
natural origin and a constant mixing ratio 3f 0.8 ppbv is prescribed as
lower bourdary condition at ground 1eve1. The contribution of anthro~
pogenic odd’ chlorine is provided by the presence of CFC13, CF2C12, 14
and CH3CC13. The: atmospheric release (expressed in Tons/years)

corresponding to- an uniform vertical flux around the Earth (expressed in

cm 2 -1) is ngen by the followxng numbers
Species | TetaI.Emission R Flux
' (Tons/yr) . (cm-z s-l)
ccl, | . 1.0 x 10° 2.46 x 10°
CFCl, - 3.4 x 10° 9.27 x 10°
CF,C1, 4 x 100 | 1.27 x 10’
cH,Cel 3.6 x 10° o 1.00 x 10

When present~day conditions are simulated, an observed mixing ratio is

prescribed at the ground, namely

ey, 1.5 x 10710
cFel, 1.6 x 10710
CF..C . 2.8 x10°10

Gty -
x 10

CH.CCl 6.0

. i eI R e e e
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Fig. 23 shows the m1x1ng ratxo and f1g. 24 the vett:lcal flux

of the five most 1mportant halocarbons correspondmg to the perturbed '

conditions (steady state values). Except for methylchloride which 1s

destroyed by hydroxyl rad1cals in the troposphere, the flux of thevi=
verious halocarbons is almost constant up to 15 km smce the destruction’

of these molecules appears only in the stratosphere. The most abundant .

man-made halocarbon when steady state is reached, appears to be Ccmlz.
It can also be seen that the amount of CCII. is quite unchanged from

present day conditions.

The production of odd chlorine is depicted in fig. 25 for

three different cases : natural atmosphere (only the CH3C]. effect);
present day atmosphere and perturbed atmosphere (steady state). The
modification of the distributions, due to the industrial activity,
appears essentially above 15 km, where the photodissociation happens.
The maximum artificial production takes place around 25-30 km. In this
region the value of the production is ‘increased by a factor of 6 from
natural to perturbed (steady state) conditions and of about 5 from
present time to steady state. 'Fig. 26 shows the individual coantribution
of each important chlorocarbon to the production of total odd chlorine
in the perturbed case. Finally, the vertical distribution of C1X and C10
for the three different conditions is representedb in fig. 27. The
relative density of chlorine atoms (mainly in the form of HC1l) is
respectively equal to 7.1 x 10 10' 2.4 x i0~9 and 1.1 x 10-_8 when the

standard K profile is used.

The effect of a man-made productioh of odd chlorine on the

ozonosphere appears through an increase in the loss. rate of 03 and
consequently a decrease of the ozone concentratien. However this effect
is counterbalanced by the enhancement of the UV penetration at lower
level and consequently by an increase in the 03 production rate. This
feedback mechanism introduces non linearities and the value of the new
-equilibrium car only be obtained by a detailed calculation. Fig. 28

‘represents the relative variation cf the ozone concentration between

|
f

y
‘I'_
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‘ Fig.'23,- Mixing ratio of the most vihpoftant halo-

carbons in relation with the ozone problem.
Verticsl distributions obtained in the steady

state for perturbed conditions.»
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Fig. 24, -~ Same as 3.15 but vertical flux. The decrease

appearing for CH.Cl and CH.CCl, is due to the

3 37773 :
tropospheric destruction by the hydrexyl

radical. -
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.i - I U'TTT1T1 I]' T F V111 II] k] R B T—IITIII 1 1 T T TT0117T
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C!X PRODUCTION RATE (cmJs)
-Fig. 25.- Vertical distribution of the odd chlorine

production rate for three different cases :
Natural atmosphere; present day atmosphere
and perturbed conditions (steady state

values).
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perturbed cond1t1ons (steady state) and purely natural cond1t10ns. The

‘
maximum reduction appears around 60 km.f

In the

upper .

stratosphere,

!
.,,’

L

essentxally to the dlrect cycle . f'r

net

But,

efficiency of the direct catalytical cycle. However,
HOC1 and CION

namely
. net
or -
net

€1 + 0, ——»Cl0 + 0

3

C10 + 0 ——>Cl1 + 0

T
i ’
[

2.7

below 30 km,

chlorinated species such as HOCl and C10N02, with a corresponding lower

0O +0,—%> 20

3

Cci +o0

2

there is a displacement of Cl1 and Cl0 toward other

t .
02 can induce supplementary cycles of ozone destruction,

ClI0 +0

_*

3 2
cl0 + Hoz > HOCl + 02
HOC1 + hv - Cl + OH
OH . 2 03 3> H02 + 02
2?3 ad '3.02
Clo + Noz > ClONO2
CIONO2 + hv > cl + N03
Cl + 03 > Cl0 + 02
393 "+ hv f NO .+ 02 -
NO + 03 > N02 + O2
202 > 302

the reduction

species such as
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These cycles show the importance of the coupling Petween the differeﬁt
chemical families. Theréfore, it is clear that the ozone reduction by
C1X, especially in the lower stratosphere, depends on the behavior and
concentration of specie§ such aé NO, on; HOZ""

The followiug‘table summarizes our model results which have
been discussed when the effect of the diurnal variation is.not included

in the program (early model caléulatiions) and for the "“standard K".

| |
Total ozone variation A03/03 T } - 4.9%
Ozone variation at 40 km f - 51%
20 kn | 7.84%

Increase of C1X at the stratopause ACl% (ppbv) 9.76
When the effect of the diurnal variation is introduced, the total ozone

]

reduction is enhanced from 5 to 6 percent.

The sensitivity of the ozoné depletion to the eddy diffusion
profile has also been considered. . All previous calcula;ions-in this
section refer to the so-called “standard ekchange coefficient". Similar
model runs have been made with a K pfofile uniformly divided by 3 and
with the distribution recently.suggested by Massie and Hunten (1981).

The "following table gives the corresponding results

Variation in the K(stand) K/2 K/3 " K(Massie)
ozone column A0,/0, (%) - 6.1 7.3 -9. - 10.3

Ozone iariation (%) at |
40 km : | - 53.3 : - 72.9 - 81.7 - 76.6
20 km | + 8.5 4+ 17.5 + 20.7 + 19.0
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Total'chlorine at . _

50 km nat. 0.71 - 0.62 0.55 0.71

(ppbv) _ _ perturb.  10.49, 15.94 20.30 21.77
Increase of the C1X
mixing ratio at the
stratopause , g
AClx (ppbv) . 9.78 15.32 19.75  21.06
A 0,/0, (%)/ACIX (ppbv) - 0.62 - 0.48 - 0.46 -~ 0.49
A 0,/0, at 40 kn/ACIX (ppbv) - 5.45 - 4.76 - 4.13 - 3.64
Total chlorine at ground 10.9 ' 17.3 22.5 22.5

. level (perturb.) (ppbv)
‘\ - 5 f

Q.Z. Potential changes due to other perturbations

Nitrous oxide- is the principal source of nitric oxide. Its
production at ground level will be enhanced if the use of fertilizers
" becomes more and more intensive. In order to analyze the possible effect
of ;uch a continuous emission of N20 in the atmosphere, a conventional
perturbation is applied in the mathematical model : the concentration of
NZO ig uniformly doubled and the impact of such a modification is
estimated. In fact, the model shows a decrease of the ozone amount
particularly between 20 and 40 km. Simultaneous perturbations can also
be Simulated, namely a doubling of N20 and a CFC.Sténdard release. The
results, which are obtained, are given in the following table (no

diurnal variation'effect) :

2 x NZO CFC 2 x N20 + CFC

AD3 (%) "= 10.7 - = 4.9 - 12.4

Tiis table shows the ron linear response of the two simultaneous

perturbations. In fact, if one of the two effects is clearly dominant,
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the second perturbations does not'mddify considetab}&.theftotal ozone
depletion. ) : R

The 1mpact ‘of aircraft . Operatmns has also been studled.'
Different flying altltudes have been considered with two specific NO |

injection rates. The results are glven in the follow1ng table

Injection R L ". Ndx ... Ozone
altitude o : 1n_)ectmn rate - variation
(n) o I ¢ X 0 T ¢')

13 2 x 10° 0.7
17 | 1 x 108 - 1.8

5 2 x 10° - 2.7
20 1 x 108 - 3.6
' 2 x 108 o - 6.4

8 -2 -1

The injection of 1 x 107 cm © s ° represents about 300 Concorde flying
each day and corresponds to more or less the value of the natural

production of NOx in the stratosphere.
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