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T h e  A c t i o n  o f  Ch lo r ine  on  the  O z o n e  L a y e r  as G i v e n  by  a Z o n a l l y  

A v e r a g e d  T w o - D i m e n s i o n a l  M o d e l  

G. BRASSEUR 1) and M. BERTIN 2) 

A b s t r a c t  - In order to study the behavior of stratospheric minor constituents related to aeronomic 
processes and atmospheric transport in the meridional plane, a numerical two-dimensional model is 
established. 

This model is applied to the study of chlorine compounds in the stratosphere. A special attention is 
devoted to the effect in the ozonosphere of an increase of C1X due to anthropogenic activities. 
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1. Introduction 

The stability of the atmospheric ozone layer has become an important problem 
since it has been recognized that the 03 molecule could be destroyed by different 
stratospheric trace species [5], [11], [42]. In particular, it has been emphasized that 
the injection into the stratosphere of gases which are of anthrogenic origin, essentially 
nitrogen oxides [23] and halogen compounds [37], could lead to an ozone depletion 
and subsequently to an increase of the anaerobic UV radiation at ground level. 

In order to study the potential effects of natural and artificial trace species on the 
ozonosphere, numerical models have been established extensively. Aeronomical 
models take into account the most important chemical and photochemical reactions 
and simulate the transport mechanisms using a very crude representation of the 
motions. The input data needed by these models are the chemical reaction rates and 
the absorption cross sections spectra, both obtained from laboratory investigations. 
Furthermore, the solar intensity spectrum in the UV range, the distribution of the 
mean temperature and the averaged transport parameters, which are supplied by 
observational studies, have to be specified. Finally a special attention has to be given 
to the boundary conditions. Output of these models are, besides the concentration 
profile of the minor constituents which are taken into account, several parameters, 
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such as the production and destruction rates, the particle flux and its divergence. It 
should be remembered that the results provided by mathematical models are always 
related to the input conditions and should be interpreted as such. 

The purpose of this paper is to present very concisely some results obtained by 
the steady state version of our model which has already been described in detail 
elsewhere [8], [9]. This work deals mainly with the action of chlorine compounds 
and its relations with ozone. However, the model also takes into account the influence 
of hydrogen and nitrogen species. With respect to our previous work, the chemical 
reaction rates and the solar flux spectrum have been updated according to the most 
recent and most reliable laboratory determination and observation. 

2. Short description of the model 

The version of our 2-D model described hereafter considers steady state conditions. 
In this case, the continuity equation of the ith constituent is written 

V.~b z = Pi - L/ (1) 

if ~b i is the particle fluxl Pi and L~ respectively the production and the destruction rate. 
In order to relate the flux to the volume mixing ratio f~ = n]n(M), where ni is the 
concentration of the ith constituent and n(M) the atmospheric concentration, a 
transport representation has to be specified. Since the detail of the atmospheric 
dynamics is not considered in this work, a simple parametrization of the large scale 
motions is adopted. According to the K theory, one writes the horizontal (y) and 
vertical (z) components of the flux as follows : 

r 
c~ y = -n(M)LKyy ~yy + K,I ~zJ (2a) 

I Cr = -n (M)  Kzy ~y + Kzz Oz] (2b) 

where Kyy, Kyz, Kzy and Kzz are the components of the tensor ~'which is assumed to 
be symmetrical (Kyz = K~y). These parameters have to be considered as purely 
phenomenological. Different authors [35], [18], [27], have derived stratospheric 
and tropospheric values of these coefficients. However, since the determination of the 
K's is not unique, there is no general agreement about the values that should be 
adopted. Therefore, it is necessary to scale the coefficients so that the meridional 
distribution of species, which are sensitive to the transport, is close to the mean 
observation. In order to oversimplify the conditions, we have adopted a constant 
value of Kyy = 101~ s -1 and K~z = 10~cm 2 s -1 at all latitudes. Ky~ has been 
adjusted in order to fit the observation of ozone in the meridional plane [-26]. Figure 1 
represents the latitudinal variation of Kyz resulting from the calibration. 
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Figure 1 
Latitudinal profile of  Ky z adopted below 25 km, Above this altitude, the values have been multiplied by the 
factor exp ( - 0 . 1 8 4  (z - 25)) where z is the altitude expressed in kin. (The negative y-axis points to the 

winter-(Northern) hemisphere.) 

The chemical and photochemical scheme adopted in the model results from the 
analysis of the aeronomical processes as made by Nicolet [29], [30], [31], [32]. Since 
a special attention is devoted to the chlorine chemistry, Fig. 2 represents a schematic 
graph indicating the most important reactions paths related to these compounds. 
It can be seen that odd chlorine (C1, C10, HC1 and C1ONO2) is produced by dis- 
sociation of various halocarbons (CH3C1 , CFC13, CF2C12, CC14...) which are 
injected at ground level either by natural or by industrial processes, and disappears 
by wash-out mechanisms in the tropospheric clouds. Table 1 gives the complete list 
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Schematic graph of  the most  important  chlorine reactions in the stratosphere. 
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T a b l e  1 

The reactions and  their rates used in this work.  

R e a c t i o n  R a t e  c o n s t a n t  (cm a s -  2) Re fe r ence  

O(3p)  + 0 2  + M - - * O  3 + M 

O(aP)  + 0 3  -~ 2 0 2  
O(2D)  + M --* O(3p)  + M 

H + O 2 + M ~ H O  2 + M 

H + 0 3 --~ O H  + 0 2 

O H  + O -~ H + 0 2 

O H  + 0 3 - - , H O  2 + 0 2 

H O  2 + 0 3 --* O H  + 2 0 2  

H O  2 + O - - ~ O H  + 0 2 

O H  + O H - +  H 2 0  + O 

k z = 1.1 x 10 T M  eSa~  

k 3 = 1.05 x 1 0 - 2 2 e  21so/T 

kq = 5 x 10 - u  

a 2 = 2.1 x 10 . 32  e 29~ n (M)  

a 2 = 2.6 • 10 -12 

a s = 4 • 10 -11 

a 6 = 1.6 • 10 - 2 2 e  - l ~ 1 7 6 1 7 6  
a6b = 1.0 X 10 -13 e -225~ 

a 7 = a 5 
ai6 = 2 • 10 -22  

a17 = 3 x 10 -22 

a26 = 8 x 10 -12  

a36 = 1.25 • 10 -13  

b 3 = 9.2 • 10 -12  
b 4 = 2.1 x 10 22e-1450/T 

b 9 = 1.3 • 10 -13 e -245~ 

b22 = 2.8 x 10 3On(M)  

b12 ~ = 3.8 x 10 -12  
b22 = 2 x l0 -30  n (M)  
b2z ~ = 5 x 10 -12  

b27 = 9 X 10 - 1 4  

b32 = 2.2 • 10 5 e-97OO/T 

b3s = 6 x 10 - u  

b39 = 9 x 10 -11 
a~'. = 2.1 • 10 -20  

a* b = 1.3 x 10 - 1 ~  
a% = 1.3 • 10 - l ~  
c 2 = 3.5 • 1 0 - 2 2 e  28oo/r 

O H  + H O  2 ~ H 2 0  + 0 2  

H O  2 + N O  ~ N O 2  + O H  

O H  + C O - - C O  2 + H 

N O  2 + O(3p)  ~ N O  + O2 

N O  + 0 a -+ N O  2 + 0 2  

N O  2 + 0 3 ~ N O  3 + 0 2 

N O  2 + N O  3 + M---~ N 2 0  s + M 

N O  2 + O H  + M - - ,  H N O  a + M 

H N O  3 + O H - ~  N O  3 + H 2 0  

N 2 0 5  + M -~ N O  2 + N O  3 

N 2 0  + O(1D)  ~ N2 + O2 

N 2 0  _u O ( I D )  _+ 2 N O  

H 2 0  + O ( 2 D ) ~  O H  + O H  

H 2 + O ( 1 D ) - + O H  + H 

C H  4 + O ( 1 D ) ~  C H  3 + O H  

C H ,  + O H  -~ C H  3 + H 2 0  

C H 3 0  2 + NO---~ C H a O  + N O  2 

CH3C1 + O H - ~  CH2C1 + H 2 0  

C1 + O a - - - , C 1 0  + 0 2 

C 1 0  + O ~ C 1  + 0 2 

C 1 0  + N O - *  C1 + N O  2 

C1 + C H  4 - * C H  3 + HC1 

C1 + H O  2 - - . O  2 + HC1 
HCI  + O H - ~  C1 + H 2 0  

c 5 = 5 x 10 -13  

d 1 = 2.2 x 1 0 - 1 2 e  -11~2/r 
d 2 = 2.7 • 10 -11 e -257/T 

d 3 = 7.7 • 10 -11 e - 1 3 ~  

d 4 = 1.0 • 10 -11 e 200/T 

d 5 = 7.3 x 10 -12  e -1260/T 

d 7 = 3 X 10 - l j  
d12 = 3 x 10 -12 e -425/T 

3.3 x 10 -23  T -3"34 n (M)  
C 1 0  + N O  2 + M - * C 1 O N O  z + M d22 - 

1 4-8.7 • 10 - 9  T -0"6 [ n ( M ) ]  ~ 

C 1 O N O  2 + O - ~  p r o d u c t s  d32 = 3.0 • 10 -12  e -808/T 

H u m  et  al. [21 ]  

DAVIS et al. [12]  

NICOLET [293 

WONG a n d  DAVIS [45]  

PmLLn'S a n d  SCHIFF [34]  

NICOLET [32]  

ANDERSON a n d  KAUFMAN [3 ]  

NICOLET [32]  

W o r k i n g  va lue  

WESTENBERG a n d  DE HAAS [44 ]  

CLYNE a n d  DOWN [10]  

HUDSON [20 ]  

HOWARD a n d  EVENSON [19 ]  

GREINER [ 17] 
DAVIS et al. [13]  

DAVIS et  al. [14]  

HUDSON [20]  

NICOLET [32 ]  

BALAUCH et al. [6]  

L i m i t i n g  va lue  

ANDERSON a n d  KAUFMAN [2 ]  

L imi t ing  va lue  

SMITH a n d  ZELLNER [41]  

BAULCH el  al. [6 ]  

NIKI [33]  

SCHIFF [39]  

SCHIEE [39]  

SCHIFF [39]  

SCHIFF [39 ]  

SCHIFF [39 ]  

GREINER [17] 
DAVIS et  al. [13 ]  

W o r k i n g  va lue  

WATSON [43]  

WATSON [43]  

WATSON [43]  

HUDSON [20]  

WATSON [43 ]  

WATSON [43 ]  

WATSON [43]  

HUDSON [20]  

WATSON [433 



440 

Table 1 . - - c o n t &  
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Reference of absorption 
Reaction Photodissociation frequency (s-  1) cross sections 

02 -}- h v - ~ O  + 0 
03 + hv--~ O(3P) + 02 
03 + h v  ~ OQD) + 0 2 
NO 2 + h v  ~ NO + 0 
H N O  3 + h v ~ N O  2 + OH 
N 2 0  + hv ~ N 2 + O 
N205 + h v  ~ NO 2 -t- NO 3 
CH3C1 + h v - ,  CH 3 + CI 
CFC13 + h v ~  CFC12 + C1 
CF2C12 + h v  - *  CFzC1 + C1 
CC14 -t- h v  - ~  CC13 + C1 
H C I + h v ~ H  + C1 

Jo~(2 < 242.4 nm) 
Jo3(2 > 310 nm) 
9"*(2 < 310 nm) 
J~o2(2 < 405 nm) 
JnNo3(2 < 320 nm) 
JN2o(2 < 7420 nm) 
JN2o5(2 < 380 nm) 
JCHaCI 
Ycvcl3(2 < 226 nm) 
JCF2O2(2 < 215 nm) 
Jcc14 
Jncl(2 < 220 nm) 

C1ONO 2 + hv --4 C10 + NO 2 JCION02 

ACKERMAN [11 
ACKERMAN [1] 
ACKERMAN [1] 
BASS and LAUFER [41 
BIAUMI~ [7] 
JOHNSTON and SELWYN [24] 
GRAHAM [ 15] 
ROBBINS [36] 
ROWLAND and MOLINA [371 
ROWLAND and MOLINA [37] 
ROWLAND and MOLINA [37] 
INN [221 
ROWLAND et  al. [381 

of  the aeronomical reactions which are considered and the corresponding rate 
constants. The distribution of the mean temperature adopted in this work is the same 
as the one used by BRASSEUR [8]. References concerning the adopted absorption 
cross sections of these molecules are also given in Table 1. However, the attenuation 
of the UV flux due to molecular oxygen absorption in the Schumann-Runge bands is 
performed according to a numerical procedure established by KOCKARTS [25]. The 
spectrum of the solar radiation at the top of the atmosphere is taken from SIMON [40]. 

Finally, it should be added that a constant mixing ratio of 5 x 10- 7 is assumed 
for H2, the corresponding value for CO being 5 x 10 .8 in the stratosphere and 10 -7 
in the troposphere. In the case of H20,  it is assumed at all latitudes that the volume 
mixing ratio decreases from 10-2 at ground level to 3 x 10- 6 at 15 km and increases 
slightly to reach 5 x 10 -6 at the stratopause. A working value of 1 x 10 -12 is 

attributed to C H30  2. 
The model ranges from the North  Pole to the South Pole and from the ground 

to the stratopause level. It attempts to represent for mean solar illumination con- 
ditions the distribution of minor constituents in the steady state. The seasonal 
conditions are chosen in such manner that the winter hemisphere corresponds to the 
Northern hemisphere. In order to treat the problem numerically, the derivatives are 
approximated by finite-differences. The distance between the gridpoints in the 
meridional plane has been fixed to 1 km vertically and 5 degrees latitude horizontally. 
An alternating direction method is applied to compute the solutions. However, in 
order to avoid divergent oscillations due to the stiffness of the equations system and 
related to the large differences between the lifetime of the various constituents, some 
of the chemical species are grouped so that isolated or quasi isolated systems of 
constituents are formed. This method is used to determine the global behavior of 
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O x = 0 3 -~- O(3P) + O(1D), HOx = OH + HO 2, NOy = NO + NO 2 + HNO 3 + 
C1ONO2 and C1X = C1 + C10 + HC1 + C1ONO2. The concentration of the in- 
dividual constituents is derived by assuming equilibrium conditions between the 
various species belonging to a specified family. Other constituents, namely CH4, N20, 
CH3C1, CFC13, CFzC12 and CC14, whose lifetime is rather long, are treated individually. 

In order to specify the boundary conditions, one assumes no horizontal flux of 
any trace species at the North and the South Pole, so that the symmetry around the 
terrestrial axis is respected. At the ground and stratopause levels, a mixing ratio is 
specified as indicated in Table 2. The lower condition related to the chlorofluoro- 
methanes is representative of a 1977 situation. Most of the conditions on the upper 
boundary are based on the results provided by 1-D models which extend to higher 
altitudes. 

T a b l e  2 

Boundary conditions (volume mixing ratio). 

0 k m  50 k m  

0 3  2.6 x 10 s p h o t o c h e m i c a l  e q u i l i b r i u m  

N 2 0  3 x 10 - v  1 x 10 - 1 ~  

N O  r 1 x 10 . 9  6 x 10 -10  

C H  4 1.5 x 10 . 6  2 x 10 - s  

CH3C1 8 x 10 - 1 ~  2 x 10 -14  

C F C I  3 1 x 10 lo 0 

CFzC12 2 x 10 - 1 ~  5 x 10 -13  

CC14 1 • 10 - t ~  O' 
C1X 1 x 10 - 9  1.5 x 10 . 9  

3. Results and discussion 

3.1. Chlorine in the atmosphere of 1977 

The formation of odd chlorine in the stratosphere is related to the destruction 
of different chlorinated molecules which are released at ground level. The most 
important contribution [32] is due on the one hand to methylchlorides (CH3C1), 
whose origin is almost completely natural, and on the other hand to carbon tetra- 
chloride (CC14), to trichlorofluoromethane (CFC13) and to dichlorofluoromethane 
(CF2C12) which are industrially produced. All these constituents whose mixing ratio 
is of the order of 10-10 to 10- 9 in the troposphere [28] are injected into the strato- 
sphere where they are photodissociated by UV radiation. Moreover, CH3C1 reacts 
rather rapidly with hydroxyl radicals and is therefore partly destroyed in the tropo- 
sphere. Figure 3 shows the vertical distribution of these species as given by our 2-D 
model at 30~ latitude (winter conditions). It appears that the mixing ratio of those 
constituents decreases rapidly in the stratosphere so that, for example, CC14 and 
CFC13 have almost completely disappeared above the altitude of 35 km. Figure 4 
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Figure 3 
Vertical distribution of CH3CI, CC14, CFC13 and CF2C12 computed at 30~ for winter conditions. 

represents the production rate of C1X in the meridional plane assuming that all the 
chlorine atoms present in the halocarbons are converted into odd chlorine. The 
production rate reaches values of the order of 10 to 1000 cm- 3 s- 1 in the troposphere 
due to the destruction of CH3C1 by OH but these chlorine atoms are quickly washed 
out. In the stratosphere the production rate reaches a maximum of about 10 cm- 3 s- 1 
in the equatorial region at about 22 km. This formation is due to the photodissociation 
of the different halocarbons. 
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Figure 4 
Production rate of odd chlorine in the meridional plane assuming that all chlorine atoms present in the 

halocarbons are converted into C1X. 
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The vertical distribution at 30~ (winter) of C1, C10, C1ONO2 and HC1 is shown 
on Fig. 5. According to the model, hydrogen chloride is the most abundant constituent 
at all altitudes but its concentration is very close to the concentration of chlorine 
nitrate between 20 and 30 km and is not far from the concentration of C10 between 
40 and 46 km. Further theoretical and observational investigations are needed in 
order to establish the atmospheric value of the C10/HC1 ratio which is of particular 
importance to determine the effective loss of ozone by chlorine species. As a matter of 
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Figure 5 
Vertical distribution of C1, CIO, C1ONO 2 and HC1 computed at 30~ for winter conditions. 
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Figure 6 
Distribution of the C10 mixing ratio in the meridional plane. The dashed line represents the altitude where 

the mixing ratio reaches its maximum value. 



444 G. Brasseur and M. Bertin (Pageoph, 

fact, the loss rate of ozone is proportional to the concentration of C10 and therefore 
the complete distribution of this molecule in the meridional plane is represented on 
Fig. 6. 

3.2. Sensitivity o f  ozone to an increase o f  C1X 

In order to investigate in a simplified way the effect of an increase of C1X related 
to anthropogenic activities, the amount of the actual chlorine resulting from the 
computation described in the previous section has been multiplied at all altitudes and 
all latitudes by 5 and 10 respectively. The corresponding relative ozone variation as a 
function of the altitude calculated for winter mid-latitude conditions is represented 
on Fig. 7. The graph shows that the largest ozone depletion occurs between 35 and 
50 km with a maximum at about 43 kin. The relative reduction is rather large (60 to 
80 percent) at these heights but the absolute ozone concentration at these altitudes 
contributes only slightly to the total ozone column. On the other hand, the depletion 
is the smallest where the ozone concentration is the largest. According to our computa- 
tion, one finds even a slight increase of the local concentration around 30 km. In the 
lower stratosphere, the reduction is of the order of 10-20 percent. Finally, the 
computation provides a global ozone depletion of 9 and 17 percent when the two 
different cases are considered. However, it should be noted, as shown on Fig. 8, that 
the relative reduction appears to be slightly latitude dependent. 
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v tlJ r 
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RELATIVE OZONE VARIATION (PERCENT) 
Figure 7 

Relative variation of the ozone concentration as a function of the altitude when the actual C1X amount is 
uniformly multiplied by 5 and 10 respectively. 
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Figure 8 
Relative variation of the ozone column as a function of the latitude when the actual C1X amount is uni- 

formly multiplied by 5. 

These results should be considered as numerical experiments more than final 
answers to the problems of the stratosphere. Many uncertainties in the input data 
(aeronomical and transport parameters) remain and further investigations are needed 
before it will be possible to consider such results as representative of reality. 
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