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On the Vertical Distribution of Carbon Monoxide and Methane in the 

Stratosphere 

By M. NICOLET and W. PEETERMANS 1' 

Abstract - The vertical distribution of the methane concentration in the stratosphere is related to 
its dissociation by two simultaneous daytime reactions with excited oxygen atoms O(1D) and with 
OH radicals and depends on the stratospheric eddy diffusion coefficient. 

Dissociation of CH4 in the lower stratosphere leads to the production of CO molecules while in the 
upper stratosphere the photodissociation of CO2 molecules is an additional process to the CO production. 

In the upper stratosphere (40 • 10 km) there is an equilibrium between the formation and destruc- 
tion processes of carbon monoxide which leads to a minimum of its mixing ratio. There is an increase 
of the CO mixing ratio in the troposphere and mesosphere compared with that of the stratosphere. 

The vertical distribution of the CO mixing ratio is closely related to the eddy diffusion coefficient 
in the whole stratosphere but the absolute values of the hydroxyl radical concentration also determine 
the values of the CO mixing ratio. 

1. I n t r o d u c t i o n  

Twenty years ago BATES and WITHERSPOON [5] showed that  the oxida t ion  of  methane  

and carbon  monoxide  by collision processes is impor t an t  in the terrestr ial  a tmosphere .  

Methane  is p roduced  p r imar i ly  by various bacter ia l  decompos i t ion  processes leading 

to an average p roduc t ion  (ROBINSON and ROBB~NS [44]) of  1.5 • 109 tons-year  -1 or  

3.4 • 1011 CH4 molecules cm -2 sec -1. Since the total  number  of  CH4 molecules is abou t  

3.2 • 1019 cm -2 column,  such a p roduc t ion  cor responds  to an es t imated residence t ime 

of  a b o u t  3 years (day and night). 

I f  the var ious  d a y t i m e  dest ruct ion  processes of  CH4 lead to the p roduc t ion  of  CO 

in the t roposphere  (McCoNNELL, MCELROY and WoFsY [32]) they correspond,  with an 

average fract ional  volume concent ra t ion  of  0.1 p.p.m.v.  (ROBINSON and ROBBINS [44]) 

to an average residence t ime of  0.4 year  for CO. The carbon monoxide  molecules appar -  

ently cannot  have a l ifetime exceeding 0.1 year  (WEINSTOCK and NIKI [50]; LEVY, II  

[30]). There are different ways to reduce the differences between the var ious  results by  

increasing the methane  p roduc t ion  and by reducing the carbon  monoxide  destruct ion,  

However ,  it  seems that  a factor  of  two is still the possible  error  to be considered in the 

analysis  of  the a tmospher ic  behavior  of  CH4 and CO. 
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2. Aeronomic reactions o f  methane 

Methane,  which is in mixing in the t roposphere (BAINBRIDGE and HEIDT [3]; EHHALT 

[13]), is photodissociated in the mesosphere and is dissociated by oxidation processes 

in the stratosphere (see NICOLET [37]). 

Atomic  oxygen attacks methane through 

(cl) O(3p) + CH4 -+ CH3 + OH - 2 kcal, (1) 

which is endothermic by about  2 kcal, and is a slow reaction. But the reaction of  CH4 

with atomic oxygen in the electronically excited 1D state is rapid : 

(c*) O(1D) + CH4 - +  CH3 + OH + 43.5 kcal (2) 

must have a rate coefficient c*= (3 • 1) • 10 - l~ cm 3 sec -1 (YOUNG et al. [54]; DEMORE 

[10] ;  PARASKEVOPOULOS and CVETANOVlC [40]; GREENBERG and HEICKLEN [16]); 

more laboratory data are required in order to determine the exact value needed for 

ae ronomic  purposes. 

The other impor tant  reaction in the stratosphere is 

(c2) OH + CH4 -+ CH3 + H z O +  15 kcal (3) 

which has an activation energy less than 5 kcal (WILSON [52]). Recent laboratory 

measurements  by GREINER [19] lead to 

C2a = 5.5  X 10 -12 e - X 9 ~ 1 7 6  3 s ec  -1  (4) 

o r  

c2b = 1.8 • 10-13T 1/2 e-lV4~ -1 (5) 

while WrLSON [53] considers 

c2c = 4.8 • 10 -11 e -2s~176 cm 3 sec -1. (6) 

All equations lead to about  10 -*~ cm 3 sec -1 at 300~ but equation (6) gives the lowest 

values at stratospheric temperatures. The first equation will be tentatively adopted;  

it corresponds approximatively to 5 x 10 -15 cm 3 sec -1 at the stratopause and reaches 

about  5 • 10 -16 c m  3 sec -1 as minimum value. 

In the lower stratosphere CO2 is photodissociated at a very low rate and the pro- 

duction o f  CO corresponds to the total oxidation process of  CH4 by reactions (3) and 

(2). 
As it is well known (cf. PRESSMAN and WARNECK [42]) the oxidation of  carbon 

monoxide  is attributed to 

(a36) OH + CO ~ CO2 + H + 24 kcal (7) 

which has been observed between 300~ and 500~ (GREINER [18]; DRYER, NAEGELI 

and GLASSMAN [1 2]) ,  with practically no activation energy. Thus, if we adopt  

a36 a = (1 .25  ~ 0.25) • 10 -13 c m  3 s ec  -1  (8)  

we may consider that it corresponds to stratospheric conditions. 
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Evaluated rate data by WILSOy [53] and by BAUCH et al. [6] lead to 

and 

a36 b = 5.1 • l O - t 3 e - 3 ~ 1 7 6  -1 

a36 e = 9.3 • 10 -13 e - 5 4 ~  3 sec -1, 

(9) 

(10) 

respectively. The last equation leads to smaller values than equations (8) and (9) at 
200~ In any case, precise values of the rate coefficient of rection (7) are required be- 

tween 200~ and 300~ for an exact aeronomic analysis of the stratosphere. 
Methyl radicals, which are produced by oxidation processes of CH4, react immedi- 

ately with molecular oxygen to form methylperoxy radicals. 

(c4a) CH3 + 02 + M ---* C H 3 0 2  + M + 26 kcal. (11) 

The rate coefficient, according to MCMILLAN and CALVERT [33], would be of the 
order of 10 TM cm 6 sec -1 at room temperature. Recent measurements (VAN DEN BERGH 

and CALLEAR [49] and BASCO et al. [4]) of the rate of the combination reaction of methyl 
radicals and molecular oxygen at 295~ lead at high pressure tO the limiting values 
2 x 10 -12 and 5 • 10 -13 cm a sec -1. Further laboratory work is needed since exact 

values of the concentration of methylperoxy radicals are required for a complete aero- 

nomic analysis. 
The reaction of CH3 with atomic oxygen 

(c4b) CH3 + O ---> H + H 2 C O  q- 67 kcal (12) 

is negligible in the stratosphere compared with reaction (11). 

Methylperoxy radicals react with oxides of nitrogen (SPICER et al. [48]) leading to 

or  

(c5.) CH3Oz + NO ---* CH302NO (13a) 

(C5~) CH302 + NO ---> H2CO + HNO2 (13b) 

as regards NO. The production of methylperoxynitrite would be about 1.5 times the 

simultaneous production of formaldehyde and nitrous acid. In the same way the reac- 

tions with NO2 are 

(c6a) CH3Oz + N O 2 ---* C H 3 O z N O 2 ,  (14a) 

(C6b) C H 3 0 2  ,4- N O 2  --~ HzCO + HNO3. (14b) 

Here the production of formaldehyde and nitric acid would be about three times the 
production of methylperoxynitrate. According to SPACER et al. [48] there would be no 
evidence for the reaction between CH3Oz and NO producing C H 3 0  -t- N O 2  which is 
introduced by LEVY [30]. Nevertheless, there is practically no difference when all 

aeronomic processes are considered. 
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The photochemistry of formaldehyde (McGumG and CALVERT [34]) indicates 
that two distinct primary processes occur 

(c7,) HzCO + hv -+ HCO + H (15a) 

(cvb) HzCO • hv --~ CO • H2 (15b) 

which lead to the production of formyl and carbon monoxide with atomic and molecular 

hydrogen, respectively. 
The photodissociation coefficients of H z C O  based on recently published cross- 

sections (CALVERT et  al. [8]) are at zero optical depth 

JH-nco = 9.4 x 10-Ssec -1 (16a) 

and 

Jn2-co = t.3 • 10 .4  sec -1. (16b) 

A rapid reaction such as 

(ca) H2CO + OH -+ HCO + H20 + 36 kcal, (17) 

with a rate coefficient (MoRRIs and NIKI [35]), at 300~ 

c8 ~ 1.5 x 10-11cm3sec-1, (18) 

requires OH concentrations of the order of 10 7 cm -3 to compete with the direct photo- 

dissociation. 
The reaction of atomic oxygen with formaldehyde leads also to HCO 

(c9) O + HaCO -+ OH + HCO + 15 kcal (19) 

with a rate coefficient (NIKI et  al. [39]; HERRON and PENZHORN [23]), at 300~ 

c9 = 1.5 x 10 -13 cm 3 sec -1. (20) 

The reaction of atomic hydrogen with formaldehyde is less rapid, 

(Clo) H + H2CO --~ Ha + HCO + 15 kcal (21) 

since its rate coefficient is only (RDLEY et  al. [43]) at 297~ 

Clo = (5.4 • 0.5) x 10-14cm3 sec-1. (22) 

The formyl radical is rapidly photodissociated (JoHNs et  al. [25]) 

(c11) HCO + hv -+ CO + H (23) 

or reacts with 02 (MCMILLAN and CALVERT [33]) 

(C12) HCO + 02 ~ CO + HO2 + 40 kcal (24) 

or reacts with OH (MoRgIS and NIKI [35]) 

(e~3) HCO + OH --+ H20 + CO + 95 kcal. (25) 
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Even if the reaction between OH and HCO is rapid ( 1.5 x 10 -11 cm 3 sec -1, 

according to MORRIS and NIKI [35], reaction (24) should be very important in the atmos- 
phere. Other reactions may be introduced (cf. LEvY [30]) such as 

(C14) CH302 + CH3Oz -+ 2 C H 3 0  + 02, (26) 

(c15) CH30 + 02 ~ HOz + H2CO, (27) 

(c~6) CH302 + HO2 ~ CH302H + Oz, (28) 

(6'17) CH302H q- OH -+ H20  -f- CH302, (29) 

(6'18) CH302H + hv ~ CH30 + OH, (30) 

(c19) CH302NO + hv -+ CH302 + NO, (31) 

(6'20) CH302NO2 -[- hv ~ CH302 q- NO2. (32) 

Thus, with equations (1) to (32), it is possible to write for equilibrium conditions that 

n(HzCO) [Jn-HCO + Jn 2-co + c8 n(OH) + c9 n(O) + Clo n(H)] 

= n(CH4) [Cl n(O) + c* n(O*) + c2 n(OH)] 

= n(HCO) [Jn-co + c12 n(O2) + Ca3 n(OH)] + n(H2CO)JH ~-co. (33) 

If we consider the various reactions involving the production and loss mechanisms 

of H, OH and HO2, we may write 

dn(H) dn(OH) dn(HO2) 
- - + - - §  

dt dt dt 

+ n(OH) [c2 n(CH~) + 2c13 n(HCO) + 2clv n(CH3OzH)] = + . . .  

+ n(CH,) [cl n(O) + c* n(O*)] + 2n(H2CO) [Jn-nco + c9 n(O)] 

+ n(CH30) cls n(O2). (34) 

The steady-state conditions with equations (33) lead to 

. . .  + n(OH) c2 n(CH4) [1 - X] + 2n(OH) [c13 n(HCO) - c17 n(CH302H)] = . . .  + 

. . .  + n(CH4) [Cl n(O) + c** n(O)] [1 + X] + n(CH30) c15 n(Oz) (35) 

with 

2JH_cO ~- C 9 ?'/(O) 
X = (36) 

Jn-nco + Jn 2-co + cs n(OH) + c9 n(O) + clo n(H)" 

The ratio X ~ 2JH-nCO/JH~co varies from 0.8 at 50 km to 0.7 near 15 km and is about 
0.55 at ground level. 
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3. Ratio of hydroxyl and hydroperoxyl radicals concentrations 

If equilibrium conditions are considered for H and HO2, the following equation 
(see for example NICOLET [38]) is obtained 

n(HO2) [a7 n(O) + al~ n(OH) + 2a27 n(HO2) + az6 n(NO) + c~6 n(CHaO2)] 

-~ n(OH) [as n(O) + a~9 n(H2) + a3o n(H2Oa) + a36 n(CO) + 

ca n(UaCO) + ca X n(CH,)l. (37) 

The ratio n(HOa)/n(OH) depends on reactions with atomic oxygen in the upper part of 
the stratosphere, i.e. 

n(HOa) as (38) 
n(OH) a7 

and depends on reactions with NO and CO at the tropopause level, i.e. 

n(HOz) a36 n(CO) 

n(OH) aa6n(NO)' (39) 

The process 

(as) O H + O  ~ H + 0 2 + 1 6 . 6 k c a l  (40) 

has a rate coefficient between 293~ and 300~ 

a5 = 3 to 7 x 10-11cmSsec-1 (41) 

according to laboratory measurement (CLYYE and THRUSH [9]; KAUVMAN [26], [27]; 
BREEN and GLASS [7]). 

The other reaction 

(aT) HO z + O --~ 0 2 + OHv~<6 + 55 kcal (42) 

has not been measured in the laboratory. Considering the work of FONER and HuDson 
[15], KAUFMAN [26] suggested that a7 ~> 10 -~ 1 cm 3 sec-k The values of the rate coefficients 
as and aT, which are generally adopted leads to as/av = 5. We consider here two ratios 

as/a7 = 9 and 1 in order to indicate that the ratio is not known with sufficient precision. 
In the tower stratosphere hydroxyl and hydroperoxyl radicals are involved in other 

important reactions with minor constituents which do not belong to the hydrogen- 
oxygen atmosphere; CO and NO must be considered since they can react with OH and 
HOz. Among all possible reactions (NxcOLET [36] [37] [38]; LEVY [29] [30]; McCoNNELL 
et al. [32]) it seems that the following reactions are the most important processes at the 
tropopause, 

(a26) NO + N O  2 --+ N O  2 + OH + 9 kcal, (43) 

(a36) CO + OH --> CO2 + H + 24 kcal. (44) 
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The rate coefficient of reaction (44) is known with a certain approximation for strato- 

spheric conditions (cf. equations (7) and (8)) 

a36 ~ (1.25 • 0.25) x 10-13cm3 sec -1. (45) 

The rate coefficient of  reaction (43) is not known with sufficient precision but according 

to unpublished data (DAvis, 3rivate com. ; see LEVY, [30], 

a26 > 10 -x3 cm 3 sec -1 (46) 

at 300~ 
Precise experimental determination of the rate coefficients az6 and a36 are needed 

for an exact aeronomic analysis of the lower stratosphere. With fractional volume con- 
centrations for CO and NO of the order of 4 • 10 -s and 4 • 10 -9, respectively, it is 

clear that n(HOz)/n(OH) > 10 if a26 has an activation energy. Nevertheless, we adopt 
two ratios n(HO2)/n(OH)= 9 and 1 keeping in mind that the ratio varies from the 

tropopause to the stratosphere and could be greater than 10 in the lower stratosphere. 

In any case, the ratio n(HOz)/n(OH) cannot be evaluated without an exact knowledge of 

the nitric oxide concentration in the lower stratosphere, since the reaction CO + HO2 

CO2 + OH is neglected. This reaction is very slow according to recent laboratory results 

(SIMONAITIS and DAVIS, private communications). See, however, WESa'ENBER~ [51 ]. 

4. Concentration of hydroxyl radicals 

Since the reaction between CO and OH is a destruction process of carbon monoxide, 

it is important to determine the concentration of OH radicals. 
For equilibrium conditions, neglecting the effects of  H, OH, HCO and CH302N) 

=[n(H20)+n(H2)+n(CH4){~-}]a*n(O *) (47) 

where X is given by (36). 
An accurate evaluation (HOCHANADEL et  al. [24]) of the rate coefficient of the reaction 

OH + HO2 --+ H20  + 02 + 72 kcal 

leads to 

a17 = 2 x 10 -1~ cm 3 sec -1 

As far as the reaction with H202 is concerned 

OH + H202 --~ H20  + HO2 + 30 kcal, 

(48) 

(49) 

(50) 
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its rate coefficient (GREINER [17]) is given by 

aso = 4 x lO-laT1/Ze -6~176 

Finally,  

1407 

(51) 

a* = (3 • 1) x 10-1~ sec -a (52) 

is an average coefficient of  the reactions (YOUNG et al. [54]; DONOVAN et al. [11]; 

PARASKEVOPOULOS and CVETANOVlC [41]; HEICKLEN et al. [22] 

O(1D) + H20  ~ 2 OH (53a) 

OOD) + H2 --> H + OH (53b) 

O(~D) + CH4 -~ CH3 + OH (53c) 

Calculation has been made here with the following approximat ion 

n(OH) n(HO2) = 5 x 1 0  - 6  n(M) n[O(1D)]. (54) 

where n(M) is the total concentration.  The atmospheric parameters (temperature and 

concentrat ion) are taken from NlCOLET [38] Numerical  results which are shown in 

. . . . . . . . . . .  \ \  . . . . .  ix . . . . . . . .  5O 
STRATOSPHERE secx =2=I =2=I 

,)))I 
-~ nlOH2I/nIQHI = s / =  1 

i L i i i 

I0 IO I0 I0 

OH CONCENTRAT tON [cm -31 

Figure l 
Concentrations of the hydroxyl radical in the stratosphere for solar conditions corresponding to solar 

zenith angle 0 ~ (sec ,l' = 1) and 60 ~ (sec Z = 2) and arbitrary ratios n(HO2)/n(OH) = 1 and 9 

Fig. 1 indicate that n(OH) ~> 105 cm-3;  an error o f  not less than a factor of  two must  be 

accepted, since far too little is known about  the exact values of  the rate coefficients. 

Average values corresponding to sec:~ = 2 (solar zenith angle = 60 ~ will be used in the 
study of  the stratospheric behavior o f  CH4 and CO. 
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5. Discussions and results 

The basic equations used to calculate the variations in the concentrations of carbon 
monoxide and methane are 

On(CO) 0f(CO) 
- -  + L ( C O )  + - -  - P ( C O )  ( 5 5 )  

Ot Or 

and 

On(CH,) O~(CH4) 
4- L(CH,) + - -  = 0 (56) 

Ot Or 

where P represents the production, L is the loss and ~b corresponds to the transport flux 
by eddy diffusion. 

The eddy diffusion current is given by 

where ni is the concentration of the ith constituent, Hz its scale height. H denotes the 
atmospheric scale height and Kis the eddy diffusion coefficient. H~ and H are given by 

1 10ni 1 0 T  

Hi ni Or + T Or (58) 

and 
1 1 On 1 3T 

t- (59) 
H n Or T Or' 

respectively. 
The reactions which affect CH4 destruction are reactions (2) and (3) involving excited 

atoms O(1D) in the upper part of the stratosphere and OH radicals in the lower part of 
the stratosphere. The production reactions which are significant in the stratosphere for 
carbon monoxide are the oxidation processes of methane in the major part of the strato- 
sphere and the photodissociation of carbon dioxide in the upper stratosphere. The des- 
truction process by a three-body association of CO and O is not important compared 
with the reaction (44) between CO and OH. 

Considering steady-state conditions, equations (55) and (56) can be written 

an(CO) w(CO) 
n(CO2)Jco-o + [c* n(O*) + c2 n(OH)] n(CH4) = + a36 n(CO)n(OH) 

Or 

(60) 
and 

On(CH,) w(CH4) 
t- [c* n(O*) + c2 n(OH)] n(CH4) = O (61) 

Or 
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The lower boundary conditions are determined at the tropopause level by concentrations 
corresponding to certain mixing ratios of CH4 and CO. A vanishing flux is adopted in the 
thermosphere for CH4 and photoequilibrium conditions are used for CO at the strato- 
pause level. 

50 

40 

-g 

30 

20 

I0 z 103 

I 

104 

K ] / / ~ ' ' ' " I L  i J i i1,11 

\, 

iO s 106 
EDDY DIFFUSION COEFFICIENT Icm 2 sec -I ) 

Figure 2 
Assumed profiles for the eddy diffusion coefficients, Km~., K ~ ,  103, 2 x 103, 5 x 103, I and 2 x 104 

cm 2 see- 

lO 102 103 10 

PRODUCTION RATE (cm-3sec -t) 

Figure 3 
Production of CO (cm -3 sec -1) by photodissociation of CO2, reactions of O(1D) and OH with CH4 for 

a maximum of the eddy diffusion coefficient, Km.x and solar conditions, sec Z = 2 

The coefficient of vertical diffusion is known to vary with latitude (GUDIKSEN et  al. 
[20]), and in order to consider various possibilities, we have adopted not only constant 
eddy diffusion coefficient between 103 and 104 cm; sec -1, but also two extreme conditions 
where the eddy diffusion coefficient varies with height (see Fig. 2 for Kmin and Kin,x). 
Furthermore, the stratospheric distribution of CH4 is also sensitive to the average solar 
conditions which are adopted. This must be kept in mind since average conditions vary 
with latitude and seasons. 
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Considering the number of photons available at the top of the earth's atmosphere 
(cf. ACI~ERMAN [1]) and the absorption cross sections measured by SI-IEMANS~CY [47] 
the photodissociation coefficient of CO2 can be determined. With a CO2 mixing ratio 
of 320 p.p.m.v, the photodissociation rate corresponds to a CO production rate of 5 x 

F i i i I J , l [  ~ - 4  K I ~ ' ~ l  I I I  ~ I I j  I I I t I r l ~  

50 STRATOSPHERE mox , ~  

sec • = 2 ~ o t o e q u i h b r i u r n  

2C / 

n{HO2l/n [OH) =9 =1 

101 ]02 103 i0 L 
PRODUCTION RATE Icrn "3 sec-~l 

Figure 4 
Production rates of CO(cm -3 sec -1) for different eddy diffusion coefficients, Km~n and K,.,x and for 

ratios n(HO2)/n(OH) - 9 and 1 

' ' ' ' ' ' " 1  I / E ~ ~ l , , ,  I i J , , , , i J  I i i i , , l l ,  

50-- " a x e ?  -- 
CH 4 Km STRATOSPHERE 

niNOz)/nin'~N~ = _ _  1 ~ = 9 sec X = 2 

N 3c 

5 ' ~  Ehhatt e i  a l  11972) < 
4 i, Ackermon et  o[ (1972) 

2C 

I I I I I I I I I  I I i t l l l J I  I I r I I i i i i  I I I i i i i  
10-9 10-8 10-7 10-6 10-5 

FRACTIONAL VOLUME CONCENTRATION 

Figure 5 
Fractional volume concentrations of methane for two extreme conditions of the eddy diffusion 

coefficient,-Km~n and Kraal. Observational results are indicated 

10 z molecules cm -3 sec -1 at the stratopause. The result is given in Fig. 3 where the CO 
production by oxidation of CH4 is also shown. In the lower part of the stratosphere the 
effect of hydroxyl radicals is important while the reaction of the excited Oxygen atoms 
plays its role in the middle stratosphere. As far as the photodissociation of CO2 is 
concerned, it must be introduced at the stratopause. Finally, photochemical equilibrium 
conditions can be accepted in the upper part of the stratosphere. 
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The average conditions for the production of CO molecules are presented in Fig. 4 

where it can be seen that there is an important difference when the eddy diffusion co- 

efficient varies from Kmjn to Km~x. However, the effect of the photodissociation of CO2 

decrease the effect due to the difference in the oxidation of CH4. The two corresponding 

< - - - - _ _  - " - - - C ' -  - ' 
,0T'-'----~2xl0'~ ~ ~ " - - .  [], 

~ 3 0  nlHOz} 1 o,o.,_ _- 
0 �9 Kmin  

20 C3 [ ]  Kmax 

x EHHALT et al {1972) H 

~ ACKERMAN et ~I {1972} 

100-9 10- 8 10 -? 10 -6 

FRACTIONAL VOLUME CONCENTRATION 

Figure 6 
Fractional volume concentration of methane for various constant values of the eddy diffusion coefficient 

K = 103 to 104 compared with Kmi, and/(max 

50 i , i , i , t l  E i , i i ~ Jl~ I E i J i ii 

~Kma • STRATOSPHERE 

n(HO2l/nlOH) =9 =I =9 =t 

108 lO g io [0 io II 

UPWARD CURRENT {cm-2sec -I) 

Figure 7 
Upward current of CH4 molecules in the stratosphere for extreme conditions of the eddy diffusion 

coefficient Kr~,n and K, .... Solar conditions correspond to solar zenith angle of 60 ~ (sec Z = 2) 

vertical distributions of the mixing ratios of CH4 are illustrated in Fig. 5 which shows the 

importance of the adopted values from the eddy diffusion coefficient. The recent obser- 

vational results (EHHALT et al. [14]; ACKERMAN et al. [2]) show (see Fig. 5 and 6) 

that relatively high eddy diffusion coefficients are required to explain the observations. 

They agree with the first observations of BAINBRIDGE and Hi~IDT [3]. However, since 

tropospheric variations are observed (EHHALT [13]) more stratospheric observations 



1412 M. Nicolet and W. Peetermans (Pageoph, 

are needed before determining the exact profile of the eddy diffusion coefficient which is 

required to explain the vertical distribution of C H  4. 

In any case, it seems that the upward current of  CH4 molecules (Fig. 7) could not 
be less than 5 x 109 molecules cm -2 sec -a which corresponds to a stratospheric produc- 

tion of at least 5 • 10 9 CO molecules cm -2 sec -1 and not less than 10 a~ HzO molecules 
c m  -2 sec-~. 

As far as carbon monoxide is concerned the conditions in the neighborhood of the 

stratopause are determined by photochemical equilibrium conditions (HAYs and 

OLIVVRO [21]). Examples of fractional volume concentrations of  CO are given in Fig. 8 

above 30 kin. Below the stratopause the mixing ratio decreases with the decrease of the 

, , , , ,  f , i  I I i i i i i l l  I i i i , i , i  

7C CO 

see X = 2 

n(HO 

6C 

i 
g 

5 

~C 

K = ; 0  3 2~o 3 " ,~x10 3 ?ecru 2s,c-' , 
3(] l l i I i i i i  ] i i i IF  l i [ P I I 

io" io -8 10 -v ~o -6 

FRACTIONAL  VOLUME CONCENTRATION 

Figure 8 
Fractional volume concentration of carbon monoxide'above 30 km for various constant values of the 

eddy diffusion coefficient 

eddy diffusion coefficient since the effect of the reaction OH + C H  4 becomes less and 

less important.  

In the lower stratosphere there is a rapide decrease (SEILER and JUN6E [45]) of the 
carbon monoxide concentration compared with the tropospheric concentration. It  

corresponds according to recent results of  SEILER and WARNECK [46] to a difference in 

the mixing ratio from more than 10 -~ below the tropopause to about 5-6 • 10 -s above 

the tropopause. 
Various calculations have been made for different lower boundary conditions. 

Examples shown in Figs. 9 and 10 correspond to the two extreme values of the eddy 
diffusion coefficients Kmi~ and Kmax. The fractional volume concentration of CO is 
between 10 .8 and 10 .7 when a high value of the eddy diffusion coefficient is adopted; i t  

decreases to less than 10 -s if a small value of the eddy diffusion coefficient is adopted in 

the upper stratosphere. 
I f  it is assumed that there is no upward current of CO molecules at the tropopause 

(here 10 kin) the lower boundary conditions are determined since they must correspond 



Vol. 106-108, 1973/v-vii) Carbon Monoxide and Methane in the Stratosphere 1413 

to mixing conditions. The vertical distribution of the mixing ratio (10 -s at 10 km) 

corresponding to such conditions may be compared (see Figs. 9 and 10) with the vertical 

distribution of that corresponding to lower boundary values of 5 x 10 -s and 10 -7. 
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Figure 9 
Fractional volume concentration of carbon monoxide in the stratosphere for high values of the eddy 
diffusion coefficient (Kma,). The lower boundary conditions are 10 -7, 5 • 10 -s and mixing conditions 
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Figure 10 
Fractional volume concentration of carbon monoxide in the stratosphere for low values of the eddy 
diffusion coefficient, Km~,. The lower boundary conditions are 10 -7, 5 x 10 -s and mixing conditions 

Oo -~) 

Since the observations of SEILER and WARNECK [46] show that the mixing ratio of 

carbon monoxide above the tropopause is more than the equilibrium value (~10 -s) 

and less than the tropospheric value ()10-7), there must be an upward current of CO 

molecules at the tropopause in addition to the production by the oxidation of CH4 

molecules. Depending on the ratio n(HO2)/n(OH) and on the exact value of the eddy 

diffusion coefficient, the average upward current of CO molecules would be between 
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5 • 109 cm -2 sec -1 and 2 x 10 l~ cm -2 sec -1, i.e. not less than the injection of CH4 
molecules into the stratosphere. In any case, it seems that the vertical distribution of the 
carbon monoxide in the lower stratosphere is related to the upward current of CO and 
CH4 molecules through the tropopause and, in the upper stratosphere, depends on 
photochemical equilibrium conditions in which OH radicals are involved. 

Since our knowledge of tropospheric CO concentrations is still incomplete, with 
fractional volume concentration varying from an average of0.14 p.p.m.v, in the northern 
hemisphere to an average of 0.06 p.p.m.v, in the southern hemisphere (ROBINSON and 

ROBBINS [44]), the stratospheric behavior can only be understood lbr average conven- 
tional conditions. Detailed calculations require very precise atmospheric data since 
the average short lifetime of tropospheric carbon monoxide must lead to wide fluctua- 
tions of its concentration. 

Finally, all processes must be introduced in order to determine the exact aeronomic 
behavior of the hydroxyl radicals. For example, the effect of nitric acid, which has been 
neglected here, could be introduced in a complete study. If the steady state conditions 
of HNOa in the stratosphere are given by the simple equation (NICOLET [38]) 

b22 n(M) n(OH) n(NOa) 
n(HNOa) = (62) 

Jon-No2 + b27n(OH) 

where the loss processes are the photodissociation 

(JOH-NO2) HNO3 + hv -+ OH + NO2 (63) 

and the reaction with OH 

(b27) HNOa + OH ~ H20 + NOa (64) 

and the principal process of formation 

(b22) OH + N O  2 + M -+ HNOa + M. (65) 

There is a final loss process of OH radicals due to the reactions of HNO3 which is given 

by 
1 dn(OH) 

n(OH) dt  = -2b27 n(HNO3) (66) 

Since the rate coefficient b27 should be about 1000 times less than al,  the rate coefficient 

of the reaction (48) between OH and HO2, n(HNO3) >~ 1000 n(HO2) would play a role 
in the determination of OH in equation (47). Thus, a special study of the behavior of 
nitrogen oxides is of special interest in the hydrogen-oxygen stratosphere. 
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