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Abstract 

Trace stratospheric species (parts per billion or less) have negli

gible effects on ozone; (parts per million) unless they interact in 

catalytic cycles that regenerate the trace species. It is appropriate to 

regard the components of ozone photochemistry to, be catalytic cycies, null 

cycles, and consumptive sequencies, rather than the elementary chemical 

reactions. A general differential equation for ozone is transformed to 

an equivalent equation that directly identifies all catalytic cycles and 

sequencies. ,The novel aspect of this article is the completeness with 

which this transformation is carried out and used. This method of treating 

stratospheric photochemistry is particularly useful in planning and in 
, 

interpreting atmospheric observations. The features of the methane-smog 

chemistry are clearly brought out. From the mid-values of published 

measurements of N02 and CIO, it appears that N02' CIO, and 03 are suf

ficient to destroy ozone as fast as it is formed in the range 23 to 35 km; 

and NOx reactions. and ClX reactions appear to be roughly equal in impor-

tance. There is no need to invoke any new or unknown sink for ozone in 

this region, if the mid-values of measured N02 and CIO are representative 

of the global ave~age; It is improbable that the high values observed 

for N02 or for CIO are representative of global average values. The 

magnitude of the contribution of HOx reactions to ozone photochemistry 

cannot be found by this method because of lack of observations of HOO in 

the stratosphere. These concl,.,us':Lons depend on the accuracy of the strato-

spheric observations and certain rate constants. Additional measurements 

are needed, especially for HOO, N0
2

, CIO, and HO. 
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I. Introduction 

Although stratospheric chemistry is indeed complex, there exist 

some valid simplifying considerations. Ozone is present in the strato-

sphere with mixing rat~os of parts per million. The free radicals, HOx, 

NOx , and CIX that attack ozone are present at pa~ts per billion or less. 

Because of this great disparity in number, a one-way. reaction of free 

radicals with ozone has only.a very small effect on ozone, for example 

NO-

Before 10-6 

After ° 0.999 x 10-6 

If a trace species reacts in a cyclic manner, such as 

NO + 03 + N02 + 02 

03 + hv + 02 + ° 

N02 + ° + NO + 02 

it can have a significant direct effect on ozone: 

NO 

Before 10-9 

After one cycle 10-9 

After two cycles 10-9 

... 
After 100 cycles 

°3 

10-6 

0.998 x 10-6 

0.996 x 10-6 

-6 0.8 x 10 
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The only way free radicals can have a significant effect on ozone is to 

participate in processes Ithat are cyclic in radicals and destructive 

(or productive) of ozone.; Th,e essential components of the problem are 

cyclic" long-chain reactions. 

If,such cycles are sought by inspection of the mechanism, there will 

be uncertainty with respect to both completeness and duplication. For 

years, aeronomers have identified the long-chain processes from,charac-

teristic terms in th'e differential equat,ion for odd oxygen, but recently 

the numbers of reactions and cycles considered have become large, ~d no 

systematic presentation of the subject has been given. This article 

takes a complex, aD-step O-H-N-C-CI mechanism, defines.odd-oxygen in a 

simple direct way, and transforms the usual differential rate equation 

to a form where each and every term is the rate determining step in a 

catalytic cycle or sequence that forms :'or destroys ozone. The catalytic 

cycles are discovered from terms in the differential equation, not by 

intuition or inspection. The key chemical species in the rate-determining 

steps of the catalytic cycles and sequencies are especially important. 

This article is another application of the "method of instantaneous 
.J 

rates" . [Johnston and Whitten, 1973; Johnston, 1975]. This method takes 

atmospheric measurements, and in a simple, separable, one-step calculation 

derives consequences. In certain cases, firm conclusions (within the 

accuracy of the atmospheric measurements) can be reached concerning 

components of the total problem', long before the total problem itself 

is solved. This method does not displace model calculations, but it is 

supplementaty to such calculations. 
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, <J.: 

This method is used in this article to interpret the results of a 

model calculation. Also it is used to interpret the effect of observed 

values of 03' N02 , and CIO in the stratosphere. This method is effective 

in expressing the important variables in the methane-NOx-smog reactions, 

which probably form a significant amount of ozone in the lower strato-

sphere and troposphere. 

3 



II. Organizing the Differential Equations 

Rates and Rate Constants 

Two chemical mechanisms are considered here: A. The 17 photolytic 

reactions and 63 thermal reactions (excluding k
34

)·of Table 1, involving 

o-H-N-Cl-CH
4 

chemistry. B. The first 11 photolytic reactions and first 

34 thermal reactions of Table 1, which is the O-H-N-partial CH
4 

mechanism 

of Chang and co-workers [1974a, 1974b] and that used by Duewer et al. 

[1977] • 
, ,-

The following abbreviated notation is used: A photolytic rate 

constant is written asi, and the correspond-ing photolytic rate is. 

written as J, for example 

jl O
2 

+ hv +0+ 0 

(_ d[Ozl) 
= Rate(j 1) = jl[02] = J

l dt jl 
(1) 

where a square bracket indicates the concentration (molecules'cm-3) of 

the enclosed specie~. A chemical rate constant is written as k,and 

the corresponding reaction rate. is K, for example 

4 

".". 
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kl 0 + O
2 

+ M -.. 0
3 

+ M 

(- dl~l)k - Rate(k1l - kl [M][02][O] = Kl 
. 1 

(2) 

After derivations are completed using the condensed J and. K notation, 

some rate expressions are written out in the standard long form. 

In the conventional one-dimensional model of stratospheric ozone, 

each substance Sm in at~ospheric vertical band n has a differential 

equation of the form 

d[S 1 m n 
dt 

= p 
nm L ± T mn m,n-l,n+l 

where P represents gross chemical and photochemical production, L 

(3) 

represents gross chemical and photochemical loss, and T represents net 

transport of substance S with respect to the adjacent levels n-l and 
m 

n+l. The transport T is calculated from a model of the atmosphere 

[ClAP Monograph 3, Chapter 4, 1975B], or it is brought about by actual 

atmospheric motions in the viewpoint of the "method of instantaneous, 

rates" [Johnston and Whitten, 1973]. Each P ()r L terms typically 

involves a number of J and K terms. 

The concepts of ·this method· are most clearly illustrated in terms of 

free radicals, which will be treated first. Odd oXygen is the case of 

primary interest, and it is treated second.. The method is also applied 

to odd hydrogen, odd nitrogen, and odd chlorine. 



Free Radicals 

"Free radicals" are defined here as any atom or group of atoms with 

an odd number of electrons. Any atom or group of atoms with an even 

number\of electrons is defined as a "molecule." With this definition, 

the free radicals in this mechanism are: 

6 

H, HO, HOO; N, NO, N02' N03; Cl, CIO; 

CH
3

, CH
3
0, CH

3
00, HCO, CFC12 , CF2Cl. 

(4) 

The syinbol R is used as a general symbol for a free radical. 

Since all free radicals have an odd number of electrons and all

molecules have an even number of electrons, there are several simple, 

general relations applying to the reactions of free radicals and molecules. 

"Free radical arithmetic" [Johnston, 1970J has some properties in 

common with the addition of counting numbers: 

Addition of Counting Numbers Free Radical Arithmetic LlR 

even + even -+ even 0+0 -+. 

° 0 

odd + odd -+ even 1 + 1 -+ ° -2 

odd + even -+ odd 1 + ° -+ 1 0 

even -+ even + even ° -+ ° + ° 0 

even -+ odd·+ odd ° -+' 1 + 1 +2 

odd -+ odd + even 1 -+ ° + 1 0 (5) 

even + even -+ even + even 0 + ° -+0 + 0 0 

even + even -+ odd + odd 0+0 -+ 1 + 1 +2 

odd + odd -+ even + even 1 + 1 -+ 0+0 -2 

odd + odd -+ odd + odd 1 + 1 -+ 1 + 1 0 

odd + even -+ even + odd 1 + 0 -+ o + 1 0 
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In terms of chemical reactions, some examples are 

fiR = +2 ~03 + ,hV + HO + N0i 

HO + N02 M • HN0
3 fiR = -2 (6) 

fiR =0 

Out of the SO photochemical and chemical reactions in mechanism A (Table 

1, omitting k34), 67 of them involve free radicals. These free radical 

reactions are entered in Table 2, together with the corresponding free-

radical arithmetic and change in radical number, fiR. 

If one glances down the ~R column of Table 2, one sees that, without 

exception, the change in free radicals per reaction is either +2, 0, or 

-2, which follows from the fundamental properties of odd and even numbers 

and the operation of addition and its inverse. From Table 2, one can 

write out the differential rate equation for free radicals 

+ 2 K6 + 2 K10 + 2 K11 + 2 K32 + 2 K42 + 2 KSS + 2 KS6 + 2 KS7 + 2 KS9 

- 2 KS - 2 K1S - 2 K19 - 2 K20 - 2 K24 - 2 K27 - 2 K31 (7) 

There are 26 terms on the right hand side of this rate equation, all with 

a coefficient of +2 or-2. 

This equation can be used as it stands. However, a potentially 

troublesome feature about (7) is that some sets of terms involve the 

small difference between large'numbers. For example, there are two 

terms that involve nitric acid, 2 J
7 

- 2 K20 
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The net rate of increase or decrease of free radicals due to nitric acid 

is the small difference between ,the gross radical production rate, 2 J
7

, 

and loss rate, 2 K
20

•· The differential equation for nitric acid is 

d[HN0
3

] 
dt = K20 - J:, - K2l (8) 

The steady-state approximation is that the net difference E in the three 

terms on the right hand side of (8) is very much less than the largest 

individual term. If the steady-state condition is a satisfactory approxi-

mation, then 2(KZO - J 7 -KZl) is zero, and this expression, of zero 

value, added to, 2 J
7 

- 2 KZO in the rate expression (7), replaces this 

difference between two large numbers by the single term 2 K
2l

• Especially 

for the interpretation and discussion of atmospheric chemistry, it is 

advantageous to simplify the differential equation in this way. 

This simplification of the effect of nitric acid on the production 

and loss of free radicals was based entirely on consideraions of the 

differential equation (7) and the steady-state condition for nitric acid 

reactions (8). Although it is not necessary to do so, the situation can 

be described in terms of couplets of reactions. When two radicals are 

lost by combining to form nitric acid, there are two alternate paths 

for further 'reaction: 
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k
20 HO + N02 

M • HNO 
3 

j7 RN0
3 

hv 
HO + N02 .. 

/* V net: null fiR = 0 (9) 

.,. 
k

20 HO + N02 
M 

• HN03 

k2l HO + HN03~ H20 + N0
3 

net: HO + HO + N0
2
-H

2
0 + N0

3 

1+1+1-+0+1, fiR = -2 (10) 

The chemistry of nitric acid has two components so far as free radicals 

are concerned, one component is couplet (9) that causes no change in 

the free radical population and the other component is couplet (10) that 

reduces free radicals by two. The free-radical chemistry of nitric acid 

is relatively simple, and this example has been presented in detail 

clearly to illustrate: (i) the simplification of the differential 

equation (7) by use of a steady~state approximation, (ii) the consequent 

'replacement of the addition and subtraction of large numbers by a single 

term representing their difference, and (iii) the interpretation of complex, 

multi-reaction chemistry in terms of component sequences of reactions. 

In this mechanism, it is appropriate to make the steady-state 

assumption for 

(11) 

If these steady-state approximations are valid, then the 26 term dif-

ferential equation (7) for free radicals reduces to the following 15 

term equation 
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(12) 

The 11 terms eliminated from (7) can be identified with reversible null 

sequences analogous to (9), but more complex in some cases. The 15 terms 

remaining in (12) correspond to irreversible, single step radical produc-, , 

tion or loss 

or to the rate-determining step in a sequence such as (10). If the 

steady-state approximations are satisfactory, the problem has been 

simplified in moving from (7) to (12). 

There is a close similarity in the formal mathematical operations 

of including a species S in the class of free radicals R and of making 

the steady-state assumption for S and adding the resultant expression 

to the differential equation for R: The differential equations for Rand 

S are 

dS 
dt = Ps - LS 

If S is included in the Class of R, the differential equation is 

(13A) 

... 

!", 
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If the steady-state assumption is made for S, dS/dt = 0 and Ps - LS = O. 

This expression of value zero is added to the differential equation for 

free radicals 

dR = P L + 0 = 
dt R - R (13B) 

The right-hand-side of (13A) is the same as that of .(13B). For the case 

of free radicals, the definition of free radicals is unambiguous. The 

set of free radicals in this mechanism is given by (4), and the substances 

for which the steady-state approximation was made are listed. in (11). For 

odd oxygen, which is considered in the next section, ther,e is not quite 

so clear-cut a separation in these two mathematically similar operations: 

class inclusion and steady-state approximation. 

Odd Oxygen 

For the full mechanism of Table 1, the differential equation for 

production and loss of ozone is 

dt kl [M] [°2 ] [0] 

- (j2 + j3 + k2[O] + k44 [0(lD)] + k45 [0(lD)])[03] 

(k3[NO] + k2S [N] + k29 [N02]) [03] 

(k12 [HO] + k14 [HOO] + k17 [H]) [03] 

- k46 [Cl][03] 

(

,0 

= K1 - J 2 - J 3 .- K2 - K44 - K45 ) , 

N H Cl 
- (K3 + K2S + K29 ) - (K12 + K14 + K17)- (K46) 

(14) 
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The contributions of the Ox family of reactions, (0, 02' 03)' the NO~ 

family of reactions, (N, NO, N0
2
), the HOx family of reactions, (H, HO, 

HOO), and the chlorine reactions, (Cl, CIO), are indicated by superscripts 

on the groups of terms. In a typical model, this is the equation solved 

by the computer, in parallel with similar equations for other atmospheric 

species. Over much of the three-dimensional stratosphere, the net· 

difference (Kl - J 2 - J 3 - K2 - K44 - K4S) is very small (2 to S orders 

of magnitude) compared to the individual terms KI , J 2' J 3. For many 

purposes it is desirable to minimize adding and subtracting the large 

numbers Kl and (J
2 

+ J
3
), which can be done either by making the steady

state approximation for ° and for O(ID) or by defining "odd oxygen." 

There is a long-standing tradition in aeronomy of defining odd oxygen 

in this context. 

"Odd oxygen" is defined as the sum of ozone and atomic oxygen 

In the troposphere and stratosphere, the. concentration of ozone is Im.lch 

larger than the concentration of atomic oxygen, so that odd oxygen is 

very nearly the s~me as ozone. The 80 step mechanism includes 42 steps 

that involve odd oxygen as either reactant or product. These 42 reac-

tio·ns are listed in Table 3. Table 3 is subdivided into odd oxygen 

reactions associated with odd oxygen species (Ox), with the free radicals 

based on water (HOx), with ni·trogen free radicals (NOx), with chlorine

containing free radicals (CIX), and with nitrous oxide. The "odd oxy'gen 

arithmetic" is the same as the "free radical arithmetic." A substance 
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not odd oxygen is labeled zero and either 0, O(ln), or 0
3 

is labeled 

one. The odd-oxygen arithmetic for each Ox reaction is included in 

Table 3, and the change in odd' oxygen for the reaction, 60x , is also 

given. The differential equation for odd oxygen can be obtained by 

inspection of· Table 3. 

d[Ox J 
dt 

o 
2 K44 - 2 K6l) 

+ (J4 + J 5 + J 6 + J ll + K7 + K8 + K24 - K3 - K4 - K5 - K6 

" N 
- K23 - K25 - K28 - K29 - K59) 

13 

+ (J9 + K27 - KlO - Kll - K12 - K13 - K14 - K15 - K17 - K32 - K42)H 

+ (- K46 - K47 - K55 - K56 -.K57 )Cl (15) 

In the pure oxygen system each elementary reaction, jl' k2, k44' 

and k6l directly produces or destroys two units of odd oxygen, and all 

such terms automatically appear in (15) with a coefficient of two. 

If one glances down the 60x column of Table 3,one sees that when 

the free radicals, HOx , NOx , and ClX, react with odd oxygen, the change 

is always by one and only one unit, for example: 

odd oxygen loss in a single step 

(16) 

NO + 03 ~ N02 + O2 -1 

Hoo + 0 ..... HO + O2 -1 

Cl + 0
3 
~ ClO+ O

2 -1 

0(1n) + H
2
0 -+ 2 HO -1 
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odd .oxygen production in a single step 

(17) 

N02 + hv ~ NO + 0 

HOO + hV ~ HO + 0 

+1 

+1 

+1 

These single-step processes can produce or destroy no more odd oxygen 

than the original supply of reagent on the left hand side of the equation. 

Acting by itself, NO can destroy no more ozone than the original am~unt 

of NO. Since NOx , HOx , ClX are present in the stratosphere many orders 

of magnitude less than ozone, a single-step, free-radical process does 

not have an important effect on odd oxygen. A single-step, odd-oxygen-
, 

destroying reaction must' be followed by another step that either reforms 

odd oxygen or destroys a second odd oxygen to complete the fundamental 

requirement: odd + odd ~ even. 

These general, group-theoreti·cal considerations suggest that if a 

proper set of steady-state relations are added to the odd-oxygen 

equation (15), then every term in the differential equation should be 

multiplied by an even number, 0, ±2, and possibly ±4. The operation of 

adding a steady-state r~lation to the differential equation is explicitly 

defined here. For a substance A, which is not a member of the odd-oxygen 

set, the differential rate equation from the mechanism has the form 

== P -L A A (18) 

• 



,. 

The steady-state assumption is that the difference in P
A 

- LA is very 

small compared to the rate of production P
A 

or loss LA' and thus 

l5A 

P - L ~ 0 A Au (19) 

This difference, including all n production terms and all m loss terms 

(compare 18), of value zero is added to the differential equation (15) 

to generate a transformed differential equation. 

For the mechanism of Table 1, we add to the odd-oxygen equation (15) 

steady-state relations for the following: 

N0
2

, 2 N0
3

, HN0
3

, -N, N
2
O, HOON0

2 
(20) 

HOO, H, -H
2

O 

CH
3

, CH~OO, -H2CO, 2 HCO, CO 

ClO, -HCl, ClON0
2 

Where the coefficients in (20) is 2 or -1, this coefficient multiplies 

(19) before it is added to (15). Some authors include one or more of 

the species in (20) in their definition of odd oxygen, thereby confusing 

the definition of odd oxygen and the species for which the steady-state 

assumption is made, compare (13). Clear thinking on this subject is 

promoted by restricting the definition of odd oxygen to the species 03' 

0(3p), and O(lD). 

With these steady-state relations, the differential equation for 

ozone is changed from (15) to the following: 



lSB 

(21) 



The terms in parentheses respectively refer to ozone production f~om 

photolysis of oxygen, ozone production from odd nitrogen reactions, 
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ozone production from the methane-NOx-smog reactions, ozone destruction 

by Ox, ozone de~truction by NOx,ozone destruction by HOx , ozone 

destruction by C1X, ozone destruction by mixed NHC1X .reactions, and ozone 

destruction by nitrous oxide cycles. This differential equation involves 

no pseudo-production or pseudo-loss of odd oxygen [Johnston and Nelson, 

1977]. It properly aportions ozone formation' and destruction among the 

various families of reactants, Ox, NOx , HOx , CH
4

, and ClX. It minimizes 

the problem of small differences between large numbers. No terms are 

omitted. Every term is multiplied by two. 

Although it is not necessary to do so, and it has not been done in 

deriving (21), each term in (21) can be associated with a catalytic cycle 

or sequence of consumptive reactions. Ita reagent is irreversibly 

altered in a sequence, for example, CO -to CO
2

, the process is "consumptive," 

and the amount of odd oxygen formed or destroyed is limited by the amount 

of reagent that is consumed. If a reagent changes in one step and is 

regenerated in another step, the process is "cyclic." 

In general, free radicals, HOx , NOx, ClX, interact with odd oxygen 

to change odd oxygen by + or - one unit, Table 3. From the fundamental 

properties of odd and even numbers, it requires two such processes to 

convert odd oxygen to even oxygen or even oxygen to odd oxygen. The 

situation is summarized in Figure 1. If free radical Rl is converted 

to free radical R2 in a process that decreases odd oxygen by one unit 

(~ c -1), the cycling of R2 back to Rl must involve either an increase 

(~ = +1) or a decrease (~ = -1) of odd oxygen. An increase cancels the 

decrease of the init~al step, and one has a null cycle •. A decrease~f 
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odd oxygen in the return loop completes a catalytic cycle (~ = -2) 

that destroys ozone. Two steps of~= +1 would constitute catalytic 

formation of odd oxygen. These cycles can be entered at any step. In 

each cycle there is a rate-determining step, RDS. The rate determining 

steps in catalytic cycles are given by the terms in (21).. 

If a reagent dest~oys one unit of odd oxygen as it changes from Rl 

to R2 and if it forms one unit of odd oxygen as it is reconverted from 

R2 to Rl , the cyclic process has a "null" effect on ozone (of course, 

null cycles do not appear in the differential equation). In the next 

17 

section, each term in (21) is examined one-by-one, and the sequences and 

cycles are identified and written out in full. 

Some of the sequences and cycles, and thus the corresponding terms 

in the differential equation, have effects on odd oxygen that are numeri-

cally very small compared to others. However, group theory is not 

concerned with magnitudes, but rather with symmetries and relationships. 

One must turn to laboratory data, atmospheric measurements, and model 

calculations to evaluate the relative importance of terms in (21), and 

such a study is the content of sections III and IV of this article. 

Catalytic Cycles and Consumptive Sequences Derived from the 

Differential Equations. The first term 2 J l in (21) is the rate deter-

mining step in the consumptive sequence that converts oxygen to ozone 

02 + hv + ° + ° 
2(0 + 02 + M +.°3 + M) 

This sequence represents the dominant source of atmospheric ozone. 

(22) 
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The third term in (2~), 2 K60, represents a true catalytic formation 

of ozone from nitrogen oxides [Johnston, 1974, 1970] 

2 NO + 02 ~ 2 N02 

,2(N0
2 

+ hv ~ NO+ 0) 

2(0 + 02 + M ~ 03 + M) 

net: ,3 02 + 2 hv ~ 2 03 
I . 

This reaction is exceedingly slow in the stratosphere but of some 

(23) 

importance at sites of high local NO concentrations in the troposphere, 

such as smoke stacks. 

The terms 2 K
7

, 2 K
S

' and 2 K24 in (2~) arise from the photolysis 

of nitric oxide in the upper stratosphere. K7 is catalytic in nitric 

oxide 

I 

NO + hv ~ N + ° 
N + ° '+ NO +' ° 2 

2(0 + 02 + M ~ 03 + M) 

(24) 

Processes KS and K24 represent ozone formation from consumption of NOx ' 

for example 

net: 

NO + hv ~ N + ° 
N + NO ~ N2 + ° 

2(0 + 02 + M ~ 03 + M) 

(25) ; 

Although this process is quite important in the atmospheric balance of 

odd nitrogen, it is negligible compared to (22) in the odd oxygen 

balance. 

The terms (4 J 12 + 2 J
13 

+ 2 K43 - 2 K
3S

) represent the methane

NOx-smog reaction, including the effect of branching, between methane, 

. , ... 



19 

formaldehyde, and carbon dioxide. Maximum ozone production occurs, 

namely 4 per CH
4 

consumed, if the sequence is 

j12 
• H + HCO + CO + CO2 

(26) 

Two ozones are produced per methane consumed if the sequence is either 

or 

CH
3
00 + CH 0 + H CO 

3 2 

k 

+ CO 
2 

34. HCO + CO+ CO
2 

No ozone is produced per methane consumed if the sequence is 

(27) 

(28) 

(29) 

The formation of ozone from the methane-smog reaction can be written 

out from the abbreviated notation 

(30) 

The concentrations of formaldehyde and methyl radicals can be eliminated 

by means of steady-state relations to give a more readily interpreted 

expression 

(
d[03] ) 

dt 
smog 

(31) 

where 

(32) 

is the total rate of production of methyl radicals from methane. 
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The methane-smog reactions are catalytic in NOx and in HOx , but 

represent consumption of methane as a fuel to produce ozone, carbon 

dioxide, and water as products. The amount of ozone produced is limited 

by the amount of methane consumed. These catalytic cycles are lengthy 

and it requires another cycle for each branching path. In view of the 

probable importance of the methane-smog react,ions to global tropospheric 

ozone [Crutzen, 1972, 1973; Chameides and Walker, 1973; Johnston and 

Quitevis, 1975; Johnston, 1975; Hidalgo and Crutzen, 1977J these 

lengthy sequences are written out in full for the case of initiation by 
. -

hydroxyl radicals. The sequences are somewhat different,when initiated 

by ·o(ln) or Cl, but the same principles apply. 

Maximum ozone production through K35 and J 12 

HO + CH
4 

+ H
2
0 + CH

3 

CH3 + 02 +·M + CH300 + M. 

CH300 + NO -.. CH30 + N02 

CH30 + 02 + H2CO + HOO 

H
2

CO +hv + H + HCO 

HCO +02 + CO + HOO 

HO + CO + CO2 + H 

2(H + 02 +M + HOO + M) 

3(HOO + NO + HO + N02) 

4(N0
2 

+ hV + NO + 0) 

4(0+ 02+ M + 03 + M) 

HO + HOO + H20 + 02 

(33) 

lP: 
I 



Intermediate ozone production through k38 and j12 

or through k38 and k43 or through k35 and j13 

k38 

k43 

HO + CH
4 

-+- H
2
0 + CH

3 

CH3 + 02 -+- H2CO + HO 

H2CO + hv -+- H + HCO 

HCO + 02 -+- CO + HOO 

HO + CO -+- CO2 + H 

2(H + 02 + M -+- HOO + M) 

2(HOO + NO -+- HO + N0
2

) 

2(N02 + hv -+- NO + 0) 

2(0 + 02 + M -+- 03 + M) 

HO + HOO -+- H20 + 02 

HO + CH
4 
~ H

2
0 + CH

3 

CH
3 

+ 02 -+- H2CO + HO 

HO + H
2

CO -+- H
2
0 + HCO 

HCO + °2 -+- CO + HOO 

HO + CO -+- CO
2 

+ H 

H + °2 +M -+- HOO + M 

2(HOO + NO -+- HO + N02) 

2(N02 + hv -+- NO + 0) 

2(0 + 02+ M -+- 03 + M) 

21 

(34) 

(35) 
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HO + CH
4 
~ H

2
0 + CH

3 
(36) 

CH
3 

+ O
2 

+ M ~ CH
3
00 + M 

CH
3
00 + NO ~ CH

3
0 + N0

2 

CH30 + O2 ~H2CO + HOO 

H2CO + hv ~ H2 + CO 

0
3 

+ hV ~ O
2 

+ 0 ID 

o ID + H
2
0 ~ 2·HO 

HO + CO ~ CO
2 

+ H 

HO + H2~ H20 + H 

2(H + O
2 

+ M ~ HOO + M) 

2(HOO+ NO ~ HO +'N0
2
) 

2 (NO 2 + h v ~ NO + 0) 

2(0 + O2 + M ~ 03 + M) 

HO +HOO ~ H20 + O2 

There is zero ozone production from methane through path k38 and j13 if 

the sequence is: 

"", 

.(. 

~I 
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HO + CH
4 

+ H2O+CH
3 (37A) 

k38 CH
3 

+ O2 + H2CO + HO 

,~ j13 H2CO + .hv + H2 + CO 

03 + hv + O
2 

+ 0 In 
:!::l.. 

o In + H
2
0 + 2 HO 

HO +CO + CO
2 

+ H 

HO + H2 + H20 ~ H 

2(H ~ O2 + M + HOO +M) 

HOO + NO + HO + N0
2 

NO 2 + h v + NO + 0 

o + O2 + M + 0
3 

+ M 

HO+ HOO + H20 + O
2 

net: CH
4 

+ 2 O
2 

+ CO
2 

+ 2 H
2
O 

or 

H20
2 

+ hv + HO + HO (37B) 

HO + CH
4 

+ CH
3 

+ H2O 

k38 CH
3 

+ O2 + H2CO + HO 

j13 H2CO + hv + H2 + CO 

HO + H2 + H20 + H 

HO + CO + CO2 + H 

2 (H + O2 + M + HOO + M) 

'~ HOO + HOO + H202 + O2 
net: CH

4 
+ 2 O

2 
+ CO

2 
+ 2 H

2
O 
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The loss of ozone from Ox reactions' in (21) involves three couplets 

of reactions for which the rate determining steps are K
2

, 'K
44 

and K6l " 
". 

03 + hv ~ 02 + ° (38) J. 

k2 03+ ° ~ 02 + 02 
net: 2 03 + hv ~ ~ 02 

03 + hv ~ 02 +O(lD) (39) 

k44 03 + O(ID) ~ 02 + 02 

net: , 203 + hv + 3 02 

2(03 + hv ~ 62 +.0) (40) 

k6l ° + ° + M ~ 02 + M 
net:" 2 03 + 2 hv ~ 3 02 

The loss of ozone to NOx reactions in (21) involves two catalytic 

cycles with rate determining steps K4 and J IO " 

NO + 93 ~ N02 + ° ' 2 
(41) 

° + hv ~ ° + ° 3 2 

k4 N02 + ° ~ NO + 02 
net: 2 ° + hv ~ 3 ° 3 ' 2 .. 

NO + 03 ~ N02 + 02 (42) .' 
N02 + 03 ~ N03 + 02 

jlO N0 3 + hv ~ NO + 02 

net: 2 03 + hv -+ 302 
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The loss of ozone due to HOx involves catalytic cycles where 

the rate determining steps are KI4 ,.KI5 , K17 , K18 , and K19 : 

II!, 

HO + 03 + HOO + 02 (43) 

. .1 ,\It k
14

· HOO + 03 + HO + ° 2 + ° 2 
net: 2 03 + 3 02 

HO + 03 + HOO + 02 (44) 

03 + hv + 02 + ° 
kI5 HOO + ° + HO + 02 

net: ·2 ° + hv +3 ° 3. 2 

03 + hv + 02 + ° (45) 

HO + ° + H +02 

kI7 H + 03 + HO + 02 

net: 2 03 + hv + 3 02 

03 + ~v + 02 + o(ln) (46A) 

° In + H20 + 2 HO 

HO + 03 + HOO + 02 

HO + H202 + H20 + HOO 

k18 HOO + HOO + H202 + 02 

net: 2 03 + hv + 3 02 

, .. 
H202 + hv + 2 HO (46B) 

2(HO + 03 +·HOO + 02) 

kI8 2 HOO + H202 + 02 

net: 2 03 + hv + 3 02 



net: 

'I 
03 + hv + 02 + O( D) 

° lD + H20 + 2 HO 

HO + 0
3 

+ HOO + O
2 

HO + HOO + H20 + O
2 

26 

(47) , 

The last three cycles are interesting in that the rate determining 

steps do not involve odd oxygen: HO + HOO + H
2
0 + O

2 
and HOO+ HOO ~ 

H20
2 

+ O
2

• However, these reactions measure the amount of O(lD) lost 

by O(iD) + H20 + 2HO that is not reconverted to odd oxygen, for example 

by 2 HO + H20 + O. It can also be shown from'the complete differential 

equation, that even if HOO is produced from methane oxidation, its loss 

through K
18 

or K19 constitutes a net loss of odd oxygen., 

This mechanism has one catalytic cycle involving chlorine and chlorine 

oxide that destroys ozone, and one cycle is catalytic in both chlorine 

and HOx 

Cl + 0
3 

+ClO + O
2 

(48) 

0
3 

+ hv + O
2 

+ 0 

k
47 

ClO + 0 + Cl + O
2 

net: 2 0
3 

+ hv + 3 O
2 

03 + hv + '0
2 

+ OClD) (49) 

O(lD) + H
2
0' 7" 2 HO 

HO + 03 + HOO + O2 

k50 Cl + HOO + HCl + O
2 

HO + HCl + H
2
0 + Cl 

net: 2 0
3 

+ hv + 3 O2 
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There are two closely related catalytic cycles involving chlorine 

nitrate and peroxy nitric acid 

C10 + N02 ~ C10N0
2 

03 + hv ~ 02 + ° 
(50) 

net: 

° + C10N02 ~ 02 + C10 + NO 

NO + 03 ~ N02 + 02 

HOO + N02 ~ HOON02 

03 + hv ~ 02 + ° 
k59 ° +·HOON02 ~ 02 + HO + N02 

HO + 03 ~ HOO + 02 

Finally, there are two cycles (K
5

, K
6

) with nitrous oxide as the 

catalytic intermed~ate, for example 

2[03 +hv ~ 02 + O(lD)] 

O(lD) + N2 + H ~ N
2

0 + M 

k5 O(lD) + N20 ~ N2 + 02 

net: 2 03 + 2 hv ~ 3 02 

The net reaction with K6 is: 2 03+ N2 ~ 2 02 + 2 NO. 

(51) 

(52) 

Thus every term in (21) can be identified as the rate determining 

step in a sequence or cycle that produces two molecules of ozone from 

three molecules of oxygen or causes the loss of two molecules of ozone. 

Incorrect Formulations of Catalytic Cycles. If catalytic cycles 

are constructed by intuition, some real processes may be counted twice 

and others may be omitted. The terms in the differential equation come 
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first, and their interpretation as catalytic cycles is secondary. In 

some cases one term in the differential equation may represent the rate-

determining step in two catalytic cycles with the same net reaction, 

for example, (46A) and (46B). The listing of catalytic cycles, such as 

(22) - (52), may overlook such a second, parallel case; but this is of 

'no cons~quence~ since all conclusions are based on the terms in the 

differential equation~ 

Catalytic cycles are incorrectly formulated if one does not re- , 

generate all trace species, atoms and free radicals. Two examples from 

the recent literature will be given of s~ch incorrect formulations of 

catalytic cycles. On page 100 of Chapter 5 of ClAP Monograph 1 [1975], 

Johnston wrote out a process for the methane-smog reactio~ ,that was 

cyclic in NOx but not in (hydroxyl radicals; the net reaction was 

Since hydroxyl radicals can both destro'y ozone and indirectly make more 

ozone, this expression for the methane-smog reaction is incorrect. 

However, the calculations that were reported were based on the differential 

equations, and the calculated quantities were not affected by this wrong 

interpretation. 

Another example of incorrectly formulated catalytic cycles is from 

Duewer et al. [1977B]. They.cited the following catalytic cycle as one 
\. 

that would not be picked up by Johnston and Nelson's [1977] analysis, 

which is the same analysis as that presented in full in this review: 
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NO + 03 + N02 + 02 

M 
N02 + HO - RN03 

HO + RN0
3 

+ H
2
0 + N0

3 

N03 + hv + NO + 02 

net: 

This sequence of reactions, although cyclic in NOx ,' is nO.t a catalytic 

cycle, but instead it represents ozone destruction by consumption of 

hydroxyl radicals. Since the concentration of hydroxyl radicals is 

typically the order of magnitude of 106 cm~3 and that of ozone is 1012 

-3 cm , such a non-cyclic sequence is unimportant in the ozone balance. 

The essence of the problem concerns the processes that regenerate HO 

radicals. The correctly formulated catalytic cycles must be cyclic 

in all atomic and free-radical species •. On the basis of incorrectly 

formulated catalytic cycles~ Duewer et al. [1977A, B] made incorrect 

portioning of ozone destruction between NOx and HOx paths. However, 

their calculations, as opposed to their interpretations of the calcula-

tions, were based on differential equations and stand unaffected by 

such interpretations. Johnston's [1975J erroneous interpretation and 

that of Duewer et al. [1977] are parallel in every respect; the clear, 

rigorous development of this subject is still in progress. 

Null Cycles. Many reactions in ,the mechanism produce or destroy 

one unit of odd oxygen, but do not appear in the differential equation 

for odd oxygen (21). Each of these reactions is involved in cycles or 

sequences that produce or destroy no ozone, that is, the even-numbered 

coefficient is zero. The reactions involving the change of one unit of 

29 
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odd oxygen (Table 3) and not appearing in (2l) are: j2' j3' j4' j5' j9' 

jll' kl , k3, k lO ' kll , k12~ kl3 , k23 ,k25 , k27 , k28 , k29 , k32' k42' and 

k
46

• These reactions are involved in sequences or cycles that both form 

and destroy one unit of odd oxygen, which are called "null cycles" or 

"do-nothing" cycles. The principal null cycles respectively in the Ox, 

NOx ' HOx , and elX systems are: 

j2 03 + hv + 02 + ° (53) 

kl ° + °2 + M + 03 + M 

net: null 

j 3 03 + hv + 02 + O{ln) (54) 

k33 o{ln) + M + ° + M 

kl ° + 02 + M + 03 + M 
net: null 

k3 NO + 03 + N02 +02 (55) 

j4 N02 + hv +NO + ° 
kl . ° + 02 + M + 03 +M 

net: null 

k12 HO + °3 + HOO + °2 
(56) 

k26 HOO + NO + HO +N02 

j 4 N02 + hv + NO + ° 
kl ° + 02 + M + 03 + M 

net: null 
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k46 Cl + 0
3 

+ ClO + O
2 

(57) 

k48 ClO + NO + Cl + N0
2 

j4 N0
2 

+ hv + NO + 0 

kl o + O
2 

+ M + 0
3 

+ M 

net: null 

'Reactions K12 and K26 can be interpreted as the ROx catalyzed reaction 

of nitric oxide and ozpne, that is, K
3

• Similarly, reactions K46 and 

K48 can be interpreted
i 

as the ClXcatalyzed reaction of nitric oxide 

and ozone or K
3

• Thus the three principal null cycles, NOx ' ROx , and 
; 

ClX, are structurally the same. 

Reac tion (26) 

ROO + NO + RO + N0
2 

is important in atomospheric photochemistry, but to a large extent it is 

in an indirect way. It converts four ozone-destroying catalytic cycles 

in the ROx system, (43), (44), (46), and (47), to null cycles. Also, as 

will be shown in the discussion of the carbon monoxide smog reactions, 

K
26 

leads to ozone production from CO combustion whereas K
14

, ROO + 0
3

, 

leads to ozone destruction. 

Two other null cycles are of some special interest. 

k29 N0
2 

+ 0
3 

+ N0
3 

+ O
2 

(58) 

jll N0
3 

+ hv + N0
2 

+ 0 

kl o + O
2 

+ M + 0
3 

+ M 

net: ' null 

This null cycle is the orthogonal component to catalytic cycle (42). The 

recombination of two hydroxyl radicals closes a null cycle, in contrast 

to the recombination of ROx by way of RO + ROO (47) and ROO + ROO (46) 
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j3 03 + hv -+- 02 + O(ln) (59) 

k
lO O(ln) + H

2
0 -+- 2 HO 

k27 2 HO -+- H20 + ° 

kl ° + °2 + M -+- 03 + M 

net: null 

There are many other. null cycles, but these are not written out here. 

·Odd Hydrogen 

The free radicals derived from water are defined as "odd hydrogen" 

or HOx 

HOx = H + HO + HOO (60) 

The differential equation for odd hydrogen from the mechanism is 

d[HOxl 
dt = J 7 + 2 KS+ J l2 + J 17 + 2 KIO + Kll + 2 K32 · 

+ K37 +,K3S + K39 + 2 K42 + K49 + K52 + K59 

(61) 

The steady-state assumptions appropriate for this system are based on 

the substances and stoichiometries: 
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2 H
2
0

2 

HN0
3

, HOON0
2 

CH
3

, CH
3
00, CH

3
0, HCO 

-HCI 

The·differential equation for odd hydrogen transformed by the steady-

state assumptions (62) is 

·33 

(62) 

The terms in (63) can be interpreted as direct production or loss of 

2 HOx radicals, consumptive sequences, and catalytic cycles. Odd 

hydrogen is directly- produced by two elementary r.eactions 

(64) 

and it is directly destroyed by two elementary reactions 

(65) 

. 1 
Odd hydrogen is produced by O( D) attack on methane where K1l is the 

rate determining step 

O(lD) +CH
4 

-+ HO + CH
3 

(66) 

CH 3 + {)2 -+ H2CO + HO 

net: 
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O(lD) + CH4 + HO + CH
3 

. CH3 + 02 + CH300 

(67) 

net: 

CH
3

00 + NO + CH
3
0 + N02 

CH
3

0 + 02 + H2CO + H02 

Photolysis of formaldehyde to give free radicals also produces 2 units 

of HOx 

H
2

CO + hv .+ H + HCO 

HCO + 02 + CO + HOO 

net: H
2

CO + 02 + H + CO + HOO 

(68) 

The processes (66 - 68) are consumptive of methane or formaldehyde. It 

is interesting that· K
18

, HOO + HOO + H
2

0
2 

+ 02' does not occur directly 

in the differential equation for odd hydrogen. When K18 is followed by 

photolysis of H
2
0

2
, J

8
, there is no change in odd hydrogen; but when 

K18 is followed by K22 , two units of odd hydrogen are destroyed 

net: 

HOO + HOO + H202 + 02 

HO + H20
2 

+ H20 + HOO 

Similarly, nitric acid is an intermediate in HOx loss 

net: 

HO + N02 + M + HN0
3 

+ M 

HO + RN0
3 

+ H
2
0 + N0

3 

Two catalytic cycles in the chlorine family of reactions destroy HOx 

radicals 

(70) 
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k50 Cl + HOO + HCl + 02 (71) 

HO + HCI + H
2
0 + Cl 

net: I HO + HOO + H
2
0 + 02 

HOO +HOO + H202 + 02 (72) 

HO + HCl + H
2
0 + Cl 

k52 Cl + H
2
0

2 
+ HCl + HOO 

net: HO + HOO + H20 + 02 

It is noteworthy that several catalytic cycles, (69), (71), (72), 

have the same net reaction as reaction (19), HO + HOO + H20 + 02' 

It is, sometimes, incorrectly stated that carbon monoxide destroys 

hydroxyl radicals in the atmosphere. It is more nearly proper to say 

that hydroxyl radicals initiate the carbonmonoxide-NOx~smog reaction, 

t . 
in which hydroxyl radicals are regenerated 

HO + CO + CO
2 

+ H 

H + 02 + M + HOO + M 

HOO + NO + HO + N02 

N02 + hv + NO + ° 
° + 02 + M + 03 + M 

(73) 

This reaction is cyclic in NOx and HOx , and it is consumptive with respect 

to carbon monoxide. This cycle is included as a part of the methane-

N0x-slnog reactions (33 - 37.). Photochemical combustion of. carbon 

monoxide does not necessarily lead to ozone formation; there is a 

competing cycle that destroys ozone 
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HO + CO -+ CO
2 

+ H (74) 

H + 02 + M -+ HOO + M 

. HOO + °3 -+ HO + °2 + 02 

Whether ~he CO photochemical combustion produces or destroys ozone depends 

on the competition between K26 and K14~ 

These two processes (73 and 74) form or destroy only one ozone 

molecule, not two or some multiple of two. These cycles irreversibly 

consume carbon monoxide and the extent of reaction is limited by the 

supply of carbon monoxide. In· any case where consumed reactants contain 

or accept oxygen atoms, the reagent,..limiting process may involve only 
. . 

one unit of odd oxygen (such as, X + 03 -+ XO + 02,limited by supply of 

X),. 

Odd Nitrogen 

Alternate approaches are possible here. Odd nitrogen could be 

defined as NO + N0
2

, and then the steady-state assumption would be made 

and tested for N, N0
3

, HNO
S

' HOON0
2

, and ClON0
2

• The method used here 

is to define odd nitrogen as the sum of all of these species containing 

one nitrogen atom: 

(75) 

Even nitrogen is N2 and N
2
0, and if the mechanism included N20

5 
it would 

be regarded as even nitrogen. With odd nitrogen defined as in (75) and 

with the steady-state assumption for N
2
0, the differential equation < 

from the mechanism of Table 1 is simply 

.4 

• 



d[NOx ] 

dt = 2 K - 2 K - 2 K 6 8 24 
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(76) 

These terms are easily interpreted. The first is an elementary reaction 

(77) 

~ The second term is the rate determining step in a consumptive sequence 

NO + hv ~ N + 0 (78) 

N + NO ~ N2 + 0 

net: 2 NO + hv ~ N2 + 0 + 0 

The third term is similar 

NO + hv ~ N + 0 (79) 

In model calculations, NOx is destroyed at the earth's surface, but 

this is achieved by setting boundary values or by defining a lower 

tropospheric rain-out function. 

Odd Chlorine 

Odd chlorine is defined as the sum of atomic chlorine, chlorine 

oxide, hydrogen chloride, and chlorine nitrate 

ClX = Cl + CIO + HCl + ClON0
2 

(80) 

The differential equation from the mechanism is 

(81) 

/ 



There is no loss mechanism for C1X except destruction at the ground or 

rain-out in the lower troposphere •. The production terms are photolysis 

of CFC1
3 

and CF
2

C1
2

, and the reaction of O(ln) with CFC1
3 

and CF
2

C1
2

• 

This mechanism is incomplete in the C1X system. It does not go beyond 

the phosgene-like molecules COC1F and COF
2

, and it does not include 

CH
3
C1, CC1

4
, and other organic chlorides. The.methods used up to this 

point could readily be applied to such additional reactions. 

38 
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III. Interpretation of a Model Calculation 

If the equations of an atmospheric model are solved on a large com

puter, with use of sound numerical techniques, there is no requirement for 

one to interpret the components of the problem. In this article, we are 

analyzing a model output in terms cif this method for three reasons. First, 

we want to check the validity of the steady-state relations, which constitute 

the transformation from a scrambled differential equation, such as (15), 

to the irreducible, component-revealing equation, such as (21). A second 

purpose is to identify the numerically large and small terms in the 

reduced differential equation.for odd oxygen, so that we can see which 

atmospheric species are most important in the real, production and loss of 

ozone. Such information should be used in planning observations of strato

spheric species. The third reason is to give one eXanlp1e of how the 

mountain ·of computer printout from a mod~l calculation can be resolved 

into its essential components. 

Model 

We obtained from Julius Chang a complete copy of his program for a 

time-dependent, one-dimensional, eddy-diffusion model [Chang, 1974; Chang, 

Hindmarsh, and Madsen, 1974], set up in terms of chemical reactions k1-k34 , 

jl-jll of Table 1, which includes O-H-N-C chemistry, but not chlorine 

chemistry. This model is a sub-set of the one used in the previous section, 

and thus the solution will be presented with minimum comment. 

The straightforward differential equation for odd oxygen is trans

formed into the irreducible form (that is, an irreducible degree of small 

differences between large numbers) by the steady-state relations for 

substances and stoichiometries: 
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(82) 

There remain 15 terms in the differential equation, and each has a 

straightforward interpretation, which has already been given in terms of 

the more general mechanism, except that the methane reactions require 

separate discussion. The interpretation and. references to previous 

equation numbers are as follows: 

Terms in Differential Equation 

- 2 K 
2 

- 2 K - 2 K 5 6 

Interpretation 

Production of 03 from 

02 photol~sis 

Production of ozone 

from atomic N 

Production of 03 from 

CH
4 

combusti'on 

Destruction of 03 by 

° reactions x 

Destruction of 03 by 

NOx reactions 

Destruction of 03 by 

HOx reactions 

Destruction of ozone 

Previous 
Equation 
Numbers 

(22) 

(24, 25) 

(see below) 

(38) 

(41, 42) 

(43 - 47) 

(52) 
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There are no other terms •. All terms are appropriately multiplied by 

two, except for the terms involving the methane-smog production of ozone. 

In the mechanism itself, the methane reactions are not included in full, 
I 

'but they are abbreviated as 

CH
3 

+ .•• + 2 HOO + CO (84) 

If the conversion of CO to CO2 is added (73), this simple, abbreviated 

method gives results only 20 percent lower than that of the full methane 

mechanism, when numerical values for rate constants are included. Since 

K34 is not a balanced chemical equation and since it violates the basic 

rule of free~radical addition (it says llR = 1), it is not surprising 

that the methane reactions in this mechanism appear without the factor 

of two. 

Although the group at Livermore (Luther and Gelinas, 1976] have 

been pioneers in evaluating the effect of scattered and reflected radia-

tion on photochemical rate constants, this particular model involves 

only the absorption of direct solar radiation. We used Brueckner's 

and co-workers [1976] values between 178 and 205 nm and Ackerman's 

[1971] values above 205 nm for solar radiation above the atmosphere. 

Chang's program is set up to take any desired model for the vertical 

eddy-diffusion function, Kz • We used the Kz model proposed by Hunten 

[1974]. A test was ma4e of Hunten's Kz model. Recently summarized 

[Sundararaman, 1976] data on the observed vertical distribution of CFC13 

are given in Figure 2, and the calculated profile based on Hunten's 

model, as quoted by Ward [1976] is included. Although Hunten's model 

was said not to fit the first reported profile of CFC1
3

, the model fits 

the full hody of data. 
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We used Hunten's eddy diffusion function in Chang's time-dependent 

numerical model. This model was integrated for 30 years of model time, 

and all rates at all altitudes from 0 to 55 kilometers were printed out. 

From these detailed rates, we checked the validity of the steady-state 

relations for the species (82), and we evaluated the absolute and 

relative rates of all ozone production and loss terms in (83). 

( Checking the Steady-State Relations 

After 30 years of model-time integration, the model essentially 

reaches a steady-state including transport (3) for all species and at 

all altitudes. In this analysis the steady .... state assumption has been 

made for certain species (82) with respect to chemistry alone. Thus 

the essence of the steady-state approximations ~ade here is that transport 

is slow compared to the gross -not net - prod~ction .or loss terms. 

From (3) it can be seen that at the true steady-state including transport, 

(P-L)/L is equal to T/L. The chemical steady-:state approximation for a 

given member of (82) iS,satisfactory if 

/(P-L)/L/« 1 (85) 

This test was made for all species in (82). At all altitudes, the 

-3 absolute value of (P-L)/L was less than 10 for H, HOO, CH
3

, N,N0
2

, 

and N03, and thus the steady-state relation is satisfactory for each 

of these. Special discussion is required for H20" RN0
3

, and N
2
0.The 

calculated rates of produCtion and loss of HN0
3 

and'N
2
0 are given between 

5 and 50 km in Table 4. 

r' 
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For nitric acid, the chemical cycling times (9 and 10) in the lower 

stratosphere and troposphere are sufficiently slow that transport 

significantly perturbs the steady-state assumption. From Table 4 the 

degree of this perturbation can be seen to be two percent at 25 km, one 

percent at 20 km and at 15 km, 4 percent at 10 km, and 19 percent at' 5 
\ 

km. A test of the significance of this minor failure of the steady-state 

assumption forEN0
3 

is to compare the rate of loss of nitric acid with 

the rate of production of odd oxygen, L(HN0
3
)/P(Ox), and these ratios 

are included in Table 4. In general the absolute rate of formation or 

-6 loss of HN0
3 

is very slow compared to odd oxygen production rate, 10 

to 10-1. The worst case is at 25 km where there is a2,percentfailute 

of the steady-state assumption and where the HN03 production rate is 

10 percent of that for odd oxygen. This degree of failure of the steady-

state relation may be regarded as inconsequential. 

The steady-state relation for nitrous oxide, on the other hand, is 

a total failure. The production of nitrous oxide from singlet oxygen 

atoms and molecular nitrogen is very slow compared to its destruction by 

photolysis. Far from (85) being very much less than l,it varies between 

0.8 and 0.999 for the conditions of Table 4. When the steady-'state 

assumption fails for a species, one should remove the steady-state 

relation, and convert a portion of (83) back to the form it had in (15). 

However, the production of odd oxygen from nitrous oxide photolysis is 

a factor 103 to 105 smaller than the Ox production rate from other 

species, last line of Table 4. In the odqoxygen equation, but not in 

the odd nitrogen equation, the nitrous oxide reaction rates may be 

neglected. 
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In Chang's model, the water and methane profiles are prescribed and· 

do not change during the calculation. From the prescribed profile, 

d[H
2
0]/dt is zero, which identically satisfies the steady-state condition. 

However, water is continuously formed from methane oxidation (reactions 

K
30

, K
34

, K
14

, K
19

, for example), and from this point of view d[H20]/dt 

is always positive, which contradicts the steady-state assumption. The 

cycling of water through K
IO

' K
19

, and intermediate steps is fast compared 

to the production of water from methane oxidation •. From' these consider-

ations it appears that .the steady-state assumption for water may be . 

satisfactory, but it cannot be confirmed by this model that treats water 

in an approximate way. 

Calculated Rates of Ozone Production and Loss 

From Chang's program, all rates in (83) were calculated at all 

elevations. The contributions of'N and N
2

0 reactions are negligible 

with respect to odd~oxygen r~tes (but, of course, not negligible in the 

odd-nitrogen balance). After dropping these very small terms, (83) is 

written out· in conventional form 

d[Ox] 

dt = (2 jl[02]) +,(k30 [HO] + kll [o(ln)])[CH4] 

(2 k2 [O][03]) 

(2 k4 [O][N02 ] + 2 jlO[N03]) 

- (2 k14 [03 ][HOO J + 2 k15 [O][HOO] + 2 k17 [03HH] 

+ 2 k
18

[HOO]2 + 2 k
19

[HO] [HOO]) 

(86) 



45 

The terms in parentheses are respectively: ozone production from Ox or 

P(Ox), ozone production from photochemical combustion of methane or 

P(CH4), ozone loss d~e to Ox or L(Ox), ozone loss due to nitrogen oxides 

or L(NOx)' and five termS of ozone loss due to HOx reactions or L(HOx). 

These rates are presented at 5 km intervals between 0 and 50 km in 

Table 5, and are plotted from 0 to 55 km in Figures 3 and 4. Odd oxygen 

production from the photolysis of NO and N
2
0 are omitted from (86). 

The primary production of ozone is the photolysis of molecular oxygen, 

2 jl [02] in (86), which is given in full as (22). This rate calculated 

by Chang's model is entered asP(02) in Figure 3. The rate changes by 

5 orders of magnitude between 14 and 42 kilometers. 

The production of ozone from the methane-NOx-smog reactions is given 

by (k30 [HO] + kll[O(lD)]) [CH4] in (86), and it terminates on CO • 

.. According to the full expression (30-32), Chang's mechanisms under-

estimates the production of ozone from methane by the factor 

(87) 

Although the rate constants in (87) are uncertain, we estimate the 

expression in parentheses to be about 1. 2 in middle and upper stratosphere. 

This mechanism underestimates ozone formation by this process by a 

. factor of about 2.4. If CO is allowed to go to CO2 in Chang's mechanism, 

up to a factor of 2 would be gained. 

The calculated rate of ozone production from methane oxidation is 

included as the curve P(CH
4

) in Figure 3. Relative to oxygen photolysis, 

the rate of ozone production f~om methane is negligible above 30 km, 

equal at 17.5 km, and dominant in the troposphere~ The rate of ozone 



46 

. '.".' " , 

production from the methane-smog reaction is as fast at ground level as 

the photolysis of oxygen at 27 km. From the methane reactions, the 

"chemical replacement time" for ozone, defined as 

(88) 

is between 2 and 3 days at sea level. These model calculations tend to 

confirm ·the conclusions of Crutzen [1972, 1973]. The integrated column 

rate of ozone production from methane is about three percent of the ozone 
\ 

production rate from the photolysis of oxygen. 

The destruction of ozone by odd-oxygen species is 2 k4 [0] [03] in 

(86), and the couplet of reactions has been given as (38). The rate 

of this process is labeled L(Ox) in Figure 3. 

The terms, 2 k
4
[0][N02 ] +2 j10[N0

3
], in (86) give the rate of 

destruction of ozone by NOx ·cata1ytic cycles (41,42). The loss of ozone 

due to NOx reactions is written as L(NOx) in Figure 3. The curve L(NOx) 

corresponds to the case where j11 is zero, that is, maximum effect from 

the N03 cycle (42). If j10 is set to zero, the L(NOx) curve very nearly 

falls on top of the P(02) curve below 20 km. In either case the N03 

reactions are negligible above. 25 km. 

The five ozone-destroying processes based on HOx radicals appear 

in (86) and are given in detail by (43-47). The relative contributions 

of the five processes are given in Table 5, and the calculated rate of 

each is plotted in Figure 4. In the troposphere the dominant loss 

process for ozone is photolysis to giveO(lD), its loss upon reaction 

with water to form HOx radicals, and the subsequent recombination of 

radicals to form water. When two hydroxyl radicals recombine to give 
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water, ozone is reformed (59); but when aoo + HOO and HO + HOO are the 

recombination processes, two ozone molecules have been destroyed (46,47). 

From 15 to 26 km, the catalytic cycle closed by K14 (HOO + 03 + HO + 02 + 02) 

is the dominant HOx reaction. The cycle completed by K15 (HOO + ° + HO + 02) 

is the dominant HOx process· above 28 km. The cycle including 

K17 (H + 03 + HO + 02) begins to be important above 40 km, but even by 

55km it accounts for only about 15 percent of the loss of ozone due to 

the HOx reactions. 

The five terms wherein HOx radicals destroy ozone, Figure 4, are 

summed, and the total are plotted as L(HOx) in Figure 3. In the tropo-

sphere the destruction of ozone by HOx radicals is parallel to and about 

twice the rate of production of ozone by methane. This calculation 

indicates that transport of ozone from the stratosphere and chemical 

production of ozone in the troposphere contribute about equally to the 

tropospheric ozone budget. 

, The relative importance of various sources and sinks for ozone, 

according to these calculations,. is given in numerical form in Table 5 

and graphical form in Figure 3. The destruction of ozone is dominated by 

HOx reactions from 0 to 18 km and from 47.5 to 55 km. The N02 catalytic 

tycle (41) dominates ozone destruction from 19 to 40 km. The three 

families of reactions, Ox, NOXt and HOx , are about equally important in 

destroying ozone between 4p and 45 km. 

The chemical ozone production rate and loss rate are not equal in 

general. Where production exceeds loss, some ozone is transported by 

air motions to adjacent levels. With this model, production exceeds 

loss at altitudes 25 to 40 lan. Over this "ozone production" range, 
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the integrated destruction of ozone. by NOx reaction is 71 percent of the , 

integrated rate of ozone formation from oxygen photolysis [compare 

Johnston, 1975]. 

The rate of ozone loss L that would destroy all local ozone if it 

were not replenished by transport or photochemistry in 10 years 

8 
L = [03]/3.15 x 10 sec (89) 

is drawn in as T(iO yr) in Figure 3. This rate can also be regarded as 

10 percent per year or 0.01 percent in 0.001 years. It corresponds to 

a slow rate in both the troposphere and stratosphere. The reaction 

rates to the left of the 10 year line in Figure 3 are probably safely / 

regarded as negligible. 

This mechanism does not include the chlorine reactions. However, 

the ·derivation and application of. (83) illustrate the method of 

instantaneous rates, which will be applied to atmospheric observations, 

including chlorine reactions in the next section. 

~' 
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IV. Interpretation of Atmospheric Observations 

What Needs to be Measured 

The differential equation for odd oxygen based on the SO reactions 

of Table 1 and the steady-state conditions (20) has been presented as 

(21). From model calculations of the previous section and from atmo-

spheric observations, one can distinguish between the major and minor 

terms in (21). Explicitly writing ont the major terms and grouping 

the minor terms, the differential equation for ozcne or odd oxygen is: 

d[03] d[Ox] 
= 2 j1[02] (90) dt % dt . , . 

+ 2 k30 [HO] [,CH4 ] (1 + 
j12 

j12 ) 
+ j13 + k43[HO] 

- 2 k3 [O][03] - 2 k4 [0)[N02 ] - 2 k47 [O][C10] 

- 2 (k14 [HOO] [0
3

]' + kl5 [HOO] [0] + klS [HOO]2 + k
19

[HOO] [HO]) 

± 2 x minor terniS 

(The minor terms are listed in (21) and they may be included if desired.) 

This equation is especially useful in interpreting atmospheric observa-

tions and in planning measurements in the stratosphere. 

According to (90), in any volume element of the troposphere or 

stratosphere, the instantaneous rate of production of ozone is deter-

mined by 3 photolytic rate constants (jl' j12' jl3)' 2 chemical rate 

constants (k30 , k43) and the concentration of 3 species (02' .CH4 , HO). 

The photochemical constants can be evaluated from laboratory measurements 

of cross sections and quantum yields and from measured intensities of 

radiation in the atmosphere - or the radiation intensities may be 



calculated from the intensity of solar radiation above the atmosphere, 

the vertical column of all absorbing and scattering species, and the 

reflectivity of clouds and surface below. Rate constants as a function 

of temperature may be measured in the laboratory and transferred to the 

atmosphere. The concentration of molecular oxygen is well-known in 
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the atmosphere, the metharie vertical profile has been measured in a few 

cases, and spot measurements have been made of hydroxyl radicals. From 

known laboratory constants and atmospheric measurements, the rate of 

production of ozone from oxygen photolysis can be calculated with a 

relatively high degree of confidence. However, the rate of the production 

of ozone from themethane~smog reactions is uncertain, primarily due to 

uncertainty about the concentrations of hydroxyl radicals in the atmosphere. 

So far as we know, there are no published measurements of hydroxyl 

radical concentrations between 10 to 25 .km, the region important for 

ozone production from methane. 

Within the framework of the mechanism of Table 1 and as evaluated 

by observations and model calculations, the destruction of ozone is 

dominated by 7 chemical reactions (compare Table 5) 

k2[0] [°31 20 - 50 km (91) 

k4 [0] [N02] 20 - 45 km 

k 47 [ 0][ ClO ] 25 - 50 km 

k14 [HOO] [03] 0 - 35 km 

k
15 

[HOO] [0] 25 50 km 

k18 [HOO] [HOO] 0 - 10 km 

k
19 

[HO] [HOO] 0 - 15 km 

" 

;; 



which involve only 5 chemical species in the stratosphere or 6 in the 

troposphere plus stratrisphere 
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° 
°3 

(92) 

N02 

CIO 

HOO 

HO (troposphere) 

The other 70 or so reactions are important in determining the absolute 

concentrations of 0, 03' N02 , ClO, and HOO. If one had accurate values 

for the 7 rate constants of (91) and if one measured the temperature and 

the concentrations of the 6 species of (92) in any volume element of 

the atmosphere, one could evaluate the rate of ozone destruction in that 

volume element, regardless of radiation density, altitude, air motions, 

or the concentrations of other species. To be sure, this operation 

does not answer all questions, since interactions and feedback mechanisms 

are very important. However, it is possible for well-designed measurements 

to answer certain questions long before the total problem is solved. 

Also these considerations point out the importance for wide-spread 

measurements of stratospheric N02 , ClO, and HOO and the need for models 

.to be able accurately to estimate the concentrations of these substances. 

This section does not review and interpret all observations of strato

spcrhic species; rather it considers a set of recent observations, which 

are interpreted by this ,"method of instantaneous rates." Examples will 

be given of the absolute and relative rates of ozone formation ·from 
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oxygen (2 j1[02])' from the methane-smog reaction, ozone loss by Ox 

reactions (2 k2 [0] [°3]), ozone loss by NOx reactions (2 k4 [0] [N0
2
]), and 

ozone loss by C1X reactions (2 k47[0][C10]). Because of insufficient 

measurements of tropospheric and stratospheric hydroxyl radical concen

trations and because. of a :lack of published atmospheric measure-

ment of HOO, it is not possible to extend this method to ozone destruc

tion by the free radicals derived from water. 

Production of Ozone from Photolysis of Molecular Oxygen 

Two sets of solar intensities below 205 nm wavelength were used 

[Brueckner et a1.., 1976; Ackerman, 1971]. The intensities of Ackerman 

[1971] were used above 205 nm. The effect of Rayleigh scattering for 

radiation below 205nm was treated in two different ways: for A' and B' 

[respectively for Ackerman and Brueckner] no correction was made; for 

B [Brueckner] the radiation below 205 was attenuated by Rayleigh scat-

tering but not further considered. The absorption of solar radiation 

by the Schumann-Runge bands of oxygen was calculated by the method of 

Hudson and Mahle [1972]. Multiple order Rayleigh scattering was calcu

lated by the approximate method of Isaksen et a1. [1977] at wavelengths 

above 280 nm. An albedo of 0.3 for the earth's surface was assumed in 

all cases. 

To carry through the calculation of the rate of photolysis of oxygen, 

one must have the vertical distribution of ozone and of temperature. 

For 59°N, we used the profiles observed by Evans et a1. [1976] . For 

44°N we used standard profiles .based on 45°N, and for 32°N we used 

standard profiles for 30 0 N [Johnston and Whitten, 1973]. 
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The rate of ozone production was calculated for each hour of the day 

and averaged for 59°N, July 22, which corresponds to the time of and 

latitude of measurement by Evans et al. [1976]. The results are given in 

Table 6A for methods A', B', and B. Ackerman's solar intensities give 

ozone formation rates about 5 percent faster than Brueckner's in the middle 

and upper stratosphere. The failure to consider loss of Schumann-Runge 

radiation to Rayleigh scattering, A' and B', gives substantially higher 

oione formation rates at 20 km than is found by making this correction, B. 

The rate of ozone production from photolysis of oxygen at noon, July 22, 

59°N based on Evans' ozone profile is given by Figure 5 as P(02)' 

Similar calculations were made for noon conditions at 30 oN, fall 

soiar equinox, and these calculations summed over 5 kiiometer band 

widths are entered in Table 6B. At this latitude and at noon, Ackerman's 

[1971] solar intensities give average ozone formation rates about 6 

percent higher than those of Brueckner [1976]. When Schumann-Runge 

radiation is attenuated by Rayleigh scattering, the vertical column 

(from 16 to 50 km) rate of ozone formation is reduced by 4 percent, 

but the local reduction of the calculated ozone formation rate is quite 

substantial below 25 km. Subsequent calculations in this article use 

method B. 

Ozone Production From Methane 

The major term in the production of ozone from the methane NOx-smog 

reactions is (87). Ozone is produced at twice the rate of formation of 

methyl radicals and an additional factor that depends on the branching 

of formaldehyde photolysis, j12 or j13' Isaksen et a1. [1977] presented 

two figures with the photolysis constants j12 and j13 calculated for 
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various altitudes~ solar angles, and earth albedos. For 60° solar angle 

and 0.25 albedo, we list their values as a function of altitude in Table 7. 

Methane has been observed in the stratosphere by several groups, and the 

results were reviewed by Ackerman et al. [1977]. Table 7 gives Ackerman's 

average methane values over the altitude range of Anderson's observed 

hydroxyl radic~ls. The formaldehyde branching factors were calculated 
I 

from these data and are listed in Table 7; they vary between 1.15 at 43 km 

to 1.26 at 30 km. This variation is so slight that one could take an . 

average value of 1.2, and the rate of production of ozone from methane 

in the middle stratosphere is 
/ 

(93) 

It is evident that the methane-smog reaction is a minor source of ozone <, 

in the middle and upper stratosphere. 

Measured values of hydroxyl radical concentrations are needed in the 

10 to 25 km range to establish the rate of ozone and water formation 

from methane in this region. 

Oxygen Atom Concentration 

The rate of photolysis of ozone, j2 + j3' was evaluated for each 

hour of the day, and the steady-state oxygen atom concentration was 

found 

[O]ss 
(j2 + j3) [03 ] 

kl [M][02] 
(94) 

," 
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Multiple scattering and reflection of radiation was included from 280 to 

700 nm. In subsequent figures and tables the 24 hour oxygen-atom concen

trations or the appropriate instantaneous concentrations, usually at 

noon, are presented. 

'Anderson [1975] measured the concentration of atomic oxygen in situ 

in the stratosphere on November 25, 32°N, 56° solar angle, Table 8. 

Using the standard winter distribution of ozone and temperature for 30 0 N, 

we calculated the atomic oxygen concentration with a 56° solar angle, 

Table 8. This calculated profile of atomic oxygen is plotted in Figure 

6, together with the concentrations observed by Anderson. There appears 

to be fairly good agreement between.calculated and observed atomic oxygen 

in Figure 6 and Table 7. 

Odd Oxygen Destruction by Ozone 

The only important reaction whereby odd oxygen is destroyed by odd

oxygen species is 2 k3 [0][03]' compare (90). Evans et al.'s[1976] observed 

ozone and temperature profiles are entered in Table 9. The oxygen-atom 

concentrations calculated for 59°N, July 22, noon are included in Table 

9, and the rates of ozone loss ,L by this process from 10 to 48 km 

are included in Figure 5. These rates are based on observed stratospheric 

ozone and temperature and on a single-step calculation, namely, the 

calculated concentration of oxygen atoms. In view of the directness 

of this calculation, these rates of ozone destruction by Ox reactions 

may be regarded as "observed." This "instantaneous rate" is much 

closer to observations than the corresponding rate in a model calculation. 



56 

The production and loss of ozone due to Ox reactions can be compared 

in Figure 5 and in Table 9. The ratio L(due to Ox)/P is 0.31 at 

48 km, 0.18 at 40 km, 0.08 at 30 km, 0.30 at 20 km, and it is large below 

20 km where the production rate becomes very slow. The integrated loss 

rate betwe~n 20 and 48 km divided by the integrated production rate is 

0.16. Over the "ozone production ~egion" of 25 to 35 km the integrated 

loss rate divided by the corresponding production rate is 0.07. 

The last column of Table 8 gives the relaxation time T of ozone 

with respect to Ox destruction at n,oon. The relaxation time T is the 

local concentration of ozone, [03]' divided by the loss rate of ozone due 

to Ox. This time is that required for total consumption of local ozone 

if the loss rate L continued at its present value and if ozone was not 

replaced by either photochemistrJ or transport. Of course the loss 

rate does not continue at its present rate and ozone is continuously 

replaced by transport and photochemistry. The time T is to be regarded 

as an instantaneous rate (frequency) expressed in reciprocal units of 

time. The significance of this time T is for comparison with other 

photochemical times and with the time required for transport. In giving 

such a relaxation time, there is no implicit assumption that there is 

an absence of air transport over the period. It is simply a matter of 

~omparing the rates of various processes in readily-grasped units of 

time. 

At noon, the ozone relaxation time at 48 km relative to destruction 

by Ox reactions is 5 hours, at 40 km it is L2 days, at 30 km 42 days, 

and at 20 km 3.7 years. At 14 km, ozone is destroyed by Ox reactions 

5 times faster than it is produced by oxygen photolysis (LIp), but the 

" 
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ozone re.laxation time T at 14 km is 51 years, which demonstrates that the 

large value of Lip is not significant at this altitude. 

Odd Oxygen Destruction by NOx 

. The important reaction whereby ozone is destroyed by the oxides of 

nitrogen is 2 k
4

[O][N0
2

], compare (90). Evans et al. observed nitrogen 

dioxide from a balloon by sighting on the sun at a 90° angle before sunset. 

Because of Rayleigh scattering near-ultraviolet (300 to 400 nm) sunset 

occurs somewhat before visible sunset. At UV sunset nitric o~ide is con-

verted to nitrogen dioxide by the reaction, NO + 03 -+- N02 + 02; and n,1trogen 

dioxide no longer is photodissociated, N02 + hv -+- NO + 0. Near-ultraviolet 

sunset sets in at low altitudes somewhat sooner than at high altitudes. 

Evans et a1. [1976] and Kerr and Evans [1977] provided elevation-dependent 
, 

corrections that conveirt their observed N02 profile to either the daytime 

or the 24 hour average! profile. The corrected noon-time N02 profile is 

entered in Table lOA and the 24-hour average profile is in Table lOB. The 

simultaneously observed ozone concentrations and the calculated oxygen 

atom concentrations are included in Table lOA and B. 

The rate of ozone production P from 2 jl[02] and ozone loss L from 

2 k
4

[O][NO
Z

] are given in Table lOA and B. The ratio Lip of ozone 

destruction by NOx to production from photolysis of oxygen is given at 

each altitude of observed N02 from 11 to 35 km. At noon, 59°N, July 22, 

NOx as reported by Evans destroys ozone at about 50 to 60 percent of the 

rate of formation between 30 and 35 km, about 60 to 80 percent between 

25 and 30 km, and about 100 to 200 percent between 20 and 25 km. In 

terms of a 24 hour average, at 59°N, July 22, NOx as reported by Evans 



destroys ozone at about 75 to 125 percent the rate of formation between 

35 and 30 km, 125 to 200 percent between 30 and 25 km, and much higher 

percentages at lower elevations. The ratio between column loss, 20 to 
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35 km, and column production over the same range is 1.14. The loss/pro

duction ratio is greater on a 24 hour average basis than for noon-time 

conditions. This illustrates again the well~known principle that ozone 

destruction is driven by visible light as well as by ultraviolet radiation, 

but ozone formation from oxygen occurs only with radiation below 242 nm. 

The visible radiation that produces oxygen atoms from ozone penetrates 

the entire atmosphere until shortly before sunset, whereas the ozone

forming radiation below 242 nm is screened out in the lower stratosphere 

or with a slanting sun. The large ratios Lip in the lowest stratosphere 

are not interesting since both P and L are very small there, and the 

local ozone is largely determined by transport and methane-smog chemistry. 

The rate of ozone formation at noon, as calculated by methods Band 

B I, is shown in Figure 7, and also shown is the rate of ozone destruction 

by NOx as found from Evans' observedN0
2 

and ozone. 

The last column in Table 10 gives the relaxation time T of ozone 

with respect to the observed nitrogen dioxide. The reciprocal liT is 

the instantaneous destruction frequency of local ozone by local N0
2

• 

In terms of 24 hour average conditions, the ozone relaxation times with 

respect to destruction by NO x are 3 to 7 days between 35 and 31 km-, 9 

to 32 days from 30 to 26 km, 50 to 207 days from 25 to 21 km, and a 

matter of years belbw 20 km. 

Nitrogen dioxide was observed by Harries et al. [as reported by 

Sundararaman, 1976, Figure 10] between 24 and,35 km, 44°N, at noon in 
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September. The reported concentrations of nitrogen dioxide are given in 

Table lIA. From Krueger and Ninzner's [1976] mid-latitude standard ozone 

distribution and at the fall equinox at 4'5,we calculated the oxygen 

atom concentrations, the rate of ozone production from oxygen photolysis, 

and the rate of destruction of ozone by NOx • These quantities are entered 

in Table llA. Harries' distribution of N02 gives- a destruction rate of 

ozone 140 percent of the ozone photochemical formation rate between 24 

and 35 km (Table llA) , and the ozone relaxation time with respect to 

N02 is fairly short 45 to 0.57 days over this altitude range. 
, 

Ackerman [1975] observed nitrogen dioxide between 20 and 36 km, and 

he reported his results as a band between lower and upper limits. Both 

his lower limit and upper limit are entered in Table lIB. Although the 

measurements were made from a balloon looking at the sun before sunset, 

the range of values is taken to include the N02 concentration appropriate 

for noon conditions. The noon-time rate of photochemical production of 

ozone, the concentration of atomic oxygen, and the upper and lower limits 

of the rate of ozone destruction by NOx are in Table lIB. From Ackerman's 

measurements the ratio of noon-time ozone destruction by NOx to ozone 

formation is 0.31 for the lower limit of N02 and 0.53 for the upper 

limit. 

The noon-time rate of ozone production P(02) and the noon-time rate 

of ozone destruction by NOx , L(NOx), are plotted in Figure 8. The large 

difference above 25 km between Ackerman's observations and Harries' 

obsel~ations is evident from the figure. The observations by Evans et a1. 

are intermediate between those by Harries and by Ackerman • 
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Odd Oxygen Destruction by ClX 

Anderson et al. [1977] have reported three in situ measurements of 

stratospheric ClO, taken on 28 July 1976, 2 October 1976, and 8 December 

1976. All were made at 32°N and close to local noon. The solar angles 

were respectively 16°, 30°, and 55°. The measured concentrations are 

entered in Table l2A, B, C' and the mixing ratios are plotted in Figure 

9. The observed mixing ratios of HCl as reviewed by Sundararaman in 

his Table 4 [1976] are included in Figure 9. 

We !lsed standard ozone distributions for 30 0 N and for July, September, 

and January. We used solar angles intended to correspond to the individual 

cases, but due to our misunderstanding about the exact time of measure-

ments we based our calculations on solar angles 11°, 34°, and 53° • The 

effect of these difference's in solar angle between time of observation 

and the time basis for the calculation is small. Calculated oxygen atom 

concentrations, rates of ozone production P by photolysis of oxygen, and 

rates of ozone loss L by ClX catalysis are included in Table l2A, B, C. 

The rates of ozone production and loss for each of the three measure-

ments are given in Figure 10. 

A notable aspect about the measured ClO concentration is the wide 

variability from one case to another. At 40 km, the October value is 

four times the July or December values. At 35 km the concentrations 

for Oct/July/Dec vary as 4.7/2.3/0.8. At 30 km these ratios are 

5.3/3.0/0.37. 

The ratio of integrated ozone loss by ClX to integrated ozone pro-

,duction over the ranges of ClO observations is 0.45 for the July values 



of ClO, 1.27 for the October values, and 0.25 for the December data. 

This spread in values is comparable to that for N0
2 

between Ackerman's 

lower limit, 0.31, to Harries values 1.4. The altitude of maximum 

value for the ratio L(ClX)/P is 37 to 38 km for all three cases. 
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The relaxation time for ozone destruction by ClX is quite short in 

the altitude range 35 to 40 km. With the October distribution of ClO, 

the ozone relaxation time by CIO is 5 to 10 hours. For the July distri

bution, the time is about 24 hours. For the December distribution the 

relaxation time is about 50 hours. With such short relaxation times, 

the local ozone concentration should be in photochemical steady-st~te 

with ClO; the local ozone concentration should reflect the difference 

between the July and October CIO concentrations, if these differences 

are real. 
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v. Discussion 

Relative Rate of Ozone Loss by Ox, HOx, NOx , and CIX Paths 

It is interesting to compare the relative role of Ox, HOx , NOx and 

CIX in the destruction of'ozone at various altitudes. The important 

rates are given in (90). Since measurements of HOO in the stratosphere 

have not been published, the source of information on the HOx 

system comes from model calculations, for example, Table 5. Ozone has 

been extensively measured and for any measured ozone profile it is easy 

to evaluate the instantaneous rate of ozone destruction by Ox, 

2 k2[O][03]' with ,a single-step calculation. On the basis of Evans' 

observed ozone profile, such rates are given in Figure' 5 and Table 9. 

The measurements of both N0
2 

(Tables 10, 11) and CIO (Table 12) show a 

wide range of values as 'follows: 

N0
2 

CIO 
[Anderson] 
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Maximum Harries October (95) 

Middle Evans July 

Minimum Ackerman December 

A direct comparison between these diverse systems can be made in terms 

of the ratio L/Pfor each. Even though ozone production rates vary' 

from case to case, the ratio of ozone loss L to ozone production P for 

each case provides a common reference point. 

Table 13 'gives the ratios of ozone loss to ozone production: For 

Ox as deduced from Evans' measured ozone, for HOx as calculated by 



Chang's model, for NOx based on Evans' observed N02' and for ClX based 

on Anderson's July measurements. The first column in Table 13 gives 

the ozone relaxation time with respect to ozone formation, that is, it 
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is Evans' local ozone concentration divided by the local ozone production 

rate (Table 9). These times for July at noon increase from 5 hours at 

50 km, to 19 hours at 35 km, and to 76 hours at 30 km; and in ail of 

these cases the ozone concentration is photochemically controlled. 'The 

photochemical "ozone replacement" time at 25 km is 535 hours, and in 

this case the ozone amount is strongly influenced both by local photo-

chemistry and by transport from the' "ozone production region" between 

25 and 35 km. 

According to Table 13, the integrated loss due to Ox reactions 

between 25 and 35 km is 10 percent the integrated ozone photochemiCal 

production over the same range. The corresponding figure is 7 percent 

for HOx reactions over the same range, based on calculations with Chang's 

model. On the basis of Evans' observed N02 and 03' ozone destruction by 

NOx relative to ozone formation is 57 percent. With Anderson's middle 

value of ClO, the profile measured in July, C1X destroys ozone at 40 

percent of its formation rate between 25 and 35 km. In terms bf relative 
/ 

rate of ozone destruction and formation between 25 and 35 km, the roles 

of Ox, HOx ' NOx (mid values) and ClX (mid values) are as follows: 

0.10 

HOx 0.07 

NOx 0.57 

ClX 0.40 



As noted by (95), there is a wide range of measured values of N02 

and ClO. The last three columns of Table 13 explore the effect of this 
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spread of measured values~ At each altitude where ClO and N02 are measured, 

the total rate of ozone destruction, 1:L, is compared to the rate of photo-

chemical ozone production P. This comparison is made for constant values 

for Ox and HOx and for the minimum, middle, and maximum values of both 

N02 and ClO. For the column "MIN" the lower limit of Ackerman's N02 

measurement and Anderson's December ClO measurement were added to the HOx 

calculation and the Ox value. The column "MID" used Evans' N02 and 

Anderson's July values of ClO. The coluum "MAX" added together the ozone-

destruction rates from Harries' observed N02 and Anderson's October 

measurements, The ratio of .total ozone loss, 1:L, to ozone production at 

35, 31, and 28 km is: 

MIN· MID MAX 

35 km 0.87 1.27 3.2 (97) 

3lkm. ·0.68 1~08 2.4 

28 km 0.71 1.11 1. 79 

From these values ,it can be seen that the high values of N02 [Harries] 

and of ClO [Anderson, October] cannot, within the framework of present 
\ 

knowledge concerning the photochemical formation of ozone, represent 

the global average values of NOx and CIX. It is possible for high 

local concentrations to occur, but global ozone cannot be destroyed 

2 to 3 times faster than it is made in the ozone production region. 

It may be that the observed middle values of N02 [Evans'] and CIO 

[:\.I1..d_~l'::~~'!~' Jul y] are not far from global average values. Until more 
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measurements are made, these middle values appear to be a reasonable 

estimate of N02 and ClO, although there 'is nothing to exclude the minimum 

values. 

The minimum values destroy ozone at 70 to 90 percent of the local 

formation rate. In the "ozorie production region" one expects somewhat 

less than 100 percent local destruction of ozone. Even with the 

minimum observed values of ClO and N02' there appears to be .no need to 

invoke a major unkown sink for ozone in this region of the stratosphere. 

Figure 11 presents the middle values of July noon-time ozone destruc

tion by N02 (59°N) and ClO (32°), and it includes the rate of ozone 

destruction by Ox reactions for the same location as the N'02 observations. 

For these measured 03' N0
2

, and ClO values, it appears that NOx destroys 

ozone the fastest of the three families of reactions (Ox, NOx , ClX) 

below 32 km, and ClX and NOx are about equal around 35 kilometers. 

Because of a lack of measurements of N02 above 35 kilometers, this 

comparison cannot be made at higher altitudes. The destruction of ozone 

by Ox reactions is much slower than the NOx and CIX ,reactions. 

"Observed" and Model Rates of Ozone Destruction by NOx Reactions 

Continuing the point of view that Evans' observed N02 profile is 

the best currently available estimate of this quantity, the rate of 

ozone destruction derived from Evans' measured N02 is compared with the 

rate of ozone destruction calculated with Chang's model (Table 5). 

Chang's model uses a fixed solar angle and division by two to represent 

24 hour average rates of photochemical reactions, and thus the comparison 
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needs to be made in terms of 24 hour average rates using Evans' N02 

pro:file (Table lOB). Figure 12 presents the 24 hour rate of ozone pro-

duction and ozone destruction by NOx ' according to Chang's model. It 

also gives the same quantities for Evans' 24 hour average N02 profile. 

In this case photoJ.ysis constants were calculated for every hour of 

daylight and averaged over 24 hours. 

The rate of ozone production at 20 km is equal according to the 

two methods, but at and above ~O km, our 24 hour average rate of ozone' 

. production is about 50 percent high~r than that of Chang's model. The 

difference is probably due to our calculations being based on July 

conditions and an 18 hour day at 59°N, whereas Chang's model more nearly 

. corresponds to a 12 hour day and mid-latitude conditions. Bothmethods 

use Hudson and Mahle's [1972] treatment of the Schumann..,Runge region of 

solar radiation. 

Chang's model predicts. much slower ozone destruction by NOx than 

that based on Evans' measurements. For the rate, 2 k[O][N0
2
1 the 

difference is a factor of 1.4 at 35 km, 2.4 at 30 km, 4 at 25 km, and 

8 at 20 km. These differences come from several sources. The N02 

concentration calculated with Chang's model is abo~t one-third that 

observed by Evans' at 20 km. Our calculation includes albedo effects 

and mUltiple Rayleigh scattering, whereas Chang's model used here 

includes only. direct absorption. Our 24 hour average for July at 59°N 

included· 18 hours of daylight, whereas Chang's model in effect is for 

12 hours of daylight. These last two effects cause us to have much 

larger 24 hOllr average oxygen atom concentrations than those from 

Chang's model .. These differences between results basedQn Evant;; , 

.• 
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observations and Chang's model are cited as a matter of fact with no 

judgment as to which more nearly represents the real world. Further 

observations of stratospheric species and further model calculations 

are needed before one regards the discrepancy of Figure 12 as anything 

other than a reflection of current uncertainties in this field. 

Methane-N0x-Smog Reactions 

It has been known since Haagen-Smit's [i953] work in the early 

1950's that the photochemical oxidation of hydrocarbons in the presence 

of NOx can produce ozone in urban atmospheres, and the role of NOx is 

complex. Small amounts of NOx produce ozone in the presence of hydro-

carbons, but larger amounts inhibit or delay the production of ozone. 

In studies of urban smog, it was found that the photochemical oxidation 

of methane was slow compared to air transport through a typical city. 

Crutzen [1972,1973] and Chameides and Walker [1973] pointed out that the 

rate of production of ozone f~om methane and NOx was significant in the 

global troposphere. Johnston and Quitevis [1975] reviewed Haagen

Smit's early work, and noted that if NOx (with methane) produces ozone 

in the troposphere and destroys ozone in the stratosphere, there must be 

a cross-over point where added NOx would be neutral toward ozone. Using 

the values of CH4 , H20, and NOx derived by Chang from his model and rate 

constants as they were understood to be then [Hampson and Garvin, 1975], 

Johnston and Quitevis [1975] and CIAP [1975 A] evaluated the 

crossover altitude to be 13 km, Figure 13. At 13 km midlatitude, 

spring equinox .an increase of NOx brings about an equal increase in 

ozone production from methane and destruction by NOx , accompanied by 

the many HOx reactions that are involved. 

67 
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Duewer et ·al. [1977 A] pointed out, among other things, that if certain 

rate constants were varied within Garvin and Hampson's stated uncertainty 

limits, the crossover point of Figure 13 could move up in altitude. 

Haagen-Smit's [1953] mechanism for urban smog, Crutzen's [1972, 1973] 

analysis of the global tropospheric methane smog reactions, Johnston and 

Quitevis' [1975] examination of the crossover between ozone produc-

tipn and ozone destruction by NOx near the tropopause, and Duewer et a1. 's 

[1977] analysis of the uncertainty of this crossover point with respect 

to uncertainty of rate constants are all normal steps in .the evolution 

of our understanding of this subject. 

Recently some rate constants have been measured that are substan-

tia11y different from the values that were reported in 1974-75, and 

tabulated by ClAP. for use by modelers, in particular:-· 

Reaction CIAP (298 K) Recent Reference 

HO + HOO ~ H
2
0 + O

2 
2' x 10-11 to 2 x 10-10 5.1 x 10-11 Burrows et ale 

[1977] 

o + HOO ~ HO + O
2 

1.5 x 10-11 (estimate, 3.5 x 10-11 Burrows et a1. 

no data) [1977] 

HOO + NO ~ HO + N0
2 

(0.6 to 6) . -13 
x 10 8.1 x 10-12 Howard' and 

Evenson [1977] lio;': 

Also, the rate constants for hydroxyl radicals with nitrogen dioxide to 

form nitric acid have changed some,.,hat. When these newly measured rate 

constants are incorporated in Chang's model, the rate of ozone production 

from the methane-smog reaction is that plotted in Figure 12. In this 

case the crossover altitude between production and destruction of ozone 
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by NOx is at l7.S km, Figure 12, which is significantly higher than that 

found by Johnston and Quitevis by the same method in 1974, Figure 13. 

The crossover altitude between ozone production from methane as calcu-

lated from Chang's model and ozone destruction as deduced from Evans' 

observed N02 .and 03 is IS km (Figure 12), but since Chang's calculation 

refers to 4S o N and Evans' observations were S9°N~ this comparison can be 

interpreted only as a call for a study of this effect as a function of 

latitude and season. 
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VI. Conclusions 

As shown by our examination of the general differential equation 

for ozone, the measurem~nt of the concentrations of key chemical species 

in the atmosphere is sufficient to evaluate the rates of ozone production 

and loss. In this article we applied this method to published observed 

atmospheric measurements'of °
3
,0, N0

2
, ClO, HO, and CH

4
• Except for 

ozone, these measurements remain disappointingly few and show a wide 

spread in values. 

Monograph 1, page 2-35 of the Climatic Impact Assessment Program 

[ClAP, 1975 A] states: liThe present stratosphere will not be understood 

chemically until the calculated, instantaneous global rate of ozone 

formation ••• is balanced by calculated, instantaneous global rates of 

destruction, based on observed concentrations of key trace species and 

established values of photochemical and gas kinetic rate constants. To 

understand the perturbed stratosphere, at least this much must be known 

about the present stratosphere." Although a few very informative profiles 

of N02 and CIO have been observed, to date, January 1978, there are not 

enough stratospheric observations of N0
2

, ClO, HO, and HOO to provide 

the test posed in Chapter 5, ClAP, as the minimum that needs to be 

obtained. 

0, 
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Appendix 

Calculation of Global Ayerage Photolysis Constants 

In order to simplify the calculation of instantaneous global average 

photolysis rate constants, or j-values,we devised a method of choosing 

ten "representative" solar zenith angles at which to calculate local 

j-values and then average the j-values (not the intensities) to get a 

global average. The angles were arrived at by dividing the disk of solar 

radiation incident on the earth's atmosphere into ten rings of equal 

area, projecting the rings onto the earth's surface to get the range of 

solar zenith angles each ring corresponds to, and then taking the median 

solar zenith angle of the range to "represent" that ring. By assuming 

j-va1u~s on the dark side of the earth are zero, instantaneous globa1-

average j-va1ues can be calculated. 

The calculations took into account solar radiation from 178 to 750 

nm. Region I is the wavelength region 178-205 nm, the Schumann-Runge 

region of oxygen. Here 02 absorption and photodissociation are treated 

using the method of Hudson and Mahle [1972], and the wavelength bins were 

chosen to correspond to bands (e) to (s)' of their method. Region II 

consists of 1 nm bins from 205-280 nm, Region III is 1 nm bins from 

280-400 nm, and Region IV is 5 nm bins from 400-750 nm. Solar radiation 

intensities used in Region I were from Brueckner [1976], while those for 

II, III-and IV are from Ackerman [1971]. Solar intensities in Region I 

and II were calculated assuming a pure absorption by 02 and 03' including 

loss due to Rayleigh scattering, while in Region III and IV they were 

calculated using a simplified model [Isaksen et a!., 1977] for including 
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five orders of Rayleigh scattering and'surface reflection. In all calcu

latibris' a reflection coefficient of 0.3 was used. Air density and temper-

ature profile data used are those from the U.S. Standard Atmosphere of 

1962(5) for mid-latitudes, while ozone profile data are those of 

Krueger and Minzner [1976]. The photolysis constants in Table 1 were 

obtained in this way_ 

Additional calculations, as described in this report, were made for 

specific times and latitudes. 

Along with calculating j-values, we also calculated steady~state 

1 3 concentrations of O( D) and O( P). These were calculated according 

to the formula 

1 j3[03] 
[OeD)] + k [N] + k [0] 

. 33 2 33 2 

(j2 + j3)[03] 

kl [M][02] 

Quantum yield data for 0
3

-+ O
2 

+ O(lD) were those of Lin and Demore [1974]. 

~, 
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Figure Captions 

Figure 1. Graphical summary of wherein null and catalytic cycles are 

the components of stratospheric photochemistry of ozone. 

The transformed differential equation (21) identifies the 

rate-determining steps in all catalytic cycles. The 

catalytic cycles discussed in this article are interpreta-

tions of the terms in the differential equation (21), which 

remains the controlling statement. 

Figure 2. Test of Hunten's eddy diffusion function against vertical 

distribution of CFC1
3 

as reported by Sundararaman [1976]. 

Figure 3. Calculated production and loss of ozone, according to Chang's 

mechanism and numerical method and according to Hunten's eddy 

diffusion function. P(02) is production of ozone from photo

lysis of oxygen (22), P(CH4) is production of ozone from 
, 

methane-NOx-smog reaction according to term including CH4 in 

(86). L(Ox) is loss of ozone due to reactions of odd oxygen 

species (38, 39, 40). L(NOx) is loss of ozone from (41, 42). 

L(HOx) is loss of ozone from the sum of five processes (43, 

44, 45, 46, 47). T (10 years) is limit of rates where local 

ozone is destroyed by all processes at a rate of 10 percent 

per year; the region to the left of this line is regarded as 

negligibly slow for most purposes. 
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Figure 4. Calculated ozone destruction by five processes involving HOx 

free radicals: HOO + 03' (43); HOO + 0, (44); H + 03' (45); 

- ~HOO + HOO, (46); and HO + HOO, (47). 

Figure 5. Calculated rate of production of ozone from the photolysis of 

oxygen P(02) based on observed ozo~e distribution for 59°N, 

July, and based on observed solar radiation above the 

atmosphere: Ackerman [1971], Brueckneret a1. [19761. 

Destruction of ozone by odd oxygen species (38, 39, 40) based 

on observed ozone profile by Evans et al. [1976]. 

Figure 6. Observed atomic oxygen [Anderson, 1975] apd calculated atomic 

oxygen based on standard ozone profile, November 25, 32°N, 

56 0 solar angle. 

Figure 7. Ra-te of ozone destruction L(NOx) by observed N02 [Evans et al., 

19761 and calculated atomic oxygen compared with rate of 

ozone production P(02) under same conditions. July 22, noon, 

solar angle, 38.4°, latitude 59°N. 

Figure 8. Similar to Figure 7. Ozone loss from NOx based on-observed 

N02 [A. Harries et a1. as quoted by Sundararaman, 1976; B. 

Ackerman et al., 1974]. Solar angle 44 0
.-



81 

Figure 9. Observed stratospheric CIO and HCl. CIO as reported by 

Anderson et ale [1977]. HCl as summarized by Sundararaman 

[1976]: A. Farmer et a1. [1976]; B. Williams et a1. [1976]; 

C. Ackerman et al. (1976]; D. Lazrus et ale [1975]; 

E. Raper et al. [1976]. Total equivalent chlorine in 

chlorofluoromethanes and other organic chlorides in troposphere 

indicated by arrows. 

Figure 10. Production of ozone from O2 photolysis, P(02)' as calculated 

fro~ sol~r radiation and standard ozone profiles. Destruction 

of ozone by ClX, L(ClX), as calculated from observed CIO 

[Anderson et al., 1977] and calculated atomic oxygen. Pro-

duction of ozone from methane-smog reaction P(CH
4

) as calcu

lated from observed methane and hydroxyl radicals (Table 7). 

Figure 11. Comparison of ozone loss rates, based on observed ozone, 

Evans' obseryed N02, Anderson's mid-value observed ClO, and 

on calculated atomic oxygen. Noon., Ox and NOx , 60 oN; ClX, 

Figure 12. Comparison of production of ozone and loss of ozone from NOx . 

A, based on observations of Evans et ale B. Calculated from 

Chang's model. Twenty-four hour averages. 
" 

Production of 

ozone from methane-smog reaction according to Chang's model. 



82 

Figure 13. Ozone formation from methane-NOx-smog reactions and ozone 

destruction by reaction K as calculated by Johnston and . 4 

Quitevis [1975]. The cross-over altitude was 13 km. 
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·COMPLEX I TY 

Hundreds of Reactions, Scores of Free Radica Is 

Valid, Partial. Simplification 

~=-I • R + '00 

··2 

One RDS 
in each 

. Effect of radical is minute, unless cycled. 
If cycled, each cycle is either catalytic or 
null. Rate-Determining steps in catalytic 
cycles are uniquely important. 

Fig. 1 
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Ozone Destruction by Five HOx Processes 
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Observed Atomic Oxygen (Anderson, 1975) and Calcu- . 
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Production and Loss of Ozone Based on Observed N02 
and 0 3 (Evan's eta!., 1976),59~N, July 22, Noon, 
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Comparison of Ozone Loss Rates, Based on Observed 
Ozone, Nitrogen Dioxide, and Chlorine Oxide, and on 

Calculated Atomic Oxygen. Noon; Ox and NO x ' 60oN; 
Cl x ,32°N. 
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Fig. 13 
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Table 1 •. Photochemical and chemical mechanism. 

Global averageva1ue sec -1 
Photolytic reaction 

at Ian 

15 25 35 45 

A. j1 02 + hv -+ ° + ° 2.92(-15) 3.79(.,.12) 9.40(-11) 4.32(-10) 

j2 03 + hv -+ 02 + ° 4.12(-4) 4.57(-4) 4.95(-4) S.09(-4) 

j3 03 + hv -+ 02 + O(ID) 1. 54(-S) 7.32(-5) 5.04(-4) 2.96(-3) 

j4 N02 + hv -+ NO + ° 8.27(-3) 9.21(-3) 9.62(;;,.3) 9.83(-3) 

js N20 + hv -+ N2 + O(ID) 2.44(-12) 3.80 (-9) 7.00(-8) 2.06(-7) 

j6 NO + hv -+ N + ° 7.3 (-37) 7.4S(-17) 1.27(-8) 3.43(~7) 

j7 HN03 + hv -+ HO + N02 4.2S(-7) 1. 78(-6) 1.5~(-5) 4.36(-5) 

j8 H
2
02 + hv -+ HO + HO 2.23(-5) 2.98(-5) 4.52(-5) 8.03(-S) 

j9 HOO + hv-+ HO + ° 
j10 N03 + hv -+ NO + 02 

j11 N03 + hv.-+ N02 + ° 

B. jl2 H2CO + hv -+ H + HCO 

j13 H2CO + hv -+ H2 + CO 

j14 CF
2

C12 + hv -+ CF2Cl + C1 5.81(-12) 1.16(-8) 2.45(-7) 8.00(-7) 

j15 CFC1
3 

+ hv -+ CFC1
2 

+ Cl 1.34(-10) l.89(-7) 3.31(-6) 8.66(-6) .-

jl6 ClON02 + hv -+ CI0 + N02 . 

j17 HOON02 + hv -+ HOO + N02 . 

continued 
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Table 1. (continued) 

Rate Constants 

A E/R 

Thermal Reactions (cm 3 -1 -1 molecule sec ) (OK) 

A. kl ° + 02 + M -+ 03 + M 1.D7(-34)a -SID. 

k2 0' + 03 -+ 02 + 02 1.9 (-11) 230'0'. 

k3 03 + NO -+ N02 + 02 2.1 (-12) 1450'. 

k4 ° + N02 -+ NO + 02 9.1 (-12) 

k5 N
2
0 + O(ID) -+ N2 + 0'2 . 5.5 (,..11) 

k6 N
2
0 + O(ID) -+ NO + NO 5.5 (-11) 

k7 N + 02 -+ NO + ° 5.5 (-12) 3220'. 

k8 N + NO -+ N2 + ° B.2 (-11) 410'. 

kg N + N02 -+ NO + NO 2.0' (-11) BDD. 

kID O(lD) + H
2
0 -+ 2 HO 2.3 (-10') 

k11 O(lD) + CH
4 

-+ HO + CH
3 

1.3 (-10') 

kI2 03 + HO -+ 02 + HOO 1.5 (-12) 100'0'. 

k13 .0 + HO -+ H + 02 1.0' (-10') 250'. 

kI4 0'3 + HOO -+ HO + 02 +02 1.0' (-13) 1525. 

k15 ° + HOO -+HO + 02 1.0' (-10') 250'. 

k16 H + 02 + M -+ H02 + M 2.1 (_32)a -290'. 

k17 H + 03 -+ HO + 02 1.2 (-10') 560'. 

k18 HOO + HOO -+ H202 + 02 5.0' (-12) 50'0'. 
'" 

" (-11) k19 HO + HOO -+ H20 + 02 5.1 

to· k2D HO + N02 + M -+ HN03 + M -4.0' (-12) x [M]/[1.12(18) + M] 

k21 HO + HN0
3 

-+ H
2
0 + N0

3 
B.D (-14) 

k22 HO + H202 -+ H
2

0 + HOO 1.0' (-11) 750'. 

k23 N2 + O(ID) + M -+ N20 + M 3.5 (-37)a 

k24 N + N02 -+ N20 + ° -2.0' (-11) ~DD. 

continued 
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Table 1. (continued) 

Rate Constants 

A E/R 

Thermal Reactions 3 -1-1 (cm molecule sec ) (OK) 

A. (continued) 

k25 NO + ° + M -+- N02 + M 1.55(-33)a -584. 

k26 HOO + NO -+- HO+ N02 8.0 (-12) 

k27 . HO + HO -+- H20 + ° 1.0 (-11) 550. 

k28 N + ° -+- NO +0 3 . 2 5.0 (-12) 650 •. 

k29 N02 + 03 -+- N03 + 02 1.2 (-13) 2450. 

k30 HO + CH
4 

-+- H20 + CH
3 2.35(-12) 1710. 

k31 HO + HO + M -+- H
Z
0

2 
+ M 1.25(-32)a -900. 

k32 H202 + ° -+- HO + HOO 2.75(-12) 2125. ~ 

k33 O(lD) + M -+- ° + M 2.0 (-11) -107. 

(k34 
CH +... -+- 2 HOO + CO) '"\: 

3 . 

B. k35 CH3 + 02 + M -+- CH300 + M 2.6 (-31)a 

k36 CH300 + NO -+- CH30 + N02 3.3 (-12) 500. 

k37 CH30 + 02 -+- H2CO + HOO 1.6 (-13) 3300. 

k38 CH3 + 02 -+- H2CO + ~O 3.0 (-16) 

k39 HCO-+ 02 -+- CO + HOO 6.0 (-12) 

'- k40 
HO + CO -+- CO2 + H 1.4 (-13) 

k41 HO + H2 -+- H20 + H 3.6 (-11) 2590. .... 

k42 OC 1D) + H2 + HO + H 9.9 (-11) 

k HO + H2CO -:-)- H20 + HCO 1.4 (-11) 
43 

k44 03 + O(ID) -+ 02 + 02 1.2 (-10) 

k45 ° + O(ID) 3 -+- 02 + ° + ° 1.2 (-10) 

continued 
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Table 1. (continued) 

Rate Constants 

A E/R 

Thermal Reactions 3 -1 (em molecule -1 sec ) 
'. 

(OK) 

B . (continued) 

. " 
k46 Cl + 03 ~ ClO + 02 2.7 (-11) 257. 

k47 ClO + ° ~ Cl + 02 7.7 (-11) 130. 

k48 ClO + NO ~ Cl + N02 2.2 (-11) 

k49 Cl + H2 ~ HCl + H 3.5 (-11) 2290. 

kSO Cl + HOO ~ HCl + 02 3.0 (-11) -

kSI Cl+CH
4 
~ HCl + CH3 7.3 (-12) 1260. 

k52 Cl + H202 ~ HCl + HOO 1.7 (-12) 384. 

kS3 HO + HCl ~ H
2
0 + Cl . 3.0 (-12) 425. 

kS4 CI0 + N02 + M ~ ClON02 + M 5.1 (_33)a -1033. 

kSS CF2C12 + O(lD) ~ ClO + C~2Cl 2.0 (-10) 

kS6 CFC1
3 

+ O(lD) ~ ClO + CFC1
2 

2.3 (-10) 

kS7 ClON02 + ° ~ 02 + CIO + NO 4.5 (-12) 840. 

k58 HOO + N02 + M ~ HOON02 + M .1.0 (-:-32)a 

kS9 HOON02 + ° ~ HO + N02 + 02 

k60 2 NO + 02 ~ 2 N02 3.3 (_39)a -530. 

k61 ° + ° + M ~ 02 + M 4.8 (_33)a 

k62 CF2Cl + 02 ~ COF2 + CI0 

k63 CFC12 + 02 ~ COFCI + CI0 

k64 NO + N03 ~ 2 N02 
-11 1.9 x 10 .. . 

,.. 

a 6 -2 -1 em molecule sec 
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Table 2. Reactions involving free radicals and the change in free radicals 

for each step. .( 

Reaction Radical Arithmetic ~R 

k3 NO + ·03 + N02 + Q2 
1+0+1+0 0 

J.; 

k 
4 N02 + ° + NO + 02 1 + 0 + 1 + 0 0 

k6 N
2
0 + O(lD) + NO + NO 0+0+1+1 +2 

k7 N + 02 + NO +.0 1 +0+1+0 0 

k8 N + NO+ N2 + 0 1 +1+0+0 -2 

k9 N + N02 + NO+ NO 1 +1+1+1 0 

kID H
2
0 + O(lD) + HO +.HO o + 0 + 1 + 1 +2 

J 
CH

4 
+ O(lD) kU + CH + HO . 0+0+1+1 +2 

3 

k12 ° +·HO+ 0 + HOO 3 2 
0+1 + 0 + 1 0 

k13 o + HO + H + O
2 

0+1 + 1 +0 0 

. k14 03 + HOO + HO + 02 + °2 o +1 + 1 + 0 + 0 0 

k15 0+ HOO + HO + 02 0+1 + 1 + 0 0 

M 
k16 H+02~HOO 1 + 0 + 1 0 

k17 H + 0
3 

+ HO + ·02 1 + 0 +1 + 0 0 

k18 HOO + HOO +H20
2 

+ O
2 

1 + 1 +0 +0 -2 

k19 HO + HOO + H20 + 02 1 + 1 + 0 +0 -2 

k20 HO +N02 + HN0
3 

1 + 1 +0 -2 

k21 HO + HN0
3 

+ H20 + N0
3 

1 + 0 + 0 + 1 0 

k22 HO + H
2
0

2 
-~ H

2
0 + HOO 1 + 0 + 0 + 1 0 .. 

k24 N + N0
2 

+ N
2
0 + ° 1 + 1+ 0 + 0 -2 

M 0 
k25 NO + 0-N02 

1 + 0 + 1 

k26 HOO + NO + HO + N0
2 

1 + 1 + 1 + 1 0 

k27 110 + HO -)- H
2
0 of 0 1 + 1 + 0 + 0 -2 

k28 N + 03 -)- NO + 02 1 +0+1+0 0 

Continued 



Table 2 (continued) 

k3S 

k36 

k37 

k38 

k39 

k
40 

k41 

k42 

, k43 

k46 

k47 

k48 

k49 

kso 

kSI 

kS2 

kS3 

Reaction 

N02 + 03 ~ N03 + 02 

HO + CH
4 
~ H

2
0 + CH

3 

M 
HO + HO-H202 

H202 + ° ~ HO + HOO 

M 
CH3 + 02 - CH300 

CH
3
00 + NO ~ CH30 + N02 

CH
3
0 + 02~ H2CO+ HOO 

CH
3 

+ 02 ~ H2CO + HO 

HCO + O
2 
~ CO + HOO 

HO + CO ~ CO2 + H 

HO + H2 ~ H20 + H 

H2 + O(ID) ~ HO + H 

HO + H2CO~ H
2
0 + HCO 

. Cl + 03 ~ CI0 + 02 

CI0 + ° ~ Cl + 02 

CI0 + NO ~ Cl + N02 

Cl + H2 ~ HCl + H 

ct + HOO ~ HCl + 02 

Cl + CH4 ~ HCl + CH
3 

Cl + H202 ~ HCl + HOO 

HO + HCl ~ H20 + Cl 

M 
CI0 + N02 - CION02 

CF
2

C1
2 

+ O(ID) ~ CF
2
CI + CI0 

CFC1
3 

+ O(ID) ~ CFCl2 + OCI 

CI0N02 + ° ~ 02 + CI0 + NO 

101 

Radical Arithmetic llR 

1 + 0 -+- 1 + 0 o 

1 + 0 ~ 0 + 1 o 

1 + 1 ~ 0' -2 

o +0 ~ 1 + 1 +2 

1 + 0 ~ 1 o 

1+1~1+1 o 

1 + 0 ~ 0 + 1 o 

1 + 0 ~ 0 + 1 o 

1+0+0+1 o 

1 + 0 ~ 0 + 1 o 

1 + 0 ~O + 1 o 

0+0 ~ 1 + 1 +2 

1+0~0+1 o 

1+ 0 ~ 1 + 0 o 

1 + 0 ~ 1 + 0 o 

1 + 1 .~ 1 + 1 o 

1+0~0+1 o 

1+1~0+0 -2 

1 + 0 ~ 0 + 1 o 

1 + 0 ~ 0 + 1 o 

1 + 0 ~ 0 + 1 o 

1 + 1 ~ 0 -2 

0+0 ~ 1 + 1 +2 

O+O~l+l +2 

0+0 ~ 0 + 1 + 1 +2 

Continued 



Table 2 (continued) 

k58 

. k59 

k60 

k62 

k63 

k64 

J4 

j6 

j7 

j8 

j9 

j10 

j11 

j12 

j14 

j15 

j16 

j17 

Reaction 

M 
HOO + N0

2 
-HOON0

2 

HOON02 + ° + HO + N02 + O2 

2NO + 02 + 2N02 

CF2C1 + 02 + COF2 + C10 

CFC12 + 02 ~ COFC1 + C10 

NO + N03 + N02 + N02 

N02 + NO + ° 
NO + N + ° 
HN0

3 
+ HO + N02 

H
2
02 + 2HO 

HOq + Hb + ° 
N03 + NO + 02 

NO + NO + ° 3 ' 2 

H2CO + H + HCO 

CF
2

C1
2 

+ CF
2

C1 + C1 

CFC1
3 

+ CFC1 2 + Cl 

C10N02 + CIO + N02 

HOON02 + HOO + N02 

Radical Arithmetic 

1 + 1 + 0 

o + 0 + 1 + 1 + 0 

1 + 1 + 0 + 1 + 1 

1+0+0+1 

1+0+0+1 

l+l+l+L 

1 + 1 + 0 

0+1 + 1 

o +1 + 1 

1 + 1 + 0 

1 ~ 1 + 0 

1+ 1 + 0 

o + 1 +1 

0+1 + 1 

0+1 + 1 

o + I + 1 

0+1 + 1 

102 

-2 

+2 

o 

o 

o 

o 

o 

o 

+2 

+2 

o 

o 

o 

+2 

+2 

+2 

+2 

+2 



,~, 

fit· 

Table 3. Reactions involving odd oxygen and the change in odd oxygen for 

each step. 

Reaction 

(a) Pure Ox reactions 

M 
kl ° + 02---+- ° 3 . 

k2 ° + 03 + 02 + °2 

k33 O(ln) 2!- ° 

k44 03 + O(ln) +0 
2 + °2 

k45 
03 + O(ln) + °2 + ° + ° 

k61 
M 

° + ° -°2 

j1 °2 + ° + ° 

j2 03 + 02 + ° 

j3 03 + 02 + O(ln) 

(b) Ox reactions involving HOx 

k10 
H

2
0 + O(ln) + 2HO 

kU CH
4 

+ 0(1n) + CH
3 

+ HO 

k12 03 + HO + HOO + 02 

k13 ° + HO + H + 02 

k14 03 + HOO + HO + 02 + °2 

k15 ° + HOO + HO + 02 

k17 03 + H + HO + 02 

k27 HO + HO + H20 + ° 

k32 H202 + ° + HO + HOO 

k42 H2 + O(ln) + HO + H 

j9 HOO + HQ + 0 

Odd Oxygen 
Arithmetic 

1 + ° + 1 

1 + 1 + 0 + 0 

1 + 1 

1 + 1 + 0 + 0 

1 + 1 + 0 + 1 + 

1 + 1 + 0 

0+1 + 1 

1 +0+ 1 

1 + 0 + 1 

0+1 + 0 + 0 

0+1 + 0 + 0 

1 + 0 + 0 + 0 

1 + o + 0 + 0 

1 

1 + o + b + 0+0 

1 + 0+0 + 0 

1 + 0 + 0 + 0 

0+0 +0+ 1 

0+1 + 0 + 0 

0+1 + 0 + 0 

0+0 + 1 

continued 
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Table 3 (continued) 

Reaction Odd Oxygen 
t.°x Arithmetic 

(c) Ox reactions involving NOx 

k3 03 + NO ~ N02 + 02 1 + 0 ~ 0 + 0 -1 

k4 ° + N02 ~ NO + 02 1 + 0 ~ 0 + 0 -1 .. ,." 

k6 N
2
0 + O(lD) ~ 2NO o + 1 ~ 0 + 0 -1 

k7 N + 02 ~ NO + ° o + 0 ~O·+ 1 +1 

k8 N + NO ~ N2 + ° 0+0 ~ 0 + 1 +1 

k24 N + N02 ~ N20 + ° 0+0+0+1 +1 

k25 NO + 0L.. N02 o + 1 ~ 0 -1 

k28 N + 03 ~ NO + 02 o + 1 ~ 0 + O· -1 

k29 . N02 + 03 ~ N03 + 0i 0+1 ~ ° + 0 -1 

kS7 C10NO
Z
' + ° ~ 0z + C10 + NO 0+1 ~O+O+O -1 

k59 HOON02 + ° ~ HO + N02 + °2 o + 1 ~ 0 + 0 + 0 -1 .~ 

j4 NO ~ NO + ° 2 ° ~ 0 + 1 +1 

j6 NO ~ N + ° o ~ 0 + 1 +1 

jll N03 ~ NO
Z 

+ ° o ~ 0 + 1 +1 

(c') Additional Ox reactions involving N20 

k5 
1 

N20 + O( D) ~ N2 + 02 0+1 ~ 0 + 0 -1 

k23 N
Z 

+ O(lD) .2!.- N
2
0 0+1 ~ 0 -1 ~, 

j5 N
2
0 ~ N2 + O(ID) o ~ ° + 1 +1 .. ,,; 

(d) Ox reactions involving C.lX 

k46 CI + 03 ~CIO + 02 0+1 ~ 0 + 0 -1 

k
47 CIO + ° ~ Cl + 02 ° + I ~ ° + 0 -1 

kS5 GF2CI 2 + O(ID).~ ClO + CF2CI O+I~O+O -1 

k56 CFC1
3 

+ O(lD) ~ ClO + CFCI 2 
o + 1 ~ 0 + 0 -1 
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Table 4. Test of the steady-state approximation for nitric acid and nitrous oxide (rates in units of 

-3 molecules cm -1 sec ). 

Altitude, km 5 10· 15 20 .25 30 35 40 45 50 

P(HN0
3
)/102 2.7 1.4 13.4 32.0 49.6 79.4 54.7 14.6 0.9 0.03 

(P-L) /L(HN03) 0.19 0.04 0.01 0.01 0.02 2(-3) -7(-3) -8(-3) -5 (-2) -6(-2) 

P(03)/10S 1.38 0.31 0.11 0.27 3.75 -19.7 51.1 -77.0 74.6- -SL2 

L(HN0 3)/P(03) 2(-3) 4(-3) 0.12 0.12 0.10 4(-3) 1(-3) 2(-4) 1(-5) 7(-7) 

P(N2O 0.2 . 0.1 0.2 0.4 0.5 0.5 0.4 0.3 0.1 

L(N
2
O) 1.1 1.2 5.6 38 224 558 482 187 56 19 

(P-L)/L(N2O) 0.82 0.92 0.96 0.99 1.00 1.00 1.00 1.00 1.00 1.00 

L(N2O)/P(03) 8(-6) 4(-5) 5(-4) 1(-3) 6(-4) 3(-4) 9(-5) 2 (.-5) 8(-6) 4(-6) 

I--' 
o 
tn 
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Table 5. Chemical production and loss for various species (molecules cm sec ). 

Altitude, km 0 5 10 15 20 25 30 35 40 45 

P(03)/105 9.17 1.38 0.31 0.11 0.27 3.75 19.7 51.1 77 .0 74.6 

02 + hv % 2.2 91.9 99.5 99.9 100 100 100 

CH
4

, smog % 100 100 100 97.8 8.1 0.5 0.1 

L(O )/105 
3 

16.2 3.50 0.72 0.25 0.66 3.78 19.2 51.0 77 .0 75.0 

Ox % 0.5 7.B 12.8 11.8 14.4 25.9 40.0 

HOx % 99.6 99.9 99.8 90.3 34.7 13.6 6.5 6.6 12.8 38.0 

NOx % 0.4 0.1 0.2 9.2 57.4 73.6 B1. 7 79.0 61.3 22.0 

L(HOx)/105 16.1 3.5 0.72 0.23· 0.23 0.51 1.25 3.39 9.88 28.5 

HOO + 03 % 9.9 19.8 15.9 51.2 77.8 59.1 24.2 5.1 0.7 0.1 

HOO + 0 % 0.1 1.0 7.7 29.5 65.5 87.7 90.2 86.9 

H + 03 % 0.2 1.2 6~6 12.3 

2 HOO % 68.4 55.4 32.7 7.3 2.2 1.7 0.9 0.3' 

HO + HOO % 21. 7 24.8 51.4 40.9 12.2 9.8 9.2 5.7 2.5 0.7 

aCa1cu1ated from Chang's [1974] mechanism, Hunten's K function, arid rate constants as understood to be in 1977. 
--~--~ z . 

;:, 
># t '.I ' 

50 

.51.2 

100 

51.3 

32.7 

61.6 

5.7 

31.6· 

86.1 

13.6 

0.3 

I-' 
o 
0\ 
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Table 6.A. The rate of ozone production P derived from observed ozone (Evans 

~a1., 1976), 59'N, July 22,24 hour average. S ch umann - Run ge 

region calculated by method of fuJ.Q!i.QIL and Mah le (1972). Multiple 

order Rayleigh scattering and attenuation above S-R region by 

method of Isaksen et al. (1976) . B, solar intensities by 

Brueckner et al. (1976) . A, solar int"ensities by Ackerman (1971) • "', 
"B, S-R region attenuated by Rayleigh scattering; B', A', S-R 

region not attenuated by Rayleigh scattering. 

2 j [02] 2 j[02] 

PCB) P(B' ) P(A' ) PCB) PCB' ) peA' ) 

48 8.15(6) 8.27(6) 8.68(6) 28 1. 63 (6) 1. 92 (6) 2.06(6) 

47 9.27(6) 9.42(6) 9.86 (6) 27 1.14(6) 1.38(6) 1. 48(6) 

46 9.71(6) 9.88(6) 1.03(7) 26 7.68(5) 9.55(5) 1.03(6) 

45 1.01(7) 1. 03(7) 1. 07(7) 25 5.00(5) 6.43(5) 6.91(5) 

44 1.04(7) 1.06 (7) 1.11 (7) 24 3.16(5) 4.22(5) 4.53(5) 

43 1. 06 (7) 1. 09 (7) 1.14(7) 23 1. 87(5) 2.62(5) 2.81(5) 

42 1.07(7) 1.10(7) 1.15(7) 22 1. 02 (5) 1.50(5) 1. 60(5) 

41 1. 07 (7) 1.10(7) 1.15(7) n 5.()9(4) 7.96(4) 8.51(4) 

40 1.05(7) 1. 09(7) 1.14(7) 20 2.40(4) 4.03(4) 4.29(4) 

39 1.02(7) 1. 06 (7) 1.11(7) 19 1.06(4) 1.92(4) 2.03(4) 

38 9.69(6) 1.01(7) 1. 06 (7) 18 4.28(3) 8.52(3) 8.99 (3) 

37 9.04(6) 9.50(6) 9.97(6) 17 1.61(3) 3.55(3) 3.72(3) 

36 8.23(6) - 8.70(6) 9.16(6) 16 5.51(2) 1.37(3) 1. 41(3) 

35 7.34(6) 7.82(6) 8.25(6) IS 1.48(2) 4.14(2) 4.14(2) 

34 6.37(6) 6.85(6) 7.24(6) 14 3.88(1) 1. 28(2) 1. 28(2) 

33 5.42(6) 5.89(6) 6.25(6) 13 8.20 3.25(1) 3.25(1) 

,:i./. 32 4.52(6) 4.97(6) 5.28(6) 12 1. 35 6.62 6.62 

31 3.67(6) 4.09(6) 4.36(6) 11 0.17 1.10 1.10 

• 30 2.91(6) 3.30(6) 3.52(6) 10 0.02 0.15 0.15 . 

29 2.23(6) 2.57(6) 2.76(6) 



108 

Table 6.B. Rate of formation of ozone from photolysis of oxygen, as 

affected by different solar intensities and methods of 

correcting for Rayleigh scattering in the Schumann-Runge 

region. "" 

'P(03) molecules -2 sec-1/1012 Ratios cm 

KM A' B' B A'/B' B/B' 

46-50 7.25 6.81 6.76 1.06 0.99 

41-45 10.34 9.83 9.71 1.05 0.99 

36-40 11.16 10.58 10.31 '1. 06 0.97 

31-35 8.37 7.85 1.42 1. 07 0.95 

26:-30 3.85 3.57 3.18 .1.08 0.91 

21-25 0.98 0.90 0.71 1.08 0.79 

16-20 0.10 0.11 0.06 1.06 0.61 

TOTAL 42.1 39. 7 38.2 1.06 0.96 

Solar angle 33.9 0 noon, October 2, 30 0 N .. Multiple Rayleigh scattering 

and reflection above 205 nm. A' and B' no correction of Schumann-. , 

Runge region for Rayleigh scattering. B, Schumann-Runge radiation 

attenuated by Rayleigh scattering. 

A'. Ackerman, 1971. 

B' and B. Brueckner, 1977. 
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Table 7. Rate of production of ozone from methane-NOx-smog reaction based on observed 

methane (Ackerman, 1977) and observed hydroxyl radicals (Anderson, 1975). 

(CH
4 

) k30 k43 j12 
b b 

P(03) 
d 

KM 
[HO) T,K 

j13 
Factor c T(CH4) 

1010 10
7 10-15 10-11 10-4 10-4 103 7 10 sec 

44 0.66 261 
~. 

43 (0.88)a 2.8 259 3.36 1.14 0.85 1.50 1.15 1.88 1.12 

42 1.18 256 

41 254 

40 1. 91 252 

39 (2.27) 2.15 249 2.54 1.10 0.80 1.50 1.17 2.87 1.90 

38 2.69 247 

37 (3.37) 2.2 245 2.26 1.08 . 0.75 1.47 1.16 3.89 2.08 

36 4.23 242 

35 (5.44) 0.95 240 1.94 1.06 0.70 1.45 1.22 2.34 5.57 

34 7.00 237 

33 (9.20) 1.3 235 1.65 1.04 0.67 1.40 1. 20 4.67 4.73 

32 12.1 1.05 233 1.55 1.03 . 0.65 1.39 1. 21 4.66 6.24 

30 21.5 0.42 229 1.35 1.01 0.62 1. 35 1.26 2.92 1.77 

,"" ~ethane values in parentheses are geometrical average of the observed value one km above 

and one km below. 

f b 
Photolysis constants are for 60 0 solar angle. 0.25 albedo (Isaksen et a1.. 1977). 

cl + j12/(j12 + j13 + k43 [HO). factor in (90). 

d 
. T = (CH4]/k

30
[HO] [CH

4
]· 
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Table 8. Atomic' oxygen observed (32°N, 56° solar angle, November 25, 

Anderson, 1975) and calculated from standard ozone (30 0 N, 

54° solar angle, December 8). 

[0
3

] [0] [OJ 
[0] . n, 

KM 
obs 

1012 'calc obi; [O]calc 

39 0.67 1. 36(9) 1.0(9)· 0.74 

38 0.79 1.04(9) 7.5 (8) 0.72 

37 0.95 8.11(8) 4.4 (8) 0.54 

36 1.14 6.31(8) 4.6(8) . 0.73 

35 1.33 4~8l(8) 3.4(8) 0.71 

.34 1.54 3.66(8) 3.9(8) 1.07 

33 1.77 2.77(8) 3.7(8) 1.34 

32 2.04 2.11(8) 2.4(8) 1.14 

31 2.33 1. 62 (8) 2.8(8) 1. 73 

30 2.66 1. 25(8) 2.3(8) 1.84 

29 3.03 9.55(7) 1. 2 (8) 1.26 

28 3.44 7.33(7) 1.1(8) 1.50 

27 3.88 5.60(7) 8.1(7) 1.45 

26 4.31 4.23(7) 6.0(7) 1.42 

;-J' 

E 26 to 39 km 5.73(14) 4.87(14) 0.85 

-2 -1 
"..) 

molecules em see 
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Table 9. The rate of ozone destruction (L) from observed ozone and from 

calculated atomic ozygen (Evans et a1., 1976). 38° solar angle, 

noon, 59°N, July 22. 

Concentrations Rates 

KM 
[°3] 

[0] T 
2 j [°2 ] 2 k[0][03] Ratio T 

1012 P L L/P [03]/L 

48 0.081 6.28(9) 276 1.48(7) 4.66(6) 0.31 0.20 day 

46 0.129 4.57(9) 275 1.86(7) 5.22(6) 0.28 0.29 

44 0.196 3.46(9) 272 2.10(7) 5.48(6) 0.26 0.41 

42 0.300 2.42(9) 268 2.32(7) 5.17(6) 0.22 0.67 

40 0.463 1.59(9) 262 2.43(7) 4.31(6) 0.18 1.2 

38 0.717 1.02(9) 256 2.40(7) 3.48(6) 0.15 2.4 

36 1.12 6.51(8) 250 2.19 (7) 2.80(6) 0.13 4.6 

34 1.69 4.02(8) 244 1. 84(7) 2.08(6) 0.11 9.4 

32 2.21 2.20(8) 238 1. 42 (7) 1.17(6) 0.082 22 

30 2.74 1.23(8) 236 1.00(7) 7.50(5) 0.075 42 

28 3.72 7.77(7) 232 6.19(6) 5.44(5) 0.088 79 

26 4.35 4.31(7) . 230 3.23(6) 3.23(5) 0.10 156 

24 4.16 2.00(7) 227 1.47(6) 1.26(5) 0.086 382 

22 5.34 1. 29 (7) 225 5.24(5) 9.52(4) 0.18 1. 8 yrs 

l..-\ 20 4.90 6.15(6) 225 1.37(5) 4.16(4) 0.30 3.7 

18 4.19 2.77(6) 225 2.71(4) 1.66(4) 0.61 8.0 
f 

16 2.32 8.15(5) 225 3.87(3) 2.62(3) 0.68 28 

H 2.37 IL I1C)(5) n c
) . 2.99(2) 

• 
1.46(3) 4.9 51 

12 2.62 2.63(5) 225 1.15(1) 9.52(2) ,87 

10 0.58 3.10(4) 225 0.17 2.48(1) 742 

r molecules -2 sec-1 4.04(13) 6.32(12) 0.16 cm 

20 to 48 km 
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Table 10.A. The rate of ozone destruction L derived from observed ozone and nitrogen 

dioxide and from .calculated atolRic oxygen concentration (noon, ·59°N, 

July 22, solar angle 38.40). The calculated rate of ozone production P 

from 02 photolysis. 

OJ 

Concentrations Rates (noon) 

KM [°3] [N0
2

] 2 j[02] 2 k[0][N02 ] Ratio " 

1012 ~ 
[OJ ·LlP [03]/L 

P L 

35 1. 37 1.06 5.10(8) 2.04(7) 9.80 (6) 0.48 1. 6 days 

34 1.69 1. 32 4.02(8) 1. 84 (7) 9.70(6) .53 2.0 

33 1.93 1.68 2.95(8) 1.64(7) 9.00(6) .55 2.5 

32 2.21 2.00 2.20(8) 1.42(7) 8.00(6) .56 3.2 

31 2.45 2.27 1. 64( 8) 1. 21( 7) 6.78(6) .56 4.2 

30 2.74 2.64 1. 23(8) 1. 00 (7) 5.91(6) .59 5.4 

29 3.19 2.82 9.76(7) 8.07(6) 5.02(6) .62 7.4 

28 3.72 3.10 7.77(7) 6.19(6) 4.39(6) .71 9.8 

27 4.02 3.35 5.76(7) 4.57(6) 3.51(6). .77 13 

26 4.35 3.38 4.31(7) 3.23(6) 2.67(6) .83 19 

25 4.26 3.29 2.92(7) 2.21(6) 1. 76 (6) .80 28 

24 4.16 3.52 2.00 (7) 1.47(6) 1. 28(6) .87 38 

23 4.71 3.55 1. 60(7) 9.17(5) 1.04(6) 1.13 52 

22 5.34 3.53 1. 29 (7) 5.24(5) 8.30(5) 1. 58 74 

21 5.11 3.25 8.87(6) 2.77(5) 5.24(5) 1. 89 113· 

20 4.90 3.31 6.15(6) 1. 37(5) 3.71(5) 2.71 153 

19 4.53 3.00 4.12(6) 6.36(4) 2.25(5) 3.54 233 

18 4.19 2,56 2.77(6) 2.71(4) 1. 29 (5) 4.76 376 

17 3.12 1. 85 1. 50(6). 1.07(4) 5.03(4) 4.72 2.0 year 1'-

16 2.32 1. 58 8.18(5) 3.87(3) 2.36(4) 6.1 3.1 

15 2.35 1. 53 6.04(5) 1. 08(3) 1.68(4) 16 4.4 1..J 

]4 2.37 1. 43 4.46(5) 2.99(2) 1.17(4) 39 6.4 

13 2.49 1. 53 3.43(5) 6.65(1) 9.30(3) 140 8.5 

12 2.62 1. 36 2.63(5) 1.15(1) 6.5(3) 565 13 

11 1. 23 1. 19 8.95(4) 1. 58 1.93(3) 1220 20 

r ~(l tco 3c
) krn 1.]9(13). 7.06(12) 0.59 



Table 10.B~ The rate of ozone destruction (L) derived from observed ozone and nitrogen 

dioxide, and from calculated 24 hour average atomic oxygen concentrations. 

The calculated rate of ozone production (P) from O
2 

photolysis (24 hour 

average). 59·N, July 22 (Evans et a1., 1976). 

KM 

35 

34 

33 

32 

31 

30 

29 

~8 

27 

26 

25 

24 

23 

22 

21 

1..37 

1. 69 

1. 93 

2.21 

2.45 

2.74 

3.19 

3.72 

4.02 

4.35 

4.26 

4.i6 

4.71 

5.34 

5.11 

Concentrationsa 

[0] 

1.19 2.64(8) 

1.49 2.11(8) 

1.90 1.57(8) 

2.27 1.19(8) 

2.57 9.01(7) 

2.91 6.89(7) 

3.12 5.53(7) 

3.35 4.46(7) 

3.48 3.34(7) 

3.38 ·2.52(7) 

2.90 1.72(7) 

3.27 1.18(7) 

3.24 9.48(6) 

3.24 7.64(6) 

2.97 5.28(6) 

Ratesb (24 hr ave.) 

7.34(6) 

6.37(6) 

5.42(6) 

5.70(6) 

Ratio 
LIP 

0.78 

0.90 

1.00 

1.09 

1.15 

1. 26 

1. 41 

1.67 

1. 85 

2.02 

1. 96 

2.22 

3.0 

4.4 

5.6 

3 days 

3 

4 

5 

7 

9 

12 

16 

22 

32 

50 

68 

98 

137 

207 

20 4.90 3.02 3.66(6) 

4.52(6) 

3.67(6) 

2.91(6) 

2.23(6) 

1. 63(6) 

1.14(6) 

7.68(5) 

5.00(5) 

3.16(5) 

1.87(5) 

1. 02 (5) 

5.09(4) 

2.40(4) 

5.73(6) 

5.43(6) 

4.91(6) 

4.21(6) 

3.66(6) 

3.14(6) 

2.72(6) 

2.11 (6) 

i. 55(6) 

9.80(5) 

7.03(5) 

5.59(5) 

4.50(5) 

2.86(5) 

2.01(5) 8.4 0.8 year 

19 4.53 

18 4.19 

17 3.12 

16 2.32 

15 2.35 

14 2.37 

13 2.49 

12 2.62 

1: 20 to 35 km 

2.71 _ 2.45(6) 

2.41 1.65(6) 

1.79 8.92(5) 

1.41 4.84(5) 

1. 28 

1.15 

1. 33 

1. 54 

3.57(5) 

2.63(5) 

2.01(5) 

1. 54 (5) 

~olecules cm- 3 2.64(8) 2.64 x 108. 

bMolecules cm- 3 sec-1 

1. 06 (4) 

4.28(3) 

1. 61(3) 

5.51(2) 

1. 48 (2) 

Small 

3.72(12) 

1. 21 

7.23(4) 

3.11(4) 

1.24(4) 

8.30(3) 

5.51(3) 

4.85(3) 

4.32(3) 

4.23(12) 

11 

17 

19 

23 

56 

1.14 

1.2 

1.8 

3.2 

5.9 

9.0 

14 

16 

19 

CFormally, this is the Lime required for the local ozone t() be destroyed by the 

current loss rate due to NOx. It is a readily grasped statement of the local, 

itlstantarlCOUS rate of rcnctioIl. 
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Table 11.A. The rate of ozone destruction (L) derived from observed nitrogen dioxide 

(Harries et a1., 1976), standard ozone, and calculated atomic oxygen. 

The calculated rate of 03 production (P) from 02 photolysis. 44°N, 

. September, noon. 
tJl 

Concentrations Rates (noon). 

[°3] [N0
2

] T 

KM [0] 
2 ][°2] 2 k[O][NOi ] Ratio [03]/L 

1012 109 P L 
L/P days 

35 1.32 3.19 4.64(8) 1.54(7) 2.69 (7) 1. 75 0.57 

34 1.50 3.93 3.52 (8) 1. 42(7) 2.52(7) 1.78 0.69 

33 1. 70 4.30 2.67(8) . 1. 29 (7) 2.09 (7) 1.62 0.94 

32 1.91 4.28 .2.04(8) 1.14(7) 1. 59 (7) 1. 39 1. 39 

31 2.14 4.65 1. 56(8) 9.95(6) . 1. 32(7) 1. 33 1. 87 

30 2.38 4.78 1.19 (8) 8~45(6) 1.03(7) 1. 22 2.7 

29 2.71 4.39 9.25(7) 6.95(6) 7.39(6) 1.06 4.2 

28 3.04 4.10 7.10(7) 5.51(6) . 5.30(6) 0.96 6.6 

27 3.37 3.67 5.38(7) 4.19(6) 3.59(6)· 0.86 10.9 

26 3.66 3.45 4.01(7) 3.05(6) 2.52(6) 0.82 16.8 

25 3.91 3.06 2.95(7) 2.11(6) 1. 64(6) 0.78 28 

24 4.04 . 2.72 2.10(7) 1.39(6) 1.04(6) 0.75 45 

L 24 to 35 km 9.55(12) 1. 34 (13) 1.40 ( .... ~ 
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Table 11B. The rate of ozone destruction L derived from observed nitrogen dioxide 

(Ackerman, 1974) and from calculated atomic oxygen concentration. 44°N, 

May. 
,~ 

"f' Concentrations Rates (noon) Ratios 

[°3] [N02] /109 
[0] 2 j [°2] 2 k[O] [N02] = L L/P 

KM 
1012 Lower Upper Noon P Lower Upper Lower Upper 

36 1.14 0.40 0.80 6.10(8) 1.64 (7) 4.44(6) 8.88(6) 0.27 0.52 

35 1.32 0.47 0.90 4.64(8) 1.54 (7) 3.97(6) 7.60(6) 0.26 0.49 
,~ 

34 1.50 0.50 1.02 3.52(8) 1. 42 (7) 3.20(6) 6.53(6) 0.23 0.46 

33 1. 70 0.70 1.25 2.67(8) 1. 29 (7) 3.40(6) 6.07(6) 0.26 0.47 

32 1.91 0.90 1.60 2.04(8) 1.14(7) 3.34(6) 5.94(6) 0.29 0.52 

31 2.14 1.1 2.0 1. 56 (8) 9.95(6) 3.12(6) 5.68(6) 0.31 0.57 

30 2.38 1.4 2.2 1.19(8) 8.45(6) 3.03(6) 4.76(6) 0.36 0.56 

29 2.71 1.5 2.5 9.25(7) 6.95(6) 2.53(6) 4.21(6) 0.36 0.61 

28 3.04 1.6 2.5 7.10(7) 5.51 (6) 2.07(6) 3.23(6) 0.38 0.59 

27 3.37 1.62 2.5 5.38(7) 4.19(6) 1.59(6) 2.45(6) 0.38 0.58 

26 3.66 1.6 2.5 4.01(7) 3.05(6) 1.17(6) 1.82(6) 0.38 0.60 

25 3.91 1.'55 2.5 2.95(7) 2.11(6) 8.32(5) 1. 34(6) 0.39 0.64 

24 4.04 1.5 2.4 2.10 (7) 1. 39 (6) 5.73(5) 9.17(5) 0.41 0.66 

23 4.10 1.4 2.2 1.47(7) 8.65(5) 3.69(5) 5.89(5) 0.43 0.68 

22 4.09 1.2 2.0 1.01(7) 5.08(5) 2.21(5) 3.68(5) 0.43 0.72 
"I' 
! 

21 4.00 1.1 1.8 6.90(6) 2.79(5) 1. 38(5) 2.26(5) 0.50 0.81 

20 3.83 1.0 1.6 4.62(6) 1.41(5) 8.41(4) 1. 35(5) 0.60 0.95 

E 20 to 36 km, molecules em -2 -1 1.14(13) 3.47(12) 6.07(12) 0.31 0.53 sec 
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Table 12. The rate of ozone destruction (L) drived from observed C10 

(Anderson eta1., 1977), _ and from calculated atomic oxygen 

based on standard ozone. 32°N, noon. -3-

Concentrations Rates (noon) 
'I' 

. [°3] [C10] [0] 2 j[02] 2 k[0][C10] Ratio T 
KM 

1012 108 LIP [03]/L 
P L _ days 

A. July 28, 1976. Solar angle 14° 

40 0.611 0.36 2.20(9) 2.47(7) 6.92(6) 0.28 1.02 

39 0.769 0.43 1. 77(9) - 2.48(7) 6.65(6) 0.27 1.34 

38 0.958 1.10 1.41(9) 2.44(7) 1. 36(7) 0.56 0.82 

37 1.17 1.90 1.10(9) 2.37(7) 1. 83 (7) 0.77 0.74 

36 1.41 2.47 8.51(8) 2.26(7) 1.84(7) 0.81 0.89 

35 1.65 2.30 6.40(8) 2.14 (7) 1. 29(7) 0.60 1.48 

34 1.90 2.10 4.81(8) 1. 99(7) 8.83(6) . 0.44 2.59 

33 2.17 3.45 3.59(8) 1. 83(7) 1.08(7) 0.59 2.3 

32 2.48 2.87 2.70(8) 1. 66 (7) 6.77(6) 0.41 4.2 

31 2.85 3.08 2.06(8) 1.47(7) 5.55(6) 0.38 6.0 

30 3.25 3.00 1.57(8) 1.27(7) 4.12(6) 0.32 9.1 

29 3.69 2.48 ·1.19(8) 1.07(7) 2.58(6) 0.24 17 

28 4.07 2.65 8.87(7) 8.79(6) 2.05(6) 0.23 . 23 ,e..-

27 4.25 2.27 6.27(7) 7.03(6) 1. 24(6) 0.18 . 40 

'" 26 4.36 2.37 4.39(7) 5.48(6) 9.09(5) 0.17 56 
( 

25 4.52 1. 57 3.10(7) 4.17(6) 4.25 (5) 0.10 12'3 

24 4.56 2.00 2.14 (7) 3.06(6) 3.74(5) 0.12 141 

23 4.26 0.84 1. 37(7) 2.19(6) 1.01(5) 0.05 490 

E 23 to 40, molecule -2 -1 . 2.'65 (13) 1.21(13) 0.45 .cm sec 

continued 
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Table 12. (continued) 

Concentrations Rates (noon) 
-.. T 

[0
3

] [C10] [0] 2 j[02] 2 k[O] [C10] Ratio 
[O]]/L KM 

1012 10
8 L/P 

(, P L days 

. B. October 2, 1976 . Solar angle 34° 

41 0.461 1.0 2.69(9) 2.11(7) 2.35(7) 1.11 0.23 

40 0.579 1.3 2.19(9) 2.13(7) 2.49(7) 1.17 0.27 

39 0.714 1.9 1.69(9) 2.13(7) 2.81(7) 1.32 0.29 

38 0.872 3.4 1. 30(9) 2.09(7) 3.86 (7) 1.85 0.26 

37 1.06 4.0 1.00(9) 2.03(7) 3.50 (7) 1.72 0.31 

36 1.27 3.75 7.62(8) 1.94(7) 2.50 (7) 1.29 0.59 

35 1.50 . 4.7 5.84(8) 1. 81(7) 2.40(7) 1.33 0.72 

34 1.81 5.3 4.61(8) 1.67(7) 2.14(7) 1. 28 0.98 

33 2.14 - 6.0 3.59(8) 1. 50(7) 1. 88(7) 1.26 1.32 

32 2.47 6.4 2.78(8) 1. 31(7) 1. 56 (7) 1.19 1. 84 

31 2.80 5.7 2.13(8) 1.13(7) 1. 06 (7) 0.94 3.0 

30 3.12 - 5.3 1.61(8) 9.47(6) 7.46 (6) 0.79 4.8 

29 3.46 4.6 1. 21(8) 7.76(6) 4.86(6) 0.63 8.2 

28 3.76 5.3 8.92(7) 6.19(6) 4.13(6) 0.67 10 
)J..>" 

L 28 to 41, molecules -2 - -1 2.22(13) 2.82(13) 1.27 cm sec 
( , 

-;: 

. continued 
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Table 12. (continued) 

Concentrations Rates (noon) 

[°3] 
or • 

KM 
[C10] [0] 2j1[02] 2k[0][C10] Ratio [03]/L 

1012 
10

8 p L 
Lip days ",. 

C. December 8, 1976. Solar angle 54°. 

40 0.576 0.30 1. 81(9) 1.63(7) 4.75(6) 0.29 1.4 

. 39 0.674 0.40 1. 36(9) 1. 58(7) 4.75(6) 0.30 1.6 

38 0.791 0.60 . 1.04(9) 1.52(7) 5.45(6) 0.36 1.7 

37 0.952 0.74 8.11(8) 1. 44(7) 5.25(6) 0.36 2.1 

36 1.14 0.80 6.32 (8) 1. 34(7) 4.42(6) 0.33 3.0 

35 1. 33 0.80 4.81(8) 1. 22(7) 3~ 36 (6) 0.28 4.6 . 

34 1.54 0.75 3.66 (8) 1.10(7) 2.40(6) 0.22 7.4 

33 1.77 0.65 2.77(8) 9.62(6) 1.57(6) . 0.16 13 

32 2.04 0.56 2.11(8) 8.21(6) 1.03 (6) 0.13 23 

31 2.33 0.47 1.62(8) 6.80(6) ·6.65(5) 0.10 40 

30 2.66 0.37 1. 25(8) 5.42(6) 4.04(5) 0.075 76 

29 3.03 0.34 9.55(7) 4.15(6) 2.84(5) 0.068 124 

28 3.44 0.27 ,7.33(7) 3.03(6) 1. 73(5) 0.057 230 

27 3.88 0.29 5.60(7) 2.09{6) 1.42(5) 0.068 316 

26 4.31 0.20 4.23(7) 1. 36 (6) 7.39(4) 0.054 675 ~! 

25 4.73 0.17 3.15(7) 8.21(5) 4.68(4) 0.057 1170 
l' 

r 25 to 40 1. 40 (13) 3.48(12) 0.25 
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Table 13. Comparison of relative rates of production and loss of ozone. 

Noon, -!u1y, north mid-latitudes. 

[03]/P (LIP) 'd ml. r.L/p 
KM T 

HR Ox HOx NOx CIX Min Mid Max 
Evans Calc Evans Anderson 

f" J 

40 5.3, 0~18 
/ 

0.04 0.28 

39 0.16 0.27 

38 8.3 0.15 0.56 

37 0.13 0.77 

36 14 0.13 0.81 

, 35 19 0.12 0.07 0.48 0.60 0.87 1.27 3.2 

34 26 0.11 0.06 0.53 0.44 0.77 1.14 3.2 

33 33 0.09 0.06 0.55 0.59 0.68 1.29 3.0 

32 43 0~08 0.06 0.56 0.41 0.68 1.10 2.7 

31 56 0.08 0.'06 0.56 0.38 0.68 L08 2.4 

30 76 0.08 0.07 0.59 0.32 0.63 1.07 2.1 

29 110 0.08 0.07 0.62 0.24 0.70 1.01 1. 84 

28 226 0.09 0.08 0.71 0.23 0.71 1.11 1. 79 

27 244 0.09 0.09 0.77 0.18 0.73 1.13 

26 374 0.10 0.11 0.83 0.17 0.75 1.21 

25 535 0.09 0.14 0.80 0.10 \0.80 1.13 

24 786 0.09 0.18 0.87 0.12 1.27 , 
23 1427' 0.12 0.24 1.13 0.05 1.54 

22 0.18 0.34 1.58 

21 0.22 0.52 1.89 

20 0.29 0.86 2.71 

r.L/r.P 25 to 35 kni 0.10 0.07 0.57 0.40 1.14 
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