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ABSTRACT 

This paper presents theoretical arguments in favour of OH-concentrations larger than 
108 molecules cm-, in the sunlit lower troposphere even if allowance is made for 
heterogeneous removal of OH, HO, and HNO, molecules. The OH-concentrations, 
presented in this paper, were calculated considering for the first time the photochemical 
effect of both scattered and direct radiation at ground levels and adopting recent ac- 
curate data for the quantum efficiency of O(1D) production in the ozone photolysis 
near 310 nm. The significant role played by OH in the atmospheric carbon, nitrogen 
and possibly sulphur cycles is discussed. Low background mixing ratios of NO, mole- 
cules ( < 10-O) in the unpolluted atmosphere are calculated. The oxidation of NH,, 
initiated by the reaction with OH, may provide a significant source of tropospheric 
NO,-molecules, if its rate constant is about 10-ls cm* s-l near the ground. The 
conversion of NO, into HNO,, followed by heterogeneous removal of HNO,, is the 
most important tropospheric sink for NO,-molecules. The photodissociation of ozone 
in ultraviolet light between 300 and 330 nm, which leads to the formation of the ex- 
cited O(1D) atom, “drives” several sequences of reactions treated in this study. Several 
chains of reactions, involving carbon and nitrogen compounds, lead to large rates of 
formation and destruction of ozone in the troposphere. These rates partly balance 
each other. Whether there is a net production or destruction of ozone in the tropo- 
sphere cannot be determined at present. Ozone is a very active, catalytic component 
in the tropospheric chemical systems. Globally, the combustion source of CO for the 
year 1970 is more than 20 % of the natural source of CO as provided by the oxidation 
of biologically produced CH,. For middle latitudes of the Northern Hemisphere the 
combustion source is about equal to the natural source. However, too little is known 
about homogeneous and heterogeneous reactions affecting the methane oxidation 
products. 

1. Introduction 

During unfavourable meteorological condil 
tions ozone appears as an important, unhealthy 
ingredient in sunlit atmospheres which are pol- 
luted through intense car traffic. In such cases, 
ozone is a product of chemical reactions taking 
place between unburnt hydrocarbons, oxides of 
nitrogen and related species, under the influence 
of sunlight (Haagen-Smit, 1952; Leighton, 1961). 
Interest in the detailed mechanism of photo- 
chemical “smog” formation has been intenso 
(e.g. Altshuller & Bufalini, 1971; Westberg & 
Cohen, 1969; Kerr et  al., 1972). In the strato- 
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sphere and mesosphere ozone is produced by 
the photodissociation of molecular oxygen and 
recombination of the oxygen atom with the 
oxygen molecule. The photochemistry of ozone 
in the before mentioned regions of the atmos- 
phere has been studied extensively. On the 
other hand, very few photochemical studies 
have been made of background ozone in the 
unpolluted troposphere. Most studies of tropo- 
spheric ozone were concerned with the exchange 
processes between the stratosphere and tropo- 
sphere (see for example: Fabian et al., 1971). 
However, after Levy’s important proposal (1971) 
that significant quantities of the very reactive 
OH-radical are produced in the sunlit natural 
atmosphere by the interaction between ozone, 
ultraviolet light and water vapour, it has now 
become clear that the presence of ozone in the 
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troposphere is of large importance for the 
chemistry of this region of the atmosphere. It 
was estimated that the oxidation of biologically 
produced methane, which is initiated by its 
reaction with OH, leads to a natural global pro- 
duction of carbon monoxide, a t  least a factor 
of ten larger than that presently provided in 
the car exhaust and by industrial processes 
(McConnell et al., 1971; Levy, 1972; Weinstock 
& Niki, 1972; Jaffe, 1973). 

It has commonly been assumed that almost 
all of the ozone in the troposphere is of strato- 
spheric origin, that no significant production 
or destruction of ozone can take place within 
the troposphere, and that ozone is destroyed 
mainly by contact with the material of the 
earth's surface. After measuring the decay with 
time of mechanically well-mixed ozone inside 
a box, which was placed over different types of 
surfaces, Aldaz (1971) estimated the mean glob- 
al ozone destruction rate a t  the earth's surface 
to be between 1.1 x 10" and 1.6 x 10" molecules 
cm-, s-l. By taking into account the normal 
transfer of ozone in the atmospheric boundary 
layer, however, Fabian & Junge (1970) proposed 
a reduction of these estimates to 3.6 x 1 O ' O  and 
6.0 x 1OlD molecule cm-, s-l. A large uncertainty 
in these estimated values remained due to in- 
adequate knowledge of ozone destruction rates 
at the sea surface. An extensive series of meas- 
urements of ozone profiles above sea surface 
under different wind conditions led Tiefenau & 
Fabian (1972) to conclude that the global mean 
destruction rate of ozone, by contact with the 
earth's surface, is less than 4.9 x 1O1O molecules 
cm-, s-l. 

Crutzen (1972b, 1973), in agreement with 
Ripperton & Vukovich (1971), came to the con- 
clusion that ozone in the unpolluted troposphere 
is not an inert gas and pointed out several 
photochemical reaction chains among ozone, 
methane-oxidation products and oxides of nitro- 
gen which could bring about significant rates 
of production or destruction of ozone in com- 
parison with the estimated rate of destruction 
of ozone by contact with ground material. Some 
observational evidence of photochemical or 
chemical production and destruction of ozone 
in the unpolluted atmosphere does indeed exist 
(Kelley & McTaggart-Cowan, 1968; Ripperton 
& Vukovich, 1971). This paper reports a further 
study of the role of ozone in tropospheric 
chemistry. Quantitative estimates will be made 

of ozone production and destruction rates in 
an atmosphere containing H,O and the trace 
gases HN,, CH,, CO, NO, and related chemical 
species. The chemical processes affecting these 
and other trace gases and the role of hetero- 
geneous reactions (Warneck, 1974) will be dis- 
cussed. 

2. Discussion of the reaction chain 

The set of reactions, considered to be of im- 
portance for this study, is shown in Table 1 and 
is similar to that adopted by Levy (1972, 
1973a); Wofsy et al. (1972) and Crutzen (1971, 
19723). Most of the rate coefficients, which 
were used in this study, were derived from the 
references in these studies or from a recent NBS 
report (Garvin, 1973). However, for a number 
of reactions recent laboratory work was taken 
into account: R l a  (Demore, 1973b; Johnston et 
al., 19733), R7 (Anderson & Kaufman, 1973), 
RlOa (Daviset al., 1973), RlOb (DeMore, 1973a; 
Simonaitis & Heicklen, 1973), R12 (Johnston & 
Graham, 1973a), R20 (Hochanadel et al., 1972), 
R24 (Johnston & Graham, 1973b), R26 (Harker 
& Johnston, 1973), R29 (Davis, 1973), R39 
(Stuhl, 1973a). Johnston (1973) claims that 
reaction R25b does indeed occur and has re- 
cently measured the absorption cross sections 
of NO3, which were adopted in this study. The 
rate coefficient for reaction R1 l b  is theoretically 
estimated, applying Lindemann theory and 
making use of the parameters derived for reac- 
tion R l l a  (Simonaitis & Heicklen, 1972). The 
followed approach is uncertain and experi- 
mental data are strongly needed for reaction 
R l  lb. Reactions R29-R38 of the methane oxida- 
tion chain were discussed by Heicklen (1968) 
and Levy (1972). Little is known, however, 
about the coefficients for the reactions R31- 
R35 and R38. A few adopted values of reaction 
coefficients are only estimations as no measure- 
ments have been made. Such reactions and 
other critical reactions with insufficiently known 
rate constants are indicated in Table 1 with an 
asterisk. 

Included in this study are also a number of 
heterogeneous processes, affecting HO,, HNO, 
and H,Oz, in order to indicate their possible 
importance (Warneck, 1974). This is done by 
comparing the results obtained when the hetero- 
geneous reactions are neglected with those ob- 
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Table 1. List of reactions used in this study 

The units adopted for the reaction coefficients are s-l, cm3 molecule-l s-1, and cm6 molecule-, s-2 for 
unimolecular, bimolecular and termolecular reactions respectively 

Reactions Reaction coefficient 

Rla* 
R lb  
R2 
R3 
R4 
R5 
R6a 
R6b 
R6c 
R7 
R8 
R9 
RlOa* 
RlOb* 
R l l a  
Rl lb*  
R12 
R13 
R14 
R15* 
R16* 
R17* 
R18* 
R19 
R20* 
R2 1 
R22 
R23 
R24* 
R25a* 
R25b* 
R26 
R27a 
R27b 
R28a 
R28b 
R28c 
R29 
R30 
R31* 
R23* 
R33* 
R34* 
R35* 
R36a* 
R36b* 
R37 
R38* 
R39* 

0, + hv 
0, + hv 
O+O,+M 
O(lD) + M  
O(lD) + H,O 
NO +NO, + H,O 
O H + O H (  +M) 

H,O, + hv 
0, + O H  
CO + O H  
H + O , + M  
NO + HO, 

OH +NO,( + M) 
HO, + N O  + M  
HNO, + hv 
O H + N O ( + M )  
HNO, + hv 
HNO, +aerosol 
H,O, +aerosol 
HO, +aerosol 
HNO, + OH 
O H  + O H  
O H  + HO, 
O H  + H,O, 
NO + O3 
NO, + hv 
NO, + 0, 
NO, + hv 
NO, + hv 
NO, + N O  
NO, +NO,( +M) 
N,O,( +M) 
N,O, + hv 
N,O, + hv 
N,O, + hv 
CH, + O H  
CH,+O,+M 
CH,O, +NO 
CH,O, + HO, 
CH,O,H + hv 
CH,O,H + O H  
CH,O + 0, 
CH,O + hv 
CH,O + hv 
CH,O +OH 
CHO + 0, 
O H  +NH,  

HO, + HOz 

0, +HO, 

+ O(lD) +O, 
+ o+o, 
-+ 0 3 + M  
-+ O+M 
* 20H 
-+ 2HN0, 
-+ H,O,( +M) 

-+ 20H 

* H+CO,  
* HO,+M 
* OH+NO,  
* O H + 2 0 ,  
-+ HNO,( +M) 
* HNO,+M 
* O H I N O ,  
-+ HNO,( +M) 
* O H + N O  
+ nitrates 
-+ products 
-+ products 
* H,O +NO, 
+ H,O+O 

+ H,O +HO,  
* NO,+O, 
* N O + O  
-+ NO,+O, 
-+ NO,+O 

-+ 2N0, 

-+ NO, +NO,( + M) 
* NO+NO,+O,  
-+ NO, +NO, 
-+ 2NO,+O 
* CH,+H,O 
* CH,O,+M 
* CH30 +NO, 
* CH,O,H+O, 
* CH,O+OH 
-+ CH,O,+H,O 
-+ CH,O +HO,  
-+ H + C H O  
-+ COi-H,  
+ CHO +H,O 
+ CO+HO,  
-+ NH, +H,O 

* HzOz+O, 

-+ HO,+O,  

* H,O+O, 

+ N O i - 0 ,  

* N,O,(+M) 

il< 330 nm J,, = 8.5 x 10-6 

k ,  = 1.1 x exp (500/T) 
a G 1.1 

k,  = 3.5 x 10-10 
k ,  = 1.0 x 10-34 
ksa = 1.0 x 10-30 

1 < 536 nm Jgc  = 3.3 x 10-6 
k ,  = 1.3 x 10-la exp ( -950/T) 
k ,  =2.1 x exp ( - 115/T) 

J,, = 3.0 x 10-4 

k, = 6.0 x 

kab = 2.5 x 10-l' 

k ,  = 3.0 x 10-3, 
kloa = 5.0 x 10-13 
klOb = 3 x 10-16 
kll, = 5.0 x lo-'' 
kllb = 5 x lo-,, (estimate) 
1 < 546 nm J,, = 3.4 x 10-7 

1 ~ 4 8 5  nm J,, = 5.0 x 
see text, k,, = 5 x 10-8 
see text, k,, = 0 
see text, k,, = 0 

k,, = 1.5 x 10-l' 

k,, = 2.0 x 10-13 
k,, = 2.0 x 10-1, 
k,, = 2.0 x 10-10 
k,, = 8.0 x 10-13 

I < 400 nm J,, = 8.0 x 10-3 
k,, = 1.7 x lo-'' exp ( -  1310/T) 

k,, = 1.23 x 
1 < 541 nm J,,, = 0 

exp ( - 2470/T) 

1 G 10 p 
k,, = 8.7 x lo-'' 
k,,, =3.0 x lo-" 
i lG1.4 ,~  J,,,=O 

JPSb = 6.6 x lo-' 

k27b = 2.5 x lo1, exp ( - 9650/T) 

1 i 800 nm J,,, = 2 x lo-, 
k,, =2.5 x lo-', exp ( - 1160/T) 

1 ~ 1 . 4 ~  J , * ~ = o  

k,, = 8.0 10-32 
k,, = 5.0 x 10-13 

k,, = 3.3 x 10-6 
k,, = 8.0 x 10-13 

k,, = 2.5 x 10-l' 

k,, = 1.0 x lo-', exp ( -3300/T) 
1 Q 350 nm J,,, = 4.0 x lo-, 
1 <350 nm JSBb = 1.0 x 
k,, = 1.4 x 10-l' 
k,, = 1.0 10-13 
k,, = 1.5 10-13 

tained when they are included. Only, for the 
sake of discussion, an  unrealistically short re- 
moval time of only 5 seconds by aerosol was 
adopted for HO, and HNO,. As can be estimated 
by simple optical considerations, this corres- 

Tellus XXVI (1974), 1-2 

ponds roughly to conditions in a turbid atmos- 
phere in which the visibility is only a few kilo- 
meters (over which distance the optical thick- 
ness is approximately equal to unity), assuming 
that each molecule of HO, or HNO, is collected 

4 - 742891 
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a t  every collision by an aerosol particle. Little 
is known about the efficiency with which these 
molecules are removed per collision. In  the 
normal atmosphere the heterogeneous removal 
time of HO, and HNO, should be a t  least one 
order magnitude longer than 5 seconds. The 
rate of removal of HO, and HNO, on a global 
scale by clouds cannot be faster than the above 
indicated removal rates by aerosol particles as 
clouds only occupy a minor portion of the total 
tropospheric volume. Furthermore, this study 
is concerned mainly with the chemistry in the 
lowest two kilometers of the atmosphere, which 
are located mainly below the mean condensa- 
tion level. 

The “starter” reaction to the adopted photo- 
chemical chain is the photodissociation process 

R l a  0, +hv-O(lD) +O, A <340 nm 

which is followed either by reaction R3 or by 
R4. The latter reaction leads to the formation 
of the OH-radical (Levy, 1971). Reaction R3 is 
followed by R2, so that the sequence of reac- 
tions R l a  + R 3  +R2 does not lead to destruc- 
tion of ozone. However, the pair of reactions 
R l a  + R4, which will be called sequence A, com- 
bines into 

A: R l a  +R4 = 0, +H,O +hv + 0, + 20H 

and leads to a significant loss rate of ozone 
(Crutzen, 1973; Levy, 1973b), according to the 
formula 

The quantum yield +(A) of O(1D) formation in 
the photolysis of ozone as a function of wave- 
length (A)  below 330 nm is a very critical factor. 
Jones & Wayne (1970) determined +(A < 300 
nm) = 1 .O, 4 (A = 3 1 3 nm) = 0.1 and 4 (330 nm) = 0. 
Several published sets of data were in conflict 
with those of Jones & Wayne (Castellano & 
Schumacher, 1969; Simonaitis et al., 1972). Re- 
cent accurate experiments by DeMore (1 973 b )  
and Johnston et al. (19733) have shown Jones 
and Wayne’s data to  be more correct. Thus, for 
the first time, sufficiently accurate values of 
,+(A) are available for aeronomic studies. The 
probability of O(lD) production per second and 

per ozone molecule is calculated from 
tionship: 

Jla = 2.5 Q A  P(A) 4(A) exp ( - 2’2) d?, s 
the rela- 

(2) 

where a 3 ~  = ozone absorption cross section a t  
wavelength A, 

P(A)dA = solar irradiance in wavelength interval 
1, A + d l  a t  zero optical depth, 

AA = lOA, 

d, = 3 mm ozone STP (mean summer time 
value, Dutsch (1969)), 

= Rayleigh cross section for scattering 
by air molecules, 

=number of air molecules in vertical 
column with unit area base. 

= solar zenith angle, chosen to be equal 
to 45” and kept constant. No diurnal 
variations were thus considered in this 
study. 

dM 

0 

The factor 2.5 in expression (2) is an approxi- 
mate correction factor to take into account the 
effect of diffuse radiation. This factor was de- 
rived by interpolating from the data calculated 
by Dave & Burukawa (1966) and DeLuisi & 
Furukawa (1973). It applies for 0 = 45’ only. 

A similar method was used to calculate the 
photodissociation rate J , ,  for HNO,. The ozone 
absorption cross section and solar irradiance 
values were obtained from the compilation by 
Ackerman (1971). 

As indicated in previous studies (Crutzen, 
1972b and 1973) several chains of reactions, 
starting with reaction R29, besides leading to 
natural production of CO and H, (McConnell 
et al., 1971; Levy, 1972) and affecting the con- 
centrations of O H  (Crutzen, 1972a), may also 
lead to a significant rate of production of ozone 
in the troposphere, for example by the chains 

R29 CH,+OH 
R30 CH,+O,+M 
R31 CH,O,+NO 
R23 NO,+hv, 
R 2  O + O , + M  
R35 CH,O+O, 
RlOa H0, tNO 
R23 NO,+hv, 
R2  O + O , + M  
R36b CH,O + hv, 

--f CH,+H,O 
-+ CH,O,+M 
-+ CH,O +NO, 
--f N O + O  
+ O,+M 
--f CH,O +HOz 
--f OH+NO,  
--f N O + O  

--f CO+H,  
--+ O,+M 

B1: CH, + 40, + 2hv, + hv, -+ H,O + CO +H, + 20, 

Tellus XXVI (1974), 1-2 
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and 

R 8  
R9 
RlOa 
R23 
R 2  

C O + O H  -f H+CO,  
H + O , + M  -f HO,+M 
HO,+NO -+ OH+NO, 
NO,+hv + O + N O  
O + O , + M  -+ O,+M 

B2: CO+20,+hv + CO,+O, 

A more elaborate discussion of such ozone pro- 
ducing “smog-type” chain reactions was given 
elsewhere (Crutzen, 19723 and 1973). Nitrogen 
oxides play an important role in these chains. 
The production rate of ozone due t o  chains like 
B1 and B2 is equal to 

On the other hand catalytic, photochemical 
destruction of ozone by oxides of nitrogen may 
also take place (Crutzen, 19723 and 1973) by 
the chain: 

C1: R22 + R24 + R25b = 20, + hv -+ 30, 

Good knowledge of the photodissociation pro- 
ducts in reaction R25 is required for a correct 
evaluation of the importance of chain C1. Ac- 
cording to Johnston (1973) process R25b is 
the main path of NO, photodissociation. It is 
assumed in this study that the quantum yield 
for this reaction is unity. This should be checked 
experimentally. 

The chain 

C2: R22 + R24 i- R27a + R28a = 20, -, 30, 

is not important, due to the low calculated con- 
centration of N,O, (4 x lo6 The rate of 
ozone destruction by chain C1 is, therefore, 
calculated according to the formula: 

= -2J,,bN0,) (4) 

It is important to include the term k,,(NO) in 
the denominator of expression (4), as the chain 
R22 + R24 + R26 + 2*R23 + 2*R2 does not 
lead to net destruction of ozone. 

Recent work (Simonaitis & Heicklen, 1973; 
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DeMore, 1973a) has indicated the possibility 
of a small but signii-,ant rate constant’ for 
reaction RlOb. Consequently also the reactions 

D: R7 and RlOb 

(5) 

must be included as important sinks for atmos- 
pheric ozone. 

3. Numerical procedure 

Computations were performed for only one 
level in the troposphere which is thought to be 
located at an altitude of a few hundred meters. 
The adopted mean temperature was 290’K. 
According to observations (Pruchniewicz, 1973), 
the mean concentration of ozone a t  this level 
was assumed to be equal to 7.5 x lo1’ molecules 
per cm3. The volume mixing ratios of H,O, CH4 
and CO were chosen to be equal to lo-,, 1.4 x 

and respectively (Ehhalt, 1974; Seiler, 
1974). The concentrations of these chemical 
compounds were kept constant in the model 
and steady state concentrations of each of the 
other minor constituents, as indicated in Table 1, 
were calculated, assuming photochemical steady 
state for the constituents O(lD), O(,P), OH, H, 
HO,, CH,02, CH,O,H, CH,O, CH,O, and CHO, 
and using a numerical integration technique 
with forward time stepping (A t  = 50 s) for the 
remaining species. Convergence was reached 
after an integration time of 3 x 108 seconds. 
Production and destruction rates of ozone, 
methane and carbon monoxide were likewise 
computed. A source of NO, equal to 3 x 106 
molecules cm-, s-1 was introduced at the level 
of computation in order to simulate the bio- 
logical source of NO from the ground of 3 x lolo 
molecules cm-, s-l (Robinson & Robbins, 1970), 
assuming this source to be uniformly distributed 
over the lowest kilometer of the atmosphere. 
Nitrogen oxides are thought to be removed 
again from the atmosphere via the reactions 
Rl la ,  R l l b  and R15. I f  reaction R l l a  is the 
only reaction converting NO, to NHO, (as dis- 
cussed in Chapter 2, there is uncertainty about 
the rate coefficient for reaction Rl lb) ,  then the 
set R22+R23 + R l l a  + R15, converting NO 
into nitrates, will also remove ozone from the 
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Table 2. Calculated concentrations of OH, HO,, H,O,, HNO,, CH,O,, CH,O,H, CH,O, and CH,O 
and volume mixing ratios of NO, NO,  and HNO,  for the six alternatives a ,  b, c, d,  e ,  and f ,  as defined 
in Chapter 3 (2.6(6) = 2.6 x 106). 

Concentrations (crn-,) and volume mixing ratios (p) 

~ ~ ~ ~ ~~ 

(a) standard 2.6(6) 3.4(8) 5.3(10) 2.7(7) 3.0(8) 4.7(10) 1.2(4) 5.1(9) 1.8( - 10) 3.5( - 10) 2.2( - 9) 
(b) kllb = O  3.3(6) 3.4(8) 4.8(10) 8.8(7) 1.9(8) 2.7(10) 1.5(4) 6.2(9) 4.0( -10) 7.8( - 10) 2.2( -9) 
(c) k15=0.2 2.5(6) 3.6(8) 5.7(10) 2.2(7) 3.4(8) 5.5(10) 1.1(4) 5.1(9) 1.5( - 10) 2.9( - 10) 0.5( - 13) 
( d )  k,, -0.2 2.2(6) 2.7(8) 9.2(5) 2.9(7) 2.2(8) 3.0(10) 9.8(3) 4.5(9) 2.2( -10) 4.3( -10) 2.2( -9) 
(e) k,,=0.2 7.8(5) 3.5(6) 9.2(7) 2.9(8) 1.3(7) 3.0(7) 3.5(3) 1.8(9) 1.8(-9) 3.5( -9) 2.2( -9) 
( f )  k,, = lo-, 2.3(6) 2.6(8) 3.3(10) 3.1(7) 2.3(8) 2.9(10) 1.0(4) 4.7(9) 2.3( - 10) 4.5( - 10) 2.2( - 9) 

atmosphere at a rate equal to 3 x 1 O ' O  molecules 
cm-, s-l. A thorough analysis should take into 
account accurately the diffusion of NO (and 
other species) through the atmospheric bound- 
ary layer. 

The calculated concentrations of OH, HO,, 
H,O,, NO, NO,, HNO,, HNO,, CH,O,H, CH,O, 
and CH,O are collected in Table 2, while pro- 
duction and destruction rates of CH,, CO and 
0, (by each of the mechanisms A, B, C, D, see 
Chapter 2) are collected in Table 3 for the fol- 
lowing cases: 

(a )  standard case, adopting rate coefficients 
from Table 1. Except for reaction R15 only gas 
phase reactions important. 

(b)  k,,, = 0, neglect reaction Rl lb ,  all other 
coefficients from Table 1.  

( c )  k,, = 0.2, fast removal of HNO, by aerosol 
particles. All other rate coefficients from Table 1. 

( d )  k,, = 0.2, fast removal of H,O, by aerosol. 
All other rate coefficients from Table 1 .  

(e )  k,, = 0.2, rapid removal of HO, by aerosol. 
All other rate constants from Table 1.  

(f) k l ,  = lo-,, removal of HO, by aerosol in 
about 15 minutes. A still fast removal of HO,, 
but more realistic than case e.  All other rate 
constants from Table 1. 

4. Discussion 

From a study of the results shown in Tables 
2 and 3 the following main conclusions may be 
drawn: 

(a )  Calculated column ozone production and 
destruction rates for each of the detailed mccha- 
nisms A, B, C, and D are much larger than the 
estimated ozone destruction rates a t  the ground 
(Tiefenau & Fabian, 1972). This confirms the 
hypothesis from previous studies (Crutzen, 
1972b and 1973), that ozone is not an inert, but 
a very reactive, gas in the troposphero. 

Net column production of destruction rates 
of ozone of the order of lo1* - 1.5 x mole- 
cules cni-* s-l are calculated for the lowest two 
kilometers of the atmosphere. Whether there is 

Table 3. Calculated production rates of CH,, CO and 0 ,  by each of the detailed chains A ,  B, C,  and 
D as defined in Chapter 2 for the six alternatives a ,  b, c ,  d ,  e, and f ,  as defined in Chapter 3. T o  obtain 
column produktion rates, multiply all values by a factor of 2 x 10,. 

Production rates (ern-, s-l) 

A + B + C + D  Case CH, co A B c D 

(a) standard -9.0(5) -2.0(5) -3.5(5) 1.6(6) -2.9(5) -4.5(5) + 1.0(5) 
( b )  k l l b  = O  -1.2(6) -2.5(5) -3.5(5) 3.0(6) -3.8(5) -8.9(5) +1.3(6) 
(c) kl5 = 0.2 - 8.9(5) - 2.0(5) - 3.5(5) 1.4(6) - 2.3(5) - 8.8(5) - 1.4(4) 
(d)  k1, = 0.2 -7.7(5) - 1.7(5) -3.5(5) 1.5(6) -3.115) - 7.0(5) + 1.4(5) 
( e )  k,, = 0.2 -2.7(5) -6.1(4) -3.5(5) 3.5(5) - 5.4(5) - 3 4 4 )  - 5.8(5) 
( f )  k, ,  = lo-, -8.0(5) - 1.8(5) -3.5(5) 1.5(6) -3.1(5) -6.7(5) + 1.7(5) 
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net production or destruction of ozone in the 
lower troposphere cannot be concluded at pres- 
ent due to insufficient knowledge of some essen- 
tial chemical processes. The sets of reactions 
leading to loss of ozone are the sets A, C, and D 
(see Chapter 2). If there were no reactions which 
would partly compensate for this loss of ozone 
(reaction chains B), the tropospheric residence 
time of ozone would be only one month. The 
degree of compensation is mainly dependent on 
the concentrations of NO in the natural tropo- 
sphere. Although the destruction rate of ozone 
by the reaction chains C also increases with 
growing concentrations of NO, the rate of pro- 
duction of ozone by the chains B increases even 
more. This is due to the fact that with larger 
NO concentrations the species NO, will be more 
removed by reaction R26 than by reaction 
R25b, making the chain R22 + R24 i- R26 + 
2 x R23 + 2 x R2 which does not deplete the 
ozone content of the atmosphere, relatively 
more important. 

(b) Although the calculations show that het- 
erogeneous reactions may affect the concen- 
trations of HO,, H,O, and HNO, (respective 
cases e ,  d, c )  considerably (Warneck, 1974), they 
also show that the concentration of OH is only 
slightly affected. This is not surprising as it 
takes the OH-radicals, which are produced in 
reaction R4, only about one second to react 
homogeneously with CH, or CO. It is clear 
from the discussion given in Chapter 2 that the 
OH-radical cannot be removed so quickly from 
the unpolluted atmosphere by heterogeneous 
reactions. As reactions with CO and CH, are 
the most important gas-phase reactions of OH 
in the atmosphere, it is possible to estimate the 
minimum concentration of O H  in the lower 
troposphere from the relationship 

thereby neglecting any recycling of OH, for 
example by the reactions R6c and RlOa. 

( c )  As discussed by McConnell et al. (1971), 
Levy (1972, 1973a, 19733) and Wofsy et al. 
(1972) the presence of OH in the troposphere 
has a pronounced influence on the carbon cycle 
of the atmosphere, the methane oxidation pro- 
viding a dominant natural source for carbon 
monoxide. This study seems again to confirm 
this hypothesis, because the net calculated de- 

Tellus XXVI (1974), 1-2 

struction rate of CO is small compared with the 
destruction rate of CH,, indicating a rather 
close balance between production of CO by 
oxidation of CH, and destruction of CO by its 
reaction R8 with OH. The natural source for 
CO calculated by this simple model is on the 
average somewhat less than 2 x lo1' molecules 
ern-,, s-l, approximately five times the average 
global anthropogenic source of CO. In order to 
compare the anthropogenic and natural sources 
of CO at a given latitude, it is necessary to per- 
form detailed calculations of CO production 
rates by integrating over 24 hours. It seems 
that, in middle latitudes of the Northern Hemi- 
sphere, the anthropogenic source may be of the 
same size as the natural source. It is also im- 
portant to investigate whether heterogeneous 
reactions could be important reactions in the 
CH, oxidation cycle. Unfortunately, too little 
is known about reactions (R31-R35) affecting 
methane and its oxidation products. It cannot 
be excluded that heterogeneous reactions play 
a role in removing for example CH,O,H, in 
which case the importance of the production of 
CO via reactions R36a, R36b, R37 and R38 
may be reduced in the troposphere. 

(d)  The presence of the OH-radical is of large 
importance for the atmospheric nitrogen cycle. 
In  the first place, reaction R l l a  provides an 
efficient loss process for atmospheric NO, (NO 
and NO,) into HNO,. The calculated mixing 
ratios of NO and NO, were less than 10-8, ex- 
cept for the unlikely case e (see Table 2). These 
estimates are in accordance with recommended 
mean value of mixing ratios over the oceans, 
but are much less than that recommended for 
land areas (Robinson & Robbins, 1970). But as 
these authors point out, data on NO, and NO 
are few and widely scattered, so that representa- 
tive background values are not available yet. 
Nitric acid appears to be a sink for tropospheric 
NO, as it is probable that HNO, is efficiently 
converted to nitrates via reactions with aerosol 
particles and cloud droplets, which are removed 
from the atmosphere by washout and rainout 
processes or dry deposition (Warneck, 1974; Ro- 
binson & Robbins, 1970). Contrary to conditions 
in the stratosphere (Murcray et al., 1969) nitric 
acid may never build up to significant concen- 
trations in the troposphere due to heterogeneous 
reactions. The injection rate of 3 x 1 O l o  NO,- 
molecules ern-, s-l (Robinson & Robbins, 1970) 
should, therefore, be balanced by a similar rate 
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of deposition of nitrates on the earth' surface 
in accordance with the results from rainfall 
analysis by Eriksson (1952). 

Another reaction which may be of large im- 
portance for the atmospheric nitrogen cycle is 
the reaction 

R39 NH, + OH + NH, + H,O, k,, = 1.5 x lo-', 
(Stuhl, 1973a) 

which is probably followed by reactions leading 
to the oxidation of NH, into NO, (Crutzen, 
1972b; Stuhl, 1973a). Adopting the background 
mixing ratios of 6 x for NH, (Robinson & 
Robbins, 1970) and an OH-concentration of 
about 3 x 10" cm-3, the rate of production of 
NO,-molecules initiated by reaction R39 is ap- 
proximately 10'0 molecules cm-, s-1, which is 
significant in comparison with the estimated 
production rate in the soil of 3 x 10'0 NO,- 
molecules cm-, s-' (Robinson & Robbins, 1970). 

(e) It can be concluded from a look a t  the 
results presented as case e in Table 2 that 
heterogeneous processes affecting HO, may in- 
fluence the OH-concentrations (Warneck, 1974). 
However, even with a fast removal time of HO, 
of only 15 minutes (case f )  OH-concentrations 
are still equal to 2.3 x 10" cm-,. Case f is more 
representative for mean situations in the nat- 
ural atmosphere than case e. Thus, probably, 
(OH) > 2.3 x lo6 om-,. 

( f )  Good knowledge of the rate constant kl lb  
is important for estimating prevailing back- 
ground NO,-concentrations and ozone produc- 
tion rates (case b ) .  If reaction R l l b  is as fast 
as assumed in standard case a, then this reac- 
tion is the main one converting NO, into HNO,. 

(9)  It has been proposed that the OH-radical 
could play a significant role in the sulphur cycle 
via reactions with H,S and (CH,),S (Stuhl, 
1973 b; Levy, 1973b). Furthermore, the following 
two reactions 

R40 S O , + O H ( + M )  -f H S O , ( + M )  

R41 HSO, + O H  ( + M) --f H,S04 (+  M) 

(Johnston et al., 1973a; Davis, 1973; Castleman, 
1973) to which should be added the reactions 

R42a HSO, + hv --f OH+SO,(?) 

R42b HSO, + OH * 

R42c HSO, +aerosol -+ 

R43 H,O +SO, * 

H,O + SOs 

products 

H,SOI (heterogeneous) 

may be important for the conversion of SO, to 
H,S04 and sulfate aerosol particles. According 
to Castleman (1973) reaction R40 is fast and 
Davis (1973) has obtained a preliminary rate 
constant k,, = 4.0 x Bn even faster rate 
constant was measured by Wayne (1973). 
Adopting the preliminary results from Davis 
(1973), the above sequence of reactions would 
lead to a lifetime of SO, in the sunlit tropo- 
sphereof about oneweek, assuming (OH) oc 3 x 10" 
cm-3, which is short enough to be of interest 
(Junge, 1972; Kellogg et  al., 1972). An influ- 
ence from reactions R40-R43 could explain the 
observations by Atkins et al. (1972), who ob- 
served a strong enhancement in the rate of in- 
crease of H,SO, during periods of photochemical 
"smog" formation when ozone concentrations 
also increased to high levels. 

5. Conclusions 

Arguments are presented in this paper in 
favour of prevailing OH-concentrations of more 
than 106 cm-3 in tho sunlit lower troposphere 
a t  least during summer, as was calculated by 
Levy (1971). This seems still to be true even if 
the effect of aerosol particles in removing OH, 
HO, and HNO, is taken into account (Warneck, 
1974). The presence of OH with concentrations 
larger than 106 cm-3 is of large importance for 
the carbon, nitrogen and probably sulphur 
cycles in the atmosphere. This study confirms 
the hypothesis that the oxidation of methane 
provides a large global natural source of car- 
bon monoxide which is about five times larger 
than the combustion source (McConnell et al., 
1971). In the industrialized middle latitude belts 
of the Northern Hemisphere the total yearly 
anthropogenic CO source may, however, well 
be equal to or larger than the natural CO source. 

It has been shown that there exist several 
chains of reactions leading to significant rates 
of production and destruction of ozone in the 
lower troposphere. The calculated rates of pro- 
duction of ozone by "smog-type" reactions 
within the methane oxidation cycle are smaller 
than indicated in previous studies (Crutzen, 
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1972b and 1973) ,  which is due to both the use 
of newly measured accurate rate coefficients 
and the fact that the present model predicts 
smaller concentrations of NO than those adopted 
before. This model indicates rather low back- 
ground mixing ratios of less than 10-0 for NO 
and NO,, being due to the efficient conversion 
of NO, into HNO, by reaction with OH and 
heterogeneous removal of HNO, from the tropo- 
sphere. The oxidation of NH,, initiated by reac- 
tion R 3 9  with OH-radicals, may provide a 
significant source for tropospheric NO,-mole- 
cules. 

The following experimental work is of the 
utmost importance: 

(a)  Laboratory studios of all reactions in- 
dicated with an asterisk in Table 1. 

(b) Laboratory studies of OH-reactions with 
sulphur compounds, especially, SO,. 

(c) Determinations of the background con- 
centrations in the first place of OH, NH,, and 
NO,, and in the second place of H,O,, HNO, 
and CO in the unpolluted atmosphere. 

Acknowledgements 

The author wishes to thank Dr. Hiram Levy 
and Prof. Douglas Davis for valuable comments 
on the earlier version of this paper. 

REFERENCES 

Ackerman, M. 1971. Ultraviolet solar radiation re- 
lated to mesospheric processes, mesospheric models 
and reZated experiments (ed. G. Fiocco), pp. 149- 
160. D. Reidel Publ. Co., Dordrecht, Holland. 

Aldaz, L. 1971. Flux measurements of atmospheric 
ozone over land and water. J. Geophys. Res. 74, 

Altshuller, A. P. & Bufalini, J. J. 1971. Photochem- 
ical aspects of air pollution; a review. Environ- 
mental Science and Technology 5(1),  39-64. 

Anderson, J. G. & Kaufman, F. 1973. Kinetics of 
the reaction OH(v = 0) + O,+HO, + 0,. Chem. 
Phys. Letters 19, 483-486. 

Atkins, D. H .  F., Cox, R. A. & Eggleton, A. E. J. 
1972. Photochemical ozone and sulphuric acid 
aerosol formation in the atmosphere over South- 
ern England. Nature 235, 372-376. 

Castellano, E. & Schumacher, H .  J. 1969. Photo- 
chemischer Ozonzerfall im Licht der Wellenlhge 
313 mp. Zeitschrift fiir Physikalische Chemie, 
Neue Folge, 65, 62-85. 

Castleman, A. W., Jr .  1973. Private communica- 
tion of preliminary results of laboratory work. 

Crutzen, P. J. 1971. Ozone production rates in an 
oxygen-hydrogen-nitrogen oxide atmosphere. J. 
Qeophys. Res. 76, 7311-7327. 

Crutzen, P. J. 1972a. The photochemistry of the 
stratosphere with special attention given to the 
effects of NO, emitted by supersonic aircraft. 
Proc. Survey Conference C I A P ,  U S .  Dept. of 
Transportation, Cambridge, Mass., pp. 80-89. 

Crutzen, P. J. 1972b. Gas-phase nitrogen and meth- 
ane chemistry in the atmosphere. Report AP-10, 
Institute of Meteorology, University of Stockholm, 
June 1972, to be published in Physics and Chem- 
istry of Planetary Atmospheres. D. Reidel Publ. 
Co., Dordrecht, Holland, 1973. 

Crutzen, P. J. 1973. A discussion of the chemistry 
of some minor constituents in the stratosphere 
and troposphere. Pure and Applied Geophysics, 

Davis, D. D. 1973. Private communication of pre- 

6943-6946. 

106-108, 1385-1399. 

liminary results of laboratory work. 

Tellus XXVI (1974), 1-2 

Davis, D. D., Payne, W. A. & Stief, L. J. 1973. 
The hydroperoxyl radical in atmospheric chemical 
dynamics: Reaction with carbon monoxide. 
Science 179, 280-282. 

Dave, N. & Furukawa, P. 1966. Scattered radiation 
in the ozone absorption bands at selected levels 
of a terrestrial, Rayleigh atmosphere. Meteoro- 
logical Monographs 7, 334-350. 

DeLuisi, J. & Furukawa, P. 1973. C I A P  Monograph 
I I ,  preprint. 

DeMore. W. B. 1973a. Rate constants for the reac- 
tion of hydroxyl and hydroperoxyl radicals.with 
ozone. Science 180, 735-737. 

DeMore, W. B. 1973b. O(lD) production in ozone 
photolysis near 3 100 if, preprint. 

Diitsch, H. U. 1969. Atmospheric ozone and ultra- 
violet radiation, climate of the free atmosphere. 
World survey of climatology (ed. D. Rex), vol. 4. 
Elsevier, New York. 

Ehhalt, D. H. 1974. To be published in Tellus. 
Eriksson, E. 1952. Composition of atmospheric pre- 

cipitation, I. Nitrogen compounds. Tellus 4, 215- 
232. 

Fabian, P. & Junge, Chr. E.  1970. Global rate of 
ozone destruction at the earth’s surface. Arch. 
Met. Geoph. Biokl., A,  19, 161-172. 

Fabian, P., Pruchniewicz, P. G.  & Zand, A. 1971. 
Transport und Austauschvorgange in der At- 
mosphare. ~ a t u ~ ~ s s e n s c h a f t e n  58, 541-549. 

Garvin, D. (ed.) 1973. Chemical kinetics data survey, 
I V .  Preliminary tables of chemical data for mod- 
elling of the stratosphere, NBSIR-203, National 
Bureau of Standards, Washington, D.C., 20234. 

Haagen-Smit, A. J. 1952. Chemistry and physiology 
of Los Angeles smog. Ind .  Eng. Chem. 44, 1342- 
1346. 

Harker, A. & Johnston, H. S. 1973. Photolysis of 
nitrogen dioxide to  produce nitrogen pentoxide 
(in press). 

Heicklen, J. 1968. Gas-phase reactions of alkyl- 
peroxy and alkoxy radicals. Advances in Chemistry 
Series 76, 23-39. 

Hochanadel, C. J., Ghormley, J. A. & Ogren, P. J. 



56 P. J. CRUTZEN 

1972. Absorption spectrum and reaction kinetics 
of the HO, radical in the gas phase. J .  Chem. 
Phys.  56(9) ,  4426-4432. 

Jaffe, L. S. 1973. Carbon monoxide in the biosphere: 
sources, distribution and concentrations. J .  Geo- 
phys. Res. 78, 5293-5305. 

Johnston, H. S. 1973. Private communication. 
Johnston, H. S., Cvetanovic, R. J., Davis, D. D., 

Ferguson, E. E., Garvin, D., Hudson, R. D., 
Schiff, H. I. & Taylor, R. 1973a. Chemistry of 
the stratosphere. C I A P  monograph: The  natural 
stratosphere (in preparation). 

Johnston, H., Martin, D. & Girman, J. 1973b. The 
quantum yield to form O(lD) in the photolysis 
of ozone (preprint). 

Johnston, H. S. 1973a. Gas-phase ultraviolet ab- 
sorption spectrum of nitric acid vapor. J. Phys. 
Chem. 77,  62-63. 

Johnston, H. & Graham, R. 1973b. Kinetics of the 
reaction between nitrogen dioxide and ozone 
(preprint). 

Jones, I. T. N. & Wayne, R. P. 1970. The photo- 
lysis of ozone by ultraviolet radiation. IV.  Effect 
of photolysis wavelength on primary step. Proc. 
Roy.  SOC. London A 319, 277-280. 

Junge, C. 1972. Sulphur supplies of armopheric origin. 
Annales Agronomiques, pp. 235-247. 

Kelley, J. J., J r  & McTaggart-Cowan, J. D. 1968. 
Vertical gradient of new oxidant near the ground 
surface at Barrow, Alaska. J .  Geophys. Res. 73(10) ,  
3328-3330. 

Kellogg, W. W., Cadle, R. D., Allen, E. E., Lazrus, 
A. L. & Martell, E. A. 1972. The sulphur cycle. 
Science 175, 587-596. 

Kerr, J. A., Calvert, J. G. & Demerjian, K. L. 1972. 
The mechanism of photochemical smog formation. 
Chemistry in Britain 8, 252-257. 

Leighton, P. A. 1961. Photochemistry of air pollu- 
tion. Academic Press, New York. 

Levy, H. 1971. Normal atmosphere: large radical and 
formaldehyde concentrations predicted. Science 173, 
141-143. 

Levy, H .  1972. Photochemistry of the lower tropo- 
sphere. Planet. Space Sci. 20, 919-935. 

Levy, H. 1973a. Photochemistry of minor constituents 
in the troposphere. Pla.net. Space Sci. 21, 575-591. 

Levy, H. 1973 b. Photochemistry of the troposphere. 
To appear in Advances in Photochemistry, vol. 9. 

McConnell, J. C., McElroy, M. B. & Wofsy, S. C. 

1971. Natural sources of atmospheric CO. Nature 
233, 187-188. 

Murcray, D. G., Kyle, T. G., Murcray, F. H. & Wil- 
liams, W. J .  1969. Presence of HNO, in the upper 
atmosphere. J .  Opt. SOC. Am. 59(9) ,  1131-1134. 

Pruchniewicz, P. G. 1973. The average tropospheric 
ozone content and its variation with season and 
latitude as a. result of the global ozone circulation. 
Pure and Applied Geophysics, 106-108,1058-1073. 

Ripperton, L. A. & Vukovich, F. M. 1971. Gas 
phase destruction of tropospheric ozone. J .  Geo- 
phys. Res. 76(30) ,  7328-7333. 

Robinson, E. & Robbins, R. C. 1970. Gaseous Ni- 
trogen compound pollutants from urban and nat- 
ural sources. A P C A  Journal 20(5) ,  303-306. 

Seiler, W. 1974. To be published in Tellus. 
Simonaitis, R. & Heicklen, J. 1972. Reaction of OH 

with nitrogen dioxide and the activation energy 
of oxygen (ID) by carbon monoxide. I n t .  J .  
Chem. Kin. 4 ,  529-540. 

Simonaitis, R., Braslavslry, S., Heicklen, J. & 
Nicolet, M. 1972. Photolysis of 0, at 3130A. 
Scientific Report 411, The Pennsylvania State 
University, 8 pp. 

Simonaitis, R. & Heicklen, J. 1973. The reaction of 
HO, with 0,. J .  Phys.  Chem. 77, 1932-1935. 

Stuhl, F. 1 9 7 3 ~ .  Absolute rate constant for the 
reaction OH + NH, +NH, + H,O. Publication Pre- 
print, Scientific Research Staff, Ford Motor Com- 
pany. 

Stuhl, E.  1973b. Experimental studies (private com- 
munication). 

Tiefenau, H. & Fabian, P. 1972. The specific ozone 
destruction a t  the ocean surface and its depend- 
ence on horizontal wind velocity from profile 
measurements. Arch. Met .  Geop. Biokl., Ser. A ,  
21, 399-412. 

Warneck, P. 1974. To be published in Tellus. 
Wayne, R. P., 1973. Private communication. 
Weinstock B. & Niki, H. 1972. Carbon monoxide 

balance in nature. Science 176, 290-292. 
Westberg, K. & Cohen, N. 1969. The chemical 

kinetics of photochemical smog as analyzed by 
computer. The Aerospace Corporation, Report 
No. ATR-70 (8107)-1. 

Wofsy, S. C., Mcconnell, J. C. & McElroy, M. B. 
1972. Atmospheric CH,, CO and CO,. J .  Geophys. 
Res. 77(24) ,  4477-4493. 

QOTOXI4MHYECKHE P E A K q H H ,  I4HHqBHPYEMbIE OSOHOM H 
B J I H H I O ~ H E  HA H E r O  B HE3ArPRSHEHHOM BOSAYXE TPOIIOC@EPbI 

HbIX AaHHbIX 0 KBaHTOBOfi 3l$@eKTPIBHOCTB BbI- 
xoga o(lD) npm @ O T O J I P I B ~  0 3 o ~ a  B o6nac~m 
cnewpa B ~ J I H ~ P I  310 M M .  0 6 c y m ~ a e ~ c ~  c y q e -  

c$epabrx qmmax AJIR yrnepoga, a ~ o ~ a  m, 

B ~ e s a r p ~ s ~ e ~ ~ o t t  aTMocl$epe. OmcneHme NH,, 
mmqmmpyeMoe peaKuHeB c OH, MomeT oKa- 

NO, B Tponoc@epe, e c m  cTa peaKqm maeeT 
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CTBeHHaFI POJIb, KOTOPYH) IlrpaeT O H  B a T M O -  

BOBMOXFHO, CepbI. BbIqmCneHbI HH3KHe @OHOBbIe 
COOTHOUIeHAR CMeCH AJIE MOJIeKyJr No,( < lo-') 

3aTbCR 3HaYPITeJIbHbIM HCTOYHHKOM MOJIeKyn 
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KOHCTaHTY CKOPOCTH H a  IIOBepXHOCTH IIOpFIAKa 
I l p e s p a u e H m e  NO* B HNO,, conpo- 

B o m n a e M o e  r e T e p o r e H H b m  y n a n e H H e M  HNO,, 
RBJIFIeTCR B a m H e i I I I H M  CTOKOM B TpOl IOC@epe  
RnFI MOJIeKyJI NO,. @OTO~HCCOqHaqHFI  0 3 o ~ a  
B yJIbTpa@HOJIeTOBOM CBeTe B CneKTpaJ IbHOM 
EiHTepBaJIe 300-330 H I ,  KOTOpaFI B e n e T  K o6pa- 
SOBPHHIO B O 3 6 y m p 3 H H O r O  aTOMa O('D), B 0 3 -  
6 y m n a e ~  HeCKOJIbIFO IIOCJIenOBaTeJIbHOCTefi pe- 
a K q H f i ,  PaCCMaTpHBaeMbIX B H a C T O X u e M  HC- 
c n e n o s a H m E i .  H e c K o n b K o  q e n e i  p e a K q H i ,  BKJIIO- 
samqux yrnepoprbre H a 3 o ~ ~ b 1 e  comammo- 
q n e ,  BeAeT IF 6onbnrm~ CKO~OCTJIM 0 6 p a B O B a H H R  
H p a a p y r u e ~ ~ ~  0 3 o ~ a  B T p o n o c @ e p e .  ~ T H  CKO- 

POCTH YaCTHYHO 6ana~cmpym~ npyr Epyra. 
B y n e T  JIH B c y M M e  0 6 p a 3 0 B a H H e  HJIH paspyrue- 
m e  0 3 o ~ a  B T p o n o c @ e p e ,  B H a c T o s u e e  s p e m  
HeJIb3R OI IpeAenHTb.  O 3 0 H  RBJIReTCR OYeHb a K -  
THBHbIM KaTaJIH3aTOpOM B XEiMHYeCKHX CHCTe- 
M a X  B TpOIIOC@epe.  r n O 6 a n b H O  IIpOH3BOACTBO 

IIpeBbICHnO eCTeCTBeHHOe IIpOH3BOnCTBO co 
IIyTeM OKHCJIeHMR CH, 6 ~ 0 n o r ~ i ~ e c ~ o r o  I IpO-  

IIOJIyIJIapHR r O p e H H e  IIOCTaBJIReT I IpHMepHO 
T a K O e  Hce KOJIMYeCTBO co, YTO I4 eCTeCTBeHHbIe 
HCT09HMKH. 

CO n y T e M  r o p e H m  B 1970 r. 6onee 9 e M  H a  20 % 

H c x o m R e H m .  B cpenaEix m H p o T a x  C e s e p H o r o  
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