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ABSTRACT

This paper presents theoretical arguments in favour of OH-concentrations larger than
10® molecules em—3 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(*D) production in the ozone photolysis
near 310 nm. The significant role played by OH in the atmospheric earbon, nitrogen
and possibly sulphur cycles is discussed. Low background mixing ratios of NO, mole-
cules (<10~ in the unpolluted atmosphere are calculated. The oxidation of NHj,
initiated by the reaction with OH, may provide a significant source of tropospheric
NO, -molecules, if its rate constant is about 10-!2 em?® s~! near the ground. The
conversion of NO, into HNOQO,, followed by heterogeneous removal of HNOs, 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 condi-
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 produet 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., 1872). 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, at 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 at the earth’s surface
to be between 1.1 x 10! and 1.6 x 10** molecules
em~? s~1. By taking into account the normal
transfer of ozone in the atmospherie boundary
layer, however, Fabian & Junge (1970) proposed
a reduction of these estimates to 3.6 x 10° and
6.0 x 10'® molecule em~2 s—*. 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 101° molecules
em=—2 871,

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-
gon which could bring about significant rates
of produection 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 & MecTaggart-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,0 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,
197256). 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: Rla (Demore, 1973b; Johnston et
al., 1973b6), R7 (Anderson & Kaufman, 1973),
R10a (Davis et al., 1973), R10b (DeMore, 1973 a;
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 NO,, which were adopted in this study. The
rate coefficient for reaction R11b is theoretically
estimated, applying Lindemann theory and
making use of the parameters derived for reac-
tion Rlla (Simonaitis & Heicklen, 1972). The
followed approach is uncertain and experi-
mental data are strongly needed for reaction
R11b. 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,0,, 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—!, cm® molecule= s-1, and em® molecule~? s-2 for
unimolecular, bimolecular and termolecular reactions respectively

Reactions Reaction coefficient

Rla* O; +hy - O(*D)+0, A<330 nm J,, =8.5 x 10-¢
R1b Og +hy - 040, A<llpu J,;,=3.0x10"4

R2 O0+0,+M - 0;+M ky=1.1 x 103 exp (500/T)
R3 O(*'D)+M - O+M ky=6.0 x 10711

R4 O('D) + H,0 - 20H ky=3.5 x10"10

RS NO +NO, +H,0 - 2HNO, By =1.0%10-%

Réa OH+OH(+M) - H,0,(+M) kg, =1.0 x 10-30

Réb HO, +HO, - H,0,+0, kg = 2.5 x 1012

Rée H,0, +hv - 20H A<536nm Jg,=3.3x10"¢
R7 0, +0H -~ HO,+0, ke, =1.3 x 10-22 exp ( —950/T)
R8 CO+0OH -~ H+CO, kg =2.1 x 10~ exp (—115/T)
RY H+0,+M - HO,+M kg =3.0 x 1032

R10a* NO +HO, - OH+NO, kyop = 5.0 x 10718

R10b* 0, +HO, - OH + 20, kyop =3 x 10718

Rlla OH +NO,(+M) - HNO;(+M) kg =5.0 x 10722

R1lb* HO,+NO+M - HNO,+M k1, =5 x 10~ (estimate)

R12 HNO, +hv - OH +NO, A<546 nm J;,=3.4x1077
R13 OH +NO(+M) ~ HNO{+M) ks =1.5 x 10722

R14 HNO, + kv - OH+NO A<485nm Jy,=5.0x104
R15* HNO, +aerosol — nitrates see text, ks =5 x 10-¢

R16%* H,0, +aerosol — products see text, kg =0

R17* HO, + aerosol - products see text, ky;; =0

R18%* HNO, + 0OH - H,0 + NO, kg =2.0x10"13

R19 OH +0H - H,0+0 kg =2.0x10712

R20* OH +HO, - H,0+0, koo =2.0 x 10-10

R21 OH + H,0, - H,0+HO, gy =8.0 x 1012

R22 NO + 0, - NO,+0, Fpp =1.7 x 10-12 oxxp (— 1310/T)
R23 NO, +hv - NO+O A<400 nm J,;=8.0x1073
R24* NO,+ 04 - NO;+0, ke =1.23 x 10-13 exp ( —2470/T)
R25a* NO, + kv -~ NO,+0O A<B84lnm Jy, =0

R25b* NO, + kv - NO+O, A<S10pu Jy5,=6.6 x1072
R26 NO, +NO - 2NO, Fopg = 8.7 x 10-12

R27a NO; +NO(+M) - N,O{(+M) Kaze =3.0 x 10722

R27b NLO;( +M) - NO, + NOy( +M) Fyry = 2.5 x 1013 exp ( — 9650/T)
R28a N,O; + hy - NO+NQ,+0, A<l pu Jy, =0

R28b N,O; +hy -~ NO, +NOy, A<l u Jygy =0

R28c N,O;5 + hy - 2NQO,+O A<800nm J,, =2 x1078
R29 CH, +OH - CH, +H,0 kyy=2.5 x 10~12 exp ( —1160/T)
R30 CH;+0,+M - CH,;0,+M kyo=8.0 x10-32

R31* CH;0, +NO - CH;0 +NO, kg =5.0 x 1013

R23* CH;0, +HO, - CH;0,H + O, kyp =2.5 x 10712

R33* CH,0.H + hy - CH;0+0H kyy=3.3x108

R34* CH,0,H + OH - CH,0, + H,0 k3, =8.0 x 10713

R35* CH;0 + 0, - CH,0 +HO, Fez5 =1.0 x 10-12 exp ( —3300/T)
R36a* CH,O + - H+CHO A<350 nm  Ju, =4.0 x 1078
R36b* CH,O +hy - CO+H, A<350 nm  Jye =1.0 x 10—
R37 CH,0 +OH -~ CHO +H,0 kyp =1.4 x 10—12

R38* CHO + 0, - CO+HO, kgg =1.0 x 1622

R39* OH + NH, - NH, +H,0 kyy=1.5x 1013

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 XX VI (1974), 1-2
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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
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at 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 at 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 & 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

Rla O; +hy > O(*D) +0, 1 <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 Rla +R3 +R2 does not lead to destruc-
tion of ozone. However, the pair of reactions
Rla + R4, which will be called sequence A, com-
bines into

A: Rla+R4 =0, +H, 0 +hr~> 0, +20H

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

i(oa)A= —1,(0%) (H,0) (1)

The quantum yield ¢(A) of O(*D) formation in
the photolysis of ozone as a function of wave-
length (1) below 330 nm is a very critical factor.
Jones & Wayne (1970) determined ¢(4 <300
nm) = 1.0, (A =313 nm) =0.1 and ¢(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 (19730)
and Johnston et al. (19730) have shown Jones
and Wayne’s data to be more correct. Thus, for
the first time, sufficiently accurate values of
$(1) are available for aeronomic studies. The
probability of O(*D) production per second and

per ozone molecule is calculated from the rela-
tionship:

Ja=2.5 fmF(,w(z) exp (—T;)dJ @)

where oy = ozone absorption cross section at
wavelength 4,

F(A)dA = solar irradiance in wavelength interval
A, A +dA at zero optical depth,

AL =104,

&3} d’s +ora dM

T)=——7-"-—
cos 6

dg = 3 mm ozone STP (mean summer time
value, Ditsch (1969)),

%pa = Rayleigh eross section for scattering
by air molecules,

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

0 = solar zenith angle, chosen to be equal

to 45° and kept constant. No diurnal
variations were thus considered in this
study.

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 & Furukawa (1966) and DeLuisi &
Furukawa (1973). It applies for § = 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 OH (Crutzen, 1972a), may also
lead to a significant rate of production of ozone
in the troposphere, for example by the chains

R29 CH,+OH - CH,+H,0
R30 CH;+0,+M - CH,0,+M
R31 CH,0,+NO - CH,0 +NO,
R23 NO,+hw, - NO+O

R2 0+0,+M > O3 +M

R35 CH;0+0, - CH,0 +HO,
Rl0a HO,+NO - OH +NO,
R23 NO,+hy, -~ NO+O

R2 O+0;+M - O +M
R36b CH,O +hv, - CO+H,

B1: CH, + 40, + 2hv, + hv, -~ H,0 +CO +H, + 20,

Tellus XX VI (1974), 1-2



PHOTOCHEMICAL REACTIONS INITIATED BY AND INFLUENCING OZONE 51

and.

RS CO+0H ~ H+CO,
R9 H+0,+M - HO,+M
R10a HO,+NO - OH+NO,
R23 NO;+m - O0+NO
R2 0+0,+M - Oz+M

B2: CO+20,+hy - CO,+0,4

A more elaborate discussion of such ozone pro-
ducing ‘‘smog-type’’ chain reactions was given
elsewhere (Crutzen, 19726 and 1973). Nitrogen
oxides play an important role in these chains.
The production rate of ozone due to chains like
Bl and B2 is equal to

ft(os)f (NO){Ey0a(HO,) + gy (CH,O,)} 3)

On the other hand catalytic, photochemical
destruction of ozone by oxides of nitrogen may
also take place (Crutzen, 1972b and 1973) by
the chain:

Cl1: 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 Cl. 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 + R27a + R28a = 20, > 30,

is not important, due to the low calculated con-
eentration of N,0; (4 x10% em—3). The rate of
ozone destruction by chain Cl1 is, therefore,
calculated according to the formula:

P J
Z(0y)g= —2k,,(NO,) (O zsb
e O O G O

=- ZstbNOs) (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;

Tellus XX VI (1974), 1-2

DeMore, 1973a) has indicated the possibility
of a small but signi...ant rate constant for
reaction R10b. Consequently also the reactions

D: R7 and R10b

532 (O)p= — (0){k;(OH) + iy (HO,)} (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 at this level
was assumed to be equal to 7.5 x 1011 molecules
per cm?,. The volume mixing ratios of H,0, CH,
and CO were chosen to be equal to 10-2, 1.4 x
10-% and 107 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(1D), O(*P), OH, H,
HO,, CH,;0,, CH,0,H, CH,0, CH,0, and CHO,
and using a numerical integration technique
with forward time stepping (Az = 50 s) for the
remaining species. Convergence was reached
after an integration time of 3 x10% seconds.
Production and destruction rates of ozone,
methane and carbon monoxide were likewise
computed. A source of NO, equal to 3 x 105
molecules em~3 8~! was introduced at the level
of computation in order to simulate the bio-
logical source of NO from the ground of 3 x 1010
molecules cm~2 s-1 (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
Rlla, R11b and R15. If reaction Rlla is the
only reaction converting NO, to NHO, (as dis-
cussed in Chapter 2, there is uncertainty about
the rate coefficient for reaction R11b), then the
set R22+R23 + Rlla+ R15, converting NO
into nitrates, will also remove ozone from the
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Table 2. Calculated concentrations of OH, HO,, H,0,, HNO,, CH,0,, CH,0,H, CH,0, and CH,0
and volume mixing ratios of NO, NO, and HNO;, for the siz alternatives a, b, ¢, d, €, and f, as defined

in Chapter 3 (2.6(6)=2.6 x 10s).

Concentrations (em—32) and volume mixing ratios (u)

_ - s =
— A & o = = = Qo
— = s @) =] @] Q Q = 3 =z
5 g 3 g 2 o2 g 28 ¢
8 S &8 £ & B B E B g £ &
(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)
(0) kygp =0 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) ky5=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) kg =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) by =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) by, =103 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 101° molecules
cm~2? s-1. 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,0,, NO, NO,, HNO,, HNO,, CH,0.H, CH,0,
and CH,O are collected in Table 2, while pro-
duction and destruction rates of CH,, CO and
O; (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) ky1p = 0, neglect reaction R1lb, all other
coefficients from Table 1.

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

(d) kg = 0.2, fast removal of H,0, 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) %1, =107%, 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:

(@) Caleulated column ozone production and
destruction rates for each of the detailed mecha-
nisms A, B, C, and D are much larger than the
estimated ozone destruction rates at the ground
(Tiefenau & Fabian, 1972). This confirms the
hypothesis from previous studies (Crutzen,
19726 and 1973), that ozone is not an inert, but
a very reactive, gas in the troposphere.

Net column production of destruction rates
of ozone of the order of 16** —1.5 x 10'* mole-
cules em~? -1 are calculated for the lowest two
kilometers of the atmosphere. Whether there is

Table 3. Calculated production rates of CH,, CO and O by each of the detatled chains A, B, C, and
D as defined in Chapter 2 for the six alternatives a, b, ¢, d, e, and |, as defined in Chapter 3. To obtain
column, produktion rates, multiply all values by a factor of 2 x 10°.

Production rates (cm—2 s71)

Case CH, co A B c D 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)
(®) kyyy, =0 —1.2(6) —2.5(5) ~3.5(5)  3.0(6) —3.8(5) —8.9(5) +1.3(6)
(c) kys = 0.2 —8.9(5) —2.0(5) ~3.5(5)  1.4(6) —2.3(5) — 8.8(5) —1.4(4)
(d) g =0.2 —7.7(5) —~1.7(5) ~3.5(5)  1.5(6) —3.1(5) ~7.0(5) +1.4(5)
(e) koyp = 0.2 —2.7(5) —6.1(4) ~3.5(5)  3.5(5) — 5.4(5) —3.8(4) —5.8(5)
(f) Fpp = 1073 —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 + 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,0, and HNO, (respective
cases e, d, ¢) 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 atmosphers 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 OH in the lower
troposphere from the relationship

2k,(0*) (H,0)
ky(CO) + k,y(CH,)

3

(OH) = =7x%x 105 cm”

thereby neglecting any recycling of OH, for
example by the reactions R6c and R10a.

(¢) As discussed by McConnell et al. (1971),
Levy (1972, 1973a, 1973b) 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 & dominant natural source for carbon
monoxide. This study seems again to confirm
this hypothesis, because the net calculated de-
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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 10! molecules
cm~2, s~1, 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 caleulations 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 ecycle. 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,0,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 Rlla provides an
efficient loss process for atmospheric NO, (NO
and NO,) mto HNO;. The calculated mixing
ratios of NO and NO, were less than 10-?, 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 tropospherie
NO, as 1t is probable that HNQ, 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 x10* NO,-
molecules em~—2 s-! (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,0, k,, = 1.5 x 10-13
(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 10~? for NH; (Robinson &
Robbins, 1970) and an OH-concentration of
about 3 x10° em=—?, the rate of production of
NO,-molecules initiated by reaction R39 is ap-
proximately 10'® molecules em—2 s-1, which is
significant in comparison with the estimated
production rate in the soil of 3 x10! NO,-
molecules cm—2 s~ (Robinson & Robbins, 1970).

(e) It can be concluded from a look at 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¢ em~2. Case f is more
representative for mean situations in the nat-
ural atmosphere than case e. Thus, probably,
(OH) > 2.3 x10% em-3,

(f) Good knowledge of the rate constant %,y
is important for estimating prevailing back-
ground NO,-concentrations and ozone produc-
tion rates (case b). If reaction R11b is as fast
as assumed in standard case a, then this reac-
tion is the main one converting NO, into HNO,.

(g) 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,
1973b; Levy, 19735). Furthermore, the following
two reactions

R40 8O, + OH (+ M) - HSO,4(+M)

R4l HSO, +OH (+ M) » H,S0, (+ M)

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

R42a HSO, + hv ~  OH +80,(2)

R42b HSO, + OH -~ H,0+80,

R42c HSO, +aerosol - products

R43 H,0 + 80,4 -  H,80, (heterogeneous)
may be important for the conversion of SO, to
H,S0, and sulfate aerosol particles. According
to Castleman (1973) reaction R40 is fast and
Davis (1973) has obtained a preliminary rate
constant k,, =4.0 x107%2. An 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-
sphere of about one week, assuming (OH) «c 3 x 108
em—3, which is short enough to be of interest
{(Junge, 1972; Kellogg et al., 1872). An influa-
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 10 ¢m~® in the sunlit lower troposphere
at 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 10% em—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,

Tellus XX VI (1974), 1-2



PHOTOCHEMICAL REACTIONS INITIATED BY AND INFLUENCING OZONE 55

19725 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-* 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 R39 with OH-radicals, may provide a
significant source for tropospheric NO_ -mole-
cules.

The following experimental work is of the
utmost importance:

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

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

(¢) Determinations of the background con-
centrations in the first place of OH, NH,, and
NO,, and in the second place of H,0,, HNO,
and CO in the unpolluted atmosphere.
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OOTOXNMUYIECKUE PEAKIIMHY, MTHUITUNPYEMBIE O30HOM 1
BIANAIOIMAE HA HEI'O B HESATPAASBHEHHOM BO30VY XE TPOIIOCOEPHI

B crarbe npeacraBileHbl TeOpETHYECKHNE apry-
MEHTHl B IOJIL3Y CYINECTBOBAHMA KOHIeHTpAIuit
OH, Gompmmx 10°® MomeKys HA cm® B OCBEI|EH-
HOW cONHIleM HMKHEH Tpomocdepe marke LpH
yyeTe reTeporeHHoro ypanexHua Mmoiekyn OH,
HO, nu HNO,. Honnenrpanuu OH, npeacra-
BAEHHHE B Crarbe, OLUIM BLIYMCIEHHl B ycJo-
BUAX, KOINA BUEPBHE YYUTHBAICA (POTOXNMHM-
yecKnil 3ddeKrT Kak Oiasa HpAMOH, TAK H HIA
paccegHHO# papuanuu BOIN3M NOBEPXHOCTH
3eMJIM, & TAKKe NPU ydyeTe HeJABHUX AKKypar-

HBIX HAHHBIX O KBAHTOBOY dQPEeKTHBHOCTH BHI-
xoma O(*D) mpu ¢oronuse o030HA B 00dacTH
cuexrpa BOamau 310 mm. ObGcympmaeTca cyime-
CTBEHHasi poib, Koropyio urpaer OH B armo-
chepHBIX IMKIAX MIA yriIepopa, asoTa o,
BOBMOKHO, CepPHl. BHIYMCIEHB HH3KME (POHOBBHIE
COOTHOUIeHUA cMecK Fif MoleKysnr NO( <10-°)
B HesarpAsHeHHO# armocepe. Oxncaenue NH,,
uHunuupyemoe pearnmueit ¢ OH, momer owra-
BATLCA SHAYNTENBHHIM MCTOYHHKOM MOIERYT
NO, B Tpomocdepe, eCIum cTa DPeaKLUSI HMeeT
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KOHCTAHTY CKOPOCTH HA TOBEPXHOCTH TOPANKA
10-13. TIpespamenue NO2 B HNO,; -coupo-
BOMKAaeMoe TrereporeHHEIM yxajeHueMm HNO,,
ABIAETCA Ba)KHeWIIMM CTOKOM B Tpomocdepe
pua moneryn NO,. dorogucconualuA 030HA
B YyJAbTPapUOIETOBOM CBET€é B CHEKTPAILHOM
unarepsaine 300-330 HM, KoTOpaA BegeT K oGpa-
30BaHuI0 B030ymmenHoro aroma O(*D), Bos-
OympaeT HECKONBKO IOCIe[0BaTeJIbHOCTEN pe-
aKNWit, pacCMaTPUBAEMHX B HACTOAINEM KC-
caegoBarun. Heckonbko meneit peakmuil, BRIO-
YaIIUX YFIEpOmHEE H A30THEE COCTABIAI-
mue, BefeT K 00JbIINM CKOPOCTAM 00pasoBaHuA
¥ paspylIeHMs 030HA B Tpomocdepe. DTH CKO-
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poctn wacTHYHO GCamaHCHpYIOT [pyr Apyra.
Bynmer nn B cymme ofpasoBanme uau paspyle-
HHe 030HA B Tpomocdiepe, B HACTOSAILIEE BPEMH
HeJb3sA onpenenuTh. O30H ABIAETCA OYEHBb K-
TUBHHIM KATAJIN3aTOPOM B XMMUYECKUX CHCTe-
Max B Tpomocfepe. T'mo6ambHO HpOUBBOACTBO
CO myrem roperus B 1970 r. Gonee uem Ha 20 %,
IpeBHICHIIO = ecTecTBeHHOe mnpomssoactso CO
nyTem okmcnenus CH, 6Gmomorumueckoro mpo-
ucxosumenna. B cpeppux muporax CeBepHOro
MONyIapus TOPeHHe IOCTABIAET IPHUMEPHO
TaKoe yxe KoxumdecTBo CO, 4TO M ecTeCTBeHHBIE
NCTOYHUKH.



