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ABSTRACT

The latitudinal and seasonal variation of ozone in the troposphere is discussed. Of particular
interest is the asymmetrical behavior of this gas with respect to the two hemispheres. These
asymmetries, when coupled with a diagnostic photochemical model of the troposphere, lends
support to the view that ozone cannot be viewed as an inert tracer of stratospheric origin. We
note in our calculations that it is likely that the budgets of carbon monoxide and tropospheric
ozone may be quite dependent on each other and discuss these calculations in light of the un-
certainty which currently exists about representative global tropospheric background concentra-
tions of the nitrogen oxides. In addition, the seasonal variation of excess '*CO, (a stratospheric
tracer) is examined and compared with the seasonal ozone variation during the same period of
observations at the same location and altitudes. The distinct maxima for ozone found during the
summer in the lower troposphere are not present for the “CO, data. This finding likewise
suggests that photochemical processes taking place in the troposphere are an important source

term for tropospheric ozone.

1. Introduction

In recent years, several studies have been
devoted to obtaining the global distribution and
budgets of trace gases in the troposphere. Note-
worthy among these are the works of Seiler (1974,
1976) which presented the global cycle of carbon
monoxide through a diligent analysis of its distri-
bution, sources and sinks. Similar studies have been
carried out for methane (Ehhalt, 1974) and molecu-
lar hydrogen (Schmidt, 1974). In this study we will
examine the tropospheric ozone budget in light of
its distribution and the photochemical processes
which affect it. The importance of obtaining a clear
understanding of the tropospheric ozone budget
should not be underestimated. The presence of
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ozone is a prerequisite in the production of
hydroxyl radicals in the troposphere (Levy, 1972;
1973) which, in turn, control the atmospheric cycle
of many trace gases released to the atmosphere.
For instance several hydrocarbon gases would
build up to concentrations orders of magnitude
larger than present in the atmosphere, if reaction
with OH would not take place. Previous analyses of
the global cycle of ozone in the troposphere have
always assumed that this gas is photochemically
inert in this region of the atmosphere (e.g.,
Pruchniewicz, 1973; Fabian and Pruchniewicz,
1977). However, Fishman and Crutzen (1977) cal-
culated that approximately half the ozone trans-
ported into the troposphere from the stratosphere
was destroyed by photochemical processes before
reaching the ground. Furthermore, there are photo-
chemical cycles capable of providing a significant
in-situ source in the troposphere which can not be
neglected in the overall budget of this gas. The
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study by Fishman and Crutzen (1977) concluded
that extrapolation of a one-dimensional model to
derive a tropospheric ozone budget would not be
realistic because of the seasonal and latitudinal
variation observed in the troposphere for this gas.
In addition, they showed how a model-derived
tropospheric ozone profile-could be manipulated by
changing several key photochemical rate con-
stants, eddy diffusion coefficients, or the back-
ground concentrations of the nitrogen oxides.

Thus, in this study, we have employed a differ-
ent method of analysis by developing a diagnostic
model to quantify the photochemical production
and destruction terms of the tropospheric ozone
budget. To utilize such a tool on a global scale, it
was necessary to obtain a two-dimensional picture
of the distribution of background levels of tropo-
spheric ozone. Chatfield and Harrison (1977a) and
Wilcox and Belmont (1977) had presented such
analyses for the Northern Hemisphere (NH), but a
similar task for the Southern Hemisphere (SH) had
not been performed. Thus, we conducted an exten-
sive search through Ozone Data for the World (a
bi-monthly publication of the Canadian Depart-
ment of Transportation initiated in 1960) to estab-
lish a representative tropospheric ozone distribu-
tion in the SH.

In the discussion which follows, we will focus on
the observed asymmetry of the distribution of
tropospheric ozone between the two hemispheres.
This asymmetry, as well as the different seasonal
behavior of ozone in the free troposphere in the two
hemispheres, suggests that the tropospheric budgets
of ozone in the two hemispheres are considerably
different. In particular, we will present an analysis
which implies that the oxidation of carbon mon-
oxide, methane and other hydrocarbons, in the
presence of NO and NO, (NO,) represents an in-
situ photochemical source of ozone in the Northern
Hemisphere which may dominate the source
provided via transport from the stratosphere (Fish-
man and Crutzen, 1978a). Also in support of this
premise, we will show that the seasonal behavior of
bomb-produced excess CO, data differs from that
of tropospheric ozone at the same location during
the same period of observations. Since this “CO,
must originate in the stratosphere (from nuclear
bomb testing), the fact that the seasonal behavior of
ozone is different indicates that tropospheric ozone
has an important source other than injection from
the stratosphere.

Tellus 31 (1979), 5

433

2. The ozone data available for this study

Ozone Data for the World (1960-1977) lists
data from five stations in the SH which launched
ozonesondes during the 1960°s and 1970’s, along
with occasional ship data. Data from one of these
stations (Aspendale, 38°S) consist of more than
700 soundings; these data have previously been
analyzed by Pittock (1974, 1977). Only 170 total
soundings were available from all the other
stations: Canton Island (3°S); La Paz (16°S);
Christchurch (43°S); and Syowa (69°S). For the
calculations which will be presented later in this
paper, all soundings were averaged into three
month (seasonal) profiles to minimize the effects of
any one anomalous profile. We realize that these
data are somewhat sparse, but we are not aware of
any better set of SH tropospheric data at this time.
This situation cannot be improved until a compre-
hensive sampling program is developed in the SH,
but the prospects of this seem dim since many of
the previously operating SH stations have either
closed down entirely or reduced their sampling pro-
grams. The ozone data for the NH are far more
extensive. In the remainder of this section, we will
review the available data sets of tropospheric ozone
and concentrate on seasonal and hemispheric
differences.

2.1. Ozone data at mid-latitudes

Because the greatest quantity of data for both
hemispheres exist in mid-latitudes, we place
primary emphasis on the analysis of these data to
derive a representative seasonal variation for each
hemisphere. In the NH, data exist from several
North American stations which were part of the
North American Ozonesonde Network established
by the Air Force Cambridge Research Laboratory
(Hering and Borden, 1967) and from the measure-
ments of Diitsch (1966) and Diitsch et al. (1970)
which summarize data obtained at Boulder,
Colorado (40°N) and Thalwil, Switzerland
(47°N). In the SH, the data presented by Pittock
(1974, 1977) from Aspendale, Australia, (38°8)
are the most extensive available from that hemi-
sphere. For this reason we have chosen the data
from the same latitude in the NH for our hemi-
spheric comparisons. Thus, in Fig. 1, we show the
monthly variation of ozone at Boulder (Diitsch et
al.,, 1970) at 40°N, and the combined data from
Bedford (42°N) and Wallops Island (38°N)
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SEASONAL VARIATION OF OZONE
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Fig. 1. Monthly variation of ozone for three data sets in
the mid-latitudes. The upper curves depict the variation
in the upper troposphere (200 mb) whereas the lower set
of curves describes the seasonal variations in the lower
free troposphere at 800 mb.

(Chatfied and Harrison, 1977), as well as the data
from Aspendale (Pittock, 1974; 1977) at 200 mb
and 800 mb.

At 200 mb, a distinct annual maximum occurs in
the late winter and early spring (months 2, 3, 4) at
all stations. In addition, the amplitude of the annual
cycle and the absolute concentrations of all three
data sets are very similar. The winter maximum of
200 mb correlates well with the annual cycle of
total ozone. This feature is the result of downward
ozone transport from the stratosphere combined
with the fact that the tropopause is lowered during
these months implying that the altitude of maxi-
mum ozone concentration is closer to the height of
the 200 mb level.

Examination of the seasonal variation of the
three data sets at 800 mb does not reveal the pro-
nounced similarities among the data sets that are
present at 200 mb. In general, we can say that the
NH data exhibit a distinct seasonal cycle whereas
the SH 800 mb data seasonal variation is quite
damped. Furthermore, the average ozone concen-
tration at Aspendale at 800 mb is considerably less
than the average values found at the NH mid-
latitude stations. Thus, it is clear from the differ-
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ences seen at 800 mb in the two hemispheres that
the processes responsible for the observed concen-
trations seen in the free troposphere at this level are
inherently different. If the assumption is made that
meteorological processes represent the primary
mechanism providing ozone to the free tropo-
sphere, then we should expect to see considerable
differences in the mid-latitude downward transport
in the two hemispheres. However, examination of
meteorological parameters which should be indica-
tive of stratosphere-troposphere exchange in the
mid-latitudes do not reveal large hemispheric dif-
ferences (Fishman and Crutzen, 1978a).

Therefore, it is plausible to postulate that the
larger amounts of ozone in the NH are the result of
photochemistry, particularly since this difference
appears to be most pronounced in the summer.
This suggestion will be substantiated in Sectons III
and IV.

2.2. Tropospheric ozone data in the tropics

The ozone data in the tropics are considerably
fewer than those available for mid-latitude regions
in both hemispheres. For this study, the NH
tropical data consist of 43 soundings from Panama
(9° N) whereas the SH tropical data are comprised
of 31 ozonesondes from Canton Island (2°S) and
10 from La Paz (16° S). From Fig. 2, it is clear that
considerably more ozone is present at every level in
the NH tropical troposphere than in the corre-
sponding latitude region in the SH. Integrated
throughout the lowest 12 km, the NH column
depicted in Fig. 2 is about 6 % greater than the cor-
responding SH profile. Upon a more detailed exam-
ination of the ozonesonde data, we can conclude
that this hemispheric difference is real and not
merely an artifact of differences in the methods of
sampling. In light of the discussion of Chatfield and
Harrison (1977b), we were concerned about the
bias introduced into these average data because of
the different types of sondes used in data acquisi-
tion. In particular, although all the soundings used
to depict the profiles shown in Fig. 2 were taken
between 1963 and 1965, Regener chemilumin-
escent sondes were used entirely for the SH
stations, whereas both chemiluminescent and
electrochemical sondes were employed at the
Panama station. Thus, we examined the individual
soundings to determine what effect the use of dif-
ferent instruments had on the tropospheric profiles.
Our findings were similar to those of Chatfield and
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Fig. 2. Average tropospheric ozone profiles for the NH
and SH tropics.

Harrison (1977b), but our analysis did not produce
the sharp difference between the two types of
sondes that were indicated through their examina-
tion of the Bedford data. Below 6 km, our analysis
indicates that the average ozone concentration
measured by the chemiluminescent instrument is
10-20% lower than those measured by the electro-
chemical sondes. However, between 6 and 12 km,
the chemiluminescent data were 5-10% higher
than the electrochemical data. Thus, even by using
only the data taken with chemiluminescent ozone-
sondes, a substantial difference on the order of
509 still exists between the average tropospheric
ozone content in the NH and SH tropics. Although
this finding in the tropics is somewhat surprising,
previous measurements of ozone in low-latitude
regions likewise have indicated that considerably
more ozone is present in the NH tropics than in the
SH tropics. For example, Pruchniewicz (1974) has
shown that the average tropospheric O, concentra-
tions in the region from 0 to 30° N are about 30%
higher than those measured between 0 and 30°S.
Thus, it is evident from all data sets which we have
examined in both tropical and mid-latitude regions,
that significantly more tropospheric ozone is
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present in the NH than in the SH. The implication
of this general pattern suggests that either a larger
ozone source exists in the NH or that the sink of
ozone in the SH is considerably larger. In the next
section we will explore the hypothesis that a larger
source of ozone in the NH is reasonable in light of
photochemical considerations.

3. The budgets of tropospheric ozone and
CO and their interdependence

One of the major thrusts of our research has
been to examine the role of .in-situ photochemical
production of ozone in the troposphere to see
whether or not this process can account for the
observed hemispheric differences. In the un-
polluted atmosphere, at least two photochemical
oxidation chains have been described which may
lead to the production of ozone in the troposphere
(Crutzen, 1974; Fishman and Crutzen, 1977). For
instance, the oxidation sequence of methane:

RI CH, + OH - CH, + H,0
R2 CH,+0,+M - CH,0,+M
R3 CH,0, + NO > CH,0 + NO,

R4 NO, + v » NO + O

RS CH,0 + 0, - CH,0 + HO,

R6 HO, + NO -» NO, + OH

R4 (NO, + hv - NO + O, 4 < 400 nm)
R7 CH,0 + hv - H, + CO

R9 2x(0+0,+M > O0;+M)

CH,+40, - CO+H,+H,0+

20, (net)
serves as a source for both O, and CO in the tropo-
sphere. It has recently been suggested that non-
methane hydrocarbons produced by natural ter-
pene and isoprene emitters may also produce O,
and CO (e.g., see Zimmerman et al., 1978). As is
well known, other hydrocarbons produced by
anthropogenic activity behave similarly, par-
ticularly in urban areas. Furthermore, CO in the
troposphere, whether its origin is hydrocarbon
oxidation or direct injection, likewise is oxidized by
OH in the atmosphere to produce ozone:

R10 CO+OH - CO,+H
Rit H+O,+M - HO,+ M
R6 HO, + NO - OH + NO,
R4 NO, + hv - NO +O
R9 O+0,+M > 0O,+M

CO + 20, -» CO, + O, (net)
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It should be noted that the primary source of the
OH radical involves loss of ozone through the
sequence of photolysis

R12 O, +hv » 0,+0O('D) A< 3200m
followed by the reaction
R13 O(D)+ H,0 —» 20H

Subsequently, OH may react with CO, CH, or
non-methane hydrocarbons in the presence of NO,
to produce ozone, which regenerates OH. Thus, it
is clear from the above photochemical sequences
that the photochemical cycles which influence CO
and O; are very independent. Therefore, it is im-
portant to examine the global cycles of CO and
non-methane hydrocarbons to determine its effect
on the global budget and distribution of tropo-
spheric O,.

In addition, we noted that the production of
ozone via these oxidation sequences is critically
dependent on the presence of sufficient NO. Since
most of the OH in the troposphere reacts with CO,
ozone can be destroyed, rather than created, by
oxidation of CO if insufficient NO is present by the
sequence:

R10
R11
R14

CO+HO - CO,+H
H+0,+M - HO,+M
HO, + O; » 20,+ OH

CO + 0, > CO, + O, (net)

Because of the very fast rate constant of the
reaction HO, + NO -» NO, + OH (Howard and
Evenson, 1977), NO volume mixing ratios must be
less than 10~"! before HO, reacts predominantly
with O, rather than with NO under typical tropo-
spheric conditions. Thus, it is clear that the ozone
budget in the troposphere is critically dependent on
the tropospheric distribution of the nitrogen oxides
(NO,). The NO, profiles depicted in Fig. 3 have
been prescribed for the model calculations. Curve
A is the NO, distribution assumed for “clean”
tropospheric air and is prescribed throughout the
SH and southwards of 15° in the NH. Curve B is
prescribed at 45°N and northward; intermediate
profiles are assumed between 15°N and 45°N.
The integrated NO, tropospheric column density is
2.1 x 10" ¢m~2 for A and 4.6 x 10 cm~2 for B.
These distributions are consistent with the obser-
vations of Noxon (1978) who states that the
vertical column density of NO, in the troposphere
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Fig. 3. Prescribed tropospheric NO, profiles used in the
calculation of the ozone, carbon monoxide and methane
destruction rates presented in Table 1. Curve A is the
NO, distribution prescribed in the SH and southwards of
15°N in the NH. Curve B is the profile prescribed
at 45°N and northwards. Intermediate profiles are
assumed between 15° N and 45° N,

should not exceed 3 x 10" c¢cm~? when local
pollution does not influence the measurements. The
shape of the profile and the ground level concen-
trations are likewise consistent with the measure-
ments of Kley et al. (1978) and Drummond (1977).

The most complete analysis of the global
distribution of CO has been conducted by Seiler
(1974). From this analysis, we note the uniform
decrease in the low altitude CO concentration as
one progresses southward from NH mid-latitudes
so that there is three times as much CO at 45° N as
at 45°8. This factor decreases to 2 in the middle
troposphere, whereas equal concentrations are
found in the lower stratosphere. Similar trends are
observed at other latitudes.

By using the observed distributions of O,, CO,
H,0 and CH, and the prescribed profiles of NO,
depicted in Fig. 3, the tropospheric distribution of
the hydroxyl radical (OH) can be computed. The
globally and diurnally averaged annual OH con-
centration is presently estimated to be between 3
and 9 x 10°% cm~3, based on either the considera-
tion of the CH,CCl, budget (Singh, 1977; Chang
and Penner, 1978; Neely and Plonka, 1978) or, in-
dependently, on the photochemical model calcula-
tions of Crutzen and Fishman (1977) and Derwent
and Curtis (1977). We shall use the model-derived
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Table 1. Calculated photochemical destruction rates of various trace gases in the troposphere

NH SH Global
Photochemical destruction of O, 20.0 11.0 15.5
From O('D) + H,0 (R13) 10.4 (52%) 5.0{45%) 7.7 (50%)
0, + HO, (R14) 8.5 (42%) 5.2(42%) 6.8 (44%)
0, + OH (R15) 1.1 (6%) 0.8 (8%) 1.0 (6%)
Photochemical oxidation of CO 28.6 19.3 239
Photochemical oxidation of CH, 5.2 6.0 5.6
Injection of O, from the stratosphere (Fabian and
Pruchniewicz, 1977) 6.8 4.4 5.6

All numbers are in units of 10'® molecules cm~2 s~!. The percentages in parentheses represent each reaction’s
contribution to the total amount of gas phase photochemical destruction of ozone as computed by our model.

calculations described in Fishman and Crutzen
(1978b) for the analyses given below. A descrip-
tion of the model, and its sensitivity to specific
assumptions, is given in Crutzen and Fishman
(1977) and in more detail in Fishman and Crutzen
(1978b). In the following calculations, the diurnally
averaged annual OH distribution for the two hemi-
spheres is approximately 5 x 10° ¢m~3, Through
the manipulation of several key parameters (e.g.,
the parameterization of heterogeneous removal of
water soluble species) within the model, it can be
shown that a large range of OH can realistically be
calculated (Fishman and Crutzen, 1978b). This un-
certainty should be kept in mind during the follow-
ing discussion, but we feel that the OH distribution
used in the presentation of the numbers in Table 1
(which yields a diurnally and seasonally averaged
value of 5 x 10° cm—) is a reasonable choice.

Several important considerations evolve from the
numbers presented in Table 1:

(1) From our photochemical model and the distri-
bution of ozone in the troposphere, we calcu-
late a globally averaged photochemical column
destruction rate of 15.5 x 10 mol cm~2 s~!
due to reactions which yields a lifetime of
between one and two months. This lifetime is
consistent with lifetimes computed in previous
studies which assumed that ozone was photo-
chemically inert in the troposphere (e.g.,
Fabian and Pruchniewicz, 1977). The most
important photochemical destruction reactions
for ozone in the troposphere (see Fishman and
Crutzen, 1977) are:

R12 O,+hv - O('D) + O0,,A <
310 nm

R13 O('D)+ H,0 - 20H,k; =23 x
10~ ¢m?® mol-! s~!
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R14  HO,+O, > OH + 20, k,, =
1.4 x 10~ &=5%0/7 ¢
cm? mol—!s—!
R15 OH + O; » HO, + Oy, k;s=1.5

X 10—11 e—1000/1' ch
mol—!s!

From the data in table 1, R13 and R14 con-
tribute nearly equally to ozone destruction.
However, R15 destroys about five times less
ozone than either R13 or R14. It should be
noted that the more recent measurements of
k,, (e.g., Howard and Zahniser, 1978) are two
to six times larger in the troposphere than the
values recommended by Hampson and Garvin
(1978). Because we have used the new value of
k,, (from Howard and Zahniser, 1978) this
reaction competes with the sequence R12 and
R13 to become the primary photochemical loss
mechanism of ozone in the troposphere. Using
the older values of k,, the reaction of meta-
stable atomic oxygen with water vapor was
clearly the major mechanism by which ozone
was destroyed photochemically in the tropo-
sphere.

If each CO molecule oxidized by OH would
yield one ozone molecule by the reaction se-
quence R10 + R11 + R6 + R4 + RY, the
magnitude of the in-situ photochemical source
of ozone would be several times larger than the
amount of ozone estimated to be transported
from the stratosphere: 5.6 x 10'° mol cm=2s~!
(Fabian and Pruchniewicz, 1977). Noting that
the oxidation of each methane molecule to CO
is capable of producing at least two ozone
molecules in the presence of sufficient NO,
then CO and CH, oxidation is potentially
capable of providing a source of 39.0 x 10'®
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mol cm~2 s~! in the NH and 31.3 x 10'° mol
c¢m~2 571 in the SH. Thus, if only one-fourth of
this resulted in ozone formation, this source
would still be comparable to the amount of
ozone estimated to come from the stratosphere.
In addition we note that more ozone can be
produced from the oxidation of methane if the
formaldehyde, which is produced by RS,
photolyzes to two radicals:

R8 CH,0=hv »CHO + H

Each of these radicals can, in turn, produce an
ozone molecule if sufficient NO is present.
Thus, each methane molecule can result in the
production of four ozone molecules if this
reaction pathway is followed.

R3 CH,0,+NO - CH,0 + NO,

R4 NO, + hv - NO + O (4 < 400 nm)
RS CH,0 + 0, » CH,0 + HO,

R6 HO, + NO - NO, + OH

R7 CH,0 + hv»CO + H,

RS CH,O + hv - CHO + H

R9Y 0+0,+M-0,+M

PHOTOCHEMICAL DESTRUCTION
OF CO AND O3 AND CALCULATED 05
FLUX AS A FUNCTION OF LATITUDE

T T T T T 71 T T T T T 7T
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Fig. 4. Model-derived, annual mean, photochemical
destruction rates for ozone and carbon monoxide as a
function of latitude. Also shown for comparison are
the calculated ozone destruction rates at the earth’s
surface, likewise presented as a function of latitude
(from Fabian and Pruchniewicz, 1977).
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R10 CO+0OH->CO,+H

R11 H+0,+M->HO,+M

R12 O; +hv—>0,+ O('D)4 < 320 nm
R13 H,0 + O('D) - 20H

R14 HO, + 0, - OH + 20,

R15 OH + O, - HO, + O,

R16 HO, + HO, » H,0,+ 0,
R17 HO,+OH - H,0+0,
R18 HO, + CH,0, » CH,0,H + O,
RI19 H,0,+hv-20H

(3) The ratio of CO oxidation to CH, oxidation is
5.5 in the NH, and 3.2 in the SH. This ratio is
independent of the amount of OH present in
the troposphere and dictates that methane
oxidation cannot be the primary source of CO

in either hemisphere.

In Fig. 4 we show the computed tropospheric
photochemical destruction rates of CO and O, as a
function of latitude. These destruction rates are
compared to the calculated O injection rate from
the stratosphere (from Fabian and Pruchniewicz,
1977).

From the photochemical calculations discussed
in this section, it is clear that we feel that the photo-
chemistry of tropospheric ozone plays an essential
role in the development of a budget for this gas. So
far, we have simplified the discussion by examining
the likely relationship between the amount of CO
photochemically oxidized and the amount of ozone
produced photochemically. However, the precise
quantification of the photochemical production and
destruction terms in the budgets of these gases is
critically dependent upon the assumed distribution
of NO, in the troposphere. Because representative
global background concentrations of these species
are not presently available (Crutzen, 1979) it is
difficult to assign numbers without relatively large
error bars to the calculated photochemical produc-
tion and destruction terms in the ozone budget. In
the next section, we will examine these photo-
chemical calculations under different assumptions
for the background concentrations of the nitrogen
oxides. Nevertheless, we can conclude from our
calculations that unless our present knowledge of
atmospheric chemistry is severely incorrect, the
individual photochemical production and destruc-
tion terms in the tropospheric ozone budget are
comparable to (and most likely larger than) either
the amount of O, injected from the stratosphere or
the subsequent destruction rate at the ground.
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4. Sensitivity of the calculations to
assumed NO, concentrations

Previous studies of tropospheric chemistry have
shown that the net production of ozone in the
troposphere is critically dependent on the back-
ground concentration of NO, (e.g., see Fishman
and Crutzen, 1977; Chameides, 1978). In general,
it can be stated that the formation of ozone takes
place when reaction with a peroxy radical, RO,,
converts NO to NQ,. The subsequent photolysis of
NO, in the troposphere results in the production of
ozone. This process appears to be quite efficient
since the reaction of NO and HO, has been
measured to proceed very rapidly (Howard and
Evenson, 1977) and it is likely that other peroxy
radical reactions with NO proceed just as ef-
ficiently (Cox, personal communication). In addi-
tion, the above ozone producing cycle is catalytic
which means that NO is still available for further
ozone production once the cycle is completed.

Thus, once the RO, radical is formed, ozone will be
produced unless one of the following occurs:

(1) The RO, radical reacts with a species other
than NO; or

(2) NO, reacts with something in the atmosphere
before it can photodissociate.

The latter possibility is rather unlikely. Compar-
ing a typical NO, photolysis rate 5 x 1073 s~}
(Stedman et al., 1975) with other possible reaction
pathways for NO, in the unpolluted troposphere, it
is clear that much more than 959% of the NO, will
photolyze rather than react with something else.
For example, the production of nitric acid,

NO, + OH (+M) - HNO, (+M)

is the second most likely pathway (after photoly-
sis) for NO, in the troposphere. With an equivalent
tropospheric two body rate constant of 8 x 10~12
cm?® mol™! s7! (Hampson and Garvin, 1978) even

Table 2. Competition of reactions involving the HO, radical for representative tropospheric boundary
layer daytime conditions and various concentrations of NO

Reactant concentration Rate of reaction
Reaction (mol cm™?) (s Fraction
Case 1: NO volume mixing ratio = 5 x 10-12
HO, + NO - OH + NO, NO = 1.0 x 10* 8.0 x 10—+ 0.16
HO, + O, - OH + 20, 0,=8.0x 10! 14 x 103 0.27
HO, + HO, » H,0, + O, HO, = 6.0 x 108 1.9 x 1073 0.37
HO, + OH-H,0+ O, OH =2.0 x 10° 1.0 x 103 0.02
HO, + CH,0, - CH,0,H + O, CH,0,=3.0 x 10% 9.3 x 10~ 0.18
Case 2: NO volume mixing ratio = 10 x 10~!2
HO, + NO - OH + NO, NO =2.0 x 10® 1.6 x 103 0.27
HO, + O; - OH + 20, 0,=8.0 x 10" 14 x 1073 0.24
HO, + HO, - H,0, + O, HO,=6.3 x 10® 1.9 x 103 0.32
HO, + OH-H,0 + O, OH =124 x 10¢ 1.2 x 10+ 0.02
HO, + CH;0, - CH,0,H + O, CH,0,=3.3x 10® 9.9 x 10~* 0.16
Case 3: NO volume mixing ratio = 20 x 10-12
HO, + NO -+ OH + NO, NO =4.0x 10% 32 x 1073 0.42
HO, + O, - OH + 20, 0,=8.0x 10" 14 x 107} 0.18
HO, + HO, - H,0, + O, HO,=6.6 x 10* 1.9 x 102 0.25
HO,+OH-~-H,0+0, OH = 3.2 x 10¢ 1.6 x 10+ 0.02
HO, + CH,0, - CH,0,H + O, CH,0,=13.3 x 10¢ 1.0 x 1073 0.13
Case 4: NO volume mixing ratio = 50 x 10-12
HO, + NO - OH + NO, NO=1.0x 10° 8.0 x 1073 0.62
HO, + O, - OH + 20, 0,=8.0x 10" 1.4 x 10-3 0.11
HO, + HO, - H,0, + O, HO,=6.9 x 10® 2.1 x 1073 0.16
HO, + OH-H,0 + O, OH = 5.6 x 10¢ 2.8 x 10— 0.02
HO, + CH,0, - CH,0,H + O, CH,0,=34 x 10® 1.2 x 103 0.09
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with a very high OH concentration of 107 cm~3, the
rate of removal of NO, is less than 2% of the rate
of photolysis. Thus, the percentage of ozone pro-
duced from each RO, radical in the clean tropo-
sphere is most critically dependent on the amount
of NO which is present in the atmosphere relative
to the amount of other species with which RO, can
react. The remainder of this section will examine
this aspect of the calculations.

To assess the impact of the photochemical cal-
culations, we will first examine the various reac-
tions of the RO, radical. To simplify the discus-
sion, we will look only at the reactions involving
HO, and assume that analogies can be made for
other peroxy radicals. In our model (Crutzen and
Fishman, 1977; Fishman and Crutzen, 1978b)
HO, can react as follows:

R6 HO, + NO -» OH + NO,;
ko= 8.0 x 1072 cm? mol~!s™!
R14 HO, + O, » OH + 20,;
k=18 x10"¥ cm?*mol-!s!
R16  HO,+HO, » H,0, + Oy;
kig=3.1 x 1072 cm3 mol~! s~!
R17  HO,+OH - H,0 + Oy

ki;; =5.1 x 10" cm?® mol!s~!
RI18 HO,+ CH,0, - CH,0,H + O,;
kig=k,=31x10"2cm?mol!s!

The rate constants for each of the above reactions
are given for a representative tropospheric temper-
ature of 285 °K and for an altitude of about 2 km.

In Table 2, we summarize the fate of the HO,
radical under various concentrations of NO. In the
first case, when NO volume mixing ratios are 5 X
1012, we note that more HO, reacts with O, than
with NO, which enhances the efficiency of the
ozone-destroying catalytic cycle relative to that of
the ozone-producing sequence of reactions. At an
NO concentration of 10 x 10-'? v/v, the HO,
radical reacts about equally with both NO and O,.
In both these cases, where NO values are very low,
it is seen that reaction of HO, (or CH;0,) with
itself (or other peroxy radicals) to form a peroxide
dominate the fate of the HO, radical. Under such a
reaction sequence, the oxidation of CO by OH has
no net effect on the tropospheric ozone budget:

R10 CO + OH - CO, + H (twice),
Ril H+0O,+M - HO, + M (twice),
R15 HO, + HO, - H,0, + O,, and
R19 H,0, + hv - 20H

2CO + 0, > 2CO, (net)
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HEMISPHERICALLY AND DIURNALLY AVERAGED
ODD HYDROGEN RADICAL CONCENTRATIONS

AS A FUNCTION OF NOy
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Fig. 5. Model-derived NH average tropospheric OH and
HO, number densities as a function of prescribed NO,
concentration.

Since H,0, is removed heterogeneously very ef-
ficiently in the model calculations at a rate of 2 x
10~* s~! at ground level, the greater relative pro-
duction of it when NO concentrations are very low
results in an overall loss for the sum of odd hydro-
gen radicals. Thus, we observe in Fig. 5 that both
OH and HO, number densities increase as NO,
concentrations increase between volume mixing
ratios of 1 and 100 x 107! In other calculations
for which we assumed a heterogeneous removal
rate on the order of 1 x 108 s~! at ground level (not
presented here), we note that HO, number densities
decrease as NO, volume mixing ratios approach 50
x 10712 y/y, The rate at which peroxides are
removed heterogeneously from the atmosphere is
still open to much speculation and it is clear that
the interpretation of many tropospheric calcula-
tions are critically dependent on the assumed
behavior of species removed heterogeneously (see
Crutzen and Fishman, 1977).

Although the sum of the radicals (which is
dominated by the amount of HO, calculated) only
goes up slightly as NO is increased, the OH con-
centration goes up significantly since its ratio to
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Table 3. Northern hemisphere photochemical production and destruction rates of O,, CO and CH, in the

troposphere
NO, Concentratién (10~ v/y) 1 10 20 25 30 50 75 100
Hemispherically averaged OH {10* cm—3%) 378 4.67 5.62 6.10 6.58 8.47 10.8 13.1
Hemispherically averaged HO, (107 cm™?) 6.94 7.67 8.03 8.16 8.26 8.55 8.76 8.86
Photochemical production of O, (P[O;]) 0.9 8.8 17.5 218 26.3 44.0 66.5 88.8
Photochemical destruction of O, (D[O,}) 18.8 19.9 20.5 20.8 21.0 21.7 224 23.0
P(0,]-DIO;] —18.0 -11.1 -3.1 +1.0 +5.2 +22.3 +44.0 +65.8
Photochemical oxidation of CO (D[CO]) 25.2 30.1 35.9 38.8 41.6 533 67.8 82.0
Photochemical oxidation of CH, (DICH, D) 4.6 5.5 6.4 6.9 74 9.4 11.8 14.2
Potential photochemical production of O;:
Pot[O,] = D[CO] + 2 x D[CH,] 34.2 41.1 48.7 52.6 56.4 72.1 91.4 1104
i) 0.03 0.21 0.36 0.41 0.47 0.61 0.73 0.80
Pot{O,]
Photochemical loss of O, broken down by
reaction:
H,0 + O('D) 104 104 104 104 104 10.4 10.4 104
HO, + O, 1.7 8.5 8.9 9.0 9.2 9.5 9.7 9.9
OH + O, 0.9 1.1 1.3 1.4 1.5 1.9 24 24
Total 18.8 19.9 20.5 20.8 210 21.7 224 23.0

Note: Units on the photochemical production and destruction are 10'® molecules cm=2s~".

HO, is largely controlled by the amount of NO
present. We should point out that the OH concen-
tration will eventually reach a maximum as NO,
concentrations approach values near 0.5 x 10~°
v/v (similar to the findings of Hameed et al., 1979).
However, it will be shown later in this section that
consideration of globally averaged tropospheric
NO, mixing ratios greater than 0.1 x 10~ v/v is
not relevant in light of the tropospheric budget of
ozone.

Further examination of Table 2 shows that as
NO concentrations increase to 20 x 1012 v/v and
larger, the ozone production pathways of CO and
CH, oxidation become dominant. Thus, there are
two coupled factors which result in increased
photochemical production of tropospheric ozone as
NO, concentrations become larger:

(1) Larger NO, concentrations (for the ranges
being considered in these calculations) increase
the average concentration of OH which means
that more CO and CH, oxidation takes place
for fixed amounts of CO and CH,; and

(2) The efficiency of the percentage of ozone pro-
duced from the oxidation of CO and CH,
increases as NO, concentrations increase.

In Table 3 and Fig. 6, we present the photo-

chemical production and destruction rate of O,

CO and CH, in the NH troposphere. For these
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calculations, we prescribed the NO, concentrations
listed at the top of each column in Table 2 at every
latitude and altitude in the NH. The reader should

CALCULATED NORTHERN HEMISPHERE
PRODUCTION AND DESTRUCTION RATES
OF TROPOSPHERIC OZONE AS A FUNCTION
OF AVERAGE NOy CONCENTRATION
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Fig. 6. Model-derived, annual mean, photochemical pro-
duction and destruction rates of tropospheric ozone in
the NH as a function of the prescribed NO, concen-
trations.
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note that the hemispheric calculations depicted in
but that the representative calculations described
by Table 2 are presented as a function of NO. We
assume that NO and NO, are in photochemical
equilibrium with each other (see Fishman and
Crutzen, 1977) for these calculations and that the
Table 3 and Fig. 6 are shown as a function of NO,,
NO to NO, ratios range typically between 0.2 and
0.5 in the troposphere depending on the amount of
O, present.

The calculations summarized by this table and
figure show very clearly that photochemical pro-
duction of ozone in the troposphere is nearly a
linear function of the amount of NO, assumed to
be present in the model. (This relationship holds for
NO, values up to approximately 0.25 x 10~ v/v;
ozone production as a function of NO, increases
more slowly after that point and gross O, produc-
tion reaches a maximum when NO, concentra-
tions approach 0.7 x 10~? v/v.) On the other hand,
the amount of ozone destroyed photochemically in
the NH troposphere remains fairly constant at a
value near 20 x 10'° mol cm~2 s~ regardless of
how much NO, is present. When we look at the in-
dividual reactions in Table 3 which are responsible
for ozone loss in the troposphere, this finding is not
surprising. The dominant photochemical loss
mechanisms for ozone are photolysis of O, to form
O('D), which in turn reacts with H,O to form OH,
and reaction of O, with HO,. The amount of ozone
destroyed by the first reaction does not change as a
function of NO, since it is primarily dependent on
the amount of O, and H,O prescribed in the calcu-
lations. Both these quantities remain fixed for the
calculations described herein. In addition, the
amount of HO, calculated by the model increases
only slightly as NO, concentration is increased.
Since these two reactions account for approxi-
mately 90% of the photochemical destruction of
tropospheric ozone, it is readily explainable why
total photochemical loss of O, remains nearly
constant.

Because the amount of ozone lost photo-
chemically in the NH troposphere is relatively
constant at a value near 20 x 10" mol cm=2 ™1,
some inferences can be made about the other terms
which comprise the tropospheric ozone budget:
photochemical, net, in-situ production; destruction
at the ground; and injection from the stratosphere.
To do this, the assumption must be made that the
absolute value of the hemispheric photochemical
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destruction of ozone in the troposphere is not
seriously in error. We feel that this is the case since
our computed photolysis rate of O, to form O('D)
is in relatively good agreement with those measured
directly by Dickerson et al. (1979) and Hanser and
Sellers (1979). The magnitude of the photo-
chemical destruction of tropospheric ozone is
several times larger than previous estimates of
either stratospheric injection or destruction by
contact with the ground (Fabian and Junge, 1970;
Fabian and Pruchniewicz, 1977; Danielsen and
Mohnen, 1977). The uncertainty involved in the
latter calculations is at least a factor of two, so that
the difference in these terms may approach about
10 x 10 mol cm~2 s, Depending on which term
is larger than the other, the tropospheric photo-
chemical production rate of ozone must range
between 10 and 30 x 10'® mol cm—2 s—L, If strato-
spheric injection is less than ground destruction, the
amount of ozone photochemically produced in the
troposphere must be the sum of the photochemical
destruction term (29 x 10'® mol cm~2 s~1) plus the
difference between the amount destroyed at the
ground and the amount coming from the strato-
sphere. Examination of Fig. 6 shows that a tropo-
spheric production rate reflecting this range of
values corresponds to average tropospheric NO,
mixing ratios ranging between 12 and 35 x 1012
v/v.

Lastly, in this section, we would like to point out
that we have simplified the discussion of these cal-
culations by prescribing uniform antounts of NO,
at every latitude and altitude in the NH. In reality,
however, NO, most likely exhibits a non-homo-
geneous distribution. Thus, it follows that there
may be specific regions and altitudes where photo-
chemical production is the dominant source of
tropospheric ozone and that there likewise exist
locations where it can be shown that injections
from the stratosphere control the observed concen-
trations of tropospheric ozone. Examples of the
latter phenomenon occur on relatively short time
scales and can be fairly easily observed by aircraft
measurements (e.g., Danielsen 1968; Danielsen and
Mohnen, 1977). On the other hand, photochemical
production of ozone in the “unpolluted” tropo-
sphere takes place on substantially longer time
scales, and is not readily detectable. In the next
section, however, we do present some data which
may be indicative of significant in-situ photo-
chemical production of ozone in the troposphere.
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5. Further evidence favoring photo-
chemical production of ozone

The value of the use of tracers in the study of the
dispersion of gases in the atmosphere has long been
recognized (see e.g., Junge, 1963). Excess CO,
is a by-product of nuclear bomb explosions, which
often reach the stratosphere, and is one of the few
radioactive tracers which remain gaseous. Thus, it
is an excellent tracer for atmospheric motions (see
e.g., Johnston et al., 1976). In this section we will
examine the seasonal trends of excess *CO, in the
troposphere over New Mexico (Telegadas, 1971)
compared to those of ozone. We note that the
vertical profiles of “CO, and ozone are quite
similar in the upper troposphere and lower strato-
sphere at mid-latitudes. Thus, if ozone is produced
uniquely in the stratosphere and is inert in the
troposphere as the excess '“CO, is, then simi-
larities should be present in their seasonal trends.

The amount of excess *CO, data available for
seasonal analysis is extremely limited. The sum-
mary of Telegadas (1971) shows that these were
four locations in the world at which CO, vertical
distribution measurements were conducted with any
regularity. These were located in the NH at 9° N,
35°N and 71° N whereas nearly all the SH vertical
profiles were taken at 45°S. The best record of
14CO, data is at 35°N (New Mexico) for which
measurements were made between 1955 and 1969.
Fortunately ozonesonde data are likewise available
from New Mexico between September, 1963 and
January, 1966.

Examination of Fig. 7 shows that the seasonal
maxima of “CO, at altitudes representative of both
the lower stratosphere and middle troposphere are
in phase. In 1964, both maxima occur in winter
whereas in 1965, both occur during the spring.
However, the maxima for ozone in the 12-14 km
layer occur in spring for both years whereas the
maximum takes place in summer at an altitude rep-
resentative of the middle troposphere. Since the
data shown in Fig. 5 are from the same location
during the same period of time, we can assume that
the meteorological processes affecting both data
sets are identical. Thus, it is difficult to explain the
delay in the mid-tropospheric ozone maximum
solely by mixing processes since a similar seasonal
delay is not seen in the %CO, measurements.
Therefore, we can attribute the summer ozone
maximum seen in both years at 5§ km to something
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SEASONAL VARIATION OF '4CO,
AND O3 OVER NEW MEXICO
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Fig. 7. Seasonal variation of excess '“CO, and tropo-
spheric ozone over New Mexico. The upper set of curves
shows the seasonal variation of #CO, at altitudes repre-
sentative of the lower stratosphere and middle tropo-
sphere. The lower set of curves depicts the seasonal
variation of ozone at similar altitudes.

other than a physical mechanism and suggest that
photochemical production of tropospheric ozone is
responsible for this feature.

It should be noted that excess 1“CO, may not be
directly comparable to ozone as a tracer for strato-
spheric injection. This is due to differences in the
sinks and resulting residence times of the two gases.
It is particularly important that comparison not be
made using surface concentrations, which may be
quite strongly affected by local sinks, more so than
measurements in the free troposphere. However,
box model studies of the transfer of #CO, between
its various reservoirs (Nydal, 1968; Young and
Fairhall, 1968) have concluded that the observed
seasonal variation in tropospheric excess “CO, is
due to the seasonal stratospheric injection. Further-
more, these studies also indicate that the majority
of the excess “CO, is taken up by the oceans.
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Young and Fairhall (1968) have calculated the flux
of excess *CO, into the oceans using a model in-
cluding eddy diffusion and meridional motion as
well as laboratory measurements of *CO, uptake.
They calculate a global flux of *CO, into the
oceans of 103 x 10% atoms over a six-month
period. This corresponds to a deposition velocity of
about 0.002 cm s~!, somewhat less than that of
ozone. Since the deposition velocity of '*CO, is un-
likely to be greater than that of ozone if the analysis
given above is correct, then the tropospheric resi-
dence time of “CO, should be larger than that
of ozone. Thus it is difficult to see how the phase
lag observed for ozone could exceed thatof CO,
if ozone is photochemically inert in the troposphere.

6. Summary and conclusions

The fundamental objectives of this paper were to
show (a) that important photochemical reactions
affecting ozone take place in the troposphere; (b) to
present a reasonable tropospheric ozone budget; (c)
that it is possible to interpret existing data in a way
which suggests that this in-situ photochemical pro-
duction can be inferred from observations. In par-
ticular, important seasonal and latitudinal differ-
ences exist in the distribution of tropospheric ozone
for the two hemispheres. Some of the primary inter-
hemispheric differences are:

® There is more tropospheric ozone in the NH
than in the SH;

e At NH midlatitudes, a free tropospheric seasonal
maximum is consistently seen during the summer
at low altitudes whereas no obvious seasonal
variation is observed in the SH.

Furthermore, because the surface destruction in
the NH is three times larger than the correspond-
ing SH destruction rate (Pruchniewicz, 1974; Fish-
man and Crutzen, 1978a), a corresponding differ-
ence must exist in the source terms of tropospheric
O,. The difference in the source terms can not be
easily attributed to meteorological influences (Fish-
man and Crutzen, 1978a). Some additional infor-
mation which suggests that ozone cannot be treated
as an inert substance in the troposphere is pro-
vided by comparison of its seasonal behavior with
that of '*CO,. Whereas the seasonal trends in
14CQ, are in phase at 5 and 13 km, a delay of one
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season is characteristic for NH mid-latitude ozone
data. In addition, we have shown that the amount
of CO oxidized and subsequent photochemical pro-
duction of O, may exceed the amount of ozone esti-
mated to be transported through the tropopause at
nearly every latitude. Since CO oxidation is so
much greater in the NH, and since this process is
enhanced during the summer, we conclude that the
observations support the hypothesis that photo-
chemical production may be a significant source of
ozone in the NH troposphere.

Lastly, we must point out what superficial analy-
sis of existing ozone data will not support the
hypothesis that photochemical production of ozone
in the troposphere is an important source term.
Even if nearly all the CO oxidized on a global scale
results in the formation of ozone, a computed
globally averaged oxidation rate 4 x 10'! mol cm—2
s~! translates to an ozone production rate on the
order of one part per billion per day at a repre-
sentative point in the free troposphere. Unlike
stratospheric intrusions which are detected readily
from aircraft data and are associated with low
water vapor concentrations, which likewise are ob-
served from such measurements, the afore-
mentioned photochemical process is widespread
and therefore would be very difficult to identify.
Alternatively, a long-term monitoring program of
CO, NO and O, in the background troposphere
may provide a more useful data base from which a
better understanding of the role of photochemical
generation of ozone can be obtained. Hopefully, the
establishment of such baseline stations will become
a reality. Analysis of the data from these stations
may provide the information needed to prove or
disprove our contention that the in-situ photo-
chemical production of tropospheric ozone is
indeed a significant quantity.
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OKCIIEPUMEHTAJIBHOE CBUAETEJIBCTBO O 3HAYMUTEJIBHBIX JIOKAJIBHBIX
OOTOXUMMNYECKUX UCTOYHUKAX TPOIMIOCPEPHOI'O O30HA

OO6CcyXOar0TCA HIMPOTHBIE H CE3OHHBIE HM3MEHCHHA
o3oHa 8 Tpomochepe. OcoOblii MHTEpEC BHI3BIBAET
HEOOMHAKOBOE MOBeJEHHE 93TOro rasa B ABYX
nonycdepax. DTa acHMMETDHs, B COYETAHMH C
IHArHOCTHYHCKOH (POTOXHMHYECKOH MOIENbIO TPO-
nocdepsl, CBUAETENLCTBYET B I10Jib3y TOH TOYKH
3peHHs, YTO O30H He MOXET PacCMaTpHBATLCH, KaK
HHEPTHBIH TPaccep cTpaTOCHEPHOro MPOKRCXOKIACHHS .
Bro6aBok, Ce30HHbIE M3MEHeHMs M3numkoB '4CO,
(cTpaTocdepHBIil Tpaccep) H3YYeHBI H CPaBHEHBI C

CE€30HHBIM M3MEHEHHEM O30HA B TEYEHHMHM TOTO XKe
nepuoaa HaOmoNcHU B TOM XKEe MeCTe M Ha TOM Xke
BoIcOTE. PaznuyuMbie MaxCHMyMBI [Ui O30Ha,
KOTOPBIC MOXHO OOHApyXMTb B TCYEHHH JieTa B
HIORHEH Tponocdepe, He HMEIOT MecTa AJIF AaHHBIX
no *CO,. DTo Takke mnpeanojaraer, 410 (HOTOX-
MMHYECKHE TNPOLECCHI, HMEIOLIHE MECTO B Tpomoc-
(depe, ABAAIOTCS BAXHLIM OMPEAENAIOLIUM HCTOY-
HHKOM Aj1s TponochepHOro o3oHa.
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