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ABSTRACT

Radioactive carbon-14 monoxide produced by cosmic ray neutrons provides a useful
tracer to deduce the residence time of carbon monoxide in the troposphere. From the
steady-state equations for stable carbon monoxide and radioactive carbon monoxide,
the production rate of stable carbon monoxide can also be derived. This rate is an order
of magnitude greater than that estimated for CO sources such as the oceans, combus-
tion, and chlorophyll decay. The oxidation of tropospheric methane initiated by
hydroxyl radicals has been postulated to account for this predominant source of CO
in nature. Estimates of the steady-state hydroxyl radical concentration in the tropo-
sphere are of sufficient magnitude to support this possibility. Furthermore, the hyd-
roxyl radical can also provide the major removal mechanism for carbon monoxide by
oxidation to CO, to maintain the carbon monoxide balance in nature. A critical review
of the above theories is given, and some possibilities for experimental verification are
discussed. The earlier computations are modified to refer to the northern troposphere
in view of differences recently found for CO concentrations in the northern and southern
troposphere. Observations of the stable isotope composition of methane, 2CH, and
13CH,, and of carbon monoxide, 12C160, 13C180, and (%0 are also of significance to
the proposed theory for the carbon monoxide balance. These data will be reviewed
and discussed in terms of kinetic isotope effects in the reaction sequence, CH, to CO
to CO,. The results of this analysis of the stable CO isotope data will be shown to be

consistent with the conclusions drawn from the analysis of the radiocarbon data.

Introduction

Previously, Weinstock (1969) proposed that
a residence time for CO in the troposphere could
be deduced from radiocarbon data because the
“hot”’ 14C nuclei produced by the N (np) reac-
tion of cosmic-ray neutrons are first fixed chiefly
as “CO before being converted into ¢CQO,. A
residence time of 0.1 year for 14CO in the tropo-
sphere was then derived from measurements of
the concentration of *CO in the troposphere
and an estimate of its rate of formation. In
order to account for this residence time, which
was much shorter than the 2.7 year value that
had been previously believed, Weinstock (1969)
suggested the oxidation of CO by OH as a
possible mechanism for the major removal of
CO from the troposphere. For this to be cor-
rect a mechanism to maintain OH in sufficient
concentration would be required. Levy (1971}
proposed a photochemical steady-state model
that yielded an average daytime OH concentra-

tion of 1.2 x10% molecule em~3, which is the
required order of magnitude, and predicts a
residence time for CO with respect to OH of
0.2 year. McConnell et al. (1971) from similar
considerations derived a residence time for CO
of 0.3 year and also suggested that oxidation
of methane by OH in the troposphere would
result in an order of magnitude greater source
of CO than that from combustion (Robinson &
Robbins, 1969), the oceans (Swinnerton et al.,
1970; Seiler & Junge, 1970), and chlorophyll
(Crespi et al., 1972).

From the steady-state equations for both
radioactive and stable CO in the troposphere
Weinstock & Niki (1972) have derived a resi-
dence time for CO of 0.1 year and a natural pro-
duction rate of CO of 5 x10% gram year-!,
which is 25 times greater than that produced
by combustion. They derived an average OH
concentration of 2.3 x 10% molecule e 3 to ac-
count for the 0.1 year residence time and show
this to be consistent with the large value of CO
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production by methane oxidation. The residence
time of methane derived from this value of OH
is 1.5 year and the production rate of methane
2.3 x 10% gram year—! compared with the esti-
mated value of 1.5 x 10 gram year—! from other
considerations (Robinson & Robbins, 1969; Eh-
halt, 1972).

Recently, Stevens et al. (1972) have reported
extensive measurements of the concentration of
CO in the troposphere, particularly in the north-
ern hemisphere, and of the stable carbon and
oxygen isotope composition of these samples.
Their data are consistent with the above con-
siderations and provide an independent con-
firmation of the existence of a predominant
natural source of carbon monoxide.

Recent measurements by Seiler (1974) and
by Lamontagne et al., (1974) show that the CO
mixing ratios in the southern hemisphere are
significantly lower than those in the northern
hemisphere. Since, at this time, *CO measure-
ments are only available for the northern hemi-
sphere, the steady-state calculations for radio-
active and stable CO will be revised in this paper
to include only the northern hemisphere instead
of assuming that they are applicable to the en-
tire troposphere. This restriction is appropriate
in any case because the residence time deduced
for CO is less than the exchange time between
the two hemispheres.

The data of Stevens et al. will also be ex-
amined with respect to the steady-state model
and will be used to derive kinetic isotope effects
for the proposed CH,-CO-CO, reaction se-
quence. Some ecritical experiments will be pro-
posed to improve our quantitative understand-
ing of the CO balance.

The steady-state model

Weinstock & Niki (1972) expressed the bal-
ance of CO in the troposphere by two steady-
state equations,! one for stable CO and the
other for radioactive *4CO:

d(CO)/dt =P, +P, — k(CO) (1)
A(14C0)/dt = NP, + P, — k(*CO) )

In these equations, d(CO)/dt and d(**CO)/dt were

1 In Ref. 8, there is a misprint; eq. (2) should read
d(1CO)/dt = NP, +P; — k(1*CO) = 0.
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the rate of change with time of the total number
of moles of stable CO and of radioactive 4CO
in the troposphere, respectively. The term P,
was the sum of the production rates of CO from
all processes that produce CO from ‘living”
carbon, i.e. carbon in equilibrium with 4C in
nature. The term P, was the sum of the pro-
duction rates of CO from all processes that
produce CO from fossil carbon, i.e. carbon con-
taining a negligible amount of **C. The term P,
was the production rate of *CO in the tropo-
sphere by cosmic-ray neutrons. The term NP,
was the production rate of “CO from “living”
carbon, N being the mole fraction of C in
“living” carbon. The terms (CO) and (*#CO)
were the total amount of stable CO and of
radioactive 1*CO in the troposphere, respectively.
The term k was a rate constant for the removal
of CO, which was assumed to be the same for
stable CO and for *CO in this approximation.
In the steady state, eqs. (1) and (2) are equal
to zero and can be solved for the two unknown
quantities, P, and k. The solutions are:

p, - Do L TONCT) (3)
(*C0)/(CO) - N

poo PPN 1 .
(*C0)(CO) - N (CO) (4)

If the northern hemisphere is considered
alone rather than the entire troposphere as
assumed by Weinstock & Niki, then the values
of Py, (1*CO), and (CO) used by them will have
to be divided by two. In addition, in view of
the recent data of Seiler (1974) the value of
(CO) will have to be changed to reflect an
average mixing ratio of 0.14 ppm rather than
that of 0.12 used previously. Further, a revised
estimate of Py by Jaffe (1972) of 1.5 x 10%* mole
year—! should be used of which some 909% or
1.4 x 103 can be assigned to the northern hemi-
sphere. The revised values for the northern
hemisphere are then:

P, =145 mole year—1!
P, = 1.4 x10® mole year—
(1¢CO) = 22.5 mole
(CO) = 1.0 x 103 mole

N =1.17 x10-22



110

Using these values, P, for the northern hemi-
sphere is 1.0 x 10** mole year-! and k is 12
year—!. These values are consistent with the
previous values of Weinstock & Niki, and the
uncertainty of about 509 assigned by them
would still be applicable.

We would now like to discuss the uncertainty
of these values in more detail and suggest an
experimental plan that could improve their
reliability. In the numerator of both egs. (3)
and (4), the term P, is much greater than the
negative terms so that the uncertainty in P, is
not important. The value of P; used was taken
from Lal & Peters (1962) and was based on
Lingenfelter’s (1963) calculations of the rate of
production of “C by cosmic-ray neutrons as a
function of altitude, latitude, and time and on
the average height of the tropopause as 11 kim.
Junge et al. (1971) have independently reported
a calculation for P, in agreement with these
authors. The assumption was made that all of
the 1C produced would first be fixed as 14CO
based on Pandow et al.’s work (1960). This may
result in an overestimate for P, if not all of the
14C ig first fixed as CO (Ache & Wolf, 1968).
On the other hand, it was also assumed that
none of CO produced in the stratosphere
would enter the troposphere as *CO. Junge et al.
(1971) have analyzed this problem and conclude
that there may be a net flux of *CO from the
stratosphere into the troposphere. The uncer-
tainties arising from these two assumptions
would then be, in part, offsetting.

The value of (1*CO) was derived from three
measurements of MacKay et al. (1963). Their
three samples had an average deviation in
specific activity of 23 percent and were con-
taminated with fossil-fuel-produced CO, the
average CO concentration being 0.3 ppm. In
using the value of (4CO) derived from these
measurements, the assumption is made that the
concentration of *CO in the northern tropo-
sphere is uniform. This assumption implies that
the vertical and lateral mixing of 1CO in the
northern troposphere is rapid compared with
its residence time. The value of N used was
1.17 x 10-1? and assumed to be the same as that
of “living carbon”.

The 239% average deviation of the specific
activity of MacKay et al. can in part be the
result of counting statistics, sample weight un-
certainty, and different degree of contamination
by fossil-fuel-produced CO. The latter contami-
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nation is not of significance provided the con-
centration of CO is known, because one can then
calculate the absolute 4CO concentration from
the average specific activity and the average
CO concentration. This is the procedure that
was followed.

It is clear that further measurements of the
specific activity of CO in the troposphere are
desirable. The actual samples of MacKay et al.
had an average CO mole fraction of 1.06 x
10-12, which was lower than that of “living”’
carbon because of the contamination. However,
upon correcting for the contamination their
result suggests that the mole fraction of “CO
in remote areas would be 2.25 x 10-12, which is
the value used for (*CO)/(CO) in egs. (3) and
(4). It would appear that the most desirable
additional experiments would be a collection of
global samples in remote areas from which
(1#C0O)/(CO) can be obtained without correction
for contamination. The absolute concentration
of CO would not be required to obtain P,, but
would be needed to calculate k. Of particular
interest would be a comparison of the *CO
content of samples collected in the northern
hemisphere with those from the southern hemi-
sphere.

The hydroxyl radical cycle

In Weinstock’s earlier report (1969) the oxida-
tion of CO by OH was suggested as a possible
mechanism for the major removal of CO from
the troposphere. Subsequently, Levy (1971) and
MeConnell et al. (1971) proposed a CH,~CO-CO,
reaction mechanism that could provide the
major mode of both production and removal of
CO in the troposphere:

CH, + OH-CH, + H,0 (R1)

CH, + 0,—2>CH,0, (R2)

CH,0, + NO~CH,0 + NO, (R3)

CH,O0 + 0, ~CH,0 + HO, (R 4)
+OH-HCO + H,0

CH,0{ +hy—H,+CO (R 5)
+hy >HCO +H

HCO+0,-C0O+HO, (R 6)

0O+ 0OH->C0, + H (R7)
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If eq. (R7) is the major removal process for
CO, then the rate constant k in eqs. (1) and
(2) 1s:

k = k,(OH) (5)

If we take &k to be 12 year—* or 3.8 x 10-7 sec-?*
and k&, (Stuhl & Niki, 1972) to be 1.35 x 10-13
cm?® molecule-! sec-!, the average OH concen-
tration required to maintain CO in steady state
in the northern troposphere is 2.8 x 10¢ molecule
cm=—3. Levy (1971) and McConnell et al. (1971)
obtained 1-3 x10% molecule em~3* for (OH),,
from their photochemical steady-state model,
in reasonable agreement with the above value.
Two other mechanisms for the sink of CO
from the troposphere have been investigated.
One is transport into the stratosphere where CO
would be rapidly converted to CO,, and the
other is consumption of CO by living organisms.
Pressman & Warneck (1970) and Junge et al.
(1971) have analyzed the stratospheric sink,
and the latter authors estimate a residence time
of 2.7 years for CO in the troposphere for that
process. Inman et al. (1971) and more recently
Ingersoll (1972) have reported studies of CO
removal rates by biological action in a variety
of soils. They estimate that soil could provide
a significant sink for CO. However, their es-
timate is very uncertain because the CO re-
moval rate is strongly concentration dependent
and their studies were conducted at 100 ppm
compared with the global average concentration
of 0.1 ppm. To the extent that the stratosphere
and soil provide sinks for CO in addition to the
OH radical sink, the concentration of OH that
was derived to account for P; would have to be
reduced. Qur present assessment is that the
correction might be of the order of 10%. In
addition, a flow of CO from the northern tropo-
sphere into the southern troposphere would be
expected, which, in effect, would act as another
minor sink for the northern troposphere.
McConuell et al. (1971) estimated the pro-
duction rate of CO to be 9.9 x 10'® mole year-!
from the oxidation of CH, by OH, eq. (R1),
and subsequent conversion of CH4 to CO. Since
they assumed the northern and southern tropo-
spheres to be symmetrical, their estimate for
the northern troposphere would be 5 x 1013 mole
year—l, Using the value of 2.5 x10* molecule
em~? for OH, a CH, mixing ratio of 1.4 ppm
(Ehhalt, 1972}, and the rate constant for eq.
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(R1) of 9.2 x107*® em?® molecule-! sec—! (Grei-
ner, 1970}, the production rate of CO by methane
oxidation derived here would be 7.2 x 10% mole
year—* for the northern hemisphere. These
values are in reasonable agreement with P,
equal to 1.0 x 10'* mole year—! derived from the
steady-state model.

Other natural sources for the production of
CO are known. The most significant ones re-
ported to date are the oceans (Swinnerton et al.,
1970; Seiler & Junge, 1970) and degradation of
chlorophyll (Crespi et al., 1972). Swinnerton
and his co-workers (1970) estimate that the
amount of CO produced in the oceans is 59 of
that produced by combustion, whereas Junge
et al. (1971) estimate it to be 29 %. The produc-
tion rate from degradation of chlorophyll ap-
pears to be an order of magnitude smaller than
that of CH, oxidation (Stevens et al., 1972).
(See also next section.) If these other sources of
CO from “living” carbon are added to that
estimated from methane oxidation, the agree-
ment with P; would be improved, perhaps by
10%.

From the above considerations, it would ap-
pear that the balance of CO in the troposphere
is largely controlled by hydroxyl radicals.
Direct measurements of the OH concentration
in the troposphers would provide a critical test
of this hypothesis. Attempts to do this are
presently under way (Baardsen & Terhune,
1972}, and hopefully a definitive answer to this
intriguing question will be forthcoming in the
not too distant future.

Stable isotope composition of carbon
monoxide

Stevens et al. (1972) have reported extensive
measurements of the 3C and #0 concentration
of atmospheric CO as a function of concentra-
tion and of season in nonurban areas. From an
analysis of their data, they conclude that there
may be five different isotopic varieties of CO,
the relative amounts of which depend on the
season and latitude. Two of these species are
characterized by a low 120 content, §(*0/1¢0) =
5%,, compared to engine CO, §=24.6%, and
atmospheric oxygen, § =23.5%,.1 The two spe-
cies had a small difference in 33C content, but

1 The & values are the difference (%,) from the
isotopic composition of & standard.
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this was not judged as an indication of a dif-
ferent source. Taken together, they estimated
by the isotope dilution method that the pro-
duction rate of the light oxygen varieties was
greater than 1 x10'¢ molefyear. This result,
which should apply to the northern hemisphere,
is in remarkable agreement with the value of
P, deduced from the radiocarbon data and the
production rate of CO predicted from OH
oxidation of methane. The work of Stevens et al.
can thus be taken as direct experimental veri-
fication of the OH hypothesis. The three other
species reported by Stevens et al. were of lesser
estimated production rate and need not be con-
sidered in detail.

The 13C/12C kinetic isotope effect

In this section, measured atmospheric isotope
data will be used to derive kinetic isotope ef-
fects for the CH,-CO-CO, reaction sequence.
Ehhalt (1972) noticed that the presumably
largest sources of CH,, paddy fields and marshes,
emit CH, which has an average *C content of
d(32C/12C) = - 659, (Ehhalt, 1972). This is much
lighter than the average for atmospheric CH,,
0(13C/12C) = —41%, (Ehhalt, 1972). The aver-
age '*C content of atmospheric CO is about
6(13C/12C) = - 279, (Stevens et al., 1972). Ehhalt
speculated that these differences could be due
to isotope fractionation effects, since the col-
lision frequency and the kinetic effects would
favor the reaction of the lighter molecules,
12CH, and 12CO.

If the oxidation of atmospheric CH, by OH
is the major source of CO and also the major
sink of CH, in the northern troposphere, the
above 13C data may be used to estimate isotope
fractionation effects for 3C/?C. Noting that
the removal of CH, is determined by eq. (R1),
the balance of 12CH, and *CH, in the northern
troposphere can be expressed in terms of two
steady-state equations:

d(*CH,)/dt = PN,, — *k,(*CH,) = 0 (6)
d(3CH,)/dt = PN,, —k,(BCH,) = 0 (7)

where P is the production rate of CH, and N,,
and N,; are the mole fractions of 2CH, and
13CH, in this CH,; (12CH,) and {¥*CH,) are the
total amounts of 12CH, and *CH, in the northern
troposphere; %k, and %k, are first-order rate
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constants for the removal of 12CH, and CH,.
Then,

1f =12, (OH) and %k, = 13%,(OH) (8)

with 12k, and 3k, the rate constants for eq. (R1)
written for 2CH, and CH, separately, and
(OH) is the concentration of OH in the northern
troposphere. If the 13C content, —65%,, of paddy
fields and marshes is representative of all CH,
sources, then from egs. (6) and (7), and the
above data:

¥k, (PCHY/("CH,) 1-0.041

Sk, NN, 1-.0.065

]2k1
1.026 = ;-2
kl

9)

In this discussion, we are assuming that, once
the CH, radical is formed by eq. (R1), it will
be quantitatively converted into CO by sub-
sequent reactions. Therefor the value of 1.026
is the kinetic isotope effect for eq. (R1). The
most stable intermediate in the reaction se-
quence is CH,O, which appears to have a half-
life of 75 minutes due to photodissociation, eq.
(R5), in the sunlight-irradiated lower atmos-
phere (Calvert et al., 1972).

The steady-state equations for the balance of
12C0 and **CO in the northern troposphere may
be approximated as:

d(#CO)jdt = 2k,(*CH,) —%%,(12C0) =0 (10)

d(BCOY/dt = B,(CH,) — ¥kg(*CO) =0 (11)

Here (12C0O) and (13CO) are the total amount of
12C0 and *CO in the northern troposphere. The
12k, and 13k, are given by eq. (8), and 2k; and
8%, are related to

2fp =12k, (OH); Vkp = 13k, (0OH) (12)
where 2k, and 3k, are the rate constants for
eq. (R7), written for 2CO and *CO separately.
Eqgs. (10) and (11), and the above data, give the

relation:

mkp/lakp ~ (1aCH4)/(1ZCH4) ~ 1—0.041 0056
Bk (PCO)(PCO)  1-0.027

(13)
From eqgs. (9) and (13)
2 p(*hy = 1.041 = 1%k, [k, (14)

For reactions of the type of eq. (R7) and eq.
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(R1), the maximum possible kinetic isotope
effect has been estimated to be 1.25 (Biegeleisen
& Wolfsberg, 1958). Thus, the kinetic carbon
isotope effects deduced from the atmospheric
isotopic data and the OH mechanism are
qualitatively consistent and of reasonable magni-
tude. If these kinetic isotope effects could be
obtained experimentally, they too could provide
a critical test for the OH model.

The 180/160 kinetic isotope effect

Stevens et al. (1972) suggested that the
oxygen isotope fractionation effect for CO is
not significant because the ratio of *0/1°0 de-
creases as the mixing ratio of atmospheric CO
decreases. This observed decrease in **0 content
with decreased CO mixing ratio is consistent
with their observations of several varieties of
CO being produced with different **0 contents,
but has no particular significance to the isotope
fractionation question. Presumably, the light
0 variety of CO is produced by methane oxida-
tion more or less uniformly in the northern
troposphere and is the predominant species
globally. Near the surface, this may be mixed
with CO with a greater O content from all
other sources. Thus, high O contents correlate
with high mixing ratios because of this con-
tamination. As the mixing ratio falls, indicat-
ing less contamination, the 180 content will
fall and approach that of the light variety.
The kinetic isotope effect is not influenced by
this behavior but will instead result from the
formation of the light species, §(180/1%0) =59,
from atmospheric oxygen with J(*80/10) =
23.5%, (Kroopnick & Craig, 1972).

To derive the 180/*0 kinetic isotope effect,
we again assume that the CH, radical formed
by eq. (R1) is quantitatively converted to CO
and also that the oxygen atom bonded to the
carbon atom in CH O, by eq. (R2) remains
fixed in the subsequent reactions and appears
in the product CO. Then, the 18Q/1¢Q0 fractiona-
tion effect is determined by:

187

CH, + 00— H,C*0"0 or HLC"“0"0
(R2a)
CH, + *0*0 "5 1,000 (R2b)

The steady-state equations for the balance of
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C1%0 and C*%0 in the northern troposphere are:

d(C10)/dt = 1k,(1°0160) — 16k (C190) =0 (15)

d(CIBO)/dt = %lﬂkp(IBOlﬂO) _lskR(CISO) —= 0 (16)
where (1601¢0), (130160), (C1¢0), and (C*#0Q) are
the total amount of 10160, 180180, C¢Q, and
0120 in the northern troposphere. The %k, and
18k, are related to:

10l = 10y(CH,); 9%, = 19ky(CH,) an
(CH,) being the concentration of CHj; in the
northern troposphere. The %k, and %k, are
related to

16y = ¥k, (OH); %, = 18%,(0OH) (18)
The %k, and *k, are the rate constants for eq.
(R7) involving C¥Q and C®*0O. Since (1¢0)=
2(101%0) and (1%0) = (1801¢0), use of eys. (15)
and (16), and the values of §(**0/1*0) for at-
mospheric O, and the light CO species of Stevens
et al. (1972) give

"Lk, ("0)j(°0)  1+0.024
Yn/ "k (CT0)/(C™0) 1+0.005

=1.019 (19)

Since 18kg/1%k, >1 for a normal isotope effect,
then

8%, /1%k, >1.019 (20)

This result is not so definitive as that from
consideration of the carbon isotope effects, be-
cause we do not have separate data from which
to derive the production and removal fractiona-
tions. The maximum possible oxygen isotope
effect has been estimated to be 1.19 (Biegelei-
sen & Wolfsberg, 1958), which is not inconsistent
with these conclusions. Again, if the kinetic
oxygen isotope effects for CO formation and
CO removal can be determined experimentally,
this would afford a direct verification of the
proposed model.

Influence of kinetic isotope effect to the
steady-state calculation

The isotopic fractionation effects can be in-
corporated in the steady-state calculation by
modifying eq. (2),

d(MCO)dt = oy NP, + P — ot l(1*CO) (21)
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where «, and ap are given by *k,/'%k, and

Yk p/1%k, (the definition of k, and %k have been

given previously). Then egs. (1) and (21) give
P, —ag P,(**C0)/(CO)

P =—5 (22)
ap{ COY(CO) -, N

P P,—a, P, N 1

ap(MC0O)/(CO) —a, N (CO)

The kinetic isotope effect for 12C/C can be
taken to be twice that for 2C/13C (Biegeleisen
& Wolfsberg, 1958; Stern & Vogel, 1971), so
that from egs. (9) and (14},

o, = 0.951 %p = 0.924

The modified values of P, and k are then 1.2 x
1014 mole year-! and 13 year-!, respectively.
Thus, inclusion of the kinetic isotope effect in-
creases the value of the natural production rate
of CO, P,, and the removal rate constant, k.
The latter would decrease the residence time,
but neither effect is significant within the un-
certainty of the present results.

(23)

and

Summary

It appears likely that the residence time of
CO in the northern troposphere is largely con-
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trolled by hydroxyl radicals, first in producing
CO by methane oxidation and then in removing
CO by conversion to CO,. This possibility was
first brought forth from CO considerations
(Weinstock, 1969), which predicted a short CO
residence time and were later revised to include
14C0 produection from “CH, (Weinstock & Niki,
1972). Independently, photochemical models of
the troposphere (Levy, 1971; McConnell et al.,
1971) predicted OH concentrations of sufficient
magnitude to maintain the CO balance and
first suggested that the oxidation of methane
provided the major source of CO {McConnell
et al., 1971). Another independent verification
of this picture has been provided from stable
isotope measurements of atmospheric CO (Ste-
vens et al., 1972), which study has provided
the first experimental verification of this model.
Consideration of kinetic isotope effects also ap-
pears to be consistent with this model.

A number of experiments could provide a
better quantitative understanding of the CO
balance based on this model. The most critical
would be direct measurements of the OH con-
centration in the troposphere. In addition,
further 1#CO measurements, particularly in re-
mote areas, would be useful as well as a direct
determination of the kinetic isotope effects.
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TJIOBAJBHBIN BATAHC OKNCU VIJIEPOIA

PagnoaxkTnBHAaA OKUCBE yraepoma-14, mpoms-
BOZMMAs HeHTpOHAMM KOCMHYECKHX JIydeil
ABJIAETCA IOJIe3HHIM TPACCEPOM AJIA MOINYYeHHsd
BpeMeHH NpeGEIBAHUA OKUCH YIJIEPOXa B TPOIO-
ctepe. 113 ypaBHeHMil paBHOBECUA IJA YCTOIi-
yyBOil OKHCH YrIepoja M PaAMOaKTUBHON
OKHCH YIJepoJa MOMHO BHIBECTH CKOPOCTH
06pasoBaHuUA yCTOHUMBON oOKuCH YINIEpOJA.
9Ta CKODPOCTE HAa NOPAROK 00JbINe, HYeM BTO
oueHUBaJoch U3 Taxkux wucTouHukos CO, Kaw
OKeaHBI, TOpeHMe, pacmag xuopojuana. s
ydera »TOro HKoMMHEpYylomero ucrounuka CO B
npupofe OBJIO HOCTYTWPOBAHO OKHICIEHHE TpO-
nocepHOro MeTAHA, MUHUIMHNPYyeMOe THAPO-
KCHIBHEIMH paguKanaMu. OLleHKN paBHOBECHOM
HOHIICHTPAUUY PafUKAJ0B THIPOKCUIA B TPO-
nocgepe OKA3BIBAIOTCA HOCTATOYHBIMH IO BEJH-
4yuHe, YyTOOH 00eCIednTh 3TH TpolleccH. Bomee
TOro, DPaAUKAJNbl THAPOKCHJA MOTYT TaKMke
o0ecrneynTs OCHOBHOI MeXdHN3M BLIBOKA OKHCH
yriepoma M3 aTMocephl IIyTeM OKHCIEHHA ee
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go CO,, uro0r mnopjgepmarb OATAHC OKHCH
yraepoga B mpupope. Ilaercsa KPUTHYeCKUH 00-
30D BTHX Teopuwil m 00CYHHAIOTCA HEKOTOpHe
9KCIIEPUMEHTAJIbHEIE BOBMOMKHOCTH AAA UX IPO-
Bepku. Bomee pamHMe pacueTsl MOgU(UIH-
PYIOTCH, YTOOH y4ecTb OCOBEHHOCTM TPOIO-
cephl ceBepHOro MOJYLIApPUA B CBeTe HEJLABHO
HalileHHBIX pasianunit B KoHueHTparuax CO B
Tpornocdepe CEBEPHOTO U IOKHOTO IOJIYUIapWiA.
Ha6aropenuss ycTOoRYMBBEIX MSOTONIHBIX COCTA-
Bagomux merana: 12CH, n 1*CH, n oxkucu yrie-
poma: 12CQ, 13CH0Q p 2010 TAKKE HMEOT
3HAYeHMe A IpefIaraeMoil Teopum OajaHca
OKWMCH YTIIepofa. JTH JAHHBIE oOCy:KmaloTCa B
TEPMUHAX KUHETHYECKUX M30TONMHEIX 2QfeKToB
B mociaefeBaTensHocTH peaxnuit or CH, no CO
u CO,. Pe3ynbTaTel 3TOr0 aHAIN3a HAHHBIX II0
KOHIEHTPAIMN OKUCH YCTOHYMBHIX M30TONOB
yriepoxa COrJacyIoTcs ¢ BHBOJNAMM, NOJNYYeH-
HBIMM I3 QHAJIN3A PAZMOYIIePOSHBIX NAHHBIX.



