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ABSTRACT

The various atmospheric cycles of nitrogen, sulphur, and carbon are coupled through
reactions between molecules belonging to the different cycles. It is argued from a
simple tropospheric model that much of the coupling proceeds indirectly through
the common dependence on the OR-radical which for most trace gases initiates the
most efficient removal. In the case of the nitrogen- and carbon-cycles this coupling
can be quite strong.

5.1 INTRODUCTION

Traditionally atmospheric trace gas cycleswere treated separately. Themassbalance
was determined from the direct sources and from the direct sinks, disregardingthe
influence on the other trace gascycles.The samewasdone in predictionsof increased
future concentrations due to man-made pollutants. Recently, however, our under-
standing of atmospheric chemistry has greatly improved. Wehave begun to recog-
nize that there are a number of reactions between molecules from different trace

gas cycles. As a result it has been realized that there are many more pathways of
direct or indirect interaction than previously assumed, that at least some of the
cycles cannot be treated independently, and that a much more complicated system
analysis is required than hitherto practised. In the followingI will try to investigate,
if and how much the atmospheric cycles of S, N, and Care mutually coupled.

5.2 THE MAJOR TRACE GASESIN THE ATMOSPHERIC CYCLES OF
N, S, AND C

The major source speciesby which reactive N, S, and C compounds are introduced
into the atmosphere are listed in Table 5.1. The major carbon specieslisted in this
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Table 5.1 The Reaction of Atmospheric Trace Gases containing C, N, and S with OH

table are Cf4 and CO. The mixing ratios givenrefer to unpolluted, ground-levelair
in the northern hemisphere. CO2 is not discussed, because, as far as tropospheric
gas-phasechemistry is concerned, CO2is inert. The non-methane hydrocarbons, C2
to Cs, are lumped together; the mixing ratio given refers to the total.

Amongthe sulphur species, S02 is consideredthe most important. Its background
mixing ratio is only 0.2 p.p.b. although in polluted areas much higher values have
been found. COSis a molecule whose presence in the atmosphere has been demon-
strated only recently. It seemsto be fairly uniformly distributed with a mixing ratio
of about 0.5 p.p.b. which appears consistent with its rather long lifetime of one
year. The remainingtwo S-species,H2Sand (CH3)2S-and I mighthave added other
mercaptans-are known to be emitted into the atmosphere. However,their lifetimes
are so short that their background concentrations are low, highly variable, and not
reliably established. Except for the fact that their gas-phaseoxidation is started by
the reaction with the OH-radical,the homogeneous chemistry of atmospheric sul-
phur compounds is not well established; what is known has been summarized by
Graedel (1977). The most recent scheme for S02 oxidation has been suggestedby
Daviset al. (1979). Rainout has been discussedby Gravenhorst et al. (1978).

The N-cycle also has several subcycles. Because of their multiple interactions,
NO and N02 are most important chemically. They interconvert rapidly and their
combined mixing ratio in background air is about 0.1 p.p.b. They are eventually
oxidized to HN03 which is present at about 0.1 p.p.b. in the troposphere. NH3 is
present with a mixing ratio of the order of 1 p.p.b. Again, because of the short
lifetimes, the mixing ratios of these N-compounds are highly variable and the
averagebackground concentration is not well established. Values for N20 are given

Mixing ratio in Contribution
the northern Mean of OH-sink
hemisphere tropospheric reaction

Trace gas (p.p.b.)* lifetime (%)

CH4 1600 5 yr 100
CO 250 60 days 100
Non-methane hydrocarbons

(NMHC), C2-Cs 2-10 1-100 days 50-100
S02 0.2 14 days 50
COS 0.5 1 yr 100
H2S 4 days 100
(CH3hS 1 day 50
NO, N02 0.1 1 day 100
NH3 ca. 1 14 days 10
N20 310 100 yr 0

*Here b, billion, is 109
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in Table 5.1 because of its prominence in the nitrogen group; however like CO2it
is essentiallychemicallyinert in the troposphere.

There are severalfeatures common to the trace gasesin Table 5.1.
(i) The major sources are located at the earth's surface, i.e. external to the

atmosphere. Therefore, as far as the atmosphere is concerned, they can be
treated as independent boundary conditions. In other words, the production
rates of these gases are not coupled. The only exception is COa significant
part of which is produced within the atmosphere from the oxidation of CH4.

(ii) The major part of the cycles takes place within the troposphere (excepting
N2O).

(iii) Much of the chemical conversion into other species is initiated by the OH-
radical. The fraction is givenin the last column of Table 5.1. Mostvalueslie
between 50 and 100 per cent.

(iv) In the case of NOx and the sulphur species,this conversionleads eventually
to acidic and highly soluble species: HN03 and H2S04' These reactions
contribute greatly to the fact that all of the eventual atmospheric removalin
the S-cycle and most of the removal in the N-cycle proceeds through dry
and wet deposition.

5.3 THE COUPLINGOF THE CYCLES

As indicated in Table 5.1, and as far as we know, reaction with OHprovides most
of the coupling between the cycles. This coupling is indirect because it proceeds
through a perturbation of the OH concentration. Each of the cycles, but particu-
larly the N-cycleand the C-cycle,exerts a certaincontrol overthe OHconcentration.
For example, an increase in the atmospheric concentration of N02 leads to an
increase in the OH concentration. Since C~ or CO are destroyed by OH, their
atmospheric concentrations will decrease in inverse proportion. As increase by a
factor of two in OH will decrease the atmospheric steady-state concentration of
C~ by a factor of two.

There are of course other reactions which lead to direct coupling of the cycles. I
shall briefly consider two of them. One is provided by reactions of the NH2 radical
with NO and N02 as outlined by the reaction scheme of Table 5.2. These data
suggest the interesting possibility of a destruction of NH3 and NOwithin the tropo-
sphere to form N2 and N20 as fmal products. This possibility very much depends
on the rate constant of reaction (2), for which so far only an upper limit of 10-18
cm3 molecule-l S-1exists for the effective second order rate constant (Lesclaux
and Demissy, 1977). If reaction (2) is much slower than that, reaction (3) and (4)
will be the significant removal paths of NH2 leading to a considerable production
of N20, up to 6 X 1012g yr-l , within the troposphere.

Another coupling proceeds through the rainout of soluble gases. Solution of
NH3 in cloud droplets will increase the pH of these droplets and allow more rapid
solution of S02' Thus the respective wet removal rates are coupled to a small
extent.
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Table 5.2 Reactions and Reaction Rate Constants of NH3 and NHz

Reaction

Rate constant at
298 oK and I atm
(cm3 molecule-l S-I)

(1)
(2)
(3)
(4)

NH3 + OH
NHz +Oz +M
NHz + NO
NHz + NOz

~

~

~

~

NHz + HzO
NHzOz +M
Nz + HzO
NzO + HzO

1.6 X 10-13
< W-1s
1.2 X W-ll
1.2 X 10-11

(1) Smith and Zellner, 1975; (2) Lesclaux and Demissy, 1977; (3) Hack et al.,
1978; (4) Hack et al., 1978.

First estimates indicate, however, that on a global scale these and other con-
ceivable couplings are small compared to that provided by the OH-radical.There-
fore the followingdiscussionwill focus on the latter.

The coupling of the N, S, and C cycles through OHis by no means fully under-
stood. Nevertheless a sufficient number of reaction paths have been identified to
present a rather complicated picture. To simplify matters, the OH-reaction scheme
shown in Figure 5.1 has been reduced to the most important reactions and contains
only one major representative of each cycle. It applies to background conditions
as most of the calculations published so far refer to the background atmosphere.
The concentrations, reactions, and reaction rate constants involved are given in
Tables 53 and 5.4.

As indicated in Figure 5.1, the primary production of radicals proceeds via the
photolysis of 03. At wavelengthsbelow 310 nm 03 is photolysed to givean excited
oxygen atom, 01 D, which partly reacts with Hz0 to form OH. OH rapidly reacts
with a large number of molecules, it is so to speak the major 'cleansing agent' of
the atmosphere. Duringits reaction it interconverts to other radical species.Through
the reaction with 03, in which 03 is converted to Oz, OH is converted to HOz.
The attack on Cf4 by OH entails a whole sequence of reactions symbolizedby the
circle around Cf4 (Figure 5.1), in which CH4is decomposed first to HzCOthen to
CO and Hz, whereas OH is eventually converted to HOz. (The reaction of HzCO
with OH is included in the conversion rate givenin the arrow; there is slightlymore
HOz produced than OH used, as indicated by the factor <X.In the lower troposphere
<X~ 1.) The fastest conversionof OH, however,is the reaction with CO.Theproducts
are CO2 and atomic H. The H atom reacts so quickly with O2 to form H02 that
the H concentration remains very low. The HOz formed is less reactive than OH.
The back reactions from HOz to OH have smaller rate constants and the H02
concentration builds up to higher values. The back reactions with 03 and NO lead
directly to OH. H02 also reacts with itself to form H2O2 which photolyses to
form OH. HzO2 can also be removed by rainout, heterogeneous reactions or
reaction with OH, which leads to a net loss of radicals. Note that interconversion



~
' ~1.10" H

0, ... ,..' ~"
.

'~ C,.3.2'1O
0'0 CO. 29.10'

8-" ".' ".';""

. ~12'10'/
12.10' 1.7.10'' . 0,.

H,O.6.1O 7.10'H,O,.

SO,.,.'0'

HO,.2.1O'
~O,.6.2.10'

OH,14.1Q'

I
rainout, 2.' .10'

~ t
rOlnout roinout roi nout

OH,2.10'

Figure 5.1 Reaction cycle of hydrogen radicals. The numbers in the boxes indicate the concentra-
tions (cm3), the numbers in the arrows the radical conversion rates (cm3 81). Concentrations and
reaction rates were calculated for surface level background air on a sunny summer day at mid-lati-
tudes. 3P and 1D are different oxygen electronic states and 'het' represents heterogeneous reaction
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Table 5.3 Average Daytime Concentrations used to derive Figure 5.1

Molecule
Concentration
(mo1ecule/cm3)

Mixing ratio
(p.p.b.)

NO
NOz
HN03
SOz
03
CO
Hz
CH4
HzO

0.8 X 109
1.7 X 109
2.5 X 109
5.0 X 109
1.0 X 101z
3.7 X 1012

13.8 X 101z
4 X 1013
2.5 X 1017

0.33 X 1(fz
0.66 X l(fz
0.1
0.2

40
ISO
550

1600
107

Table 5.4 Reactions and Reaction Rate Constants* used to derive Figure 5.1

*Unless otherwise stated the rate constants are taken from the compilation of DeMore et aI.,
1979; tincludes three body reaction; :j:Cox, 1975.

does not mean a net loss of radicals; OH is only temporarily stored as HOz, which
is eventually recycled to OH. Net radical losses are only maintained by the
arrows pointing downward and out of the cycle. The loss via HzOz was already

Reaction constants
Reaction (298 oK, 1 atm)

01 D + Nz -'>- 03 + Nz 3 X 10-11 cm3 mo1ecule-l s-1
01 D + Hz 0 -'>- OH + OH 2.3 X 1(fl0 cm3 mo1ecu1e-l s-1
OH + Hz -'>- Hz 0 + H 7.5 X 10-15 cm3 mo1ecule-l S-1
OH + CO -'>- COz + H 3 X 1(f13 cm3 mo1ecule-l s-1t
OH + CH4 -'>- CH3 + HzO 7.7 X 10-15 cm3 mo1ecule-l S-1

OH + 03 -'>- HOz + Oz 6.8 X 10-14 cm3 mo1ecule-l S-1

OH+NOz +M -'>- HN03 + M 1.45 X 1(f11 cm3 mo1ecule-l S-1

OH + HN03 -'>- HzO + N03 8.5 X 1(f14 cm3 mo1ecule-l S-1

OH + HzO -'>- Hz 0 + Oz 4.0 X 1(f11 cm3 mo1ecu1e-l S-1
OH+SOz +M -'>- HS03 + M 8 X 1(f13 cm3 mo1ecule-l S-1

OH + HzOz -'>- HOz + HzO 8.1 X 1(f13 cm3 mo1ecule-l s-1

H + Oz + M -'>- HOz + M 1.4 X 1O-1z cm3 mo1ecule-l s-1

HOz + HOz -'>- Hz Oz + Oz 2.5 X 1(fIZ cm3 molecule-l S-1

HOz + 03 -'>- OH + Oz + Oz 1.6 X 1(f15 cm3 mo1ecule-l S-1

HOz + NO --* OH + NOz 8 X 1(fIZ cm3 molecu1e-l S-I:j:
HOz + NO + M -'>- HN03 + M 1.4 X 1(f13 cm3 molecu1e-l S-1

03 + hv -'>- Oz + 01 D 4 X 1(f6 S-1

HzOz + hv -'>- OH + OH 6 X 1(f6 S-1

HzOz -'>- rainout, 3.4 X 1(f6 s-1

heterogeneous
reactions
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mentioned. R02 also reacts with OR to form R2o. ill addition, Figure 5.1 shows a
not well-established reaction of R02 with NO to form HN03. This reaction is
included because it has been used by Hameed et at. (1979) to calculate the curves
shown in Figures 5.2 and 5.3. Another important radical loss is the reaction of OR
with N02 which yields HN03. Finally the reaction of S02 with OR is important,
because it removes about 50 per cent of the S02 from the atmosphere by reaction
to RS03 followed by heterogeneous reaction to R2S04 and fmally by rainout.
Owingto the small radical flux, however, it is of very limited influence on the OR
balance.

Adding up all the flux values in the arrows, it is seen that the recyclingof OR is
about 10 times faster than the net loss through the removal reactions, and that OR
takes about 0.5 s to passthrough one such cycle.

Now I shall identify the coupling points, where the radicals react with the N-,
Co,and S-species. Most easilyunderstood is the reaction with S02. It leads to a net
loss of OR. The loss is small, however, at least in the background atmosphere.
There, S02 accounts for about one per cent of the net radical loss. Even doubling
of the S02 concentration would have little impact on the OR concentration and
hardly any influence on the C and N cycle.

For the carbon species CO and CR4 the coupling is more important but also
more complicated. Especially, the concentration of CO, whose radical conversion
is quite fast, has a large impact on the OR concentration. This impact, however,
since it takes place within the interconversion loop, depends also on the rate of the
back reaction which is mediated mainly by NO. Thus the impact of CO will also
depend on the NO concentration. If the NO concentration is low, the back reaction
of R02 to OR is slow. An increase in the CO concentration will accelerate the
reaction of OR to R02 and decrease the OR concentration. If NO concentrations
are large, the following feedback comes into play. ill the reaction of R02 with NO
the latter is oxidized to N02. N02 is then photolysed by solar ultraviolet radiation
to give O-atoms which in turn react to form 03. The 03 concentration increases,
and with it the primary production of OR. This counterbalances the increased con-
version rate of OR due to the increased COconcentration. Even more complicated
is the situation with respect to NO and N02, because they enter into the inter-
conversion, into the net loss of R02 and OR, and into the primary production
through the feedback via 03 as just shown. All I can say from the analysis of
Figure 5.1 is that an increase of NOx will increase significantly the net losses,and
thus decrease the sum of OR and R02. To obtain amore quantitative understanding
it is necessary to turn to model calculations of atmospheric chemistry. As an
example I shall discuss the recent calculations by Hameed et al. (1979). These
calculations were made with a steady-state, zero-dimensionalmodel of the global
troposphere. This means that the data I will use to quantify the couplingbetween
the cyclesthrough OR still come from a rather simplifiedmodel and do not warrant
far-reaching conclusions. The changes of the OR, R02, and ROx concentrations
followinga changein the globalNO, concentrationareillustratedin Figure5.2. All
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Figure 5.2 The concentration of OH, H02, and
their sum, HOx, as a function of the NOz mixing
ratio calculated from a zero-dimensional, steady-
state model of the troposphere (Hameed et aZ.,
1979)

other input parameters remain ftxed. For very small initial N02 concentrations,
Hr2 to 10--1p.p.b., the sum of OH and H02, HOx, decreaseslittle with increasing
N02. In this range the other net lossesof radicals,mainly formation and rainout of
H2O2, apparently still dominate. Only above a N02 concentration of about 0.1
p.p.b., do reactions of OH with N02, and H02 with NO become the dominant net
loss terms and the decrease of HOx with further increase of N02 becomes very
marked. It can also be seen that over much of the N02 range shown in Figure 5.2
the HOx decrease is essentially due to a decreaseof H02. In fact, at low N02 con-
centrations OH increaseswith increased N02 concentration. Belowabout 0.1 p.p.b.
N02, the OH response to an increased N02 concentration is dominated by faster
conversion from H02 to OH via NO which is in rapid equilibrium with N02 and
not by the slight increase in the net losses of odd hydrogen radicals from reaction
with NO and N02 . Only above 0.1 p.p.b. N02, when the external radical loss due
to NO and N02 starts to dominate the other external loss reactions, does OH also
begin to decrease with increasing N02, despite the increased conversion rate of
H02 to OH.

Obviously the OH response of the system considered depends strongly on the
initial N02 concentration. In the background troposphere with relatively low N02
concentrations (below 0.1 p.p.b.) the response to an increase in N02 should be
relatively small judging from the flat slope of the OH curve around that concen-
tration. In polluted areaswith already high N02 concentrations a strong decrease in
OH might be expected with further increase in N02 .
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Figure 5.3 The concentration of OH as a function of the
CO emission into the troposphere for various mixing
ratios of N02 (adapted from Hameed et aZ., 1979)

The change of OR concentration with change in COemissionis shown in Figure
5.3. This change is calculated from the Cf4 response curves given by Hameed et aJ.

(1979) assuming that the only loss for CR4 is the reaction with OR and that the
CR4 input flux is fixed. Clearly the OR response to an increased CO flux depends
on the N02 concentration. OR drops rapidly with increasingCOflux for very small
N02 concentrations, say 0.01 p.p.b., as pointed out in the discussionof Figure 5.1.
The response curve for 0.1 p.p.b. N02 is much weaker but still decreasing. For
large concentrations of N02, say 1 p.p.b., an increased emission of CO leads to
more OR. This change in the response can be traced to the faster cyclingbetween
OR and R02 : the forward reaction of OR to R02 is accelerated by increased CO
concentration; the back reaction of R02 to OR is acceleratedby the increasedNO
concentration. Since in its reaction with R02, NO is oxidized to N02 which in
turn is rapidly photolysed to NO and 0 atoms, the faster cycling leads to an in-
creased production of 0 atoms. The 0 atoms combine with O2 to give03, and the
increased levelsof 03 lead to an increasedprimary production of OR.

fucidentally, the present anthropogenic emission of COis about 500 X 106 ton
yr-l which gives an OR concentration of about 106 OR cm-3 for all three curves.
Nevertheless a change of OR due to a change in CO could be fairly substantial. It
depends on the initial concentrations of CO as well as the N02 present in the
atmosphere.

These fmdings are summarized in Table 5.5 and show the relativechange in the
global concentration due to a change in CO emission or in N02 and 802 concen-
tration. The numerical value of -1.1 meansthat the global OHconcentration would
decrease by 11 per cent if the globalCOemissionincreasedby 10per cent. Obviously,
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Table 5.5 Relative Change of OH Concentration with Change in CO, N02, and S02
Concentrations as a Function of the N02 Concentration

Relative change
N02 concentration (p.p.b.)
0.01 0.1 1.0 Remarks

AOH
OH

ACO
CO

-1.1 -0.13 + 1.42

-0.01 -0.01 -0.01

change of CO flux
around 500 X 106
ton yr-l after
Hameed et aI.,
1979
change of N02
concentration,
after Hameed et aI.,
1979
change of S02 con-
centration around
0.2 p.p.b., estima-
ted from Figure
5.1

+0.11 +0.22 -0.92

depending on the N02 concentration, the OH changes due to perturbations of CO
or N02 can be fairly large. For S02 the influence on OH concentrations is small
in any case. The middle column for 0.1 p.p.b. N02 probably represents the closest
estimate of today's global conditions. Fortuitously, the present globMresponse of
OH to a perturbation of CO and N02, should be relativelysmallthat is, about two
per cent for a 10 per cent changein NOx.

The conclusion from these model calculations then is: Yes, the atmospheric
trace gas cyclesshould be coupled through the OH radical. As man or nature change
the carbon or nitrogen cycle, the global OH concentration will change also. The
resulting OH change is a complicated function of initial conditions and sizeof the
perturbation. Since reaction with OH is the major sink mechanism for most trace
gases, their chemicallifetime in the atmosphere will adjust accordingly.A changein
one trace gas cycle, however, will not influence the overall mass balance of the
atmospheric cycles of the other trace gases. The mass balance is f)Xedby the pro-
duction of the trace gases which except for COoccurs outside the atmosphere and
thus to a first approximation remains unaffected. What will change is the atmos-
pheric concentration and global distribution of the other trace gases. It seems,
however, judging from Table 5.5, that on a global scale and in the near future the
effects due to couplingthrough OH should be relatively small.

Regional pollution is a different matter. Manintroduces and concentrates a large
part of the pollutant trace gasesin industrial areas. There the perturbation of the
local chemical system may become severe and coupling via the OH-radicalmay be
quite important. (Other, direct coupling mechanisms could begin to playa role
too.) As Figures 5.2 and 53 show, it is conceivablethat in such a situation-given

AOH AN<h
OH N02

AOH AS02
OH S02
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the proper mix of pollutants-the local OH concentration could decrease with
higher emissions in the future. In that case the self cleansing ability of the local
atmosphere would become overloaded. As a result an increasing fraction of the
pollutants would spill over into the background atmosphere. In this way regional
coupling of the trace gas cycles may produce a global impact. The simple model
data presented here can only identify the questions, they do not provide a fmal
answer. In fact much future researchneeds to be done before the extent of chemical

coupling in the atmosphere is understood in reasonable detail.
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