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1. Introduction

Two trace greenhouse gases, ozong) @d methane (Chlare very important in the chemistry
and radiation balance of the troposphere. Other greenhouse gases, s@FGsand nitrous oxide,(),
have a negligible role in tropospheric chemistry, but become very important in the stratosphere where
their activity is generally to the detriment of the ozone layer. Some of the other halocarbons, such as
methyl chloroform (ELCCJ) and HCFCs, are greenhouse gases of varying degrees of importance that,
play small but significant roles in tropospheric chemistry as $orkbie hydroxyl (OH) radical.

Other trace gases are important because they affect the concentrations e$ gasich are
radiatively active, though they are not so themselves. The active nitrogen oxides NO and NO
collectively labelled as NOregulate the formation of ozone, while carbon monoxide (CO) and to a
lesser extent volatile organic compounds (VOGs) phportant roles as sinks for OH, with some of the
by-products subsequently reactirtg produce ozone.

The hydroxyl radical is the most important of the trace gases because it reacts with practically
everything, and in a sequence of reactions the one{g)lving OH are the ratkmiting ones as often as
not. It is also the most difficult to study, because its average concentrations are simply too low and its
lifetime is too short to measure easily. Attempts to indirectly estimate OH concentration ate wi¢h
models which use a "tracer" gas such as methyl chloroform (e.g. Prinn et al, 1992), but uncertainties in
the tracer data such as sinks of unknown magphét make for uncertain results.

All of these species exist in an intricate, interdependent photochemical balance governed by a
plethora of nonlinear checks and feedbacks which are still not fully understood or quantified. Study of
these processes is made more difficult by a lack ohd&fn of their budgets and increasing
anthropogenic influences upon them. The purpose of this paper is to summarize current knowledge of
the chemistry, sources and sinks of these 1@ trace gases in the troposphere.

2. Tropospheric Ozone

Tropospheriozone is a health hazard to humans and animals, causing lung and eye irritation
and possible damage upon prolonged exposure, damages trees, crops and other plants, and is part of
what makes exposure to smog so unpleasant. It also acts as a greenhous®ggls.its short lifetime
makes it more of a regional factor, with net global effects that are difficult to assess. Most important of
all its high reactivity means that it plays a pivotal role in tropospheric chemistry, largely as a source of
OH radicalsMuch effort continues to be devoted to the study of ozone, as many of its interactions with
other species remain poorly understood.

2.1 Radiative Effects

Although articles in the popular press always stress the importance of stratospheric ozone's role
asan absorber of harmful ultraviolet radiation, little if any mention is made of tropospheric ozone's
equally important role as a greenhouse gas. The solar and longwave effects of ozone in the troposphere
and lower stratosphere act together to increase sugdemperature, while in the middle and upper
stratosphere they oppose each other. As a result, surface temperatures are much more sensitive to
changes in tropospheric than stratosphe@8 (Ramanathan et al, 1987; Lacis et al, 1990; Schwartzkopf
and Ramawamy, 1993)

2.1.1 Short-Wave Effects

Rayleigh and particle scattering of {B\Wadiation by dust and air molecules occurs throughout
the atmosphere, greatly increasing the length of the light path and hence the chances for absorption by
ozone. This suggests that tropospheric ozone could bere efficient UVB absorber than stratospheric
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ozone. Model studies (Bruhl and Crutzen, 1989) show that in spite of a decrease in stratosgheric O
surface UMB radiation decreases as tropospheric ozone increases, apparently confirming the above
hypothesis The diffusion of the U radiation was shown to be especially important for small solar
zenith angles, in summer and in low latitudes.

2.1.2 Long-wave Effects

The greenhouse efficiency of tropospheric (and stratospherjé3 Qreatest near the
tropopause and decreases as one moves away from it in either direction, and thus radiation model
results are most sensitive to changes in ozone concentration near this level. (Lacis et al, 1990;
Schwartzkopf and Ramaswamy, 1993) This variation in efficiendyilisittd to the difference between
the temperature of the emitter (i.e. the ground) and the temperature of the absorbing ozone molecules,
and it follows that a change in;®@ertical distribution would likely cause a change in climate forcing,
even if the btal ozone column were not to change. (Lacis et al, 1990)

2.2 Chemistry

03

[N——1 < ot3p) T l

\ )
CnHp 0,
HO; i CH,
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Figure 1:.Summary of tropospheric ozone chemistry. The
processes are explained in the text. (From Johnson et al, :

2.2.1 Ozone Production and Loss Processes in Clean Air

Theonly known process which produces ozone is the photolysis gf ROdhe et al, 1982; Wayne,
1991)

NO, + hv - 0 + NO 1)
O+ 0,+ M >0,+ M @)

NQ, concentrations are thus the limiting factor in ozone production. ViMR)] greater than a
thresholdvalue of about 30 pptv (parts per trillion by volume) in relatively clean air, 0zone generation
by Equations (1) and (2) will exceed its amption through the reactions:

NO 4 0; > NO, + 0, ®3)
OH + 0; - HO, + 0, @)
HO, + 05 - OH + 20, (5)

because the reaction rates of {3) are all almost three orders of magnitude smaller than that for
reaction (18) (see section 4), which regenerat€s.NAtkinson et al, 1990)



In very clean air which has little or no N# all, such as marine boundary layer air, the
destructionof ozone can be increased throughiitgeractionswith water vapair, as in the following:

03 + hviaczionm = 02+ O( 'D) (6)
0('D) + H,0 - OH + OH (7
OH + 0; - HO, + 0, (8)

(Ayers et al1992) Note that (4) and (5) form a catalytic cycle and are very efficient because (7)
produces two OH radicals.

The photochemical processes following equationg)4have been identified as the controlling
factors in the ozone budget of cleamarine boundary layer air (Ayers et al, 1992). Diurnal cycles of
ozone depletion during the day and replenishment during the night, and vice versa for hydrogen
peroxide HO,, were found. The concentrations also varied seasonally, with average ozonefconten
decreasing antt,O, concentration increasing with the approach of summer, with this being ascribed to
the increase in moisture content of the air along with enhanced solar intensity.

Dry deposition has been identified as a loss mechanism in the ructinmal boundary layer,
though it is still not certain how significant it is. Shepson et al (1992) found that the ratio of the
deposition velocity 00;to PAN, MOs)/V4¢(PAN), wa.42+0.19, smaller by a factor of6 than that
found in previousstudies. This finding illustrates the need for more research in this area, because PAN
(peroxyacetyl nitrate) is an important factor in the transport of /d@d the change will influence results
of the boundarylayer .concentrations of PAN in numerical retsd

2.2.2 The Effects of Pollutants

The addition of methane, VOCs and CO todh® f &tingsphere affect the concentratiorf o
ozone in a complex, often ndimear, manner which is not yet fully understood, but appear to increase
the ozone concentratioriThe most important effect of these is the production of the,Hi@ydropeioxy)
and CHO, (methyl peroxy), which occurs as follows:

OH +CO - CO, + H 8)
H+0,+M > HO,+ M 9)
CHs + 0, » CHs0, (10)

RQ (alkyl peroxy) and peroxgdicals formed by other VOCs operate in the same manner as the
methyl peroxy radical does. These radicals then react with NO to forn{9e@® section 4), which
produces ozone as shown above.

Contrary to first impressions, however, the reactions.(Bare in fact nodinearly dependent
on the ozone and OH concentrations through reaction (7). It is the attack by OH, timeGHDCs, and
CO (see sections 3, 5 and 6 respectively) which initiates the formation of the peroxy radicals which then
form ozone, with reacts with water vapour to form more OH radicals to continue the process in a
guasticatalytic cycle. It is thus no surprise that smopduced misery is at its highest in urban areas
polluted by anthropogenic N@nd VOC emissions on hot, sunny and ltbsummer days, when the OH
recycling becomes highly efficient.



2.2.3 Sensitivity of Ozone to Precursors

It is well known that several types of VOC have natural sources, the most important of these
being isoprene and monoterpenes that are emitted by fdia(See section 5) Natural VOCs have been
shown to be significant contributors to ozone production, accounting for 56% of all VOC contributions in
a reference case and 88% in a case where natural background VOC concentrations were quadrupled.
(McKeen et § 1991) In urban/suburban regions during midday, it was found that biogenic hydrocarbons
accounted for a significant fraction of the ambient HC reactivity, while in rural areas they contributed
almost 90% of it. (Chameides et al, 1992) The backgrounch€Oticoncentrations also play a
significant role in the regionally averaged net ozone formation (McKeen et al, 1991), confirming the
previous discussion.

The sensitivity of ¢to reductions in either N@or VOCs at a given location depends on the
extentof urban influence. The ozone in urban regions is more sensitive to VOC concentrations, while
that in rural regions is more sensitive to anthropogenic.NMcKeen et al, 1991; Chameides et al,

1992) Ozone in rural areas is less sensitive to rural isepearissions than ozone in urbanized areas,
because the latter are highly sensitive@3which arrives from rural areas that are upwind. Overall, it
appears that (at least in the Eastern United States)rdtber than VOCs is the limiting factor in ozone
production. (McKeen et al, 1991; Chanmescet al, 1992) Hence, NOx tmhappears to be the most
effective way to reduce ozone concentrations over a whole area, as opposed to just the urban centres,
with the added benefit that it reduces the avera@glevels over a higher vertical extent.

Research for this paper did not uncover any information concerning the variation of
tropospheric ozone chemistry with altitude. It is reasonable to assume, however, that the same
reactions will occur at all levels, attea and with results which depend on the concentrations of the
reacting species and the temperature.

2.3 Heterogeneous Processes

O NO,
Br = BrO =——= BrNO,
NO, BrO, v ho

5 . 3
o = B rz o = 2' =
61 o jost & — ;‘:

| |
HBr HOBr

Chemical cycling of inorganic bromine in the troposphere. Thin lines
indicate gas-phase reactions; data for these reactions can be found in ref.
8. The aerosol reactions (1) and (2) discussed in the text are shown as
heavy lines. The sequence of reactions Br +05 - BrO +0O,, followed by BrO +
BrO - 2Br + 0, represents a catalytic loss mechanism for ozone.

Figure 2:Chemical cycling of inorganic bromine in the troposphere
(From Fan and Jacob, 1992)



It has long been recognizelat heterogeneous processes (that is, those occurring in gas and
liquid phases) can play important roles in atmospheric chemistry (see Granier and Brasseur, 1992). The
sulphuric acid aerosols which occur in the Arctic spring have been shown to provielna of
accelerating the destruction of tropospheric ozone by bromine by enabling the radicals Br and BrO to be
rapidly recycled. (Fan and Jacob, 1992) Figure 2 illustrates this cycle.

Modelling tests indicate that the proposed mechanism is much moreiefii at destroying
ozone than is the gasnly reaction set, especially at high initia} 8nd low NQconcentrations.

It has also been found that the addition of aqueous phase chemistry creates a significant effect
uponO; and HO2distributions in a modelled troposphere. (Jonson and Isaksen, 1993) Ozone levels
were found to be reduced by 180%, with the largest reductions in the remote middle troposphere, but
the peroxide changes were not readily predictable, depending strongliy the pH of the cloud
droplets.

2.4 Trends

There is general agreement that tropospheric ozone has been increasing, especially in the
northern midlatitudes, and will continue to do so, due to increases ip, GlF), CO and NMHCs. The
exact amount of the increase continues to elude researchers, as it is dependent on the assumed values
of its aforementioned precursors, on losses of stratospheric ozone, and water vapour concentrations,
but it is likely on the order d3.5-1.0% per year. (Thompson, 1992) Surf@eneasurements in
Antarctica have decreased, however, likely due to the depletion of the stratospbmone layer.
(Thompson, 1992)

3. Tropospheric Methane

Methane is one of the most important trace componsrmf the atmosphere. It is an effective
greenhouse gas, causing approximately 15% of the greenhouse effect (Anastasi et al, 1992, and others)
and its final oxidation products aredgand water vapar, both of which are also important greenhouse
gases. Ozanis the most importanby-product, and CO is a prominent intermediate product because it
is a major sink for OR. Because the primary removal mechanisht, &f €idation by OH, any increase
in the amount of methane present will decresthe OH concentraton, thus increasing the
concentrations of a host of other species which react with it, including ozone.

3.1 Methane Chemistry

The main reaction pathway for the oxidation of methane in the presence @ffNO

CH, + OH — CH; + H,0 (11)
CH; + 0, > CH530, (12)
CH;0, + NO - CH;0 + NO, (13)
CH0 + 0, » HCHO + HO, (14)
HCHO + hv > H + HCO (15)
HCHO + OH > H,0 + HCO (16)
HCO + 0, > HO, + CO (17)
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Figure 3.The Methane Reaction Pathways (From Tie et al, 1992)

The oxidation of CO @iscussed in section 6. Figure 3, shown above, is a more complete
illustration of the Methane Oxidation Cycle (MOC). The free H will react witls €hown in equation
(9). The Hexradicals created in (14) and (17) and the,Mfeated in (13) are likelytreact further to
create ozone, especially in polluted air (see section 2).

A numerical study of the MOC revealed that an average annual loss of 0.22 molecules of OH,
and an average gain of 0.82 molecules of CO and 1.53 moleculgs@fu® for each melcule of
methane that is destroyed. If the new OH+@éhction rate coefficient of Vaghjiani and Ravishankara
(1991) is used, the global annual average production rates of COsard €@duced by up to 23%. (Tie
et al, 1992) It was also found that the seaal cycles, spatial distributions and even the signs of the
yield coefficients of OH, CO angWere sensitive to the initial distributions of NGHQ and OH. The
MOC was shown to produce OH whenjld@ncentrations were relatively low, and destroy it evhthey
were relatively high due to the favouring of different pathways (none was specifically mentioned). High
NGO, and low H@concentrations in winter tend to increase ozone and decrease CO production, when
the MOC favours pathway(see Figure 3), wlei summertime low N@and high H@have theopposite
effect, when pathway,land scavenging procesgdre favoured.

Because of its short lifetime, the N®hich catalyzes the methane oxidation is located mainly in
the lower troposphee, and hence mostfahe deconposition and ozone formation will occur there. It is
known that ozone is more effective as a greenhouse gas near the tropopause than near the surface (see



section 2), but the IPCC's 1990 report did not take this into account, resulting ireestmation of
the indirect effects of Cfbn global warming. (Lelieveld and Crutzen, 1992)

3.2 Methane Concentration Trends

The atmospheric lifetime of methane is about 10.5 years (IPCC, 1992). This has been called into
guestion, though, by Vaghjiani diRavishankara (1991), whose experiments revealed that the accepted
value of the reaction rate for Gldnd OH in the troposphere may be too large, with the result that
methane's real lifetime may be up to 25% greater, and the flux smaller (by about XD per year)
than previous estimates. Even with the revised figures, it appears that the loss of 75 Tg per year of CH
needed to balance the budget, has yet to be explained.

It is generally accepted that the amount of ithe atmosphere has approxirtedy doubled
since preindustrial times (e.g. Jacob, 1991; IPCC, 1992), but that the rate of increase has slowed in
recent years (e.g. Madronich and Granier, 1992; Steele et al, 1992). The rate of increase in methane has
dropped from 1427 ppb/year in 1978983 to 820 ppb/year (or about 1% per year; see Crutzen, 1991)
since 1984 (Madronich and Granier, 1992). A possible cause for this is an increase in global OH
concentrations, caused in turn by the change in the dissociation rate for ozone. (MadroniGramdr,
1992)

Because methane is oxidized only by OH, less OH is left to react with furthem@kions, thus
enhancing its lifetime and creating one of many atmospheric chemistry feedback mechanisms.
Increasing CHemissions contribute only 70% todlobserved methane increase, with the remaining
30% attributed to decreased OH concentrations. (Lelieveld and Crutzen, 1992)

Switching from coal and oil to natural gas would reduce climate forcing, so long as the gas
leakage could be kept under 4537% br coal and under 2:2.9% for oil over a tegrear period. Over
100 years, a more frequently used time scale for estimating effects, the ranges increase-12 .00/
for coal and 6.77.2% for oil. Since studies have revealed that gas losses are muttealed$so for
several Western countries, switching to natural gas would be beneficial, but for places like the former
USSR which have unknown, but probably large, losses, this may not be the case. (Lelieveld and Crutzen,
1992)

3.3 Sources and Sinks

CH is emitted from biogenic sources such as wetlands, ruminants, rice paddies and biomass
burning (i.e. forest or grassland fires), as well as by purely anthropogenic sources like coal mines, landfill
sites, and oil and gas wells (Crutzen, 1991, and oth®isde the methane oxidation cycle is fairly well
understood, much of the current research on tropospheric methane involves attempts to quantify in
better detail and accuracy its various sources and sinks to formulate better estimates of the global
budget.

3.3.1 Desert Soils

Desert soil uptake, so far excluded from soil uptake estimates gft@ll been recently
estimated to be 7 Tg per year. (Streigl et al, 1992) It was found that increasing soil moisture causes a
marked increase in Gldonsumption, whildower soil temperatures were found to inhibit uptake. It was
also found that if neasurface conditions are unfavourable for decomposition, methane will diffuse
down to depths of up to two metres where it will be consumed under better circumstancediridiigy
was suggested as a reason for difficulties in relatingoc@hsumption to soil moisture and/or
temperature at some fizd depth. (Streigl et al, 1992)
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3.3.2 Grasslands

Semiarid grasslands could contribute €656 Tg per year to the global methasiek (Mosier et
al, 1991). Experiments conducted in the Colorado shortgrass steppe revealed that fertilization and
cultivation decrease GHiptake. (Mosier et al, 1991) Methane absorption has far less diurnal and spatial
variation than nitrous oxide emissis, but the two appear to be inversely related with moisture
content. NO flux from the soil of all sites was highest immediately after precipitation, while CH
absorption was "at its lowest levels, but during very dry conditions both processes dedfitigt u
rained again. (Mosier et al, 1991)

3.3.3 Rice Paddies

Although there is considerablencertainty to the contributionit is currently estimated that up
to 20% of the global GHux is from rice paddies. (Anastasi et H92) A model incorporating 1989 per
capita rice production and population increase statistics in 94pioglucing countries predicts that the
flux will increase from the 1990 level of 97 Tg per year to 145 Tg per ye@etn Phe uncertainties are
large, however, due to questions about geographical variations in release rates and factors such as
fertilization and soil temperatures. (Anastasi et al, 1992)

3.3.4 Tropical and Boreal Wetlands

An estimate of the total methane emission from the flooded &ireegion of the Congo river
basin was made as 132 Tg per year, (Tathy et al, 1992), but overall, soils in tropical forest regions are
net sinks of methane in spite of intense, but siimeited, sources. (Delmas et al, 1992) Emission from
termite nestsappeared to be only a minor component of the flux in this case, which may be due to the
presence of methanexidizing bacteria.

Emissions from the boreal wetlands of Canada are on the order of 0.15,pgGlear, with
beaver ponds, thicket swamps andds being the primary emitters. (Roulet et al, 1992) As with the
tropical and desert areas, the moisture content was the key to the amount of gas released, with peat
and sediment temperature modulation. This value is about an order of magnitude less thavieus
estimate, made for the entire boreal region in the northern hemisphere, would have given the Canadian
wetlands.

The following values are summarized from Crutzen, 1991. The imbalance is represented by the
annual increase value.

Source/sink Name Amount

Reaction with OF -420£80 Tg
Uptake by soils -30+15 Tg
Stratosphere  -10£5Tg
Coal mines 25+5Tg

Methane ~5Tg

Oil & gas distribution 70+15 Tg
Ruminant animals ~80 Tg
Landfils 50+20 Tg

Oceans and termite ~30 Tg

Biomass 30x15Tg
Wetlands & rice paddie: 215+50 Tg
Annual increase in GF 45+5 Tg
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The following is a summary of findings from other papers.

Source/Sink Nam¢ Amount Source
Rice paddies ~100 Tg Anastasi et al, 199.
Canadian boreal wetland ~0.15 Tg Rouletet al, 1992
Desert soils ~7 Tg Streigl et al, 1992

Semiarid grasslanc -0.5t0-5.6 Tg Mosier et al, 1991
Flooded forests of the Congo bas 1.6¢3.2 Tg Tathy et al, 1992
(The net from the entire Congo forest region is actually absorption.)

4. Nitrogen Oxides (NOy)

The nitrogen oxides NO and N&@e referred to collectively as NOecause they are in a state of
rapid photochemical equilibrium during daylight (Jacob, 1991). For ease of reference, important
reactions involving NCare repeated below.

NO; +hv - 0+ NO Q)
HO, + NO - OH + NO, (18)
CH;0, + NO - CH;0 + NO, (13)

Although not greenhouse gases themselves, they are very important because they act as
catalysts in many of the tropospheric chemical reactionsuifing the decomposition of methane and
VOCs. (Jacob, 1991) As has been mentioned in section 2, the production of ozone is dependent on the
ambient concentrations of NOThey also control the concentration of the OH radical, with an increase
in NQ tendingto cause an increase in OH.

Figure 4illustration of the Importancef NOx to the Methane Oxidation
Cycle. (From Wayne, 1991)

4.1 Sources and Sinks in the Lower Troposphere

Sources and sinks of Niave for the most part been identified. The primary biogenic source is
emission from soils, while the primary anthropogenic source is from combustion of fossil fuels and
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