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Abstract. Oxidation by hydroxyl radicals is the main removal process for organic compounds in
the troposphere. This oxidation acts as a source of ozone and as a removal process for hydroxyl and
peroxy radicals, thereby reducing the efficiency of methane oxidation and promoting the build-up
of methane. Emissions of organic compounds may therefore lead to the build-up of two important
radiatively-active trace gases: methane and ozone. Emission pulses of 10 organic compounds were
followed in a global 3-D Lagrangian chemistry-transport model to quantify their indirect greenhouse
gas impacts through changes induced in the tropospheric distributions of methane and ozone. The
main factors influencing the global warming potentials of the 10 organic compounds were found to be
their spatial emission patterns, chemical reactivity and transport, molecular complexity and oxidation
products formed. The indirect radiative forcing impacts of organic compounds may be large enough
that ozone precursors should be considered in the basket of trace gases through which policy-makers
aim to combat global climate change.

1. Introduction

Oxidation by hydroxyl (OH) radicals is the main removal process for the organic
compounds emitted by human activities and natural biogenic processes, although
under some conditions, photolysis and reaction with nitrate radicals and halogen
atoms may also be important (Atkinson, 2000). The rate of this OH-oxidation
removal process depends on the hydroxyl radical concentration distribution, the
concentration distribution of the organic compound (RH) and the rate coefficient
for the reaction (1):

OH + RH = oxidation products . (D

For most organic compounds, this reaction (1) produces peroxy radicals (RO;)
(Atkinson, 2000) which in reaction (2), oxidise nitric oxide (NO) to nitrogen diox-
ide (NO,), producing ozone (O3), carbonyl products and a hydroperoxy (HO,)
radical through reactions (2)—(5) (Leighton, 1961; Demerjian et al., 1974):

RO, + NO = NO,; + RO (2)
RO + O, = HO; + carbonyl products 3)
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NO, +hv =NO+ O 4)
O+0,+M=03+M. )

When there is sufficient NO under conditions of ‘high-NO,’, the HO; radicals are
efficiently recycled to OH (Logan, 1985), giving no overall radical loss following
the oxidation of the organic compound, and the oxidation of organic compound
leads to the production of O3. There are, however, other reaction pathways involv-
ing RO, and HO; (Logan, 1985) which under ‘low NO,’ conditions lead to the loss
of peroxy radicals and hence hydroxyl radicals through reactions such as (6) and

(7):
HO; + HO;, + H,0 = H,0; + O, + H,0 (6)

RO; + HO, = ROOH + O, (7)

or ozone destruction in reaction (8):
HO; +03 =0OH+ O, + 0O,. ®)

The loss of OH following the oxidation of organic compounds under ‘low-NO,’
conditions means that as organic compounds build up, less OH is available to
remove them and they build-up further in concentration (Isaksen and Hov, 1987).

An important implication of this increased competion for OH and decreased
oxidation capacity is the enhanced build-up in methane concentrations. Methane
is the second most important radiatively-active gas (IPCC, 1996) and its build-
up is controlled by the oxidising capacity of the troposphere (Ehhalt, 1974). This
feedback of methane growth upon methane concentrations adds an additional 20—
70% to the methane build-up (IPCC, 1996). NO, emissions play a crucial role also
in fixing OH concentrations and hence in controlling methane concentrations, now
and in the future (Kheshgi et al., 1999). The enhanced methane concentrations that
result from emissions of organic compounds produce an indirect global warming
(Johnson and Derwent, 1996). A side product of the oxidation of organic com-
pounds under ‘high-NO,’ conditions is the production of ozone, the third most
important radiatively-active trace gas (IPCC, 1996). Emissions of organic com-
pounds therefore produce an additional indirect global warming through enhanced
ozone production to add to the methane indirect global warming (Johnson and
Derwent, 1996).

To evaluate the total greenhouse effect generated by the emissions of a trace gas,
the concept of global warming potential GWP has been defined (Derwent, 1990).
To estimate GWPs, an understanding is required of how long the trace gas remains
in the atmosphere and how it perturbs the global distributions of the major green-
house gases. The total greenhouse effect is calculated by injecting an imaginary
pulse of the trace gas into the atmosphere, simulating its decay and integrating its
atmospheric burden and those of the major greenhouse gases over a time horizon
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that is typically of the order of one hundred years. Prather (1994, 1996) and Wild
and Prather (2000) have shown how this decay, for the case of methane, can be
represented by a sum of exponential functions, the most important of which has an
e-folding time of about 12 years. In the case of carbon monoxide CO, this same
exponential decay is observed because the pulse of CO causes OH to decrease
temporarily and methane to increase (Prather, 1996; Daniel and Solomon, 1998;
Wild and Prather, 2000). In previous work (Derwent et al., 2001), we have shown
that the emissions of a range of short-lived trace gases, including CO, oxides of
nitrogen and hydrogen, can generate similar long-lived methane perturbations us-
ing a three-dimensional Lagrangian chemistry-transport model. This study extends
our previous work to a range of organic compounds that are widely recognised as
tropospheric ozone precursors by showing that they also generate similar long-lived
methane perturbations.

2. Model Description

Following the oxidation of an organic compound with OH, the relative importance
of OH loss, recycling or production depends on the local scale properties of the
atmosphere, time-of-day, season and composition, and so the only way to account
for all the processes is within a three-dimensional chemistry-transport model. The
model employed in this study is the U.K. Meteorological Office STOCHEM model.
This adopts a Lagrangian approach, using archived meteorological fields from the
U.K. operational numerical weather prediction model (Cullen, 1993) to advect
50,000 constant mass air parcels around the globe in three dimensions in a domain
extending up to 100 hPa with a three hour timestep. The large number of parcels
allows the determination of species concentrations on a 5° x 5° x 100 hPa grid.

The wind fields have been archived at 6-hourly intervals on a 1.25° longitude x
0.8333¢ latitude x 100 hPa grid. Sub-grid scale convective transport in our model is
diagnosed using convective cloud fields and convective precipitation. The species
concentrations in a fraction of the cells within a column below the convective cloud
tops are completely mixed. Parcels are not expected to maintain their integrity
indefinitely as they become distorted due to wind shears, so the mixing ratios
are relaxed towards background values with a time constant depending on height.
The background values are determined by the mean of neighbouring cells within a
5° x 5° x 100 hPa grid.

Chemical species are emitted into the model on the above 5° x 5° grid. Most
are injected into the boundary layer that is in turn diagnosed from temperature and
wind profiles. The emission rates of all the emitted species are listed in Table I,
anthropogenic sources are constant throughout the year whilst natural biogenic
sources vary monthly. Isoprene (CsHg) is emitted only during daylight hours at
a rate governed by the solar zenith angle. Aircraft and lightning NO, are emitted
using a full three-dimensional emission grid. Stratospheric ozone and nitric acid are
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Table 1

Model emissions in Tg yr—

la

Species Industrial Biomass Vegetation Soil Oceans Aircraft Lightning Other®
burning

NOy 26.6 7.1 5.6 0.5 5.0

SO, 72.8 1.6 8.8

Hp 20.0 20.0 50 50

CO 684.0 700.0 150.0 50.0

CHy 308.9 15.3 260.0

CoHy 8.0 7.1 20.0

CyHg 7.0 3.6 35

C3Hg 10.9 8.2 20.0

C3Hg 7.3 1.0 35 0.5

C4Hjo 63.1 2.1 8.0

CsHg 500.0

CgHjo 9.9 1.1

C7Hg 9.8

H,CO 1.6 1.3

CH3;CHO 35 4.0

Acetone © 2.9 0.5 25.8

DMS 26.1

NH3 39.3 35 24 8.1

1 1

4 Emissions are in Tg yr~* except for NO, which are in Tg N yr™".
b Other methane emissions include rice paddies, tundra, wetlands, termites and animals, both
wild and domesticated. Other SO, emissions include volcanoes.

¢ Acetone source from vegetation represents production from terpene oxidation.

d Emission totals and their spatial distributions were based on entries in the EDGAR database
(Olivier et al., 1996).

¢ Aircraft NO, emissions for 1992 were taken from IPCC (1999).

f Vegetation emissions taken from GEIA (Guenther et al., 1995).

treated as emissions into the top model layer using a two-dimensional distribution
in the layer between 100 and 200 hPa. Species are removed from the model by dry
deposition for air parcels within the boundary layer using species-dependent dry
deposition velocities. Nitric acid, hydrogen peroxide, SO,, sulphate aerosol, nitrate
aerosol, N»Os and ammonia are removed by wet scavenging using scavenging
factors from Penner et al. (1991).

There are 70 chemical species in the model, including the main trace gas species
that are thought to influence the tropospheric ozone and methane budgets: CHy,
CO, NO,, O3, hydrogen and nine non-methane organic compounds. A wide range
of free radical species have been incorporated into the model in addition to OH and
HO,, the main free radicals involved in the fast photochemistry of the troposphere.
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Reaction rate coefficient data and reaction pathways were taken from published
reviews and evaluations (Atkinson et al., 1996; DeMore et al., 1997; Atkinson,
2000). These radicals include the organic alkyl peroxy, peroxyacyl, hydroxyper-
oxy and hexadienylperoxy produced from OH oxidation of alkanes, carbonyl,
olefinic and aromatic compounds, respectively. The model species are produced
and removed in chemical reactions that are pressure, temperature and time-of-day
dependent. Photolysis rates are calculated using a one-dimensional two-stream al-
gorithm (Hough, 1988), taking into account the surface albedo, the overhead ozone
column and the instantaneous cloud amount. Altogether the chemical mechanism
includes 160 chemical reactions (Collins et al., 1999). The concentration of each
species is calculated with a backwards-Euler integration with a chemical timestep
of 5 minutes.

The STOCHEM model simulations of ozone and NO, in the base case experi-
ment have been validated previously against observations in the work of Collins
et al. (1997). Results from the present model for CO and O; show reasonable
agreement with other models and with observations, as can be seen in the in-
tercomparison studies of Kanikadou et al. (1999a,b). A detailed comparison of
the STOCHEM model results for the HO, species with observations is given in
Collins et al. (1999). An analysis of the ozone budgets for STOCHEM and 15
other published models is given in Collins et al. (2000).

The oxidising capacity of the troposphere is not always a well-defined quantity,
as pollutants are not spread evenly throughout the troposphere but tend to increase
in concentration close to sources. As each pollutant has a different global distribu-
tion, each pollutant will experience a different oxidising capacity. We have chosen
the reaction flux through the methane + OH reaction as our standard measure of the
oxidising capacity of the troposphere as methane is the longest lived of the simple
organic compounds in the STOCHEM model. In the base case model experiment,
the flux through the methane + OH reaction averaged over the 51 months was
500448 Tg yr~! in good agreement with the IPCC assessment of 490485 Tg yr~!
(IPCC, 1996). This would indicate a methane turnover time due to OH-oxidation of
9.0 £ 0.9 years, in agreement with the [PCC assessment of 9.9 + 1.8 years (IPCC,
1996).

3. Description of the Model Experiments

The STOCHEM model experiments each began with the meteorological archives
on 1 October 1994 and were run forward over the next 51 months until 31 De-
cember 1998, with the first three months used for initialisation. Each experiment
began on 1 January 1995 when the emission of a particular organic compound was
increased for one month and then returned to its base case value. The subsequent
transient behaviour of the global troposphere was then followed for four years. The
magnitude of the pulse in emissions was arbitrary. It was large enough to generate
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measurable differences between the experiment and the base case but small enough
to keep the differences in the linear range.

Linearity between the perturbations in trace gas concentrations and the magni-
tude of the emission pulse was checked using a global 2-D model that has been
described elsewhere (Johnson and Derwent, 1996).

Because of the requirements of computer time for our 3-D CTM, we have
been unable to complete an exhaustive investigation of the many combinations of
spatial patterns for the emission pulses and time of year over which they have been
released. Previous work on NO, (Derwent et al., 2001) has shown that these factors
are likely to be important in determining the overall results. In this study we have
been restricted to the assessment of the impacts of emission pulses of a wide range
of organic compounds using only two spatial distributions for a January emission
pulse. Further work will be required to explore a wider range of conditions.

The two spatial distributions used for the additional emission pulses were as
follows:

e ‘Anthropogenic’: for ethane, propane, butane, ethylene, propylene and toluene.
e ‘Natural’: for methanol, acetaldehyde, acetone and isoprene.

The spatial distributions used for the ‘anthropogenic’ emission pulses were scaled
directly from the global inventories of each organic compound (Olivier et al.,
1996), using only those source categories which were driven by human activi-
ties (transport, electricity generation etc.). The ‘anthropogenic’ emission pulses
were therefore spread over the major populated and industrialised regions of the
world and were almost entirely land-based. The spatial distributions used for the
‘natural’ emission pulses were the same as that used for the natural biogenic emis-
sions from vegetation appropriate to January and were taken from Guenther et al.
(1995). These distributions were largely tropical and were completely land-based.
All emission pulses were injected entirely into the model surface layer and only
during January 1995.

4. Influence of Ethane on the Oxidising Capacity of the Troposphere

Each organic compound was studied in a separate model experiment that differed
only by having an additional emission of that compound during January 1995. In
all other respects, the model experiments were identical. To illustrate the results,
the model experiment with ethane is described in some detail to set the scene for
the other organic compounds whose behaviour was, in principle, exactly analogous
to that of ethane.

Figure 1 illustrates the form of the present study. In Figure 1a, the difference
in ethane (C,Hg) emissions between the perturbation and base case experiments is
shown. Each column in the plot shows the mean value of that quantity averaged
over each month of the model experiment. An extra 1.0 Tg month~! was injected
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Figure 1. Time development of the perturbed global fluxes and burdens following the addition of an
emission pulse of ethane in the 3-D CTM, showing (a) excess CoHg emission, (b) CoHg burdens, (c)
excess CoHg burden, (d) excess OH + C,Hg flux, (e) excess CoH50, burden, (f) excess OH burden,
(g) excess CH4 + OH flux, (h) excess CH4 burden.
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over and above the 1.0 Tg month~! in the base case experiment and this is shown in
Figure 1la as an ‘excess’ emission. As a result of the ‘excess’ emission, the global
ethane burdens diverged between the two model experiments, see Figure 1b. By
subtracting the results for the two experiments, Figure 1c presents the ‘excess’
ethane burden.

The monthly mean ‘excess’ C;Hg burden rose from 0.36 Tg during January
1995 and reached a peak of 0.69 Tg during February, before decaying away with
an e-folding time of 2.5 months due to oxidation by hydroxyl OH radicals. This
time constant is close to the turnover time of C,Hg in the base model experiment.
Although an extra 1.0 Tg of ethane had been injected, because of its reactivity with
OH, the peak ‘excess’ burden was about two-thirds (= exp — 1/, 5) of the ‘excess’
injection, see Figures la—c. The ‘excess’ C,Hg decayed due to the reaction (9):

OH + C,Hg = C,H50, 9)

and Figure 1d presents the ‘excess’ OH + C,H¢ reaction flux. This enhanced
reaction flux, then in turn, generates an ‘excess’ C,HsO, concentration, see
Figure le.

The fate of the additional ethylperoxy (C,Hs0,) radicals depends on the local
availability of nitric oxide (NO) and is illustrated in Figure 2. If sufficient NO is
available (‘high NO,’ conditions) then a rapid reaction sequence follows leading
to the recycling of the OH radicals:

C,H50; + NO = NO, + C,Hs0 (10)
C,H50 + O, = HO, + CH;CHO (11)

If insufficient NO is available (‘low NO,’ conditions) then the C,Hs0O, will react
with HO; to form the relatively unreactive ethylhydroperoxide, see Figure 2, with
the loss of the free radical species:

C,H50, + HO, = C;HsO0H + O, . (13)

Overall, Figure 1f shows that the additional flux through the OH + C,Hjg reaction
leads to a ‘depletion’ in the global OH burden. The peak OH ‘depletion’ was
reached 1-3 months after the emission pulse and decayed rapidly during the first
year. The ‘depletion’ in OH did not go to zero in the same way as the ‘excess’ C,Hg
concentrations, C;Hg + OH reaction fluxes and C,Hs0, concentrations in Figures
1c—e, respectively. A small but significant OH ‘depletion’ persists throughout the
second, third and fourth years of the model experiment when most of responses to
the ethane pulse had decayed away.

The OH burden, see Figure 1f, is depleted in the perturbation experiment rel-
ative to the base case and this leads to a reduction in the rate of CH, oxidation
through the OH + CH, reaction in reaction (14):

OH + CH4 = CH;0;.. (14)
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This reduction in the OH + CH, reaction flux is plotted in Figure 1g and leads
directly to the build-up of CHy, relative to the base case. The effect of the addi-
tional 1 Tg emission pulse of C,Hg has been to produce a perturbation in the fast
photochemistry, a depletion in the oxidising capacity of the troposphere and the
build-up of a 0.14 Tg ‘excess’ of CHg4, eleven months later. By the end of the first
year of the experiment, all trace of the ‘excess’ C;Hg had decayed away. However,
a substantial perturbation in the CH4 burden remained and as Figure 1h shows, this
‘excess’ CHy decayed slowly over the remaining three years of the experiment.
The e-folding time of the ‘excess’ CH4 was found to be between 12 and 15 years,
which is significantly longer than the CHy4 turnover time of 9.0+0.9 years found in
the base case experiment. This difference between the e-folding time and turnover
time for methane has been discussed in some detail by Prather (1994). The decay
of the ‘excess’ CHy is slower because the additional methane itself reduced the OH
concentrations in the perturbation experiment. This ‘depletion’ in OH is caused by
the inefficient recycling of the methylperoxy (CH30,) radicals back to OH since
not all of the CH50, reacts with NO in reaction (17) because some reacts with HO,
in reaction (18):

CH;0, + NO = NO; 4+ CH;0 (15)
CH;0 + O, = HO, + HCHO (16)
HO; + NO = NO, + OH a7
CH;0, + HO, = CH300H + O, . (18)

Hence the ‘depletion’ in the OH burden (Figure 1f), persists throughout the final
three years of the experiment and declines in parallel with the ‘excess’ CHy, see
Figure 1h.

Figure 3 presents the time development of the impact of the C,Hg emission
pulse on some of the components of the fast photochemistry. Figure 3a illustrates
the formation of ‘excess’ ozone, formaldehyde (HCHO), Figure 3b, CO, Figure 3c,
peroxyacetylnitrate (PAN), Figure 3d. The e-folding decay times of these ‘excess’
burdens and those of the ‘excess’ OH + C,Hg reaction flux, the C;HsO, and OH
burdens were about 2—5 months showing how the time profile of the pulse has been
broadened as the chemical perturbation spreads through the fast photochemistry.

5. Emission Pulses of a Range of Simple Organic Compounds
The detailed analysis reported above of the ethane experiment points to two

main potential impacts of the emissions of simple organic compounds and their
subsequent atmospheric oxidation, on the oxidising capacity of the troposphere:
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Figure 3. Time development of the perturbed global burdens following the addition of an emission
pulse of ethane in the 3-D CTM, showing global excesses of (a) O3, (b) HCHO, (c¢) CO, and (d)
PAN.

e the rapid production of an ozone perturbation during the first month or so
which then decays with an e-folding time of several months,

e the production of a methane perturbation which forms over the period of
several months and then decays with an e-folding time of 12—15 years or so,
beyond the time frame of the 3-D CTM model experiments.

5.1. PULSE BEHAVIOUR OF ORGANIC COMPOUNDS EMITTED BY HUMAN
ACTIVITIES

Figure 4 shows the ozone responses to the addition of an emission pulse of each
of the simple organic compounds studied, of which: ethane, propane, butane,
ethylene, propylene and toluene were emitted using the ‘anthropogenic’ spatial
distribution. All responses exhibited enhanced ozone production with the rapid
generation of a peak excess ozone burden of between 0.05 and 0.6 Tg when each
response was normalised to a 1 Tg emission pulse for each organic compound. The
‘excess’ ozone burdens decayed rapidly, leaving small but indistinct traces after
the second year of the experiments. Propylene produced the largest peak ‘excess’
ozone burden of all of the organic compounds studied and propane the least.
Table II compares the ozone responses from the different organic compounds
from human activities injected using the ‘anthropogenic’ source distribution. The
ozone responses have been quantified using the peak excess ozone burdens found
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Figure 4. Time development of the excess ozone burden following the addition of an emission pulse
of 1 Tg of each organic compound.

Table II
Peak ozone and methane responses to the addition of emission pulses of a range of
organic compounds using the ‘anthropogenic’ source distribution, expressed on a
molar basis

Organic compound  Magnitude of Peak ozone Peak methane
emission pulse, Tg  response, response,
Tg per Tgmole Tg per Tg mole
injected injected
Ethane CyHg 30 3.74 4.22
Propane C3Hg 44 2.50 5.26
Butane C4H1 58 6.85 5.80
Ethylene CoHy 28 8.45 1.71
Propylene C3Hg 42 24.9 —4.25
Toluene C7Hg 92 31.5 0.90
CO 28 0.63 1.29

4 All responses have been converted to a molar basis from a 1 Tg basis by
multiplying by the appropriate molecular mass.

b The CO responses have been taken from Derwent et al. (2001).

¢ The additional organic compound has been distributed spatially according to the
‘anthropogenic’ source distribution.
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during each experiment and normalising them to a 1 Tmole emission pulse. Peak
excess ozone burdens varied between 2.5 and 31.5 Tg on a molar basis, with
propane giving the smallest and toluene the largest. All of the organic compounds
produced a much larger ozone response compared with carbon monoxide when
expressed on a molar basis. This reflects the much larger number of peroxy radical-
driven NO to NO, interconversions which can follow from the oxidation of one
mole of each organic compound compared with that from the oxidation of CO.
Each peroxy radical-driven NO to NO, interconversion may produce an additional
ozone molecule through the reaction sequence:

RO, + NO = RO + NO, (19)
NO, + hv =NO + O “4)
0+0,+M=0;+M. )

A number of factors influenced the peak ozone responses from each of the organic
compounds in Table II. OH reactivity increases along the series: ethane<propane<
butane and ethylene<propylene and ethane<ethylene<toluene. The more reactive
compounds are oxidised closer to the source regions under ‘high NO,’ conditions
and hence produce more ozone from RO, + NO reactions whereas the less reactive
compounds are oxidised under ‘low NO,’ conditions and lead to more peroxy radi-
cal loss through RO, 4+ HO, reactions. The peak ozone responses build up quickly
with the complexity of the organic compounds studied since increasing molecular
complexity tends to increase both OH reactivity and the potential number of peroxy
radical-driven NO to NO, interconversions following the complete oxidation of the
organic compound. The one exception appears to be propane, see Table 1I, whose
peak ozone response is out of step with those of ethane and butane. This is because
of the formation of acetone as a major reaction product in the oxidation of propane.
Acetone has an unusually long lifetime for a carbonyl compound compared with
the corresponding lifetimes of the carbonyl reaction products of ethane and butane
oxidation. Hence much of the oxidation of acetone occurs far removed from the
point of emission of the propane and necessarily under ‘low NO,’ conditions.
Figure 5 illustrates the methane responses that were found following the addi-
tion of an emission pulse of each of the simple organic compounds studied. The
different peak methane responses to the emission pulses of each organic compound
are also compared quantitatively in Table II on a molar basis. If the oxidation of
each organic compound had merely converted one OH radical into an HO; radical,
then the peak methane responses for each organic compound should be similar to
that of CO on a molar basis. That this is not the case implies that there must be an
important role for the peroxy radicals formed from the oxidation of each organic
compound in determining the sources and sinks of the HO, radical species.
Ethane, propane and butane show peak methane responses on a molar basis
which are 3-5 times greater than that of CO, pointing to their large influence on
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Figure 5. Time development of the excess methane burden following the addition of an emission
pulse of 1 Tg of each organic compound.

the sources and sinks of the HO, radicals which arises because of their generally
low reactivity. This low reactivity means that a significant fraction of the addi-
tional emission pulse appears to have been oxidised well away from the point of
emission under ‘low NO,’ conditions. This leads to enhanced radical loss through
RO; + HO, reactions and increased peak methane responses. Increasing molecu-
lar complexity increases the potential number of RO, + HO, peroxy radical loss
processes but increases reactivity and hence decreases the fraction of the additional
emission pulse oxidised under ‘low NO,’ conditions.

Ethylene and toluene are both reactive organic compounds which are largely
oxidised under ‘high NO,’ conditions leading to enhanced ozone production.
Furthermore, ethylene and toluene oxidation leads to the production of photo-
chemically labile aldehydes that can enhance peroxy radical production enough
to offset peroxy radical loss. Hence peak methane responses on a molar basis for
ethylene and toluene are only slightly higher than that of CO despite their increased
molecular complexity.

The peak methane response following the emission pulse of propylene was
negative, see Table II, whereas the corresponding values for all of the other en-
tries in the Table were positive. The oxidation of the additional pulse of propylene
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generated a significant amount of excess peroxyacetyl nitrate through reactions
(22-26):

OH + C3Hg + O, = OHC3H6O, + H,O (19)
OHC3HgO;, + NO = NO; 4+ OHC3H¢O (20)
OHC;HgO + O, = HO, + CH3CHO + HCHO 21
OH + CH3CHO + O, = CH3COO; + H,0 (22)
CH3;COO; + NO, + M =PAN+ M. (23)

An ‘excess’ of about 0.1 Tg PAN built up quickly following the propylene emis-
sion pulse and this transported additional NO, away from the source regions. This
PAN subsequently decomposed, liberating NO, which then led to increased OH
concentrations and enhanced methane oxidation, through the reaction sequence:

PAN + M = CH;COO; + NO, 24)
NO, + hv =NO + O “4)
O0+0,+M=0;+M )
NO + HO, = OH + NO; . (17)

No other organic compound in Table II exhibited the enhanced production of PAN
to the same extent as propylene.

5.2. PULSE BEHAVIOUR OF ORGANIC COMPOUNDS EMITTED BY VEGETATION

Figure 4 shows the ozone responses to the addition of the emission pulses of
methanol, acetaldehyde, acetone and isoprene using the ‘vegetation’ spatial dis-
tribution to represent natural biogenic sources. Whereas the emission pulses of
methanol, acetaldehyde and isoprene generated analogous ozone responses to those
produced by the organic compounds emitted with the ‘anthropogenic’ spatial distri-
bution, acetone showed a distinctly different behaviour during the first few months.
The ozone response first showed an ozone ‘depletion’ that later changed sign to
become an ‘excess’, before decaying away in an analogous manner to the other
0zone responses.

Figure 5 shows the corresponding methane responses to the addition of
methanol, acetaldehyde, acetone and isoprene using the ‘vegetation’ spatial dis-
tribution. Whereas the methane responses to the organic compounds emitted with
the ‘anthropogenic’ spatial distribution were all relatively simple, only that of
methanol followed the same simple response. Acetaldehyde produced a methane
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response that changed sign from an ‘excess’ to a ‘depletion’ before decaying away.
Acetone and isoprene showed large initial methane responses that subsequently
decreased dramatically before decaying away more slowly.

An important consideration in understanding the ozone and methane responses
to the emission pulses of the organic compounds emitted with the ‘vegetation’
distribution is that they do not overlay as effectively with the source distribution
of NO, as with the ‘anthropogenic’ distribution. As a consequence, it is antici-
pated that the organic compounds emitted with the ‘vegetation’ distribution are
more likely to be oxidised in ‘NO, limited’ regions compared with those with
the ‘anthropogenic’ distribution. All other things being equal, this should lead to
decreased ozone responses and increased methane responses.

The addition of the acetaldehyde pulse leads to an increased flux through the
OH + CH3CHO reaction during January, increased peroxy radical concentrations,
increased PAN levels, decreased NO, and decreased O3 levels throughout the ‘NO,
limited’ ‘vegetation’ source region. Outside of this region, increased PAN vertical
convective transport led to increased NO, levels in the remote mid and upper tro-
posphere and hence increased ozone levels. The extra O3 in these remote regions
more than compensated for the loss of NO, in the source regions and so, overall, an
ozone ‘excess’ appeared. Hydroxyl concentrations decreased due to increased OH
+ CH3CHO oxidation and so a methane ‘excess’ built up close to the acetaldehyde
source.

During February, the acetaldehyde pulse decayed away quickly, the PAN re-
verted to NO, and so stimulated ozone and OH production. This additional OH
production from ozone photolysis, increased the flux through the OH + CH, reac-
tion and led to the production of a methane ‘depletion’. This caused the change in
sign of the methane response found with acetaldehyde in Figure 5.

Because acetone is much less reactive compared to acetaldehyde, its ozone and
methane responses are quite different despite the similarities in their atmospheric
oxidation pathways. During January, the additional acetone photolyses in the mid
and upper troposphere produced additional peroxy radicals. However, OH oxida-
tion led to the formation of PAN and the depletion of NO,. Ozone and OH levels
therefore decreased in the upper troposphere because of the decreased availability
of NO,. Additional PAN was transported to the surface and led to increased NO,
levels, increased ozone and increased OH. However, upper tropospheric changes
masked surface changes and so overall, ozone and OH decreased and methane
increased during January.

Because of the longer lifetime of acetone compared to that of acetaldehyde,
the initial responses persist longer into the experiment. However, by March, much
of the acetone pulse has decayed away and with it the PAN and OH responses.
Ozone levels remained higher than in the base case experiment because of the
presence of ‘excess CO’ and the increased ozone production through the HO, +
NO reaction that it stimulated. Hence, a small ozone ‘excess’ built up, reversing
the initial ozone ‘depletion’. This ‘excess’ ozone is associated with a small ‘excess’
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Table III

Peak ozone and methane responses to the addition of emission pulses of a range of
organic compounds using the ‘vegetation’ source distribution, expressed on a molar

basis
Organic compound Magnitude of Peak ozone Peak methane
emission pulse, response, response,
Tg Tg per Tgmole Tg per Tg mole
injected injected
Isoprene C5Hg 68 9.34 2.70
Methanol CH3OH 32 2.70 2.17
Acetaldehyde CH;CHO 44 9.33 -1.01
Acetone CH3COCHj3 58 4.19 0.78

& All responses have been converted to a molar basis from a 1Tg basis by multiplying
by the appropriate molecular mass.

b The additional organic compound has been distributed spatially according to the
source distribution for ‘vegetation’ during January.

methane, caused largely by an increased flux through the OH + CO reaction which
led to a decrease in the flux through the OH + CH4 reaction.

Table III compares the ozone responses from the different organic compounds
from vegetation injected using the ‘natural’ source distribution. The ozone re-
sponses have been quantified using the peak excess ozone burdens found during
each experiment and normalising them to a 1 Tmole emission pulse. Peak excess
ozone burdens varied between 2.7 and 9.3 Tg on a molar basis, with methanol
giving the smallest value and isoprene the largest. All of the organic compounds
produced a much larger ozone response compared with carbon monoxide when
expressed on a molar basis, reflecting the much larger number of peroxy radical-
driven NO to NO, interconversions per mole of compound oxidised compared with
CO.

Reactivity with OH is not such an issue for the ‘natural’ compounds as it is with
the ‘anthropogenic’ compounds as can be seen from the narrower range in ozone
responses between acetone and isoprene in Table III compared with that between
propane and toluene in Table II. Acetone and isoprene have lifetimes that differ
by orders of magnitude yet they show little difference in peak ozone responses.
Because of the ‘low NO,’ conditions, ozone responses are much reduced below
those found in Table II for ‘high NO,’ conditions and exhibit a much reduced
dependence on reactivity.

The structural complexity of the organic compounds makes a significant differ-
ence to the ozone responses in that the more complex the molecular structure of
the organic compound the more peroxy radical-driven NO to NO, interconversions
should result during its atmospheric oxidation. Although there is some evidence
that peak ozone responses increase with molecular complexity across Table 111, its
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influence is not dominating. The factor which best explains the increasing peak
ozone responses: methanol < acetone < acetaldehyde = isoprene appears to be the
detailed atmospheric degradation pathways of the organic compounds involved and
the behaviour of the intermediate compounds formed, particularly PAN. Methanol
is the simplest organic compound in Table III. It lacks any ability to form PAN and
exhibits only one peroxy radical-driven NO to NO, interconversion in its oxidation
pathway, through reactions (26) and (27):

OH + CH;30H + O, = 0,CH,0H + H,0 (26)
0,CH,0H + NO = NO, + HO; + HCHO. 27)

In contrast, acetaldehyde may react with OH radicals in reactions (23) and (24) to
generate PAN or it may photolyse generating further free radicals. Further peroxy
radical-driven NO to NO, interconversion will result in either case, increasing
its peak ozone response above that exhibited by methanol. The important role of
PAN in locking up NO, in the source regions has been described above. Acetone
contains more C—H and C—C bonds compared with acetaldehyde and should show
enhanced ozone productivity. However, because of its long lifetime of acetone, the
role played by PAN was distinctly different in that it locked up NO, in the more
remote regions of the troposphere. Isoprene should exhibit by far the largest ozone
productivity but its potential is limited because it reacts largely under ‘NO, limited’
conditions close to the source regions.

The peak methane responses in Table III from the ‘natural’ organic compounds
should be greater than those of the ‘anthropogenic’ compounds in Table III because
the former are oxidised under ‘low-NO,’ conditions which should favour peroxy
radical loss through RO, + HO, reactions and hence loss of OH. However, the
main influence appears to be the detailed atmospheric reaction pathways and the
behaviour of the intermediate species formed, such as PAN. With acetaldehyde, the
methane ‘depletion’ is caused by the decay of the ‘excess’ PAN which had been
transported to the mid and upper troposphere. With acetone, the methane ‘excess’
is caused by the oxidation of acetone in the mid and upper troposphere which forms
‘excess’ PAN and reduces both NO, and OH.

6. Indirect Global Warming Potentials for each Organic Compound

Here, we define the Global Warming Potentials GWP of an organic compound
as the ratio of the time-integrated radiative forcing for a particular radiative forc-
ing mechanism resulting from the emission of a pulse of 1 Tg of that compound
compared with that from the emission of 1 Tg (as CO,) of CO, over a hundred
year time horizon. There are two steps therefore in assessing the indirect global
warming potential of an organic compound. In the first step, the time-integrated
‘excess’ burdens (or depletions) in methane and ozone must be estimated over a
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Table IV
Time-integrated excess methane and ozone burdens following the emission of a pulse of an
organic compound, normalised to 1 Tg of each compound, and their radiative forcings, over a
100-year time horizon

Organic Time-integrated  Time-integrated Time-integrated  Time-integrated
compound ‘excess” CHy, ‘excess’ O3, CH4 radiative O3 radiative
Tg years Tg years forcing, forcing,

m W m—2 years mW m—2 years

‘Anthropogenic’ compounds on a 1 Tg emitted basis

Ethane 1.77 0.077 0.30 0.28
Propane 1.60 0.035 0.29 0.06
Butane 1.44 0.057 0.25 0.17
Ethylene 0.93 0.081 0.16 0.23
Propylene -1.22 0.132 -0.21 0.40
Toluene 0.14 0.088 0.02 0.27

‘Natural’ compounds on a 1 Tg emitted basis

Isoprene 0.65 0.047 0.11 0.17
Methanol 0.95 0.032 0.16 0.12
Acetaldehyde 0.23 0.047 -0.04 0.18
Acetone 0.21 0.027 0.04 0.02

100-year time horizon for a 1 Tg pulse of each compound. In the second step, these
time-integrated burdens must be converted into radiative forcings. The first step is
straightforward for ozone since the ‘excess’ burdens had largely decayed away
during the four-year experiments. The time-integrated ozone burdens in Table IV
over the 4 years experiments are therefore identical to the required burdens over the
100-year time horizon. For methane, the ‘excess’ burdens had not decayed away at
the end of the 4 years experiments with any of the organic compounds studied and
so the time-integrated ‘excess’ methane burdens over a hundred year time horizon
were obtained integrating the methane excesses up to the end of the 4th year and
adding on a contribution covering the fifth and subsequent years. This contribution
was estimated using the ‘excess’ methane burden during December 1998, B, and
the e-folding time of its decay in years, T, as follows:

Time-integrated excess = integrated excess for the first 4 years + BT ,
where 7" was taken to be 12.2 years (Derwent et al., 2001). The time-integrated

methane and ozone burdens over the 100-year time horizon following the addition
of a Tg emission pulse of each organic compound have been tabulated in Table IV.
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To complete the second step in the assessment of indirect global warming
potentials, we have used the radiative forcing formulae for methane laid out by
IPCC (1990) and converted the time-integrated excess methane concentrations
into time-integrated radiative forcing, over a 100 year time horizon. On this basis,
for example, a 1 Tg emission pulse of ethane produced a time-integrated excess
methane burden of 1.77 Tg years and a time-integrated radiative forcing of 0.3 mW
m~2 year over a 100 year time horizon, see Table IV.

To estimate the radiative forcing consequences of the tropospheric ozone
changes found in the 3-D CTM we employed the Edwards and Slingo (1996)
radiation code at low spectral resolution. Clouds and temperatures were repre-
sented using the meteorological archives driving the 3-D CTM. Stratospheric
temperatures were iteratively adjusted until stratospheric heating rates returned
to their unperturbed values and details of the methodology are given elsewhere
(Stevenson et al., 1998). Estimates of ozone radiative forcing due to changes in
tropospheric ozone since pre-industrial times agree closely with other published
estimates (Berntsen et al., 1997; Haywood et al., 1998; Kiehl et al., 1999). The
radiative forcing caused by the differences between the transient and base cases
were calculated for each month of the first year of each perturbation experiment.
This radiative forcing was proportional to the ozone response with a linearity factor
of 0.023 W m~2 per ppb change in the global mean ozone concentration in the
4.8-11.2 km, 500-200 mb altitude range or 0.003 W m~2 per Tg change in the
global tropospheric ozone burden. In estimating the time-integrated ozone radiative
forcing in Table IV, it was assumed that radiative forcing was linear in ozone burden
change in the second and subsequent years of each perturbation experiment. On this
basis, a 1 Tg emission pulse of ethane produced a time-integrated ozone radiative
forcing of 0.28 mW m~2 years over a 100 year time horizon.

The organic compounds that are derived from fossil-carbon will ultimately gen-
erate additional carbon dioxide as they degrade in the atmosphere. The fate of
this CO, was described using the CO, response function of the Bern carbon cycle
model (IPCC, 1996) run for a constant mixing ratio of CO, over a 500-year period.

The time-integrated radiative forcing estimates for the different forcing mech-
anisms and for the different tropospheric ozone precursors have been converted
into global warming potentials (GWPs) by comparison with the time-integrated
forcing of a reference gas, taken to be CO;. The resulting indirect GWPs are pre-
sented in Table V. They are presented here, not as definitive estimates for use by
policy-makers, but to demonstrate that the emissions of organic compounds have
potentially important indirect radiative impacts upon the distributions of methane
and ozone. Hence, GWPs for the 100-year time horizon suffice at this preliminary
stage in their assessment.

The tabulated GWPs have some significant inherent uncertainties which arise
from uncertainties in the representation in the model of the oxidation of the individ-
ual organic compounds and the methane and ozone responses, from the calculation
of the methane and ozone radiative forcings and that of the reference gas, CO,
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Table V

Indirect global warming potentials for each organic compound for each
radiative forcing mechanism involving methane, ozone and carbon diox-
ide

Organic compound GWPCH4 GWPOs GWPCO2

‘Anthropogenic’ compounds on a 1 Tg emitted basis

Ethane 29 2.6 2.9
Propane 2.7 0.6 3.0
Butane 23 1.7 3.0
Ethylene 1.5 2.2 3.1
Propylene -2.0 3.8 3.1
Toluene 0.2 2.5 33

‘Natural’ compounds on a 1 Tg emitted basis

Isoprene 1.1 1.6
Methanol 1.6 1.2
Acetaldehyde -0.4 1.7
Acetone 0.3 0.2

4 The corresponding GWPCHs GWPO3 and GWPCO2 values for CO are
1.0;0.5; 1.6.

b The GWPCO2 values for ‘natural’ emissions are by definition identically
Zero.

¢ Uncertainty ranges are estimated to be from —50% to +100% about the
central values, see text, that is, encompassing a factor of four.

which underpins the GWP concept. The uncertainties in the GWPs for well-mixed
gases are given as £35% (IPCC, 1996) and so, accordingly, we have estimated a
wider uncertainty range of —50% to +100% about the central value for the organic
compounds in Table V.

7. Discussion and Conclusions

In this study, we have shown that the addition of an emission pulse of a range of
organic compounds into the troposphere, induces transient responses in the global
3-D distributions of methane and ozone, two of the more important radiatively-
active trace gases. Following on quickly from the emission pulse, a sharp rise in
ozone concentrations was observed which then decayed with an e-folding time of
several months. A rise (or fall) in methane concentrations then formed steadily
over the period of months and then decayed with an e-folding time of 10 years
or so. We have shown that pulses of short-lived organic compounds can induce
perturbations in the tropospheric distributions of methane and ozone that are long-



474 W. J. COLLINS ET AL.

lived and decay on a 10-15 year timescale. In this behaviour, organic compounds
appear to behave in exactly the same manner as that previously demonstrated for
methane (Prather, 1994, 1996; Wild and Prather, 2000), carbon monoxide (Prather,
1996; Daniel and Solomon, 1998; Wild and Prather, 2000) and NO, (Wild and
Prather, 2000) and hydrogen (Derwent et al., 2001).

The magnitudes of these ‘excess’ ozone and methane burdens were determined
for each organic compound. The radiative forcing consequences of the ‘excess’
burdens were then estimated and compared with the radiative forcing consequences
of the emission of an identical mass of carbon dioxide, evaluated over a 100-year
time horizon. The Global Warming Potentials GWPs were then calculated as the
ratio of the radiative forcing from methane or ozone relative to that of carbon
dioxide.

The GWPH4s for the simple organic compounds found in this study covered a
range from —2.0 to 2.9 when expressed on a mass basis for each compound over
a 100-year time horizon. The corresponding GWP®H for CO was 1.0 (Derwent
et al., 2001) determined with an identical methodology. Of the 10 simple organic
compounds studied, six had GWPHs that were larger than that of CO, two were
negative and the remaining two were positive and significantly smaller than that of
CO.

In assessing the transient methane responses to the emission pulses of the
different organic compounds, the following crucial factors emerged:

e spatial distribution of the emission pulse, whether ‘anthropogenic’ or ‘nat-
ural’, since this governed whether the organic compound was oxidised under
‘high NO,” or ‘low NO,’ conditions, giving low GWP® or high GWPHss,
respectively,

e reactivity, since again this governed whether the organic compound was
oxidised under ‘high NO,’ or ‘low NO,’ conditions,

e molecular complexity, since the greater the number of C—C or C-H bonds in
the molecule the more RO, + HO, reactions could occur, leading to greater
GWPCHig,

e whether aldehydes were formed in the major degradation pathways since
through their photolysis they could offset RO, loss and lead to lower
GWPCHsg,

e whether PAN formation is a major atmospheric pathway, leading to negative
GWPH4s, as with acetaldehyde and propylene.

The GWP%3s in Table V for all the organic compounds studied are positive and
encompass the range from 0.2 to 3.8. This is a reflection of the importance of
organic peroxy radical driven NO to NO, conversions as a source of ozone. The
less reactive man-made organic compounds tend to be oxidised further away from
their sources under ‘NO, limited’ conditions giving rise to lower GWP®s,

In assessing the transient responses of ozone to the emission pulses of the dif-
ferent organic compounds, the same crucial factors emerged as for the methane
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transient responses. These were spatial distribution, reactivity, molecular complex-
ity, formation of aldehydes (as opposed to unreactive carbonyl compounds such
as acetone) and PAN formation. As a result, GWP®3s were larger for the ‘anthro-
pogenic’ compounds compared with the ‘natural’ compounds. The GWP®3 value
for propane was low because of the importance of the formation of unreactive
acetone in its atmospheric oxidation pathway.

As far as we are aware, these are the first reported determinations of the GWPs
for organic compounds, other than our own previous studies with a 2-D global
CTM (Johnson and Derwent, 1996). It appears that the problems inherent in 2-
D models have had a major influence on the responses of methane and ozone to
emissions of organic compounds, reinforcing their inadequacy. Many of the short-
comings inherent in previous 2-D CTM studies, as discussed in detail elsewhere
(Johnson and Derwent, 1996), have been addressed in this 3-D CTM study.

In the past, the Intergovernmental Panel on Climate Change have deliberately
not recommended relative radiative forcing indices, global warming potentials in-
cluded, for short-lived organic compounds and have only provided estimates for
well-mixed greenhouse gases (IPCC, 1996). There are a number of reasons why
GWPs for short-lived trace gases have been considered uncertain and unreliable.
The first and perhaps most important reason has been the lack of availability of
state-of-the-art global 3-D model studies of the influence of short-lived trace gases
on the fast photochemistry of the troposphere which controls the global distri-
butions of methane and ozone. The second reason is that the influence of the
short-lived trace gases is likely to be inherently more variable in space and time
and that these variations would be difficult to express in a single number for a
GWP.

Questions still remain concerning the spatial and temporal variations in GWPs
for short-lived trace gases and the detailed mechanisms of the atmospheric ox-
idation reactions of organic compounds. This study has considered only a very
limited range of plausible locations and timescales for the emission pulses because
of the computational demands of 3-D CTMs. Furthermore, it has addressed only
the behaviour during the northern hemisphere winter. Nevertheless, in this initial
study, we have shown that organic compounds do indeed have indirect radiative
impacts and that these impacts are distinctly different depending on whether the
organic compounds are emitted with NO, from human activities over the mid-
latitude continental regions or whether they are emitted in tropical regions from
vegetation sources. The different GWPs found here for the organic compounds
emitted with different spatial patterns are entirely consistent with current under-
standing of the importance of tropospheric photochemistry under ‘low NO,’ or
‘high NO,’ conditions.

On balance, our studies show that GWPs for short-lived organic compounds are
likely to be spatially and temporally variable. This study has begun the process of
starting to quantify GWPs for them by choosing one northern hemisphere winter
month to perform the emission pulse and by using previously published spatial pat-
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terns to define the spatial context. The aim is to steadily extend the coverage of the
GWPs with further studies as understanding of tropospheric chemistry develops.

In an attempt to consider what clues can be gleaned as to the relative impor-
tance for global warming of the emissions of organic compounds from human
activities, we have used the GWPs calculated here and multiplied them by the
corresponding emissions from Table I. Looking first at the radiative forcing from
the well-mixed greenhouse gas, methane, then GWP-weighted emissions appear
to be heavily dominated by the emissions of butane. Looking then at the more
regional in character radiative forcing from tropospheric ozone, then again, butane
emissions appear to be the most crucial. Although methane is considered within
the scope of the Framework Convention on Climate Change, this is not the case for
the other tropospheric ozone precursors, particularly NO, and organic compounds.
Hansen et al. (2000) have pointed out the importance of non-CO, greenhouse gases
for policy during the next 50 years. A case can be made for their inclusion in
the Framework Convention alongside methane, if future methane and tropospheric
ozone levels are to be stabilised and eventually reduced to combat global climate
change. However, in view of the dependence of the GWPs presented here on where
the ozone precursor gases are released, it is concluded that this study is just the be-
ginning of those needed for a detailed assessment of GWPs for organic compounds.
Further work is required to extend the range of organic compounds covered and to
explore a wider range of source distributions and seasons.
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