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Executive Summary

Two important new findings since the IPCC WGI Second
Assessment Report (IPCC, 1996) (hereafter SAR) demonstrate the
importance of atmospheric chemistry in controlling greenhouse
gases:

Currently, tropospheric ozone (O3) is the third most important
greenhouse gas after carbon dioxide (CO,) and methane (CHy,). It
is a product of photochemistry, and its future abundance is
controlled primarily by emissions of CHy, carbon monoxide (CO),
nitrogen oxides (NO,), and volatile organic compounds (VOC).
There is now greater confidence in the model assessment of the
increase in tropospheric O3 since the pre-industrial period, which
amounts to 30% when globally averaged, as well as the response
to future emissions. For scenarios in which the CH, abundance
doubles and anthropogenic CO and NO, emissions triple, the
tropospheric O3 abundance is predicted to increase by an
additional 50% above today’s abundance.

CO is identified as an important indirect greenhouse gas. An
addition of CO to the atmosphere perturbs the OH-CH,-O;
chemistry. Model calculations indicate that the emission of 100
Mt of CO stimulates an atmospheric chemistry perturbation that is
equivalent to direct emission of about 5 Mt of CHy.

A major conclusion of this report is that atmospheric abundances
of almost all greenhouse gases reached the highest values in their
measurement records during the 1990s:

The atmospheric abundance of CH, continues to increase,
from about 1,520 ppb in 1978 to 1,745 ppb in 1998. However, the
observed annual increase in CH, has declined during the last two
decades. This increase is highly variable; it was near zero in 1992
and as large as +13 ppb during 1998. There is no clear, quantita-
tive explanation for this variability. Since the SAR, quantification
of certain anthropogenic sources of CHy, such as that from rice
production, has improved.

The atmospheric burden of nitrous oxide (N,O) continues to
increase by about 0.25%/yr. New, higher estimates of emissions
from agricultural sources improve our understanding of the global
N,O budget.

The atmospheric abundances of major greenhouse gases that
deplete stratospheric ozone are decreasing (CFC-11, CFC-113,
CH;CCl5, CCly), or increasing more slowly (CFC-12), in response
to the phase-out in their production agreed to under the Montreal
Protocol and its Amendments.

HFC-152a and HFC-134a are increasing in the atmosphere.
This growth is consistent with the rise in their industrial use. HFC-
23, an unintended by-product of HCFC-22 production, is also
increasing.

Perfluorocarbon (PFC) e.g., CF, (perfluoromethane) appears
to have a natural background; however, current anthropogenic
emissions exceed natural ones by a factor of 1,000 or more and are
responsible for the observed increase.

There is good agreement between the increase in atmospheric
abundances of sulphur hexafluoride (SF¢) and emissions estimates
based on revised sales and storage data.

There has been little increase in global tropospheric O5 since
the 1980s at the few remote locations where it is regularly
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measured. Only two of the fourteen stations, one in Japan and one
in Europe, had statistically significant increases in tropospheric O
between 1980 and 1995. By contrast, the four Canadian stations,
all at high latitudes, had significant decreases in tropospheric O3
for the same time period. However, limited observations from
the late 19th and early 20th centuries combined with models
suggest that tropospheric Os has increased from a global mean
value of 25 DU (where 1 DU = 2.7X10'® O; molecules/cm?) in
the pre-industrial era to 34 DU today. While the SAR estimated
similar values, the new analysis provides more confidence in
this increase of 9 DU.

Changes in atmospheric composition and chemistry over the
past century have affected, and those projected into the future
will affect, the lifetimes of many greenhouse gases and thus
alter the climate forcing of anthropogenic emissions:

The atmospheric lifetime relates emissions of a component
to its atmospheric burden. In some cases, for instance for
methane, a change in emissions perturbs the chemistry and thus
the corresponding lifetime. The CH, feedback effect amplifies
the climate forcing of an addition of CH, to the current
atmosphere by lengthening the perturbation lifetime relative to
the global atmospheric lifetime of CH4 by a factor of 1.4. This
earlier finding is corroborated here by new model studies that
also predict only small changes in this CH, feedback for the
different scenarios projected to year 2100. Another feedback
has been identified for the addition of N,O to the atmosphere;
it is associated with stratospheric O3 chemistry and shortens the
perturbation lifetime relative to the global atmospheric lifetime
of N,O by about 5%.

Several chemically reactive gases — CO, NO, (=NO+NO,),
and VOC - control in part the abundance of O; and the
oxidising capacity (OH) of the troposphere. These pollutants
act as indirect greenhouse gases through their influence on
atmospheric chemistry, e.g., formation of tropospheric O or
changing the lifetime of CH,4. The emissions of NO, and CO are
dominated by human activities. The abundance of CO in the
Northern Hemisphere is about twice that in the Southern
Hemisphere and has increased in the second half of the 20th
century along with industrialisation and population. The urban
and regional abundance of NO, has generally increased with
industrialisation, but the global abundance of this short-lived,
highly variable pollutant cannot be derived from measurements.
Increased NO, abundances will in general increase tropospheric
O3 and decrease CH,. Deposition of NO, reaction products
fertilises the biosphere, stimulates CO, uptake, but also
provides an input of acidic precipitation.

The IPCC Special Report on Emission Scenarios (SRES)
generated six marker/illustrative scenarios (labelled AIB, AIT,
AIFI, A2, Bl, B2) plus four preliminary marker scenarios
(labelled here Alp, A2p, Blp, and B2p). These projected
changes in anthropogenic emissions of trace gases from year
2000 to year 2100, making different assumptions on population
development, energy use, and technology. Results from both sets
of scenarios are discussed here since the preliminary marker
scenarios (December 1998) were used in this report:
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Model calculations of the abundances of the primary
greenhouse gases by year 2100 vary considerably across the
SRES scenarios: in general A1B, AIT, and B1 have the smallest
increases of emissions and burdens; and A1FI and A2 the largest.
CH, changes from 1998 to 2100 range from —10 to +115%; and
N,O increases from 13 to 47%. The HFCs — 134a, 143a, and 125
— reach abundances of a few hundred to nearly a thousand ppt
from negligible levels today. The PFC CF, is projected to increase
to between 200 and 400 ppt; and SF¢ to between 35 and 65 ppt.

SRES projected anthropogenic emissions of the indirect
greenhouse gases (NO,, CO and VOC) together with changes in
CH, are expected to change the global mean abundance of tropo-
spheric OH by —20 to +6% over the next century. Comparable, but
opposite sign, changes occur in the atmospheric lifetimes of the
greenhouse gases, CH, and HFCs. This impact depends in large
part on the magnitude of, and the balance between, NO, and CO
emissions.

For the SRES scenarios, changes in tropospheric O; between
years 2000 and 2100 range from —4 to +21 DU. The largest
increase predicted for the 21st century (scenarios A1FI and A2)
would be more than twice as large as that experienced since the
pre-industrial era. These O; increases are attributable to the
concurrent, large (almost factor of 3) increases in anthropogenic
NO, and CH, emissions.

The large growth in emissions of greenhouse gases and other
pollutants as projected in some SRES scenarios for the 2lst
century will degrade the global environment in ways beyond
climate change:

Changes projected in the SRES A2 and A1FI scenarios would
degrade air quality over much of the globe by increasing
background levels of Osz. In northern mid-latitudes during
summer, the zonal average increases near the surface are about 30
ppb or more, raising background levels to nearly 80 ppb, threat-
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ening attainment of air quality standards over most metropolitan
and even rural regions, and compromising crop and forest produc-
tivity. This problem reaches across continental boundaries since
emissions of NOy influence photochemistry on a hemispheric
scale.

A more complete and accurate assessment of the human impact on
greenhouse gases requires greater understanding of sources,
processes, and coupling between different parts of the climate
system:

The current assessment is notably incomplete in calculating
the total impact of individual industrial / agricultural sectors on
greenhouse gases and aerosols. The IPCC Special Report on
Aviation demonstrates that the total impact of a sector is not
represented by (nor scalable to) the direct emissions of primary
greenhouse gases alone, but needs to consider a wide range of
atmospheric changes.

The ability to hindcast the detailed changes in atmospheric
composition over the past decade, particularly the variability of
tropospheric O3 and CO, is limited by the availability of measure-
ments and their integration with models and emissions data.
Nevertheless, since the SAR there have been substantial advances
in measurement techniques, field campaigns, laboratory studies,
global networks, satellite observations, and coupled models that
have improved the level of scientific understanding of this assess-
ment. Better simulation of the past two decades, and in due
course the upcoming one, would reduce uncertainty ranges and
improve the confidence level of our projections of greenhouse
gases.

Feedbacks between atmospheric chemistry, climate, and the
biosphere were not developed to the stage that they could be
included in the projected numbers here. Failure to include such
coupling is likely to lead to systematic errors and may substan-
tially alter the projected increases in the major greenhouse gases.
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4.1 Introduction

This chapter investigates greenhouse gases whose atmospheric
burdens! and climate impacts generally depend on atmospheric
chemistry. These greenhouse gases include those listed in the
Kyoto Protocol — methane (CH,), nitrous oxide (N,O), hydro-
fluorocarbons (HFCs), perfluorocarbons (PFCs), sulphur
hexafluoride (SFg) — and those listed under the Montreal Protocol
and its Amendments — the chlorofluorocarbons (CFCs), the
hydrochlorofluorocarbons (HCFCs), and the halons. A major
focus of this assessment is the change in tropospheric ozone (O3).
Stratospheric water vapour (H,O) is also treated here, but tropo-
spheric H,O, which is part of the hydrological cycle and
calculated within climate models, is not discussed. This chapter
also treats the reactive gases carbon monoxide (CO), volatile
organic compounds (VOC), and nitrogen oxides (NO, =
NO+NO,), termed indirect greenhouse gases. These pollutants
are not significant direct greenhouse gases, but through
atmospheric chemistry they control the abundances!' of direct
greenhouse gases. This chapter reviews the factors controlling the
current atmospheric abundances of direct and indirect
greenhouse gases; it looks at the changes since the pre-industrial
era and their attribution to anthropogenic activities; and it
calculates atmospheric abundances to the year 2100 based on
projected emissions of greenhouse gases and pollutants. Carbon
dioxide (CO,) is treated in Chapter 3; and aerosols in Chapter 5.
The atmospheric abundances of greenhouse gases and aerosols
from all chapters are combined in Chapter 6 to calculate current
and future radiative forcing. This chapter is an update of the
IPCC WGI Second Assessment Report (IPCC, 1996) (hereafter
SAR). For a review of the chemical processes controlling the
abundance of greenhouse gases see the SAR (Prather ez al., 1995)
or Ehhalt (1999). More recent assessments of changing
atmospheric chemistry and composition include the ITPCC
Special Report on Aviation and the Global Atmosphere (Penner
et al., 1999) and the World Meteorological Organization / United
Nations Environmental Programme (WMO/UNEP) Scientific
Assessment of Ozone Depletion (WMO, 1999).

4.1.1 Sources of Greenhouse Gases

Substantial, pre-industrial abundances for CH, and N,O are
found in the tiny bubbles of ancient air trapped in ice cores. Both
gases have large, natural emission rates, which have varied over
past climatic changes but have sustained a stable atmospheric
abundance for the centuries prior to the Industrial Revolution (see
Figures 4.1 and 4.2). Emissions of CH, and N,O due to human
activities are also substantial and have caused large relative

! Atmospheric abundances for trace gases are reported here as the mole
fraction (molar mixing ratio) of the gas relative to dry air (ppm = 1075, ppb
=107, ppt = 107'2); whereas the burden is reported as the total mass of
that gas in the atmosphere (e.g., Mt = Tg = 102 g). For most trace gases
in this chapter, the burden is based on the total weight of the molecule; for
the N-containing gases, it includes only the mass of the N; and for some
VOC budgets where noted, it includes only the mass of the C.
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increases in their respective burdens over the last century. The
atmospheric burdens of CH, and N,O over the next century will
likely be driven by changes in both anthropogenic and natural
sources. A second class of greenhouse gases — the synthetic
HFCs, PFECs, SF4, CFCs, and halons — did not exist in the
atmosphere before the 20th century (Butler et al., 1999). CF,, a
PFC, is detected in ice cores and appears to have an extremely
small natural source (Harnisch and Eisenhauer, 1998). The
current burdens of these latter gases are derived from atmospheric
observations and represent accumulations of past anthropogenic
releases; their future burdens depend almost solely on industrial
production and release to the atmosphere. Stratospheric H,O
could increase, driven by in situ sources, such as the oxidation of
CH, and exhaust from aviation, or by a changing climate.

Tropospheric O; is both generated and destroyed by
photochemistry within the atmosphere. Its in situ sources are
expected to have grown with the increasing industrial emissions
of its precursors: CH,, NO,, CO and VOC. In addition, there is
substantial transport of ozone from the stratosphere to the
troposphere (see also Section 4.2.4). The effects of stratospheric
O3 depletion over the past three decades and the projections of
its recovery, following cessation of emissions of the Montreal
Protocol gases, was recently assessed (WMO, 1999).

The current global emissions, mean abundances, and trends
of the gases mentioned above are summarised in Table 4.1a.
Table 4.1b lists additional synthetic greenhouse gases without
established atmospheric abundances. For the Montreal Protocol
gases, political regulation has led to a phase-out of emissions
that has slowed their atmospheric increases, or turned them into
decreases, such as for CFC-11. For other greenhouse gases, the
anthropogenic emissions are projected to increase or remain
high in the absence of climate-policy regulations. Projections of
future emissions for this assessment, i.e., the IPCC Special
Report on Emission Scenarios (SRES) (Nakicenovi¢ et al.,
2000) anticipate future development of industries and agricul-
ture that represent major sources of greenhouse gases in the
absence of climate-policy regulations. The first draft of this
chapter and many of the climate studies in this report used the
greenhouse gas concentrations derived from the SRES prelimi-
nary marker scenarios (i.e., the SRES database as of January
1999 and labelled ‘p’ here). The scenario IS92a has been carried
along in many tables to provide a reference of the changes since
the SAR. The projections of greenhouse gases and aerosols for
the six new SRES marker/illustrative scenarios are discussed
here and tabulated in Appendix II.

An important policy issue is the complete impact of
different industrial or agricultural sectors on climate. This
requires aggregation of the SRES scenarios by sector (e.g.,
transportation) or sub-sector (e.g., aviation; Penner et al., 1999),
including not only emissions but also changes in land use or
natural ecosystems. Due to chemical coupling, correlated
emissions can have synergistic effects; for instance NO, and CO
from transportation produce regional Os increases. Thus a given
sector may act through several channels on the future trends of
greenhouse gases. In this chapter we will evaluate the data
available on this subject in the current literature and in the SRES
scenarios.
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Table 4.1(a): Chemically reactive greenhouse gases and their precursors: abundances, trends, budgets, lifetimes, and GWPs.

. . Abundance? Trend Annual Life- 100-yr

Chemical species Formula ppt ppt/yr emission time GWP"
1998 1750 1990s late 90s (yr)

Methane CH,(ppb) 1745 700 7.0 600 Tg 8.4/12° 23
Nitrous oxide N,O (ppb) 314 270 0.8 16.4 TgN 120/114° 296
Perfluoromethane CF, 80 40 1.0 ~15 Gg >50000 5700
Perfluoroethane C,F, 3.0 0 0.08 ~2 Gg 10000 11900
Sulphur hexafluoride SF, 4.2 0 0.24 ~6 Gg 3200 22200
HFC-23 CHF; 14 0 0.55 ~7Gg 260 12000
HFC-134a CF,CH,F 7.5 0 2.0 ~25Gg 13.8 1300
HFC-152a CH,CHF, 0.5 0 0.1 ~4 Gg 1.40 120
Important greenhouse halocarbons under Montreal Protocol and its Amendments
CFC-11 CFCl, 268 0 -14 45 4600
CFC-12 CF,(Cl, 533 0 4.4 100 10600
CFC-13 CF;Cl1 4 0 0.1 640 14000
CFC-113 CF, CICFCl, 84 0 0.0 85 6000
CFC-114 CF, CICF,Cl 15 0 <0.5 300 9800
CFC-115 CF;CE,Cl1 7 0 0.4 1700 7200
Carbon tetrachloride CCl, 102 0 -1.0 35 1800
Methyl chloroform CH;CCl, 69 0 -14 4.8 140
HCFC-22 CHE,Cl1 132 0 5 11.9 1700
HCFC-141b CH;CF(Cl, 10 0 2 9.3 700
HCFC-142b CH;CF, Cl 11 0 1 19 2400
Halon-1211 CF, CIBr 3.8 0 0.2 11 1300
Halon-1301 CF;Br 2.5 0 0.1 65 6900
Halon-2402 CF, BrCF, Br 0.45 0 ~0 <20
Other chemically active gases dirctly or indirectly affecting radiative forcing
Tropospheric ozone 0O, (DU) 34 25 ? see text 0.01-0.05 -
Tropospheric NO NO +NO, 5-999 ? ? ~52 TgN <0.01-0.03 -
Carbon monoxide CO (ppb)¢ 80 ? 6 ~2800 Tg 0.08-0.25 d
Stratospheric water H,0 (ppm) 3-6 3-5 ? see text 1-6 -

2 All abundances are tropospheric molar mixing ratios in ppt (10™'2 )and trends are in ppt/yr unless superseded by units on line (ppb =107,
ppm = 107%). Where possible, the 1998 values are global, annual averages and the trends are calculated for 1996 to 1998.

> GWPs are from Chapter 6 of this report and refer to the 100-year horizon values.

¢ Species with chemical feedbacks that change the duration of the atmospheric response; global mean atmospheric lifetime (LT) is given first
followed by perturbation lifetime (PT). Values are taken from the SAR (Prather et al., 1995; Schimel et al., 1996) updated with WMO98

(Kurylo and Rodriguez, 1999; Prinn and Zander, 1999) and new OH-scaling, see text. Uncertainties in lifetimes have not changed

substantially since the SAR.
4'CO trend is very sensitive to the time period chosen. The value listed for 1996 to 1998, +6 ppb/yr, is driven by a large increase during 1998.
For the period 1991 to 1999, the CO trend was —0.6 ppb/yr. CO is an indirect greenhouse gas: for comparison with CH, see this chapter;

for GWP, see Chapter 6.
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Table 4.1(b): Additional synthetic greenhouse gases.
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Chemical species Formula Lifetime GWP"
(yr)

Perfluoropropane G Fy 2600 8600
Perfluorobutane C,Fy, 2600 8600
Perfluorocyclobutane C,Fq 3200 10000
Perfluoropentane CGFy, 4100 8900
Perfluorohexane CsF s 3200 9000
Trifluoromethyl-

sulphur pentafluoride SF; CF; 1000 17500
Nitrogen trifluoride NF; >500 10800
Trifluoroiodomethane CF;1 <0.005 1
HFC-32 CH,F, 5.0 550
HFC-41 CH,F 2.6 97
HFC-125 CHE,CF, 29 3400
HFC-134 CHE,CHE, 9.6 1100
HFC-143 CH,FCHE, 34 330
HFC-143a CH,CF; 52 4300
HFC-152 CH,FCH,F 0.5 43
HFC-161 CH;CH,F 0.3 12
HFC-227ea CF,CHFCE 33 3500
HFC-236¢cb CF,CF,CH,F 13.2 1300
HFC-236ea CF,CHFCHE, 10.0 1200
HFC-236fa CF,CH, CF,; 220 9400
HFC-245ca CH,FCF,CHF, 5.9 640
HFC-245ea CHE,CHFCHE 4.0
HFC-245eb CF,CHFCH,F 4.2
HFC-245fa CHE, CH, CF, 7.2 950
HFC-263fb CF;CH,CH; 1.6
HFC-338pcc CHE,CF,CF,CF,H 11.4
HFC-356mcf CF,CF,CH,CH,F 1.2
HFC-356mff CF,CH,CH,CF, 7.9
HFC-365mfc CF;CH,CF,CH; 9.9 890
HFC-43-10mee CF,;CHFCHFCE CF, 15 1500
HFC-458mfcf CF,CH,CF,CH,CF, 22
HFC-55-10mcff CF,CF,CH,CH,CF,CF; 7.7
HFE-125 CF,;0CHE 150 14900
HFE-134 CF,HOCEH 26 2400
HFE-143a CF,0CH; 4.4 750
HFE-152a CH;OCHE 1.5
HFE-245fa2 CHE,OCH,CF; 4.6 570
HFE-356mff2 CF;CH,0OCH,CF, 0.4

4.1.2 Atmospheric Chemistry and Feedbacks

All greenhouse gases except CO, and H,O are removed from the
atmosphere primarily by chemical processes within the
atmosphere. Greenhouse gases containing one or more H atoms
(e.g., CH4, HFCs and HCFCs), as well as other pollutants, are
removed primarily by the reaction with hydroxyl radicals (OH).
This removal takes place in the troposphere, the lowermost part
of the atmosphere, ranging from the surface up to 7 to 16 km
depending on latitude and season and containing 80% of the mass

of the atmosphere. The greenhouse gases N,O, PFCs, SF¢, CFCs
and halons do not react with OH in the troposphere. These gases
are destroyed in the stratosphere or above, mainly by solar
ultraviolet radiation (UV) at short wavelengths (<240 nm), and
are long-lived. Because of the time required to transport these
gases to the region of chemical loss, they have a minimum
lifetime of about 20 years. CO, is practically inert in the
atmosphere and does not directly influence the chemistry, but it
has a small in situ source from the oxidation of CH4, CO and
VOC.
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Tropospheric OH abundances depend on abundances of
NO,, CHy, CO, VOC, O3 and H,O plus the amount of solar UV
(>300 nm) that reaches the troposphere. As a consequence, OH
varies widely with geographical location, time of day, and
season. Likewise the local loss rates of all those gases reacting
with OH also vary. Because of its dependence on CH, and
other pollutants, tropospheric OH is expected to have changed
since the pre-industrial era and to change again for future
emission scenarios. For some of these gases other removal
processes, such as photolysis or surface uptake, are also
important; and the total sink of the gas is obtained by
integrating over all such processes. The chemistry of tropos-
pheric Oj is closely tied to that of OH, and its abundance also
varies with changing precursor emissions. The chemistry of the
troposphere is also directly influenced by the stratospheric
burden of O3, climatic changes in temperature (T) and
humidity (H,O), as well as by interactions between tropo-
spheric aerosols and trace gases. Such couplings provide a
“feedback” between the climate change induced by increasing
greenhouse gases and the concentration of these gases. Another
feedback, internal to the chemistry, is the impact of CH, on OH
and hence its own loss. These feedbacks are expected to be
important for tropospheric O; and OH. Such chemistry-
chemistry or climate-chemistry coupling has been listed under
“indirect effects” in the SAR (Prather et al., 1995; Schimel et
al., 1996).

This chapter uses 3-D chemistry-transport models (CTMs)
to integrate the varying chemical processes over global
conditions, to estimate their significance, and to translate the
emission scenarios into abundance changes in the greenhouse
gases CH,, HFCs, and O3. An extensive modelling exercise
called OxComp (tropospheric oxidant model comparison) —
involving model comparisons, sensitivity studies, and investi-
gation of the [IPCC SRES scenarios — was organised to support
this report.

Stratospheric circulation and distribution of O5 control the
transport of the long-lived greenhouse gases to regions of
photochemical loss as well as the penetration of solar UV into
the atmosphere. At the same time, many of these gases (e.g.,
N,O and CFCs) supply ozone-depleting radicals (e.g., nitric
oxide (NO) and Cl) to the stratosphere, providing a feedback
between the gas and its loss rate. Another consequence of the
observed stratospheric ozone depletion is that tropospheric
photochemical activity is expected to have increased, altering
tropospheric OH and Oj. Climate change in the 21st century,
including the radiative cooling of the stratosphere by increased
levels of CO,, is expected to alter stratospheric circulation and
O3, and, hence, the global mean loss rates of the long-lived
gases. Some of these effects are discussed in WMO (1999) and
are briefly considered here.

The biosphere’s response to global change will impact the
atmospheric composition of the 21st century. The anticipated
changes in climate (e.g., temperature, precipitation) and in
chemistry will alter ecosystems and thus the “natural”,
background emissions of trace gases. There is accumulating
evidence that increased N deposition (the result of NO, and
ammonia (NHj3) emissions) and elevated surface O;
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abundances have opposite influences on plant CO, uptake: O;
(>40 ppb) inhibits CO, uptake; while N deposition enhances it
up to a threshold, above which the effects are detrimental. In
addition, the increased N availability from atmospheric deposi-
tion and direct fertilisation accelerates the emission of N-
containing trace gases (NO, N,O and NH3) and CHy, as well as
altering species diversity and biospheric functioning. These
complex interactions represent a chemistry-biosphere feedback
that may alter greenhouse forcing.

4.1.3 Trace Gas Budgets and Trends

The “budget” of a trace gas consists of three quantities: its
global source, global sink and atmospheric burden. The burden
is defined as the total mass of the gas integrated over the
atmosphere and related reservoirs, which usually include just
the troposphere and stratosphere. The global burden (in Tg) and
its trend (i.e., the difference between sources and sinks, in
Tg/yr) can be determined from atmospheric measurements and,
for the long-lived gases, are usually the best-known quantities
in the budgets. For short-lived, highly variable gases such as
tropospheric O3 and NO,, the atmospheric burden cannot be
measured with great accuracy. The global source strength is the
sum of all sources, including emissions and in situ chemical
production. Likewise, the sink strength (or global loss rate) can
have several independent components.

The source strength (Tg/yr) for most greenhouse gases is
comprised of surface emissions. For synthetic gases where
industrial production and emissions are well documented, the
source strengths may be accurately known. For CH, and N0,
however, there are large, not well-quantified, natural emissions.
Further, the anthropogenic emissions of these gases are
primarily associated with agricultural sources that are difficult
to quantify accurately. Considerable research has gone into
identifying and quantifying the emissions from individual
sources for CH4 and N,O, as discussed below. Such uncertainty
in source strength also holds for synthetic gases with undocu-
mented emissions. The source strength for tropospheric Oj
includes both a stratospheric influx and in situ production and
is thus derived primarily from global chemical models.

The sink strength (Tg/yr) of long-lived greenhouse gases
can be derived from a combination of atmospheric observa-
tions, laboratory experiments, and models. The atmospheric
chemistry models are based on physical principles and labora-
tory data, and include as constraints the observed chemistry of
the atmosphere over the past two decades. For example, strato-
spheric loss rates are derived from models either by combining
observed trace gas distributions with theoretically calculated
loss frequencies or from the measured correlation of the respec-
tive gas with a trace gas of known vertical flux. In such analyses
there are a wide range of self-consistency checks. Mean global
loss rates based on a priori modelling (e.g., the CH,-lifetime
studies from OxComp described later) can be compared with
empirically-based loss rates that are scaled from a gas with
similar loss processes that has well-known emissions and
atmospheric burden (e.g., the AGAGE (Advanced Global
Atmospheric Gases Experiment) calibration of mean tropo-
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spheric OH using methyl chloroform (CH;CCls); Prinn et al.,
1995). Our knowledge of the current budget of a greenhouse
gas provides a key constraint in modelling its future abundance.
For example, in both the IS92a and SRES projected emissions
of CH,; and N,O, we apply a constant offset to each set of
emissions so that our calculated burden is consistent with the
observed budget and trend during the 1990s.

4.1.4 Atmospheric Lifetimes and Time-Scales

The global atmospheric lifetime (yr) characterises the time
required to turn over the global atmospheric burden. It is
defined as the burden (Tg) divided by the mean global sink
(Tg/yr) for a gas in steady state (i.e., with unchanging burden).
This quantity was defined as both “lifetime” and “turnover
time” in the SAR (see also Bolin and Rodhe, 1973). Lifetimes
calculated in this manner are listed in Table 4.1. A corollary of
this definition is that, when in steady state (i.e., source strength
= sink strength), the atmospheric burden of a gas equals the
product of its lifetime and its emissions. A further corollary is
that the integrated atmospheric abundance following a single
emission is equal to the product of its steady-state lifetime for
that emission pattern and the amount emitted (Prather, 1996).
This latter, new result since the SAR supports the market-basket
approach of aggregating the direct emissions of different
greenhouse gases with a GWP (Global Warming Potential)
weighting.

The atmospheric lifetime is basically a scale factor relating
(i) constant emissions (Tg/yr) to a steady-state burden (Tg), or
(i1) an emission pulse (Tg) to the time-integrated burden of that
pulse (Tg/yr). The lifetime is often additionally assumed to be
a constant, independent of the sources; and it is also taken to
represent the decay time (e-fold) of a perturbation. These latter
assumptions apply rigorously only for a gas whose local
chemical lifetime is constant in space and time, such as for the
noble gas radon, whose lifetime is fixed by the rate of its
radioactive decay. In such a case the mean atmospheric lifetime
equals the local lifetime: the lifetime that relates source strength
to global burden is exactly the decay time of a perturbation.

This general applicability of the atmospheric lifetime
breaks down for those greenhouse gases and pollutants whose
chemical losses vary in space and time. NO,, for instance, has
a local lifetime of <1 day in the lower troposphere, but >5 days
in the upper troposphere; and both times are less than the time
required for vertical mixing of the troposphere. In this case
emission of NO, into the upper troposphere will produce a
larger atmospheric burden than the same emission into the
lower troposphere. Consequently, the definition of the
atmospheric lifetime of NO, is not unique and depends on the
location (and season) of its emissions. The same is true for any
gas whose local lifetime is variable and on average shorter than
about 0.5 year, i.e., the decay time of a north-south difference
between hemispheres representing one of the longer time-scales
for tropospheric mixing. The majority of greenhouse gases
considered here have atmospheric lifetimes greater than 2 years,
much longer than tropospheric mixing times; and hence their
lifetimes are not significantly altered by the location of sources
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within the troposphere. When lifetimes are reported for gases in
Table 4.1, it is assumed that the gases are uniformly mixed
throughout the troposphere. This assumption is unlikely for
gases with lifetimes <1 year, and reported values must be
viewed only as approximations.

Some gases have chemical feedbacks that change their
lifetimes. For example, the increasing CH, abundance leads to
a longer lifetime for CH, (Prather et al., 1995; Schimel et al.,
1996). A chemical feedback with opposite effect has been
identified for N,O where a greater N,O burden leads to
increases in stratospheric NO, which in turn depletes mid-
stratospheric ozone. This ozone loss enhances the UV, and as a
consequence N»O is photolysed more rapidly (Prather, 1998).
Such feedbacks cause the time-scale of a perturbation,
henceforth called perturbation lifetime (PT7), to differ from the
global atmospheric lifetime (LT). In the limit of small perturba-
tions, the relation between the perturbation lifetime of a gas and
its global atmospheric lifetime can be derived from a simple
budget relationship as PT = LT /(I —s), where the sensitivity
coefficient s = dln(LT) / dln(B) and B = burden. Without a
feedback on lifetime, s = 0, and PT is identical to LT. The
product, PT times a sustained change in emission, gives the
resulting change in the burden. The ratio of PT/LT adopted here
for CHy, 1.4, is based on recent model studies (see Section 4.4)
and is consistent with the SAR results.

To evaluate the total greenhouse effect of a given gas
molecule, one needs to know, first, how long it remains in the
atmosphere and, second, how it interacts chemically with other
molecules. This effect is calculated by injecting a pulse of that
gas (e.g., 1 Tg) into the atmosphere and watching the added
abundance decay as simulated in a CTM. This decay is
represented by a sum of exponential functions, each with its
own decay time. These exponential functions are the chemical
modes of the linearised chemistry-transport equations of the
CTM (Prather, 1996). In the case of a CH, addition, the longest-
lived mode has an e-fold time of 12 years, close to the pertur-
bation lifetime (PT) of CH,, and carries most of the added
burden. (This e-fold time was called the adjustment time in the
SAR.) In the case of a CO addition, this same mode is also
excited, but at a reduced amplitude (Prather, 1996; Daniel and
Solomon, 1998). The pulse of added CO, by causing the
concentration of OH to decrease and thus the lifetime of CH, to
increase temporarily, causes a build-up of CH,4 while the added
burden of CO persists. After the initial period of a few months
defined by the CO photochemical lifetime, this built-up CHy
then decays in the same manner as would a direct pulse of CHy.
Similarly, an addition of NO, (e.g., from aviation; see Isaksen
and Jackman, 1999) will excite this mode, but with a negative
amplitude. Thus, changes in the emissions of short-lived gases
can generate long-lived perturbations as shown in 3-D CTMs
(Wild and Prather, 2000; Derwent et al., 2001). Changes in
tropospheric O; accompany the CH, decay on a 12 year time-
scale as an inherent component of this mode, a key example of
chemical coupling in the troposphere. Thus, any chemically
reactive gas, whether a greenhouse gas or not, will produce
some level of indirect greenhouse effect through its impact on
atmospheric chemistry.
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4.2 Trace Gases: Current Observations, Trends, and Budgets

4.2.1 Non-CO, Kyoto Gases

4.2.1.1 Methane (CH,)

Methane’s globally averaged atmospheric surface abundance in
1998 was 1,745 ppb (see Figure 4.1), corresponding to a total
burden of about 4,850 Tg(CH,). The uncertainty in the burden
is small (£5%) because the spatial and temporal distributions of
tropospheric and stratospheric CH, have been determined by
extensive high-precision measurements and the tropospheric
variability is relatively small. For example, the Northern
Hemisphere CH, abundances average about 5% higher than
those in the Southern Hemisphere. Seasonal variations, with a
minimum in late summer, are observed with peak-to-peak
amplitudes of about 2% at mid-latitudes. The average vertical
gradient in the troposphere is negligible, but CH, abundances in
the stratosphere decrease rapidly with altitude, e.g., to 1,400
ppb at 30 km altitude in the tropics and to 500 ppb at 30 km in
high latitude northern winter.

The most important known sources of atmospheric
methane are listed in Table 4.2. Although the major source
terms of atmospheric CH, have probably been identified, many
of the source strengths are still uncertain due to the difficulty in
assessing the global emission rates of the biospheric sources,
whose strengths are highly variable in space and time: e.g.,
local emissions from most types of natural wetland can vary by
a few orders of magnitude over a few metres. Nevertheless, new
approaches have led to improved estimates of the global
emissions rates from some source types. For instance, intensive
studies on emissions from rice agriculture have substantially
improved these emissions estimates (Ding and Wang, 1996;
Wang and Shangguan, 1996). Further, integration of emissions
over a whole growth period (rather than looking at the
emissions on individual days with different ambient tempera-
tures) has lowered the estimates of CH, emissions from rice
agriculture from about 80 Tg/yr to about 40 Tg/yr (Neue and
Sass, 1998; Sass et al., 1999). There have also been attempts to
deduce emission rates from observed spatial and temporal
distributions of atmospheric CH, through inverse modelling
(e.g., Hein et al., 1997; Houweling et al., 1999). The emissions
so derived depend on the precise knowledge of the mean global
loss rate and represent a relative attribution into aggregated
sources of similar properties. The results of some of these
studies have been included in Table 4.2. The global CH, budget
can also be constrained by measurements of stable isotopes
(8'3C and 8D) and radiocarbon ("*CH,) in atmospheric CH, and
in CH, from the major sources (e.g., Stevens and Engelkemeir,
1988; Wahlen et al., 1989; Quay et al., 1991, 1999; Lassey et
al., 1993; Lowe et al., 1994). So far the measurements of
isotopic composition of CH, have served mainly to constrain
the contribution from fossil fuel related sources. The emissions
from the various sources sum up to a global total of about 600
Tg/yr, of which about 60% are related to human activities such
as agriculture, fossil fuel use and waste disposal. This is consis-
tent with the SRES estimate of 347 Tg/yr for anthropogenic
CH, emissions in the year 2000.
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The current emissions from CH, hydrate deposits appear
small, about 10 Tg/yr. However, these deposits are enormous,
about 107 TgC (Suess et al., 1999), and there is an indication of
a catastrophic release of a gaseous carbon compound about 55
million years ago, which has been attributed to a large-scale
perturbation of CH, hydrate deposits (Dickens, 1999; Norris and
Rohl, 1999). Recent research points to regional releases of CH,
from clathrates in ocean sediments during the last 60,000 years
(Kennett et al., 2000), but much of this CH, is likely to be
oxidised by bacteria before reaching the atmosphere (Dickens,
2001). This evidence adds to the concern that the expected global
warming may lead to an increase in these emissions and thus to
another positive feedback in the climate system. So far, the size
of that feedback has not been quantified. On the other hand, the
historic record of atmospheric CH, derived from ice cores (Petit
et al., 1999), which spans several large temperature swings plus
glaciations, constrains the possible past releases from methane
hydrates to the atmosphere. Indeed, Brook et al. (2000) find little
evidence for rapid, massive CH, excursions that might be associ-
ated with large-scale decomposition of methane hydrates in
sediments during the past 50,000 years.

The mean global loss rate of atmospheric CH, is dominated
by its reaction with OH in the troposphere.

OH+CH; — CH3+H,0

This loss term can be quantified with relatively good accuracy
based on the mean global OH concentration derived from the
methyl chloroform (CH3CCL5) budget described in Section 4.2.6
on OH. In that way we obtain a mean global loss rate of 507
Tg(CHy)/yr for the current tropospheric removal of CH, by OH.
In addition there are other minor removal processes for
atmospheric CH,. Reaction with CI atoms in the marine
boundary layer probably constitutes less than 2% of the total sink
(Singh et al., 1996). A recent process model study (Ridgwell et
al., 1999) suggested a soil sink of 38 Tg/yr, and this can be
compared to SAR estimates of 30 Tg/yr. Minor amounts of CH,
are also destroyed in the stratosphere by reactions with OH, Cl,
and O('D), resulting in a combined loss rate of 40 Tg/yr.
Summing these, our best estimate of the current global loss rate
of atmospheric CH, totals 576 Tg/yr (see Table 4.2), which
agrees reasonably with the total sources derived from process
models. The atmospheric lifetime of CH, derived from this loss
rate and the global burden is 8.4 years. Attributing individual
lifetimes to the different components of CH, loss results in 9.6
years for loss due to tropospheric OH, 120 years for stratospheric
loss, and 160 years for the soil sink (i.e., 1/8.4 yr = 1/9.6 yr +
1/120 yr + 1/160 yr).

The atmospheric abundance of CH, has increased by about
a factor of 2.5 since the pre-industrial era (see Figure 4.1a) as
evidenced by measurements of CH, in air extracted from ice
cores and firn (Etheridge et al, 1998). This increase still
continues, albeit at a declining rate (see Figure 4.1b). The global
tropospheric CH, growth rate averaged over the period 1992
through 1998 is about 4.9 ppb/yr, corresponding to an average
annual increase in atmospheric burden of 14 Tg. Superimposed
on this long-term decline in growth rate are interannual variations
in the trend (Figure 4.1c). There are no clear quantitative explana-
tions for this variability, but understanding these variations in
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Figure 4.1: (a) Change in CH, abundance (mole fraction, in ppb = 10™) determined from ice cores, firn, and whole air samples plotted for the last
1,000 years. Data sets are as follows: Grip, Blunier et al. (1995) and Chappellaz et al. (1997); Eurocore, Blunier et al. (1993); D47, Chappellaz et
al. (1997); Siple, Stauffer er al. (1985); Global (inferred from Antarctic and Greenland ice cores, firn air, and modern measurements), Etheridge et
al. (1998) and Dlugokencky et al. (1998). Radiative forcing, approximated by a linear scale since the pre-industrial era, is plotted on the right axis.
(b) Globally averaged CH,4 (monthly varying) and deseasonalised CH,4 (smooth line) abundance plotted for 1983 to 1999 (Dlugokencky et al.,
1998). (c) Instantaneous annual growth rate (ppb/yr) in global atmospheric CH4 abundance from 1983 through 1999 calculated as the derivative of
the deseasonalised trend curve above (Dlugokencky et al., 1998). Uncertainties (dotted lines) are *1 standard deviation. (d) Comparison of
Greenland (GRIP) and Antarctic (D47 and Byrd) CH, abundances for the past 11.5 kyr (Chappellaz ez al., 1997). The shaded area is the pole-to-
pole difference where Antarctic data exist. (e) Atmospheric CH, abundances (black triangles) and temperature anomalies with respect to mean
recent temperature (grey diamonds) determined for the past 420 kyr from an ice core drilled at Vostok Station in East Antarctica (Petit et al., 1999).

trend will ultimately help constrain specific budget terms. After
the eruption of Mt. Pinatubo, a large positive anomaly in growth
rate was observed at tropical latitudes. It has been attributed to
short-term decreases in solar UV in the tropics immediately
following the eruption that decreased OH formation rates in the

troposphere (Dlugokencky et al., 1996). A large decrease in
growth was observed, particularly in high northern latitudes, in
1992. This feature has been attributed in part to decreased
northern wetland emission rates resulting from anomalously low
surface temperatures (Hogan and Harriss, 1994) and in part to
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Table 4.2: Estimates of the global methane budget (in Tg(CH/yr) from different sources compared with the values adopted for this report (TAR).

Reference: Fung etal. Heinetal. Lelieveld et al. Houweling eral. Mosier et al. Olivier etal. Caoetal. SAR TAR?
(1991) (1997) (1998) (1999) (1998a) (1999) (1998)

Base year: 1980s - 1992 - 1994 1990 - 1980s 1998
Natural sources

Wetlands 115 237 225¢ 145 92

Termites 20 - 20 20

Ocean 10 - 15 15

Hydrates 5 - 10 -
Anthropogenic sources

Energy 75 97 110 89 109

Landfills 40 35 40 73 36

Ruminants 80 90° 115 93 80 93°

Waste treatment - b 25 - 14 b

Rice agriculture 100 88 ¢ - 25-54 60 53

Biomass burning 55 40 40 40 34 23

Other - - - 20 15
Total source 500 587 600 597 598
Imbalance (trend) +37 +22
Sinks

Soils 10 - 30 30 44 30 30

Tropospheric OH 450 489 510 490 506

Stratospheric loss - 46 40 40 40
Total sink 460 535 580 560 576

* TAR budget based on 1,745 ppb, 2.78 Tg/ppb, lifetime of 8.4 yr,and an imbalance of +8 ppb/yr.

Waste treatment included under ruminants.
¢ Rice included under wetlands.

stratospheric ozone depletion that increased tropospheric OH
(Bekki et al., 1994; Fuglestvedt et al., 1994). Records of changes
in the '3C/'’C ratios in atmospheric CH, during this period
suggest the existence of an anomaly in the sources or sinks
involving more than one causal factor (Lowe et al., 1997; Mak et
al., 2000).

There is no consensus on the causes of the long-term decline
in the annual growth rate. Assuming a constant mean atmospheric
lifetime of CH, of 8.9 years as derived by Prinn et al. (1995),
Dlugokencky et al. (1998) suggest that during the period 1984 to
1997 global emissions were essentially constant and that the
decline in annual growth rate was caused by an approach to
steady state between global emissions and atmospheric loss rate.
Their estimated average source strength was about 550 Tg/yr.
(Inclusion of a soil sink term of 30 Tg/yr would decrease the
lifetime to 8.6 years and suggest an average source strength of
about 570 Tg/yr.) Francey et al. (1999), using measurements of
13CH, from Antarctic firn air samples and archived air from Cape
Grim, Tasmania, also concluded that the decreased CH, growth
rate was consistent with constant OH and constant or very slowly
increasing CH, sources after 1982. However, other analyses of
the global methyl chloroform (CH;CCls) budget (Krol ez al.,
1998) and the changing chemistry of the atmosphere (Karlsdottir
and Isaksen, 2000) argue for an increase in globally averaged OH
of +0.5%/yr over the last two decades (see Section 4.2.6 below)
and hence a parallel increase in global CH, emissions by
+0.5%l/yr.

The historic record of atmospheric CH, obtained from ice
cores has been extended to 420,000 years before present (BP)
(Petit er al., 1999). As Figure 4.1e demonstrates, at no time
during this record have atmospheric CH, mixing ratios
approached today’s values. CH, varies with climate as does CO..
High values are observed during interglacial periods, but these
maxima barely exceed the immediate pre-industrial CH, mixing
ratio of 700 ppb. At the same time, ice core measurements from
Greenland and Antarctica indicate that during the Holocene CH,
had a pole-to-pole difference of about 44 + 7 ppb with higher
values in the Arctic as today, but long before humans influenced
atmospheric methane concentrations (Chappelaz et al., 1997,
Figure 4.1d). Finally, study of CH, ice-core records at high time
resolution reveals no evidence for rapid, massive CH, excursions
that might be associated with large-scale decomposition of
methane hydrates in sediments (Brook et al., 2000).

The feedback of CH, on tropospheric OH and its own
lifetime is re-evaluated with contemporary CTMs as part of
OxComp, and results are summarised in Table 4.3. The
calculated OH feedback, dln(OH) / dln(CH,), is consistent
between the models, indicating that tropospheric OH abundances
decline by 0.32% for every 1% increase in CHy. The TAR value
for the sensitivity coefficient s = dln(LT) / dln(CH,) is then 0.28
and the ratio PT/LT is 1.4. This 40% increase in the integrated
effect of a CH, perturbation does not appear as a 40% larger
amplitude in the perturbation but rather as a lengthening of the
duration of the perturbation to 12 years. This feedback is difficult
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Table 4.3: Methane lifetime and feedback on tropospheric OH* for the 1990s.

lifetime dIn(OH)/ s= &In(LT)/ PT/LT
CTM vs. OH(yr)" 3In(CHy) 3In(CHy)
IASB 8.1 -0.31 +0.27 1.37
KNMI 9.8 -0.35 +0.31 1.45
MPIC 8.5 -0.29 +0.25 1.33
ucCl 9.0 -0.34 (—0.38)C +0.30 1.43
UlIOol1 6.5 -0.33 +0.29 1.41
UKMO 8.3 -0.31 (—0.34)C +0.27 1.37
ULAQ 13.8 -0.29 +0.25 1.33
TAR value 9.6 -0.32 1.4

4 Global mean tropospheric OH is weighted by the CH, loss rate.
® Lifetime against tropospheric OH loss at 1,745 ppb.

¢ Evaluated at 4,300 ppb CH, plus emissions for Y2100/draft-A2 scenario.
4 TAR recommended OH lifetime for CH,, 9.6 yr, is scaled from a CH,CCl, OH lifetime of 5.7 yr (WMO, 1999; based on Prinn ef al., 1995)
using a temperature of 272K (Spivakovsky et al.,2000). Stratospheric (120 yr) and soil-loss (160 yr) lifetimes are added (inversely) to

give mean atmospheric lifetime of 8.4 yr. Only the OH lifetime is diagnosed and is subject to chemical feedback factor, and thus the total

atmospheric lifetime for a CH, perturbation is 12 yr. In the SAR, the feedback factor referred only to the increase in the lifetime against
tropospheric OH, and hence was larger. For Chemistry Transport Model (CTM) code see Table 4.10.

to observe, since it would require knowledge of the increase in
CH, sources plus other factors affecting OH over the past two
decades. Unlike for the global mean tropospheric OH abundance,
there is also no synthetic compound that can calibrate this
feedback; but it is possible that an analysis of the budgets of
3CH, and '?CH, separately may lead to an observational
constraint (Manning, 1999).

4.2.1.2 Nitrous oxide (N,O)

The globally averaged surface abundance of N,O was 314 ppb in
1998, corresponding to a global burden of 1510 TgN. N,O
abundances are about 0.8 ppb greater in the Northern Hemisphere
than in the Southern Hemisphere, consistent with about 60% of
emissions occurring in the Northern Hemisphere. Almost no
vertical gradient is observed in the troposphere, but N,O
abundances decrease in the stratosphere, for example, falling to
about 120 ppb by 30 km at mid-latitudes.

The known sources of N,O are listed in Table 4.4 with
estimates of their emission rates and ranges. As with methane, it
remains difficult to assess global emission rates from individual
sources that vary greatly over small spatial and temporal scales.
Total N,O emissions of 16.4 TgN/yr can be inferred from the
N,O global sink strength (burden/lifetime) plus the rate of
increase in the burden. In the SAR the sum of N,O emissions
from specific sources was notably less than that inferred from the
loss rate. The recent estimates of global N,O emissions from
Mosier et al. (1998b) and Kroeze et al. (1999) match the global
loss rate and underline the progress that has been made on
quantification of natural and agricultural sources. The former
study calculated new values for N,O agricultural emissions that

include the full impact of agriculture on the global nitrogen cycle
and show that N,O emissions from soils are the largest term in
the budget (Table 4.4). The latter study combined these with
emissions from other anthropogenic and natural sources to
calculate a total emission of 17.7 TgN/yr for 1994.

The enhanced N,O emissions from agricultural and natural
ecosystems are believed to be caused by increasing soil N
availability driven by increased fertilizer use, agricultural
nitrogen (N,) fixation, and N deposition; and this model can
explain the increase in atmospheric N,O abundances over the last
150 years (Nevison and Holland, 1997). Recent discovery of a
faster-than-linear feedback in the emission of N,O and NO from
soils in response to external N inputs is important, given the
projected increases of N fertilisation and deposition increases in
tropical countries (Matson et al., 1999). Tropical ecosystems,
currently an important source of N,O (and NO) are often
phosphorus-limited rather than being N-limited like the Northern
Hemispheric terrestrial ecosystems. Nitrogen fertiliser inputs into
these phosphorus-limited ecosystems generate NO and N,O
fluxes that are 10 to 100 times greater than the same fertiliser
addition to nearby N-limited ecosystems (Hall and Matson,
1999). In addition to N availability, soil N,O emissions are
regulated by temperature and soil moisture and so are likely to
respond to climate changes (Frolking ez al., 1998; Parton et al.,
1998). The magnitude of this response will be affected by
feedbacks operating through the biospheric carbon cycle (Li et
al., 1992, 1996).

The industrial sources of N,O include nylon production,
nitric acid production, fossil fuel fired power plants, and
vehicular emissions. It was once thought that emission from
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Table 4.4: Estimates of the global nitrous oxide budget (in TgN/yr) from different sources compared with the values adopted for this report (TAR).

Reference: Mosier et al. (1998b) Olivier et al. (1998) SAR TAR
Kroeze et al. (1999)
Base year: 1994 range 1990 range 1980s 1990s
Sources
Ocean 3.0 1-5 3.6 2.8-5.7 3
Atmosphere (NH;3 oxidation) 0.6 03-1.2 0.6 03-1.2
Tropical soils
Wet forest 3.0 22-3.7 3
Dry savannas 1.0 05-2.0 1
Temperate soils
Forests 1.0 0.1-2.0 1
Grasslands 1.0 0.5-2.0 1
All soils 6.6 33-99
Natural sub-total 9.6 46-159 10.8 6.4—-16.8 9
Agricultural soils 4.2 0.6 —14.8 1.9 0.7-43 35
Biomass burning 0.5 0.2-1.0 0.5 0.2-0.8 0.5
Industrial sources 1.3 0.7-1.8 0.7 02-1.1 1.3
Cattle and feedlots 2.1 0.6-3.1 1.0 0.2-2.0 0.4
Anthropogenic Sub-total 8.1 2.1-20.7 4.1 1.3-7.17 5.7 6.9%
Total sources 177 6.7-36.6 149  77-245 14.7°
Imbalance (trend) 3.9 3.1-4.7 3.9 3.8
Total sinks (stratospheric) 12.3 9-16 12.3 12.6
Implied total source 16.2 16.2 16.4

4 SRES 2000 anthropogenic N, O emissions.
b N.B. total sources do not equal sink + imbalance.

automobile catalytic converters were a potential source of N,O,
but extrapolating measurements of N,O emissions from auto-
mobiles in roadway tunnels in Stockholm and Hamburg during
1992 to the global fleet gives a source of only 0.24 £ 0.14 TgN/yr
(Berges et al., 1993). More recent measurements suggest even
smaller global emissions from automobiles, 0.11 = 0.04 TgN/yr
(Becker et al., 1999; Jiménez et al., 2000).

The identified sinks for N,O are photodissociation (90%)
and reaction with electronically excited oxygen atoms (O('D));
they occur in the stratosphere and lead to an atmospheric lifetime
of 120 years (SAR; Volk et al., 1997; Prinn and Zander, 1999).
The small uptake of N,O by soils is not included in this lifetime,
but is rather incorporated into the net emission of N,O from soils
because it is coupled to the overall N-partitioning.

Isotopic (8'°N and 8'%0) N,O measurements are also used to
constrain the N,O budget. The isotopic composition of tropo-
spheric N,O derives from the flux-weighted isotopic composition
of sources corrected for fractionation during destruction in the
stratosphere. Typical observed values are 8N = 7 %o and 8'%0 =
20.7 %o relative to atmospheric N, and oxygen (O,) (Kim and
Craig, 1990). Most surface sources are depleted in "N and 30
relative to tropospheric N,O (e.g., Kim and Craig, 1993), and so

other processes (sources or sinks) must lead to isotopic enrich-
ment. Rahn and Wahlen (1997) use stratospheric air samples to
show that the tropospheric isotope signature of N,O can be
explained by a return flux of isotopically enriched N,O from the
stratosphere, and no exotic sources of N,O are needed. Yung and
Miller (1997) point out that large isotopic fractionation can occur
in the stratosphere during photolysis due to small differences in
the zero point energies of the different isotopic species, and Rahn
et al. (1998) have verified this latter effect with laboratory
measurements. Wingen and Finlayson-Pitts (1998) failed to find
evidence that reaction of CO5 with N, (McElroy and Jones, 1996)
is an atmospheric source of N,O. The use of isotopes has not yet
conclusively identified new sources nor constrained the N,O
budget better than other approaches, but the emerging data set of
isotopic measurements, including measurements of the intra-
molecular position of PN in N,O isotopomers (Yoshida and
Toyoda, 2000) will provide better constraints in the future.
Tropospheric N,O abundances have increased from pre-
industrial values of about 270 ppb (Machida et al., 1995; Battle
et al., 1996; Fliickiger et al., 1999) to a globally averaged value
of 314 ppb in 1998 (Prinn et al., 1990, 1998; Elkins et al., 1998)
as shown in Figure 4.2. The pre-industrial source is estimated to
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Figure 4.2: Change in N,O abundance for the last 1,000 years as determined from ice cores, firn, and whole air samples. Data sets are from:
Machida et al. (1995); Battle ef al. (1996); Langenfelds ez al. (1996); Steele et al. (1996); Fliickiger et al. (1999). Radiative forcing, approximated
by a linear scale, is plotted on the right axis. Deseasonalised global averages are plotted in the inset (Butler ez al., 1998b).

be 10.7 TgN/yr, which implies that current anthropogenic
emissions are about 5.7 TgN/yr assuming no change in the
natural emissions over this period. The average rate of increase
during the period 1980 to 1998 determined from surface
measurements was +0.8 + 0.2 ppb/yr (+0.25 = 0.05 %/yr) and is
in reasonable agreement with measurements of the N,O vertical
column density above Jungfraujoch Station, +0.36 + 0.06%/yr
between 1984 and 1992 (Zander et al., 1994). Large interannual
variations in this trend are also observed. Thompson et al. (1994)
report that the N,O growth rate decreased from 1 ppb/yr in 1991
to 0.5 ppb/yr in 1993 and suggest that decreased use of nitrogen-
containing fertiliser and lower temperatures in the Northern
Hemisphere may have been in part responsible for lower biogenic
soil emissions. Schauffler and Daniel (1994) suggest that the N,O
trend was affected by stratospheric circulation changes induced
by massive increase in stratospheric aerosols following the
eruption of Mt. Pinatubo. Since 1993, the N,O increase has
returned to rates closer to those observed during the 1980s.

The feedback of N,O on its own lifetime (Prather, 1998) has
been examined for this assessment with additional studies from
established 2-D stratospheric chemical models. All models give
similar results, see Table 4.5. The global mean atmospheric

lifetime of N,O decreases about 0.5% for every 10% increase in
N,O (s = —0.05). This shift is small but systematic, and it is
included in Table 4.1a as a shorter perturbation lifetime for N,O,
114 years instead of 120 years. For N,O (unlike for CHy) the time
to mix the gas into the middle stratosphere where it is destroyed,
about 3 years, causes a separation between PT (about 114 years)
and the e-fold of the long-lived mode (about 110 years).

4.2.1.3 Hydrofluorocarbons (HFCs)

The HFCs with the largest measured atmospheric abundances are
(in order), HFC-23 (CHF;), HFC-134a (CF;CH,F), and HFC-
152a (CH;CHF,). The recent rises in these HFCs are shown in
Figure 4.3 along with some major HCFCs, the latter being
controlled under the Montreal Protocol and its Amendments.
HFC-23 is a by-product of HCFC-22 production. It has a long
atmospheric lifetime of 260 years, so that most emissions, which
have occurred over the past two decades, will have accumulated
in the atmosphere. Between 1978 and 1995, HFC-23 increased
from about 3 to 10 ppt; and it continues to rise even more rapidly
(Oram et al., 1996). HFC-134a is used primarily as a refrigerant,
especially in car air conditioners. It has an atmospheric lifetime
of 13.8 years, and its annual emissions have grown from near
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Table 4.5: Nitrous oxide lifetime feedback and residence time.

Atmospheric Chemistry and Greenhouse Gases

Models Contributor Lifetime Sensitivity, Decay Time
LT (yr) s=0In(LT)/ dln(B) of mode (yr)

AER 2D Ko and Weisenstein 111 -0.062 102

GSFC 2D Jackman 137 -0.052 127

UCI 1D Prather 119 —-0.046 110

Oslo 2D Rognerud 97 —-0.061

Lifetime (LT}) is calculated at steady-state for an N,O burden (B) corresponding to a tropospheric abundance of 330 ppb. The
sensitivity coefficient (s) is calculated by increasing the N,O burden approximately 10% to B+AB, calculating the new steady state
atmospheric lifetime (LTg,,5), and then using a finite difference approximation for s, In(LT g, o5/LTg) /In(1+AB/B). The perturbation
lifetime (PT), i.e., the effective duration of an N,O addition, can be derived as PT = LT/(1-s) or equivalently from the simple budget-

balance equation: (B+AB)/LT g, sz = B/LTg + AB/PT.
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Figure 4.3: HFC-23 (blue, UEA scale), -152a (green, UEA scale),
-134a (orange, NOAA scale), and HCFC-22 (magenta, SIO scale),
-142b (red, NOAA scale), and -141b (purple, NOAA scale)
abundances (ppt) at Cape Grim, Tasmania for the period 1978 to 1999.
Different symbols are data from different measurement networks: SIO
(filled circles), NOAA-CMDL (open diamonds, Montzka et al., 1994,
1996a,b, 1999), UEA (filled diamonds, Oram et al., 1995, 1996, 1998,
1999) and AGAGE (open circles, only for 1998 to 2000, all gases but
HFC-23, Miller et al., 1998; Sturrock et al., 1999; Prinn et al., 2000).
Southern Hemisphere values (Cape Grim) are slightly lower than
global averages.

zero in 1990 to an estimated 0.032 Tg/yr in 1996. The abundance
continues to rise almost exponentially as the use of this HFC
increases (Montzka et al., 1996b; Oram et al., 1996; Simmonds
et al., 1998). HFC-152a is a short-lived gas with a mean
atmospheric lifetime of 1.4 years. Its rise has been steady, but its
low emissions and a short lifetime have kept its abundance below

1 ppt.

4.2.1.4 Perfluorocarbons (PFCs) and sulphur hexafluoride (SFg)
PFCs, in particular CF, and C,F, as well as SFg have sources
predominantly in the Northern Hemisphere, atmospheric lifetimes
longer than 1,000 years, and large absorption cross-sections for
terrestrial infra-red radiation. These compounds are far from a
steady state between sources and sinks, and even small emissions
will contribute to radiative forcing over the next several millennia.
Current emissions of C,Fg and SFg are clearly anthropogenic and
well quantified by the accumulating atmospheric burden. Harnisch
and Eisenhauer (1998) have shown that CF, and SF¢ are naturally
present in fluorites, and out-gassing from these materials leads to
natural background abundances of 40 ppt for CF, and 0.01 ppt for
SF¢. However, at present the anthropogenic emissions of CF,
exceed the natural ones by a factor of 1,000 or more and are
responsible for the rapid rise in atmospheric abundance.
Atmospheric burdens of CF, and SFg are increasing as shown in
Figures 4.4 and 4.5, respectively. Surface measurements show that
SF¢ has increased by about 7%/yr during the 1980s and 1990s
(Geller et al., 1997; Maiss and Brenninkmeijer, 1998). Recent
relative rates of increase are 1.3%/yr for CF, and 3.2%/yr for C,Fg
(Harnisch et al., 1996). The only important sinks for PFCs and SFg
are photolysis or ion reactions in the mesosphere. These gases
provide useful tracers of atmospheric transport in both troposphere
and stratosphere.

A new, long-lived, anthropogenic greenhouse gas has recently
been found in the atmosphere (Sturges et al, 2000).
Trifluoromethyl sulphur pentafluoride (SFsCF;) — a hybrid of
PFCs and SFg¢ not specifically addressed in Annex A of the Kyoto
Protocol — has the largest radiative forcing, on a per molecule basis,
of any gas found in the atmosphere to date. Its abundance has
grown from near zero in the late 1960s to about 0.12 ppt in 1999.
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4.2.2 Montreal Protocol Gases and Stratospheric Ozone (03)

The Montreal Protocol is an internationally accepted agreement
whereby nations agree to control the production of ozone-
depleting substances. Many of the chemicals that release
chlorine atoms into the stratosphere, and deplete stratospheric
O3, are also greenhouse gases, so they are discussed briefly
here. Detailed assessment of the current observations, trends,
lifetimes, and emissions for substances covered by the protocol
are in WMO (Kurylo and Rodriguez, 1999; Prinn and Zander,
1999). The ozone-depleting gases with the largest potential to
influence climate are CFC-11 (CFCly), CFC-12 (CF,Cl,), and
CFC-113 (CF,CICECl,). It is now clear from measurements in
polar firn air that there are no natural sources of these
compounds (Butler et al., 1999). Surface measurements of
these compounds show that their growth rates continue to

T T T T T T T T T T T
= PFC-14 (CF4) stratosphere
B 70+ N
K=
<
L
O 60 ¥ i
S <
© NH troposphere
g
S 50 |
°
c
=}
o (=]
< 40 ) -- - Natural background- - - - - 14 -
NH ice core o
L L L L 1 I I | | | |

1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure 4.4: Abundance of CF, (ppt) over the last 200 years as
measured in tropospheric air (open diamonds), stratospheric air (small
filled diamonds), and ice cores (open squares) (Harnisch ez al., 1996;
1999).
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Figure 4.5: Abundance of SFg (ppt) measured at Cape Grim, Tasmania
since 1978 (Maiss et al., 1996; Maiss and Brenninkmeijer, 1998).
Cape Grim values are about 3% lower than global averages.
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decline. Growth rates are slightly negative for CFC-11 and
CFC-113 (Montzka et al., 1996a, 1999; Prinn et al., 2000); see
Figure 4.6. CFC-12 increased by 4 ppt/yr during 1995 to 1996,
down from about 12 ppt/yr in the late 1980s, see Figure 4.7).
Methyl chloroform (CH3CCls) has decreased dramatically since
the Montreal Protocol was invoked, due to its relatively short
lifetime (about 5 years) and the rapidity with which emissions
were phased out. Its decline was 13 ppt/yr during the period
1995 to 1996 (Prinn et al., 1998, 2000). The halon abundances
are small relative to the CFCs, and will never become large if
the Montreal Protocol is adhered to. Atmospheric measure-
ments show that growth rates of halon-1301 and halon-2402
decreased in response to the Montreal Protocol, but halon-1211
continues to increase at rates larger than expected based on
industrial emissions data (Butler er al., 1998a; Fraser et al.,
1999; Montzka et al., 1999).
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Figure 4.6: Global mean CFC-11 (CFCl;) tropospheric abundance
(ppt) from 1950 to 1998 based on smoothed measurements and
emission models (Prinn et al., 2000). CFC-11’s radiative forcing is
shown on the right axis.
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Figure 4.7: Global mean CFC-12 (CF,Cl,) tropospheric abundance
(ppt) from 1950 to 1998 based on smoothed measurements and
emission models (Prinn et al., 2000). CFC-12’s radiative forcing is
shown on the right axis.
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The depletion of stratospheric ozone over the past three
decades has been substantial. Between 60°S and 60°N it
averaged about 2%/decade. A thorough review of the direct and
possible indirect effects of stratospheric ozone depletion are
given in WMO (Granier and Shine, 1999). The depletion of O3
(and its radiative forcing) is expected to follow the weighted
halogen abundance in the stratosphere. Therefore, both will reach
a maximum in about 2000 before starting to recover; however,
detection of stratospheric Os recovery is not expected much
before 2010 (Jackman et al., 1996; Hofmann and Pyle, 1999).
Methyl chloroform has been the main driver of the rapid
turnaround in stratospheric chlorine during the late 1990s
(Montzka et al., 1999; Prinn et al., 2000), and further recovery
will rely on the more slowly declining abundances of CFC-11
and -12, and halons (Fraser et al., 1999; Montzka et al., 1999). It
is expected that stratospheric ozone depletion due to halogens
will recover during the next 50 to 100 years (Hofmann and Pyle,
1999). In the short run, climatic changes, such as cooling in the
northern winter stratosphere, may enhance ozone depletion, but
over the next century, the major uncertainties in stratospheric
ozone lie with (i) the magnitude of future consumption of ozone-
depleting substances by developing countries (Fraser and Prather,
1999; Montzka et al., 1999), (ii) the projected abundances of CH,
and N,O, and (iii) the projected climate change impacts on
stratospheric temperatures and circulation.

4.2.3 Reactive Gases

4.2.3.1 Carbon monoxide (CO) and hydrogen (H,)
Carbon monoxide (CO) does not absorb terrestrial infrared
radiation strongly enough to be counted as a direct greenhouse
gas, but its role in determining tropospheric OH indirectly affects
the atmospheric burden of CH, (Isaksen and Hov, 1987) and can
lead to the formation of O5;. More than half of atmospheric CO
emissions today are caused by human activities, and as a result
the Northern Hemisphere contains about twice as much CO as
the Southern Hemisphere. Because of its relatively short lifetime
and distinct emission patterns, CO has large gradients in the
atmosphere, and its global burden of about 360 Tg is more
uncertain than those of CH; or N,O. In the high northern
latitudes, CO abundances vary from about 60 ppb during summer
to 200 ppb during winter. At the South Pole, CO varies between
about 30 ppb in summer and 65 ppb in winter. Observed
abundances, supported by column density measurements, suggest
that globally, CO was slowly increasing until the late 1980s, but
has started to decrease since then (Zander et al. 1989; Khalil and
Rasmussen, 1994), possibly due to decreased automobile
emissions as a result of catalytic converters (Bakwin et al., 1994).
Measurements from a globally distributed network of sampling
sites indicate that CO decreased globally by about 2 %/yr from
1991 to 1997 (Novelli et al., 1998) but then increased in 1998. In
the Southern Hemisphere, no long-term trend has been detected
in CO measurements from Cape Point, South Africa for the
period 1978 to 1998 (Labuschagne et al., 1999).

Some recent evaluations of the global CO budget are
presented in Table 4.6. The emissions presented by Hauglustaine
et al. (1998) were used in a forward, i.e., top-down, modelling
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study of the CO budget; whereas Bergamasschi et al. (2000) used
a model inversion to derive CO sources. These varied approaches
do not yet lead to a consistent picture of the CO budget.
Anthropogenic sources (deforestation, savanna and waste
burning, fossil and domestic fuel use) dominate the direct
emissions of CO, emitting 1,350 out of 1,550 Tg(CO)/yr. A
source of 1,230 Tg(CO)/yr is estimated from in situ oxidation of
CH, and other hydrocarbons, and about half of this source can be
attributed to anthropogenic emissions. Fossil sources of CO have
already been accounted for as release of fossil C in the CO,
budget, and thus we do not double-count this CO as a source of
CO,.

It has been proposed that CO emissions should have a GWP
because of their effects on the lifetimes of other greenhouse gases
(Shine et al., 1990; Fuglesvedt et al., 1996; Prather, 1996). Daniel
and Solomon (1998) estimate that the cumulative indirect
radiative forcing due to anthropogenic CO emissions may be
larger than that of N,O. Combining these early box models with
3-D global CTM studies using models from OxComp (Wild and
Prather, 2000; Derwent et al., 2001) suggests that emitting 100
Tg(CO) is equivalent to emitting 5 Tg(CHy): the resulting CH,4
perturbation appears after a few months and lasts 12 years as
would a CH, perturbation; and further, the resulting tropospheric
Oj increase is global, the same as for a direct CH, perturbation.
Effectively the CO emission excites the global 12-year
chemical mode that is associated with CH, perturbations. This
equivalency is not unique as the impact of CO appears to vary
by as much as 20% with latitude of emission. Further, this
equivalency systematically underestimates the impact of CO on
greenhouse gases because it does not include the short-term
tropospheric O5 increase during the early period of very high CO
abundances (< 6 months). Such O; increases are regional,
however, and their magnitude depends on local conditions.

Molecular hydrogen (H,) is not a direct greenhouse gas. But
it can reduce OH and thus indirectly increase CH4 and HFCs. Its
atmospheric abundance is about 500 ppb. Simmonds et al. (2000)
report a trend of +1.2 + 0.8 ppb/yr for background air at Mace
Head, Ireland between 1994 and 1998; but, in contrast, Novelli et
al. (1999) report a trend of —2.3 £ 0.1 ppb/yr based on a global
network of sampling sites. H, is produced in many of the same
processes that produce CO (e.g., combustion of fossil fuel and
atmospheric oxidation of CHy), and its atmospheric measure-
ments can be used to constrain CO and CH, budgets. Ehhalt
(1999) estimates global annual emissions of about 70 Tg(H,)/yr,
of which half are anthropogenic. About one third of atmospheric
H, is removed by reaction with tropospheric OH, and the
remainder, by microbial uptake in soils. Due to the larger land
area in the Northern Hemisphere than in the Southern
Hemisphere, most H, is lost in the Northern Hemisphere. As a
result, H, abundances are on average greater in the Southern
Hemisphere despite 70% of emissions being in the Northern
Hemisphere (Novelli et al., 1999; Simmonds et al., 2000).
Currently the impact of H, on tropospheric OH is small,
comparable to some of the VOC. No scenarios for changing H,
emissions are considered here; however, in a possible fuel-cell
economy, future emissions may need to be considered as a
potential climate perturbation.
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Table 4.6: Estimates of the global tropospheric carbon monoxide budget (in Tg(CO)/yr) from different sources compared with the
values adopted for this report (TAR).

Reference: Hauglustaine et al. Bergamasschi et al. WMO SAR TAR?
(1998) (2000) (1999) (1996)
Sources
Oxidation of CHy 795 400 — 1000 800
Oxidation of Isoprene 268 200 — 600° 270
Oxidation of Terpene 136 ~0
Oxidation of industrial NMHC 203 110
Oxidation of biomass NMHC - 30
Oxidation of Acetone - 20
Sub-total in situ oxidation 881 1402 1230
Vegetation - 100 60 — 160 150
Oceans 49 50 20 —-200 50
Biomass burning® 768 500 300 — 700 700
Fossil & domestic fuel 641 500 300 — 550 650
Sub-total direct emissions 1219 1458 1150 1550
Total sources 2100 2860 1800 — 2700 2780
Sinks
Surface deposition 190 250 — 640
OH reaction 1920 1500 — 2700
Anthropogenic emissions
by continent/region Y2000 Y2100(A2p)
Africa 80 480
South America 36 233
Southeast Asia 44 203
India 64 282
North America 137 218
Europe 109 217
East Asia 158 424
Australia 8 20
Other 400 407
Sum 1036 2484

2 Recommended for OxComp model calculations for year 2000.
b Includes all VOC oxidation.
¢ From deforestation, savannah and waste burning.

4.2.3.2 Volatile organic compounds (VOC)

Volatile organic compounds (VOC), which include non-methane
hydrocarbons (NMHC) and oxygenated NMHC (e.g., alcohols,
aldehydes and organic acids), have short atmospheric lifetimes
(fractions of a day to months) and small direct impact on radiative
forcing. VOC influence climate through their production of
organic aerosols and their involvement in photochemistry, i.e.,
production of Os in the presence of NO, and light. The largest
source, by far, is natural emission from vegetation. Isoprene, with
the largest emission rate, is not stored in plants and is only
emitted during photosynthesis (Lerdau and Keller, 1997).
Isoprene emission is an important component in tropospheric
photochemistry (Guenther et al., 1995, 1999) and is included in

the OxComp simulations. Monoterpenes are stored in plant
reservoirs, so they are emitted throughout the day and night. The
monoterpenes play an important role in aerosol formation and are
discussed in Chapter 5. Vegetation also releases other VOC at
relatively small rates, and small amounts of NMHC are emitted
naturally by the oceans. Anthropogenic sources of VOC include
fuel production, distribution, and combustion, with the largest
source being emissions (i) from motor vehicles due to either
evaporation or incomplete combustion of fuel, and (ii) from
biomass burning. Thousands of different compounds with
varying lifetimes and chemical behaviour have been observed in
the atmosphere, so most models of tropospheric chemistry
include some chemical speciation of the VOC. Generally, fossil
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Table 4.7(a): Estimates of global VOC emissions (in TgC/yr) from different sources compared with the values adopted for this report (TAR).

Ehhalt (1999) Isoprene Terpene C,H; C;Hg CH,, C,H, C;H, C,H, Benzene Toluene
(CsHg) (CyoHy) (CsHg) (C;Hy)

Fossil fuel - - 4.8 4.9 8.3 8.6 8.6 2.3 4.6 13.7

Biomass burning - - 5.6 33 1.7 8.6 43 1.8 2.8 1.8

Vegetation 503 124 4.0 4.1 2.5 8.6 8.6 - - -

Oceans - - 0.8 1.1 - 1.6 1.4 - - -

TAR" Total Isoprene Terpene Acetone

Fossil fuel 161

Biomass burning 33

Vegetation 371 220 127 30

4 Fossil includes domestic fuel.

b TAR refers to recommended values for OxComp model calculations for the year 2000.

Table 4.7(b): Detailed breakdown of VOC emissions by species adopted for this report (TAR).

Industrial Biomass burning

Species wt% #C atoms wt% #C atoms
Alcohols 32 2.5 8.1 1.5
Ethane 4.7 2.0 7.0 2.0
Propane 5.5 3.0 2.0 3.0
Butanes 10.9 4.0 0.6 4.0
Pentanes 9.4 5.0 1.4 5.0
Higher alkanes 18.2 7.5 1.3 8.0
Ethene 5.2 2.0 14.6 2.0
Propene 24 3.0 7.0 3.0
Ethyne 2.2 2.0 6.0 2.0
Other alkenes, alkynes, dienes 3.8 4.8 7.6 4.6
Benzene 3.0 6.0 9.5 6.0
Toluene 4.9 7.0 4.1 7.0
Xylene 3.6 8.0 1.2 8.0
Trimethylbenzene 0.7 9.0 - -
Other aromatics 3.1 9.6 1.0 8.0
Esters 1.4 5.2 - -
Ethers 1.7 4.7 5.5 5.0
Chlorinated HC's 0.5 2.6 - -
Formaldehyde 0.5 1.0 1.2 1.0
Other aldehydes 1.6 3.7 6.1 3.7
Ketones 1.9 4.6 0.8 3.6
Acids 3.6 1.9 15.1 1.9
Others 8.1 4.9 - -

wt% values are given for the individual VOC with the sums being: industrial, 210 Tg(VOC)/yr,
corresponding to 161 TgC/yr; and biomass burning, 42 Tg(VOC)/yr, corresonding to 33 TgCl/yr.

VOC sources have already been accounted for as release of fossil
C in the CO, budgets and thus we do not count VOC as a source
of COZ

Given their short lifetimes and geographically varying
sources, it is not possible to derive a global atmospheric burden
or mean abundance for most VOC from current measurements.
VOC abundances are generally concentrated very near their

sources. Natural emissions occur predominantly in the tropics
(23°S to 23°N) with smaller amounts emitted in the northern
mid-latitudes and boreal regions mainly in the warmer seasons.
Anthropogenic emissions occur in heavily populated, industri-
alised regions (95% in the Northern Hemisphere peaking at 40°N
to 50°N), where natural emissions are relatively low, so they have
significant impacts on regional chemistry despite small global
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emissions. A few VOC, such as ethane and acetone, are longer-
lived and impact tropospheric chemistry on hemispheric scales.
Two independent estimates of global emissions (Ehhalt, 1999;
and TAR/OxComp budget based on the Emission Database for
Global Atmospheric Research (EDGAR)) are summarised in
Table 4.7a. The OxComp specification of the hydrocarbon
mixture for both industrial and biomass-burning emissions is
given in Table 4.7b.

One of the NMHC with systematic global measurements is
ethane (C,Hg). Rudolph (1995) have used measurements from
five surface stations and many ship and aircraft campaigns
during 1980 to 1990 to derive the average seasonal cycle for
ethane as a function of latitude. Ehhalt et al. (1991) report a
trend of +0.8%/yr in the column density above Jungfraujoch,
Switzerland for the period 1951 to 1988, but in the following
years, the trend turned negative. Mahieu et al. (1997) report a
trend in C,Hg of —2.7 + 0.3%/yr at Jungfraujoch, Switzerland for
1985 to 1993; Rinsland et al. (1998) report a trend of —1.2 £
0.4%/yr at Kitt Peak, Arizona for 1977 to 1997 and —0.6 £
0.8%/yr at Lauder, New Zealand for 1993 to 1997. It is expected
that anthropogenic emissions of most VOC have risen since pre-
industrial times due to increased use of gasoline and other
hydrocarbon products. Due to the importance of VOC
abundance in determining tropospheric O3 and OH, systematic
measurements and analyses of their budgets will remain
important in understanding the chemistry-climate coupling.

There is a serious discrepancy between the isoprene
emissions derived by Guenther et al. (1995) based on a global
scaling of emission from different biomes, about 500 TgCl/yr,
and those used in OxComp for global chemistry-transport
modelling, about 200 TgC/yr. When the larger isoprene fluxes
are used in the CTMs, many observational constraints on CO
and even isoprene itself are poorly matched. This highlights a
key uncertainty in global modelling of highly reactive trace
gases: namely, what fraction of primary emissions escapes
immediate reaction/removal in the vegetation canopy or
immediate boundary layer and participates in the chemistry on
the scales represented by global models? For the isoprene
budget, there are no measurements of the deposition of reaction
products within the canopy. More detail on the scaling of
isoprene and monoterpene emissions is provided in Chapter 5.
Although isoprene emissions are likely to change in response to
evolving chemical and climate environment over the next
century, this assessment was unable to include a projection of
such changes.

4.2.3.3 Nitrogen oxides (NO,)

Nitrogen oxides (NO, = NO + NO,) do not directly affect Earth’s
radiative balance, but they catalyse tropospheric O; formation
through a sequence of reactions, e.g.,

OH+CO+0, — CO, + HO,
HO, + NO - NO, + OH
NO, + hv - NO + OCP)
oCP)+0,+M — 0;+M
net: CO+20,+hv — CO, + O3
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By rapidly converting HO, to OH, NO enhances tropo-
spheric OH abundances and thus indirectly reduces the
atmospheric burdens of CO, CH,, and HFCs. Much of recent
understanding of the role of NO, in producing tropospheric Os
and changing OH abundances is derived from in situ measure-
ment campaigns that sample over a wide range of chemical
conditions in the upper troposphere or at the surface (see Section
4.2.6 on tropospheric OH). These atmospheric measurements
generally support the current photochemical models. There is
substantial spatial and temporal variability in the measured
abundance of NO,, which ranges from a few ppt near the surface
over the remote tropical Pacific Ocean to >100 ppb in urban
regions. The local chemical lifetime of NO, is always short, but
varies widely throughout the troposphere, being 1 day or less in
the polluted boundary layer, day or night, and 5 to 10 days in the
upper troposphere. As with VOC, it is not possible to derive a
global burden or average abundance for NO, from measurements
of atmospheric abundances.

Most tropospheric NO, are emitted as NO, which
photochemically equilibrates with nitrogen dioxide (NO,) within
a few minutes. Significant sources, summarised in Table 4.8,
include both surface and in situ emissions, and only a small
amount is transported down from the stratosphere. NO, emitted
within polluted regions are more rapidly removed than those in
remote regions. Emissions directly into the free troposphere have
a disproportionately large impact on global greenhouse gases.
The major source of NO, is fossil fuel combustion, with 40%
coming from the transportation sector. Benkovitz et al. (1996)
estimated global emissions at 21 TgN/yr for 1985. The NO,
emissions from fossil fuel use used in model studies here for year
2000 are considerably higher, namely 33 TgN/yr. The large
American and European emissions are relatively stable, but
emissions from East Asia are increasing by about +4%/yr (Kato
and Akimoto, 1992). Other important, but more uncertain surface
sources are biomass burning and soil emissions. The soil source
recently derived from a bottom-up compilation of over 100
measurements from various ecosystems is 21 TgN/yr (Davidson
and Kingerlee, 1997), much higher than earlier estimates. Part of
the discrepancy can be explained by the trapping of soil-emitted
NO in the vegetation canopy. Inclusion of canopy scavenging
reduces the NO, flux to the free troposphere to 13 TgN/yr,
which is still twice the flux estimated by another recent study
(Yienger and Levy, 1995). Emissions of NO, in the free
troposphere include NO, from aircraft (8 to 12 km), ammonia
oxidation, and lightning (Lee et al., 1997). Estimates of the
lightning NO, source are quite variable; some recent global
estimates are 12 TgN/yr (Price et al., 1997a,b), while other
studies recommend 3 to 5 TgN/yr (e.g., Huntrieser et al., 1998;
Wang et al., 1998a). Recent studies indicate that the global
lightning frequency may be lower than previously estimated
(Christian et al., 1999) but that intra-cloud lightning may be
much more effective at producing NO (DeCaria et al., 2000). In
total, anthropogenic NO, emissions dominate natural sources,
with fossil fuel combustion concentrated in northern industrial
regions. However, natural sources may control a larger fraction of
the globe. Overall, anthropogenic NO, emissions are expected to
undergo a fundamental shift from the current dominance of the
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Table 4.8: Estimates of the global tropospheric NO, budget (in TgN/yr) from different sources compared with the values adopted for this

report.
Reference: TAR Ehhalt Holland et al. Penner et al. Leeet al.
(1999) (1999) (1999) (1997)
Base year 2000 ~1985 ~1985 1992
Fossil fuel 33.0 21.0 20 —-24 21.0 22.0
Aircraft 0.7 0.45 0.23-0.6 0.5 0.85
Biomass burning 7.1 7.5 3-13 5-12 7.9
Soils 5.6 5.5 4-21 4-6 7.0
NH; oxidation - 3.0 05-3 - 0.9
Lightning 5.0 7.0 3-13 3-5 5.0
Stratosphere <0.5 0.15 0.1-0.6 - 0.6
Total 51.9 44.6 44.3
Anthropogenic emissions
by continent/region Y2000 Y2100(A2p)
Africa 2.5 21.8
South America 1.4 10.8
Southeast Asia 1.2 6.8
India 1.7 10.0
North America 10.1 18.5
Europe 7.3 14.3
East Asia 5.6 24.1
Australia 0.5 1.1
Other 2.3 2.6
Sum 32.6 110.0

The TAR column was used in OxComp model calculations for year 2000; fossil fuel includes bio-fuels, but surface sources only;
stratospheric source in TAR is upper limit and includes HNOj;; the range of values used in modelling for IPCC aviation assessment

(Penner et al. 1999) is given.

Northern Hemisphere to a more tropical distribution of
emissions. Asian emissions from fossil fuel are expected to drive
an overall increase in NO, emissions in the 21st century (Logan,
1994; Van Aardenne et al., 1999).

The dominant sink of NOy is atmospheric oxidation of NO,
by OH to form nitric acid (HNOs), which then collects on
aerosols or dissolves in precipitation and is subsequently
scavenged by rainfall. Other pathways for direct NO, removal
occur through canopy scavenging of NO, and direct, dry deposi-
tion of NO,, HNO;, and particulate nitrates to the land surface
and the ocean. Dry deposition can influence the surface
exchanges and can thus alter the release of NO, and N,O to the
atmosphere. Peroxyacetyl nitrate (PAN), formed by the reaction
of CH;C(0)0O, with NO,, can transport HO, and NO, to remote
regions of the atmosphere due to its stability at the cold tempera-
tures of the upper troposphere. In addition tropospheric aerosols
provide surfaces on which reactive nitrogen, in the form of NO3
