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EXECUTIVE SUMMARY

The Earth’s climate 1s dependent upon the radiative balance of the
atmosphere, which 1n turn depends upon the mput of solar
radiation and the atmospheric abundances ot 1adiatively active
trace gases (1€, greenhouse gases), clouds and aerosols

Since the industrial revolution the atmospheric concentrations
of several greenhouse gases, 1 e, carbon dioxide (CO2) methane
(CHg), chlorofluorocarbons (CFCs), nitrous oxide (N2O), and
tropospheric ozone (O3), have been increasing primarily due to
human activities Several of these gieenhouse gases have long
atmospheric litetimes, decades to centuries, which means that
their atmospheric concentrations respond slowly to changes 1n
emission rates In addition there 15 evidence that the
concentrations of tropospheric acrosols have increased at least

regionally

Carbon Dioxide

The atmospheric CO? concentration at 353 ppmy 1n 1990 1s now
about 25% greater than the pre industital (1750 1800) value of
about 280 ppmv, and higher than at any time 1n at least the last
160,000 years Carbon dioxide 15 currently rising at about 1 8
ppmv (0 5%) per year due to anthropogenic emissions
Anthropogenic emissions of CO?2 are estimated to be 5 7+0 5 Gt
C (in 1987) due to fossil fuel burning, plus 06 25 Gt C (in
1980) due to deforestation The atmospheric inciease during the
past decade corresponds to (48£8)% of the total cmissions during
the same period with the remainder being taken up by the oceans
and land Indirect evidence suggests that the land and oceans
sequester CO?2 1n roughly equal proportions though the
mechanisms are not all well understood The tme taken for
atmospheric CO?2 to adjust to changes 1n sources o1 sinks 15 of
order 50 200 years, determined mainly by the slow exchange of
carbon between surface waters and deeper layers of the ocean
Consequently CO?2 emutted nto the atmosphere today will
influence the atmospheric concentiation of CO?2 tor centuries into
the future Three models have been used to estimate that even 1f
anthropogenic emissions of CO?2 could be kept constant at present
day rates, atmospheric CO2 would mcrease to 415 - 480 ppmv by
the year 2050, and to 460 - 560 ppmv by the year 2100 In order
to stabilize concentrations at present day levels an immediate
reduction in global anthropogenic emissions by 60 80 percent

would be necessary

Methane
Current atmospheric CH4 concentration, at 1 72 ppmy 15 now
more than double the pre-industrial (1750 1800) value of about

0 8 ppmv, and 15 increasing at a rate of about 0 015 ppmv (0 9%)
per year The major sink tor CH4, reaction with hydroxyl (OH)
radicals 1n the troposphere, results 1in a relatively short
atmospheric hfetime of about 10 years Human activities such as
rice cultivation, domestic ruminant rearing, biomass burning, coal
mining, and natural gas venting have increased the input of CHyg
mto the atmosphere, which combined with a possible decrease in
the concentration of tropospheric OH yields the observed rise 1n
global CH4 However the quantitative importance of each of the
factors contributing to the observed increase 1s not well known at
present In order to stabilize concentrations at present day levels
an immediate reduction n global anthropogentc emissions by 15
20 percent would be necessary

Chlorofluorocarbons

The current atmospheric concentrations of the anthropogenically
produced halocarbons CCI3F (CFC 11) CCIpF2 (CFC 12)
C2C13F3 (CFC 113) and CCl4 (carbon tetrachlorde) are about
280 pptv 484 pptv 60 pptv and 146 pptv respectively Over the
past few decades their concentrations, except tor CCl4 have
increased more rapidly (on a percentage basis) than the other
gicenhouse gases, currently at rates ot at least 4% per year The
fully halogenated CFCs and CCl4 are primarily removed by
photolysis in the stratosphere, and have atmospheric lifetimes 1n
eacess of 50 years Future emissions will, most likely, be
eliminated or significantly lower than today s because of current
international negotiations to strengthen regulations on
chlorofluorocarbons However, the atmospheric concentrations ot
CFCs 11 12 and 113 will sull be significant (30 - 40% ot current)
for at least the next century because of their long atmospheric

hitetimes

Nitrous Oxide

The current atmospheric N20O concentration, at 310 ppbv, 15 now
about 8% greater than in the pre-industnal era, and 15 increasing at
a rate of about 0 8 ppbv (0 25%) per year The major sink tor
N2O, photolysis n the stratosphere, results 1n a relatively long
atmospheric lifetime ot about 150 years It 1s ditficult to
quantitatively account tor the source of the current imcrease 1n the
atmospheric concentration of N20O but 1t 1s thought to be due to
human activities  Recent data suggest that the total annual flus ot
N20 trom combustion and biomass burning 15 much less than
pteviously believed  Agricultural practices may stimulate
emissions of N20O from sotls and play 4 major role In order to

stabiize concentrations at present day levels an immediate



reduction ot 70 80% of the additional flux of N2O that has

?
occurred since the pre industrial era would be necessary

Ozone

Ovone 15 an effective greenhouse gas especially 1n the middle and
upper troposphere and lower stratosphere Its concentration in the
troposphere 15 highly variable because of 1its short lifetime It 1s
photochemically produced in-s1tu through a series of complex
reactions involving carbon monoxide (CO), CH4, non-methane
hydrocarbons (NMHC), and nitrogen oxide radicals (NOy), and
also transported downward from the stratosphere The hmited
observational data support positive trends of about 1% per year
for O3 below 8 km 1n the northern hemisphere (consistent with
positive trends 1n several of the precursor gases, especially NOy,
CH4 and CO) but probably close to zero trend in the southern
hemisphere There 1s also evidence that O3 has decreased by a
few percent globally 1n the lower stratosphere (below 25 km)
within the last decade Unfortunately, there are no reliable long-
term data near the tropopause
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Aerosol particles

Aerosol particles have a lifetime of at most a few weeks 1n the
troposphere and occur 1n highly variable concentrations A large
proportion of the particles that influence cloud processes and the
radiative balance 1s derived from gaseous sulphur emissions Due
to fossil fuel combustion, these emissions have more than doubled
globally, causing a large increase 1n the concentration of aerosol
sulphate especially over and around the industrialized regions of
Europe and North America Future concentrations of aerosol
sulphate will vary 1n proportion to changes 1n anthropogenic
emissions Aerosol particles derived from natural (biological)
emissions may contribute to climate feedback processes During a
few years following major volcanic eruptions the concentrations

of natural aerosol particles in the stratosphere can be greatly
enhanced




1 Greenhouse Gases and Aerosols

1.1 Introduction

The Earth s climate 15 dependent upon the radiative balance
of the atmosphere, which n turn depends upon the input of
solar radiation and the atmospheric abundances of
radiatively active trace gases (1 e, greenhouse gases),
clouds and aerosols Consequently, 1t 15 essential to gain an
understanding of how each of these climate forcing
agents varies naturally, and how some of them might be
influenced by human activities

The chemical composition of the Earth < atmosphere 1s
changing, largely due to human activitics (Table 1 1) Aur
trapped 1n Antarctic and Greenland 1ce shows that there
have been major increases 1n the concentrations of
radiatively active gases such as carbon dioxide (CO»7),
methane (CHg4), and nitrous oxide (N2O) since the
beginning of the industrial revolution In addition
industrially-produced chlorofluorocarbons (CFCs) are now
present 1n the atmosphere 1n significant concentrations, and
there 1s evidence that the concentrations of tropospheric O3

and aerosols have increased at least regionally

Atmospheric measurements ndicate that in many cases the
rates of change have increased 1n recent decades Many of
the greenhouse gases have long atmospheric hife-times,
decades to centuries, which implies that their atmospheric
concentrations respond slowly to changes 1n emission rates

The effectiveness of a greenhouse gas n influencing the
Earth s radiative budget 1s dependent upon its atmospheric
concentration and 1ts ability to absorb outgoing long-wave
terrestrial radiation  Tropospheric water vapour 15 the
single most important greenhouse gas, but its atmospheric
concentration 1s not significantly influenced by direct
anthropogenic emissions Of the greenhouse gases that are
directly affected by human activities, CO? has the largest
radiative effect, followed by the CFCs, CHgy, tropospheric
03, and N2O Although the present rate of increase in the
atmospheric concentration of CO2 15 about a factor of
70,000 times greater than that of CCI3F (CFC-11) and
CClpFy (CFC-12) combined, and a factor of about 120
times greater than that of CHg, 1ts contribution to changes
in the radiative forcing during the decade of the 1980s was

Table 1.1 Summary of Key Gireenhouse Gases Influenced by Human Activities 1

Parameter COp CHy CFC-11 CFC-12 NoO
Pre-industrial atmospheric 280 ppmv2 0 8 ppmv 0 0 288 ppbv2
concentration (1750-1800)

Current atmospheric concentration 353 ppmv 1 72 ppmv 280 pptv2 484 pptv 310 ppbv
(1990)3

Current rate of annual atmospheric 1 8 ppmv 0015 ppmv 95 pptv 17 pptv 0 8 ppbv
accumulation (0 5%) 0 9%) (4%) (4%) (0 25%)
Atmospheric Iifetime# (years) (50 200) 10 65 130 150

1 Ozone has not been included 1n the table because of lack of precise data

2 ppmv = parts per million by volume,
pptv = parts per trillion by volume

ppbv =

parts per billion by volume,

3 The current (1990) concentrations have been estimated based upon an extrapolation of measurements reported for
earlier years, assuming that the recent trends remained approximately constant
4  Foreach gas in the table, except CO2 the lifetime 1s defined here as the ratio of the atmospheric content to the total

rate of removal  This time scale also charactenzes the rate of adjustment of the atmospheric concentrations if the
emission rates are changed abruptly  CO» 15 a special case since 1t has no real sinks but 1 merely circulated between
various reservoirs (atmosphere ocean biota) The lifetime of CO7 given 1n the table 15 a rough indication of the
time 1t would take for the CO7 concentiation to adjust to changes in the emissions (see section 1 2 1 for turther

detatis)



about 55%, compared to 17% for CFCs (11 and 12), and
15% for CH4 (see Section 2) Other CFCs and N2O
accounted for about 8%, and 5%, respectively, of the
changes 1n the radiative forcing While the contribution
from tropospheric O3 may be important, 1t has not been
quantified because the observational data 1s inadequate to
determine 1ts trend This pattern arises because of
differences 1n the efficiencies of the gases to absorb
terrestrial radiation

Aerosol particles play an important role 1n the climate
system because of their direct interaction (absorption and
scattering) with solar and terrestrial radiation, as well as
through their influence on cloud processes and thereby,
indirectly, on radiative fluxes

There 1s a clear need to document the historical record of
the atmospheric concentrations of greenhouse gases and
aerosols, as well as to understand the physical, chemical,
geological, biological and social processes responsible for
the observed changes A quantitative understanding of the
atmospheric concentrations of these gases requires
knowledge of the cycling and distribution of carbon,
mtrogen and other key nutrients within and between the
atmosphere, terrestrial ecosystems, oceans and sediments,
and the influence of human actions on these cycles
Without knowledge of the processes responsible for the
observed past and present changes in the atmospheric
concentrations of greenhouse gases and aerosols 1t will not
be possible to predict with confidence future changes in
atmospheric composition, nor therefore the resulting
changes 1n the radiative forcing of the atmosphere

1.2 Carbon Dioxide

1.2.1 The Cycle of Carbon in Nature
Carbon 1n the form of CO7, carbonates, organic
compounds, etc 1s cycled between various reservoirs,
atmosphere, oceans, land biota and marine biota, and, on
geological time scales, also sediments and rocks (Figure
1 1, for more detailed reviews see Sundquist, 1985 Bolin,
1981, 1986, Trabalka, 1985, Siegenthaler, 1986) The
largest natural exchange fluxes occur between the
atmosphere and the terrestrial biota and between the
atmosphere and the surface water of the oceans By
comparison, the net inputs 1nto the atmosphere from fossil
fuel combustion and deforestation are much smaller, but
are large enough to modify the natural balance

The wrnover ime of CO2 1n the atmosphere, measured
as the ratio of the content to the fluxes through 1t, 1s about 4
years This means that on average 1t takes only a few years
betore a CO2 molecule 1n the atmosphere 15 taken up by
plants or dissolved 1n the ocean This short time scale must
not be confused with the time it takes tor the atmospheric
CO97 level to adjust to a new equilibrium tf sources or sinks
change This adjustment time, corresponding to the lifetime
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Figure 1.1: Global carbon reservoirs and fluxes The numbers
apply for the present-day situation and represent typical hiterature
values Fluxes, e g between atmosphere and surface ocean, are
gross annual exchanges Numbers underlined indicate net annual
CO;, accumulation due to human action Units are gigatons of

carbon (GtC, 1Gt = 109 metric tons = 10!2kg) for reservorr sizes
and GtC yr-1 for fluxes More details and discussions are found
1n several reviews (Sundquist, 1985, Trabalka, 1985, Bolin, 1986
Siegenthaler, 1986)

in Table 1 1, 1s of the order of 50 - 200 years, determined
mainly by the slow exchange of carbon between surface
waters and the deep ocean The adjustment time 1s
important for the discussions on global warming potential,
cf Section227

Because of 1ts complex cycle, the decay of excess CO2
in the atmosphere does not follow a simple exponential
curve, and therefore a single time scale cannot be given to
characterize the whole adjustment process toward a new
equihbrium The two curves 1n Figure 1 2, which represent
simulations of a pulse mput of CO2 nto the atmosphere
using atmosphere-ocean models (a box model and a
General Circulation Model (GCM)), clearly show that the
nitial response (governed mainly by the uptake of CO7 by
ocean surface waters) 15 much more rapid than the later
response (influenced by the slow exchange between surface
waters and deeper layers of the oceans) For example, the
first reduction by 50 percent occurs within some 50 years,
whereas the reduction by another 50 percent (to 25 percent
of the mtial value) requires approximately another 250
years The concentration will actually never return to 1ts
original value, but reach a new equilibrium level, about 13
percent of the total amount of CO7 emitted will remain 1
the atmosphere
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Figure 1.2: Atmospheric CO) concentration excess after a pulse
input at time 0 (1imit1ally doubling the atmospheric CO7
concentration), as calculated with two ocean-atmosphere models
Sold line 3-dimensional ocean-circulation model of Mater-
Rermer and Hasselmann (1987), dashed line 1-dimensional box-
diffusion model of Siegenthaler and Oeschger (1987) The
adjustment towards a new equilibrium does not follow an
exponental curve, 1t 1s very fast during the first decade, then
slows down more and more The concentration excess does not
go to zero, after a long time, a new equilibrium partitioning
between atmosphere and ocean will be reached, with about 15
percent of the input residing 1n the atmosphere

1211 Theole of the atmospher e

The mean annual concentration of CO27 1s relatively
homogeneous throughout the troposphere because the
troposphere 1s mixed on a time scale of about 1 year The
pre-industrial atmospheric CO7 concentration was about
280 ppmv, as reconstructed from ice core analyses (c f
Section 1 2 4 1), corresponding to an atmospheric amount
of 594 Gigatonnes of carbon (GtC 1 Gt = 10% = 1015g, 1
ppmv CO7 of the global atmosphere equals 2 12 GtC and
7 8 Gt COy), today, the level 1s about 353 ppmv (Figures
13and 14) The atmospheric increase has been monitored
since 1958 at a growing number of stations (Keeling and
Heimann, 1986, Keeling et al, 1989a, Beardsmore and
Pearman, 1987, Conway et al , 1988)

1212 Theiole of the ocean
On time scales of decades or more, the CO? concentration
of the unperturbed atmosphere 15 mainly controlled by the
exchange with the oceans, since this 1s the largest of the
carbon reservoirs  There 1s a continuous exchange of CO2
n both directions between the atmosphere and oceans The
net flux into (or out of) the ocean 1s driven by the
difference between the atmospheric partial pressure of CO?
and the equilibrium partial pressure of CO2 (pCO2) n
surface waters

The exchange of carbon between the surface and deeper
layers 15 accomplished mainly through transport by water
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Figure 1.3: Atmospheric CO9 increase i the past 250 years, as
indicated by measurements on air trapped n ice from Siple
Station, Antarctica (squares, Neftel et al , 1985a, Friedli et al ,
1986) and by direct atmospheric measurements at Mauna Loa,
Hawau (triangles, Keeling et al , 1989a)
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Figure 1.4: Monthly average CO2 concentration n parts per
million of dry arr, observed continuously at Mauna Loa, Hawan
(Keeling et al 1989a) The seasonal variations are due primanily
to the withdrawal and production of CO» by the terrestnal biota

motions Ventilation of the thermocline (approximately the
uppermost km of the ocean) 1s particularly important for
the downward transport of anthropogenic CO2 The deep
circulation 1s effective on time scales of 100-1000 years
The natural carbon cycle 1n the ocean and 1n particular
pCO2 n surface ocean water are strongly influenced also
by biological processes The marine biota serve as 4
‘biological pump , transporting organic carbon from
surface waters to deeper layers as a ram of detritus at a rate
ot about 4 GtC per year (Eppley and Peterson 1979)
which 1s balanced by an equal upward transport of carbon
by decper water richer in CO?7 than surface water This
biological pump has the effect of reducing surface pCO»
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very substantially  without the biological pump ("dead
ocean ) the pre-industrial CO7 level would have been
higher than the observed value of 280 ppmv, at perhaps 450
ppmv (Wenk, 1985, Bacastow and Maier-Reimer, 1990)
Alterations 1n the marine biota due to climatic change could
thercfore have a substantial cffect on CO2 levels 1n the
future Note, however, that the "biological pump” does not
help to sequester anthropogenic CO? (see Section 1 2 4 2)

1213 Therole of teriestiial vegetation and soils
The most important processes n the exchange ot carbon
are those of photosynthesis, autotrophic respiration (1 e,
CO9 production by the plants) and heterotrophic (1 e,
essentially microbial) respiration converting the organic
material back into CO2 mainly 1n sotls (¢ { Section 10 for a
detailed discussion) Net primary production (NPP) 1s the
net annual uptake of CO2 by the vegetation, NPP 1s equal
to the gross uptake (gross pnimary production, GPP) minus
autotrophic respiration In an unperturbed world, NPP and
decomposition by heterotrophic respiration are approx-
imately balanced on an annual basis, formation of soils and
peat corresponds to a (relatively small) excess of NPP

The carbon balance can be changed considerably by the
direct impact of human activities (land use changes,
particularly deforestation), by climate changes, and by
other changes 1n the environment, e g, atmospheric
composition Since the pools and fluxes are large (NPP 50-
60 GtC per year, GPP 90 120 GtC per year, Houghton et
al 1985b) any perturbations can have a significant effect
on the atmospheric concentration of CO?

1.2.2 Anthropogenic Perturbations

The concentrations of CO7 1n the atmosphere are primartly
affected by two anthropogenic processes release of CO2
from fossil fuel combustion, and changes n land use such
as deforestation

1221 Historical fossil fuel input
The global input of CO?2 to the atmosphere from fossil fuel
combustion, plus minor industrial sources like cement
production, has shown an exponential increase since 1860
{about 4% per year), with major nterruptions during the
two world wars and the economic ciisis 1n the thirties
(Figure 1 5) Following the 'o1l crisis of 1973, the rate of
increase of the CO72 emissions fiust decrcased to
approximately 2% per year, and after 1979 the global
emissions remained almost constant at a level of 53 GtC
per ycar until 1985, when they started to rise again,
reaching 57 GtC per year in 1987 (Figure 15) The
cumulative release of CO2 from fossil fuel use and cement
manufactuning trom 1850 to 1987 1s estimated at 200 GtC +
10% (Marland, 1989)

Ninety tive percent of the industrial CO2 emissions are
from the Northern Hemisphere, dominated by industial
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Figure 1.5: Global annual emissions of CO7 from fossil fuel
combustion and cement manufacturing, expressed in GtC yr-1
(Rotty and Marland, 1986, Marland, 1989) The average rate ot
increase 1 emissions between 1860 and 1910 and between 1950
and 1970 15 about 4% per year

countries, where annual releases reach up to about 5 tC per
capita (Rotty and Marland, 1986) In contrast, COp
emission rates 1n most developing countries lie between 0 2
and 0 6 tC per capita per year However, the relative rate of
increase of the CO2 emissions 1s much larger in the
developing countries (~ 6% per year), showing almost no
slowing down after 1973 1n contrast to Western Europe and
North America where the rate of increase decreased from
about 3% per year (1945-72) to less than 1% per year
(1973-84)

[ 222 Historical land use changes
The vegetation and sotls of unmanaged forests hold 20 to
100 times more carbon per umit area than agricultural
systems The amount of carbon released to the atmosphere
compared to that accumulated on land as a result of land
use change depends on the amounts of carbon held
biomass and soils, rates of oxidation of wood products
(either rapidly through burning or more slowly through
decay), rates of decay of organic matter in soils, and rates
of regrowth of forests following harvest or abandonment of
agricultural land The heterogeneity of terrestrial eco-
systems makes estimation of global inventories and fluxes
difticult

The total release of carbon to the atmosphere from
changes n land use, primarily deforestation, between 1850
and 1985 has been cstimated to be about 115 GtC
(Houghton and Skole, 1990), with an crror limit of about
135 GIC The components of the flux to the atmosphere
are (1) burning associated with land use change, (2) decay
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of biomass on site (roots, stumps, slash, twigs etc ), (3)
oxidation of wood products removed from site (paper,
lumber, waste etc ), (4) oxidation of soil carbon, minus (5)
regrowth of trees and redevelopment of so1l organic matter
following harvest Although the greatest releases of carbon
mn the nineteenth and early twentieth centuries were from
lands 1n the temperate zone (maximum 0 5 GtC per year),
the mayor source of carbon during the past several decades
has been from deforestation 1n the tropics, with a
significant increase occurring since 1950 Over the entire
135 yr pertod, the release from tropical regions is estimated
to have been 2-3 times greater than the release from muddle
and high latitudes Estimates of the flux in 1980 range from
06 to 25 GtC (Houghton et al, 1985a, 1987, 1988,
Detwiler and Hall, 1988) virtually all ot this flux 1s from
the tropics The few regions for which data exist suggest
that the annual flux 1s higher now than it was in 1980

1.2.3 Long-Term Atmospheric Carbon Dioxide Vanations
The most reliable information on past atmospheric CO2
concentrations 1s obtained by the analysis of polar ice
cores The process of aimr occlusion lasts from about 10 up
to 1000 years, depending on local conditions (e g,
precipitation rate), so that an air sample 1n old 1ce reflects
the atmospheric composttion averaged over a corr-
esponding time terval

Measurements on samples representing the last glacial
maximum (18,000 yr before present) tiom ice cores from
Greenland and Antarctica (Neftel et al, 1982 1988
Delmas et al , 1980) showed CO2 concentrations of 180-
200 ppmv 1 ¢, about 70 percent of the pre-industrial value
Analyses on the 1ce cores from Vostok, Antarctica, have
provided new data on natural variations ot CO?, covering a
full glacial interglacial cycle (Figure 1 6, Barnola et al
1987) Over the whole period there 15 a remarkable
correlation between polar temperature. as deduced from
deuterrum data, and the CO2 profile The glacial-
interglactal shifts of CO2 concentrations must have been
linked to large-scale changes 1n the circulation ot the ocean
and 1 the whole nterplay of brological, chemical and
phy«ical processes, but the detatled mechanisms are not yet
vety clear  The CO2 variations were large enough to
potentially contribute, via the greenhouse effect, to a
substantial (although not the major) part of the glacial-
interglacial climate change (Hansen et al , 1984, Bioccol:
and Manabe 1987)

Ice core studies on Greenland 1ce indicate that during the
last glaciation CO72 concentration shifts of the order of 50
ppmv may have occurred within less than 100 years
(Staufter ct al , 1984), patallel to abrupt, drastic climatic
events (tempetatuie changes of the order of 5°C) These
raptd CO2 changes have not yet been 1dentitied 1n ice cotes
from Antaictica (possibly due to long occluston times,
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Figure 1.6: CO7 concentrations (bottom) and estimated

temperature changes (top) during the past 160,000 years, as
determined on the 1ce core from Vostok, Antarctica (Barnola et
al 1987) Temperature changes were estimated based on the

medsured deuterium concentrations

Neftel et al , 1988), therefore, 1t 1s not yet clear 1f they are
real or represent artefacts 1n the ice record

1.2.4 The Contemporary Record of Carbon Dioxide -
Observations and Interpretation
1241 The carbon diovde inciease fiom pre-industiial
period
Relatively detailed CO2 data have been obtained for the
last millennium from Antarctic 1ce cores (Neftel et al ,
1985a, Friedh et al, 1986, Siegenthaler et al, 1988,
Raynaud and Barnola, 1985, Pearman et al , 1986) They
indicate that during the period 1000 to 1800, the
atmospheric concentration was between 270 and 290 ppmv
The relative constancy seems surprising in view of the fact
that the atmosphere cxchanges about 30 percent of its CO?
with the oceans and biota each year This indicates that the
sensitivity of atmospheric CO2 levels to minor climatic
changes such as the Little Ice Age (lasting from the end of
the 16th to the middle of the 19th century), when global
mean {emperatures probably decreased by about 1°C, 15

small
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A precise reconstruction of the CO2 increase during the
past two centuties has been obtained from an 1ce core from
Siple Station, Antarctica (Figure 1 3, Neftel et al , 1985a,
Friedliet al, 1986) These 1esults indicate that COp started
to 11s¢ around 1800 and had already increased by about 15
ppmv by 1900 Precise direct atmospheric measurements
started in 1958, when the level was about 315 ppmv and the
rate of increase O 6 ppmv per year The present atmospheric
CO»2 level has reached 353 ppmv, and the mean growth rate
has now reached about 1 8 ppmv per year (Figure 1 4,
Keehing et al , 1989a)

1242 Uptake by the ocean
The ocean 15 an 1mportant reservoir for taking up
anthropogenic CO72 The relative increase of dissolved
inorganic carbon (total CO2) 1n ocean water 1s smaller than
in the atmosphere (only 2-3 percent until now see below)
Precise measurements of dissolved norganic carbon can be
made with present analytical tools However, an accurate
determination of the trend 1n dissolved inorganic carbon 1s
ditficult because of 1ts variability in time and space
Hence, 1epeated transects and time series will be required
to assess the total oceanic CO7 uptake with good precision

The net flux of CO2 1nto (or out of) the ocean 15 given by
the product of a gas transfer coefficient and ApCO2 (the
CO2 partial pressure difference between occan and
atmosphere) The gas transter coetficient increases with
mcicasing wind speed and also depends on water
temperatute  Therefore, the net flux 1nto the ocean can be
cstimated from a knowledge of the atmospheric CO»p
concentration pCO2 n surface water (for which the data
ate stll sparse), the global distribution of wind speeds over
the ocean as well as the relation between wind speed and
gas tiansfer coetficient (which 1s known to £30% only)
There have been several estimates of the global net uptake
ol CO7 by the occans using observations (¢ g Enting and
Pearman 1982 1987) The most 1ecent estimate yields 1 6
GtC per year (Tans ct al, 1990) the error of this estimate
15, according to the authors, not easy to estimate

Estimates of occante CO2 uptake 1n the past and in the
future 1equire models of the global carbon cycle that take
INto dccount air-sea gas exchange aqueous carbonate
chemistry and the transport from the surface to deep ocean
layers The aqueous carbonate chemistry n sea water
opetates 1n a mode that 1if the atmospheric CO2
concentration increases by eg 10% then the con-
centration of dissolved inorganic carbon 1n sea water
increcases by only about 1% at equilibiium Therefore, the
occan 1s not such a powertul sink for anthropogemic CO? as
might scem at first when comparing the relative sizes of the
reservorrs (Figure [ 1)

The 1ate at which anthropogenic CO2 15 transported fiom
the suttace to deeper ocean layers 15 determined by the 1ate

of water exchange n the vertical It 15 known from
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measurements of the radioactive 1sotope 14C that on
average 1t takes hundreds to about one thousand years for
wadtet at the surface to penetrate to well below the mixed
layer of the major oceans (e g, Bioecker and Peng, 1982)
Thus, 1n most oceanmic regions only the top several hundred
metres of the oceans have at present taken up significant
amounts of anthropogenic CO2 An exception 1s the North
Atlantic Ocean wheie bomb-produced tritium has been
observed even near the bottom of the sea, indicating the
active formation of new deep water

The 1a1n of biogenic detrital particles, which 15 important
for the natural caitbon cycle, does not significantly
contribute to a sequestering of excess CO?7, since the
marine biota do not directly respond to the CO7 ncrease
Therr activity 15 controlled by other factors, such as hight,
temperature and hmiting nutrients (e g, nitrogen,
phosphorus, silicon) Thus only the input of fertilizers
(phosphate, nitrate) into the ocean through human activities
may lead to an additional sedimentation of organic carbon
in the ocean, ditferent authors have estimated the size of
this additional sink at between 0 04 and 0 3 GtC per year
(see Baes et al 1985) It seems thus justified to estimate
the tossil fucl CO2 uptake to date considering the
biological flux to be constant as long as climatic changes
due to increasing greenhouse gases, or natural causes, do
not modify the marine biotic processes Although this
appears a 1casonable assumption for the past and present
situation, 1t may well not be so 1n the future

The carbon cycle models used to date to simulate the
atmosphere-ocean system have often been highly simp-
lified, consisting of a tew well-mixed or ditfusive
reservolirs (boxes) (¢ g, Oeschger et al , 1975, Broecker et
al, 1980, Bolin, 1981, Enting and Pearman, 1987,
Siegenthaler, 1983)  Even though these box models are
highly simplified they are a powerful means for identitying
the importance of the differcnt processes that determine the
flux of CO7 into the ocean (e g , Broecker and Peng, 1982,
Peng and Broecker 1985) The results of these models are
considered to be reasonable because, as long as the ocean
circulation 1s not changing, the models need only simulate
the transport of cxcess CO2 trom the atmosphere into the
occan, but not the actual dynamics of the ocean In the
simple models, the occanic transport mechanisms e g,
formation of deep water are parameterized The transport
parameters (e g, eddy diffusivity) are determined from
observations of transient tracers that are analogues to the
flux of anthropogenic CO2 into the ocean If a model
reproduces correctly the observed distribution of, e g,
bomb produced 14C, then 1t might be expected to simulate
reasonably the flux ot CO2 mnto the ocean A 1-D box-
diftfusion model yields an occanic uptake of 2 4 GLC per
yeat on average for the decade 1980 - 1989, and an
outcrop-diffusion model (both described by Siegenthaler,
1983) 3 6 GtC per year The lattet model most probably
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overpredicts the flux into the ocean, because 1t includes an
infinitely fast exchange between high-latitude surface
waters and the deep ocean

However, 1t 15 obviously desirable to use 3-dimensional
(3-D) general circulation models of the oceans for this
purpose At this time, only a few modelling groups have
started to do this One 3-D model (Maler-Reimer and
Hasselmann, 1987) gives a similar CO2 uptake as a 1-D
box-diffusion model of Siegenthaler (1983) as illustrated
by the model response to a pulse input of CO2 (Figure
121 In a recent revised versiton of this model (Maier-
Remmer et al , personal communication) the ocean takes up
less COp about | 2 GtC per ycar on average for the decade
1980 1989 The GFDL 3-D ocean model (Sarmiento et
al, 1990) has an oceanic uptake of 1 9 GtC per year for the
same period 3-D ocean models and especially coupled
atmosphere-ocean models are the only means to study in 4
realistic way the feedback eftects that climate change may
have on atmospheric CO7 via alteration of the ocean
circulation (c¢f Section 127 1) However models need to
be constrained by more data than are presently available

The oceanic uptake of CO9 for the decade 1980 1989,
as estimated based on carbon models (e g Siegenthaler
and Oeschger 1987, Mailer Reimer et al personal
communication, 1990, Goudriaan, 1989 Sarmuento et al ,
1990) 1s 1n the range 2 0+0 8 GtC per year

[ 24 3 Redistribution of anthi opogenic carbon diovide
During the period 1850 to 1986, 19520 GtC were released
by fossil fuel burning and 117£35 GtC by detforestation and
changes 1n land use, adding up to a cumulative nput of
312440 GtC

Atmospheric CO2 increased from about 288 ppmv to
348 ppmv during this period cortesponding to (411£6)% of
the cumulative input  This percentage 1s sometimes called
the airborne fraction , but that term should not be mis
understood all CO2
pogenic 1s continuously being exchanged between atmos-
phere occan and biosphere Conventionally an  airborne
fraction rtcferring to the fossil fuel input only has often
been quoted because only the emissions due to fossil fuel
burning atec known with good precision However this may
be misleading since the atmospheric increase 15 a response
to the total emissions We therefore prefer the definition
based on the latter The anborne fraction tor the period
1980 - 1989 (sce calculation below) coiresponds to
(48=8)% ot the cumulative mput

In model simulations of the past CO2 increase using
estimated emisstons from fossil fucls and detorestation 1t

anthropogenic and non-anthio-

has gencrally been found that the simulated ncrease 1s
larger than that actually obseived An estimate for the
decade 1980 1989 15
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Emuissions from fossil fuels into the atmosphere 5tClyr
(Figure [ 5) 54405
Emissions from deforestation and land use 1610
Accumulation 1n the atmosphere 34102
Uptake by the ocean 20108
Net imbalance 16114

The result from this budget and from other studies 15 that
the estimated emissions exceed the sum of atmospheric
increase plus model calculated oceanic uptake by a
significant amount The question therefore arises whether
an important mechanism has been overlooked All attempts
to identify such a missing sink 1n the ocean have
however failed so far A possible exception 1s that a natural
fluctuation 1n the oceanic carbon system could have caused
a decreasing atmospheric baseline concentration in the past
few decades, this does not appear likely i view of the
relative constancy of the pre-industrial CO2 concentration
There are possible processes on land, which could account
for the missing CO7 (but 1t has not been possible to verity
them) They include the stimulation of vegetative growth
by increasing CO2 levels (the CO2 fertilization effect) the
possible enhanced productivity of vegetation under warmer
conditions and the direct cffect of fertilization from
agricultural fertthizers and from nitrogenous releases 1nto
the atmosphere It has been estimated that incrcased
fertilization by nitrogenous releases could account for a
sequestering of up to a maximum of | GtC per year in
terrestrial ecosystems (Melillo private communication
1990) In addition, changed forest management practices
may also result in an increase n the amount of carbon
stored 1n northern mid latitude forests  The extent to which
mid-latitude terrestrial systems can sequester catbon betore
becoming saturated and inecffective 15 unknown As mid
latitude terrestrial systems become close to saturation and
hence eftective 1n sequestering catbon this would allow
more of the CO2 to remain 1n the atmosphere

A technique for establishing the global disttibution of
surface sources and sinks has been to take global
observations of atmospheric CO2 concentration and
1sotopic composition and to nvert these by means of
atmospheric transport models to deduce spatial and
temporal patterns of surface fluxes (Pearman et al 1983
Pearman and Hyson 1986, Keeling and Heimann 1986)
The observed inter-hemispheric CO2 concentration
difference (currently about 3 ppmv) 1s smaller than onc
would expect given that nearly all fossil releases occur in
the Northern Hemisphere The results of this approach
suggest that there 15 an unexpectedly large sink in the
Northern Hemisphere equivalent to more than halt ot the
fossil fuel CO2 1elease (Enting and Mansbiidge 1989
Tansetal 1990 Keeling ct al 1989b) Fuithermore 1t has
been concluded that the oceanic uptake compatible with
and atmospheric CO2 data and with a 3
dimensional atmospheric transport model s at most 1 GtC

occanic
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per year (Tans et al., 1990). Thus, a significant terrestrial
sink, possibly larger than the oceanic uptake, is suggested
by these model analyses.

1.2.4.4 Seasonal variations

Atmospheric CO2 exhibits a seasonal cycle, dominated by
the seasonal uptake and release of atmospheric CO2 by
land plants. Its amplitude is small (1.2 ppmv peak-to-peak)
in the Southern Hemisphere and increases northward to a
maximum of order 15 ppmv peak-to-peak in the boreal
forest zone (55-65C N).

The amplitude of the seasonal cycle has been observed 1o
be increasing (e.g., Pearman and Hyson, 1981: Bacastow et
al., 1985; Thompson et al., 1986). For example, at Mauna
Loa, Hawaii, the seasonal amplitude has increased by
nearly 20% since 1958. The increase has however, not been
monotonic, and different evaluation methods yield
somewhat different values; still, it is statistically sig-
nificant. This increasing amplitude could point to a
growing productivity (NPP) of the terrestrial ecosystems,
and to a sequestering of carbon by a growing biomass,
provided the increase in biomass is not fully compensated
by respiration. It is important to note that such a change
does not necessarily indicate increased productivity or
increased storage of carbon (Pearman and Hyson, 1981;
Kohlmaier et al., 1989; Houghton, 1987); it could also be
due to, e.g., accelerated soil respiration in winter,

1.24.5 Interannual variations

Small imbalances in natural exchange fluxes are reflected
in interannual CO7 concentration fluctuations (1 ppmv
over |-2 years). They are correlated with the Bl Nifio-
Southern Oscillation (ENSO) phenomenon (Thompson et
al., 1986; Keeling et al., 1989a), which suggests a relation
to changes in the equatorial Pacific Occan, where normally
the upwelling cavses a high pCO7 peak and outgassing of
CO7 into the aimosphere. However, a closer inspection
shows that this cannot be the dominating mechanism, since
during El Nifio, the equatorial pCO2 peak disappears
(Fecly et al., 1987), while atmospheric COp grows more
strongly than normally. Alternatively, processes in the land
biosphere, perhaps in response to climatic events connected
with ENSO events, may be responsible. This explanation is
supported by one set of stable carbon isotope dala on
atmospheric CO7 (Kecling et al., 1989a); but not supported
by a second set (Goodman and Francey, 1988).

1.2.4.6 Temporal variations of carbon isotopes

The release of CQp from biospheric carbon and fossil fuels,
both having lower 13¢12¢ ratios than atmospheric CO7,
has led to a decrease of the isotope ratio £3¢/12¢ in the
atmosphere by about 19/po. The man-made emissions of
14¢_free fossil fuel CO2 have likewise caused a decrease of
the atmospheric 14¢ concentration (measured on free-rings)
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of the order of.2% from 1800 to 1950. Both isotopic
perturbations can be used to constrain the history of the
anthropogenic release of CO2. The observed decrease of
13(, as observed in air trapped in ice cores (Friedii et al.,
198%6) and MC, observed in ftree rings, agree, within
experimental uncertainty, with those expected from model
calculations with the same carbon cycle models as used for
studying the CO2 increase (Stuiver and Quay, 1981,
Siegenthaler and Oeschger, 1987). The interpretation of
13 trends in tree rings has proven to be difficult becaunse
of plant physiological effects on isotope fractionation
(Francey and Farquhar, 1982).

1.2.5 Evidence that the Contemporary Carbon Dioxide
Increase is Anthropogenic
How do we know that in fact human activity has been
responsible for the well documented 25% increase in
atmospheric CO2 since the early 19th century? Couldn't
this rise instead be the result of some long-term natural
flgctuation in the natural carbon cycle? Simple arguments
allow us to dismiss this possibility.

Eirst, the observational CO7 records from ice cores with
good time resolution clearly show that the maximum range
of natural variability about the mean of 280 ppmv during
the past 1000 years was small {10 ppmv over a 100 year
time-scale), that is an order of magnitude less than the
observed rise over the last 150 years. A value as high as the
current level of 353 ppmv is not observed anywhere in the
measured ice core record for the atmospheric history during
the past 160,000 years; the maximum value is 300 ppmv
during the previous interglacial, 120,000 years ago.

Second, the observed rate of CO7 increase closely
parallels the accumulated emission trends from fossil fuel
combustion and from land use changes {c.f. Section 1.2.2).
Since the start of atmospheric monitoring in 1958, the
annual atmospheric increase has been smaller each year
than the fossil CO7 input. Thus, occans and biota together
must have been a global sink rather than a source during all
these years. Further evidence is provided by the facl that
the north-to-south CO9 concentration difference has been
observed to increase from 1 ppmv in 1960 to 3 ppmy in
19835, parallel to the growth of the (Northern Hemisphere)
fossil fuel combustion sources (Keeling et al., 1989a).

Third; the observed isotopic trends of 3¢ and 14C agree
qualitatively with those expected due to the CO7 emissions
from fossil fuels and the biosphere, and they are
quantitatively consistent with results from carbon cycle
modelling.

1.2.6 Sensitivity Analyses for Future Carbon Dioxide
Concentrations

Future atmospheric CO7 concentrations depend primarily

on cmission rates from energy use and deforestation, and

on the effectiveness of the occan and fand biota as CO2
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sinks For the sake of illustration, several schematic
scenar1os are shown n Figures | 7 and | 8 Those of Figure
1 7 are based on prescribed total CO2 emission rates after
1990, tfor those 1in Figure | 8 atmospheric concentrations
after 1990 were prescribed and the corresponding emission
rates were calculated to fit these concentrations A box-
diffusion model of the global cycle was used for these
simulations (Enting and Pearman, 1982, 1987), with an
oceanic eddy diffusivity of 5350 mzyedr‘[ and an air-sea
gas exchange rate corresponding to an exchange coefficient
ot 012 year'! The calculations assume no biospheric-
chimate feedbacks, and also assume that after 1990 the net
biospheric input of CO2 15 zero, 1 e, the nput of CO2 from
tropical deforestation 15 balanced by uptake of CO7 by
terrestrial ecosystems

In case a (all emissions stopped Figure 1 7), the
atmospheric concentration declines, but only slowly (from
351 ppmv 1n 1990 to 331 ppmv 1n 2050 and 324 ppmv 1n
2100), because the penetration of man-made CO? to deeper
ocean layers takes a long time  Even if the emissions were
reduced by 2% per ycar from 1990 on (case b), atmos-
pheric CO2 would continue to increase for several decades
Case ¢ (constant emission rate atter 1990) gives CO? levels
of about 450 ppmv 1n 2050 and 520 ppmv 1n 2100 A
constant relative growth rate of 29% per year (case d) would
yield 575 ppmv in 2050 and 1330 ppmv in 2100
Compartson of cases b, ¢ and d clearly shows that measures
to reduce emissions will result 1n slowing down the rate of
atmospheric CO2 growth

Cases b and ¢, 1n comparison to b and ¢, schematically
tllustrate the effect of reducing emissions m 2010 instead of
in 1990

If an (arbitrary) threshold of 420 ppmv 1e, 50% above
pre-industrial, 15 not to be exceeded (case e, Figure 1 8),
then CO7 production rates should slowly decline, reaching
about 50% of their present value by 2050 and 30% by
2100 In order to keep the concentration at the present
level (case f) emissions would have to be reduced
drastically to 30% of present immediately and to less than
20% by 2050

The 1esults of scenario calculations with a 3-D ocean-
atmosphere model (Maier-Reimer and Hasselmann, 1987,
Maiter Reimer et al, personal communication, 1990 -
revised model) give higher concentrations than those
shown in Figure 1 7 obtained with a box-diffusion model,
for mnstance, about 480 ppmv in the year 2050 and about
560 ppmv 1n the year 2100 for Scenario C, compared to
about 450 ppmv and 520 ppmv On the other hand,
calculations with a box model that includes a biospheric
CO2 sink (Goudriaan, 1989) yields somewhat lower
concentrations than shown m Figure 1 7, for instance about
415 ppmv 1n the year 2050 and 460 ppmv 1n the year 2100
for Scenario C
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Figure 1.7: Future atimospheric CO2 concentrations as simulated
by means of a box-diffusion carbon cycle model (Enting and
Pearman, 1982, 1987) for the following scenarios (a) - (d)
anthropogenic COy production rate p prescribed after 1990 as
follows (a) p =0, (b) p decreasing by 2% per year, (c) p =
constant, (d) p increasing at 2% per year Scenarios (b) and (¢} p
grows by 2% per year from 1990-2010, then decreases by 2% per
year (b)) or1s constant (c) Before 1990, the concentrations are
those observed (cf Figure 1 3), and the production rate was
calculated to fit the observed concentrations
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Figure 1.8: Future CO7 production rates calculated by means of

a box-diffusion carbon cycle model (Enting and Pearman, 1982,
1987) so as to yield the prescribed atmospheric COp
concentrattons after 1990 (e) concentration increasing steadily
(logistic function of time) to 420 ppmv (f) concentration constant
after 1990

1.2.7 Feedbacks from Climate Change into the Carbon
Dioxide Cycle

As ncreasing greenhouse gas concentrations alter the

Earth s climate, changing climate and environmental

conditions 1n therr turn act back on the carbon cycle and
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atmospheric COy The chimate change Earth has exp
erienced n the recent past 1s still within the range of
natural short-term variability, and so are probably
theietore the feedback efiects of anthropogenic climate
change However, as the changes n the climate become
larger than natural chmatic variation the magnitude of the
feedback eiffects should begin to have a significant effect
These icedbacks could 1n geneial be either positive
(amplifying the mtial changes) or negative (attenuating
them)

1271 Occanic feedbach effects
The following are possible feedback eftects on the occan
atmosphetre carbon system

12711 Ocean temperatur¢  Occan temperature changes
can attect sea water CO2 chemistry  Surface-water pCO2
will mcrease with increasing temperatute, tending to
decicase the net uptake by the oceans The future
atmospheric CO2 inciease may be amphtied by something
like 5 percent due to this effect (Lashot 1989)

12712 Ocean cnculation The ocean circulation may
change 1n response to climatic change As a consequence of
increasing surtace water temperatures the thermocline may
become more resistant to vertical miaing and slow down
the uptake of anthropogenic CO2 Moditied wind stress
may affect the ocean circulation However, the overall
change 1n ocean dynamics and conscquently in CO?
uptake due to a climatic change cannot be estimated from
stmple considerations, a proper evaluation of such an etfect
can only be done using dynamical ocean models Studies
on Greenland ice cores 1ndicates that during the last
glactation, significant CO7 concentiation shifts may have
occurred within less than 100 years (¢t Section 12 3)
probably caused by strong changes of large-scale ocean
circulation  Theretore, the possibility that, due to climatic
changes unexpected abrupt events may take place i the
natural carbon system cannot be excluded

12713 Gas cxchange rates A change 1n the global wind
pattern could nfluence the gas transfer from the
atmosphete to the sea surface Carbon cycle models show
that the net CO» uptake by the global ocean 1s not sensitive
to the gas transfer coefticients (because 1t 15 controlied
mainly by vertical mixing, not by gas exchange, Oeschger
1975 Broecker et al 1980 Sarmiento et al 1990)
o this etfect would probably be of mmor influence

et al

127 14 Modificaton of occanic brogcochenucal
Gvolimg The rain of dead orgamc particles coresponds to
a continuous export flux of carbon (and nutiients) out of
the occan surface which under non-perturbed conditions 15

balanced by an equal upward transport ot dissolved carbon
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(and dissolved nutrients) by water motion In polar regions
and strong upwelling sones, where productivity 1s not
Iimited by nitrogen o1 phosphorus, the balance could
become disturbed consequent on variations in ocean
dynamics (¢t Section 127 12), so as to influence
atmospheric CO2 As a result of climate change, the
distribution ot marine ecosystems and species composition
could change, which could affect pCO7 1n surface waters
It 1s not possible at present to predict the direction and
magnitude of such etfects

Warming of the occans might lead to accelerated
decomposition of dissolved organic carbon, converting 1t
into CO2 and thus amplify the atmospheric increase
(Brewer, personal communication, 1990)

12715 UV Biadiatton A 1eduction 1n stratospheric O3
would increase the intensity of UV-B radiation at the
Earth s surface This might have negative effects on the
marine biota due to a decrease of marine productivity and
thus on the brological catbon pump This could lead to an
increase 1n the concentration of CO7 in surface waters and
consequently 1n the atmosphere

1272 Tenrestial biospheric feedbacks
The following are probable feedback effects on the
terrestrial biosphere atmospheric carbon system

12721 Carbon dioxide fertilization Short-term exp-
eriments under controlled conditions with crops and other
annuals, as well as with a few perennials, show an increase
in the rates of photosynthesis and growth in most plants
under elevated levels of CO2 (Strain and Cure, 1985) If
elevated levels of CO7 increasc the productivity of natural
ecosystems, more carbon may be stored 1n woody tissue or
soil organic matter Such a storage of carbon will withdraw
carbon from the atmosphere and serve as a negative
feedback on the CO?7 increase Of particular importance 1s
the responsc of forests (Luxmoore et al , 1986), given that
forests conduct about 2/3 ot global photosynthesis (50% of
this cycles annually through leaves, while 50% 1s stored n
woody tissue) However, 1t 1s not clear whether the
increases n photosynthesis and growth will persist for
more than a few giowing scasons, whether they will occur
at all 1 naturdl ecosystems and to what degree they will
result 1n an increased storage of carbon in terrestrial
€cos)y stems

12722 Eutophication and tovfication The increased
availability of nutrients such as nitrate and phosphate from
agricultural fertilizers and from combustion of fossil fuels
may stimulate the growth of plants It has been estimated
that the efiect of cutrophication, both on land and 1n the
oceans, could be as large as | GtC per year (Mclillo,
private communication 1990) However, 1t should be noted
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that the greater availability of nutrients has often been
associated with mcreasing levels of acid precipitation and
air pollution, which have been associated with a reduction
in the growth of terrestrial biota

12723 Tempeirature Under non-tropical conditions,
photosynthesis and respiration by plants and by microbes
both tend to increase with increasing temperature, but
respiration 15 the more sensitive process, so that a warming
of global air temperature 15 hikely to result in an imtially
increased release of carbon to the atmosphere Estimates
indicate that the additional flux might be significant
perhaps as large as one or a few GtC per year (Woodwell,
1983, Kohlmaier, 1988, Lashof, 1989, Houghton and
Woodwell, 1989) This temperature-enhanced respiration
would be a positive feedback on global warming

12724 Water Changes in so1l water may affect carbon
fixation and storage Increased moisture can be expected to
stimulate plant growth m dry ecosystems and to increase
the storage of carbon 1n tundra peat There 15 a possibility
that stresses brought about by chmatic change may be
alleviated by increased levels of atmospheric CO2 At
present however, 1t 15 not posstble to predict reliably either
the geographical distribution of changes m soil water or the
net effect of these changes on carbon fluxes and storage 1n
different ecosystems Changes 1n climate are generally
believed to be more important than changes n the
atmospheric concentration of CO2 in affecting ecosystem
processes (¢ f Section 10 )

12725 Change mn geographical distithution of vegetation
npes In response to environmental change, the structure
and location of vegetation types may change If the rate of
change 15 slow, plant distributions may adjust  If, however
the rate of change 15 fast, large areas of forests might not be
able to adapt rapidly enough, and hence be negatively
affected with a subscquent release of CO2 to the
dtmosphere

12726 UV-Bradiation A reduction in stratospheric O3
would ncrease the intensity of UV-B radiation at the
Earth s surface Increased UV-B may have a detrimental
effect on many land biota, including crops (Teramura,
1983), thus affecting the strength of the biospheric sink of
CO7 over land

1.2.8 Conclusions

The atmospheric CO72 concentration 1s now about
353ppmv 29% higher than the pre industrial (1750-1800)
value and higher than at any time n at least the last
160,000 years  This 11se, currently amounting to about 1 8
ppmv per year, 1s beyond any doubt duc to human
activities  Anthropogenic emissions of CO2 were 5 720 5
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GtC due to fossil fuel burning 1n 1987, plus 06 to 2 5 Gi1C
due to deforestation (estimate for 1980) During the last
decade (1980 - 1989) about 48% of the anthiopogenic
emissions have stayed 1n the atmosphere, the remainder has
been taken up by the oceans and possibly by land
ecosystems Our qualitative knowledge of the global
carbon cycle 1s, mn view of the complexity of this cycle,
relatively good However, the current quantitative estimates
of sources and of sinks of CO2 do not balance the
atmospheric increase 1s less rapid than expected from
carbon cycle models (in which CO7 fertihization or
environmental responses of the biosphere are not included)
This, and model analyses of the inter-hemispheric CO?
giadient, indicate that the Northern Hemisphere terrestrial
ecosystems may act as a significant sink of carbon Such a
stnk has, however, not been directly identifred To
summarize the total annual mput of anthropogenic CO2 15
currently (1980-1989) about 70x1 1 GtC assuming a
central value for the input of CO2 from tropical
deforestation, the annual uptake by the oceans 1s estimated
(based on the box models, GCMs and Tans et al 1990) to
be about 20x1 0 GtC, and the annual atmospheric
accumulation 1s about 3 4+0 2 GtC Thus, the annual
sequestering by the terrestrial brosphere should be about
1 615 GtC While several mechanisms have been
suggested that could sequester carbon in terrestiial
ecosystems, it 15 difficult to account for the total required
sink Theretore, 1t appears likely that, (1) the uptake of CO»
by the oceans 15 underestimated (i) there are important
unidentified processes 1n terrestrial ecosystems that can
sequester CO7, and/or (1) the amount ot CO7 released
from tropical deforestation 15 at the low end of cuirent
estimates

If the land biota presently act as a sink of carbon due to a
fertilization cffect, then they might become saturated with
respect to this fertilization at some time in the future This
means that we cannot assume that the teriestrial sink
which may be active currently, will continue to exist
unchanged through the next century

In order to avoid a continued rapid growth of CO2 1n the
atmosphere
necessary The time taken for atmospheric CO2 to adjust
to changes n sources or sinks is of the order of 50-200
years, determined mainly by the slow exchange of carbon
between surface waters and deeper layers of the ocean
Even 1f all anthropogenic emissions of CO7 weie halted
the atmospheric concentration would decline only slowly,
and 1t would not approach 1ts pre-industrial level for many
hundieds of years Thus, any reductions in emissions will
only become fully effective after a ime of the order of a
century o1 more Based on some model estimates which
neglect the feedbacks discussed carlier the atmospheric
concentration 1 the year 2050 would be between 530 - 600

severe rcductions on emissions will be

ppmv for a constant relative growth of the annual
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anthropogenic emisstons by 2% per year, and between 415
- 480 ppmv (increastng to 460 - 560 ppmv by the year
2100) for a constant anthtopogenic emission rale at the
1990 level In order not to exceed 420 ppmv (50% above
pre-industrial), annual anthropogenic emissions would have
to be reduced continuously to about 50% of their present
value by the year 2050 In order to stabilize concentrations
at present day concentrations (353 ppmv), an immediate
reduction n global anthropogenic emissions by 60-80
peicent would be necessary The size of the estimated
1reduction depends on the carbon cycle model used

Duting the millennium preceding the anthropogenic CO7
growth, the concentration was relatively constant near 280
ppmv, with a varnability of less than = 10 ppmv This
indicates that the sensitivity ot atmospheric CO7 levels to
minot climatic changes such as the Little Ice Age, where
global mean temperatures probably decreased by about
1°C, 15 within this range However, the anticipated climatic
and environmental changes may soon become large cnough
10 act back on the occanic and terrestiial carbon cycle n a
more substantial way A close interaction between climate
variations and the carbon cycle 1s indicated by the glacial-
interglacial CO2 variations  The 1ce-core record shows that
CO2 concentiations during the coldest part of the last
glaciation were about 30% lower than during the past
10 000 years The glacial interglacial CO2 vanations were
probably duc to changes 1n ocean circulation and marine
biological activity, and were correlated to variations 1n
global climate There 1s some (not fully clear) evidence
from 1ce cores that rapid changes ot CO2, ca 50 ppmv
within about 4 century, occurred during and at the end of
the 1ce age

It global temperatures increase, this could change the
natural fluxes of carbon, thus having feedback etfects on
atmospheric CO2 Some of the 1dentified feedbacks are
potentially large and could signiticantly mfluence future
CO2 levels They are difficult to quantify, but 1t seems
likely that there would be a net positive teedback, 1 e, they
will enhance the man-made increase On the longer term,
the possibility of unexpected large changes in the mech-
anisms of the carbon cycle due to a human-induced change
in c¢limate cannot be excluded

1.3 Methane

Methane 15 a chemically and radiatively active trace gas
that 15 produced from a wide variety of anaerobic (1¢e,
oxygen deticient) processes and 1s primartly removed by
reaction with hydroxyl radicals (OH) in the troposphere
Oxidation of CH4 by OH 1n the stratosphere 15 a significant
source of stratospheric water (H2O) where 1t 1s an
important gicenhouse gas
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Figure 1.9: Methane concenirations (bottom) and estimated
temperature changes (top) during the past 160,000 years as
determined on the 1ce core from Vostok, Antarctica (Chappelaz et
al 1990) Temperature changes were estimated based on the
measured deutertum concentrations

1 3.1 Atmospheric Distribution of Methane
1 311 Palaeo-atmospheiic 1ecord of methane
There are good data on the atmospheric concentration of
CHyg (Figure 1 9) from Antarctic and Greenland 1ce cores
for the period between 10,000 and 160,000 years ago
(Raynaud et al 1988, Stauffer et al, 1988, Craig and
Chou, 1982, Chappellaz et al, 1990) The minimum
concentration during the last glacial periods (about 20,000
and 150,000 years ago) was around 0 35 ppmyv, and rose
rapidly, in phase with the observed temperature increases,
to about 065 ppmv durning the glacial-interglacial
transitions (about 15,000 and 130,000 years ago) The
atmospheric concentrations of CH4 decrecased rapidly, prior
to, and during the last deglaciation period about 10,000
11,000 years ago (the Younger Dryas period when there
were abrupt temperature decreases n Greenland and
northern Europe), and increased rapidly thercafter

Because ot the brittle nature ol the ice cores, data on the
atmosphetic concentiations of CHg ate 1eliable only durning

the last 2,000 years of the Holocene period (last 10 000
years)
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1312 Contemporary record of methane

Ice core data (Figure 1 10) indicate that the atmospheric
concentrations of CH4 averaged around 0 8 ppmv between
two hundred and two thousand years ago, increasing to 0 9
ppmv one hundred years ago (Craig and Chou, 1982,
Rasmussen and Khalil, 1984, Stauffer et al , 1985, Pearman
and Fraser, 1988, Pearman et al , 1986, Ethendge et al ,
1988) Since then, the atmospheric concentration of CHy
has increased smoothly to present levels, highly correlated
with global human population Analysis of infrared solar
spectra has shown that the atmospheric concentration of
CHg has increased by about 30% over the last 40 years
(Rinsland et al , 1985, Zander et al , 1990)

Atmospheric concentrations of CH4 have been measured
directly since 1978 when the globally averaged value was
1 51 ppmv (e g, Rasmussen and Khalil, 1981, Blake and
Rowland, 1988) Currently the value 15 172 ppmv,
corresponding to an atmospheric reservoir of about 4900
Tg(l Tg= 1012 g) and 1t 1s increasing at a rate of 14 to 17
ppbv per year (40 to 48 Tg per year),1e, 08 to 1 0% per
year (Blake and Rowland 1988, Steele et al , 1987) The
atmospheric concentration of CHg4 1n the Northern
Hemisphere 1s 1 76 ppmv compared to 1 68 ppmv 1n the
Southern Hemisphere (Figure 1 11} The magnitude of the
seasondl variability varies with latitude (Steele et al 1987,
Fraser et al 1984), being controlled by the temporal
vartability 1n source strengths and atmospheric con-
centration of OH radicals

1313 Isotopic composition of methane

Methane 1s produced trom ditferent sources with
distinctive proportions of carbon 12C 13C and 14C, and
hydrogen 1sotopes H, D (2H) and T (’H) Similarly the
rates of processes that destroy CHg4 depend upon 1ts
1sotopic composition Consequently the CHg4 budget can
be constrained by knowledge of the 150topic composition of
atmospheric CHgy, the cxtent ot 1sotopic fractionation
duning removal, and the 15otopic signatutes of CHg from
different sources Recent work (o elucidate the sources ot
CHg has proceeded through an analysis of carbon 1sotopic
signatures (Cicerone and Oremland 1988 Wabhlen et al
1989, Lowe et al . 1988 and icierences therem) One
example of this 1s an analysis of 14C data which suggests
that about 100 Tg CH4 per year may atse from fossil
sources (Cicerone and Oremland 1988, Wahlen et al
1989) Such a distinction 15 possible because CHy from
fossil sources 15 14C-tree while that trom other sources has
essentially the 14¢ concentration of modern carbon

1.3.2 Sinks of Methane

The major sink for atmospheric CH4 15 reaction with OH
the tropospheire the OH concentiation being controlled by
a complex set of 1eactions mvolving CHy CO NMHC
NOy and tropospheric O3 (discussed in Section 17 Sze
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Figure 1.11: The global distribution, seasonality and trend of
methane from the GMCC network (Steele et al , 1987 and
unpublished data)

1977, Crutzen 1987) Based on the reaction rate coefficient
between CH4 and OH, and the estimated tropospheric
distribution of OH an atmospheric lifetime for CHy of
between 8 and 11 8 years has been estimated (Prinn ct al

1987) This estimate 15 supported by the fact that models ot
global OH are tested by analyses of the budgets for
CH3CCl3 (Logan et al 1981, Fraseret al 1986a Prinn et
al  1987) and 14CO (Appendix to WMO 1989b) The
reaction between CHyg and OH currently represents a sink
of 400 to 600 Tg of CHy4 per year The efficiency of this
sk may however have decieased during the last century
because the atmospheric concentration of OH in the
troposphete may have decieased hence the htetime of CHy
would have ncrcased 1n response 1o increasing
concentrations of CO NMHC and CH4 (Sz¢ 1977)
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Table 1 2 Estimated Sow ces and Sinks of Methane

Greenhouse Gases and Aerosols 1

Annual Release (Tg CHy) Range (Tg CHy)
Source
Natural Wetlands (bogs, swamps, tundra, etc) 115 100 - 200
Rice Paddies 110 25-170
Enteric Fermentation (animals) 80 65 - 100
Gas Drilling, venting, transmission 45 25- 50
Biomass Burning 40 20- 80
Termutes 40 10- 100
Landfills 40 20- 70
Coal Mining 35 19- 50
Oceans 10 5- 20
Freshwaters 5 1- 25
CH4 Hydrate Destabihization 5 0-100
Sink
Removal by soils 30 15-45
Reaction with OH in the atmosphere 500 400 - 600
Atmospheric Increase 44 40- 48

Soils may represent a removal mechanism for CH4 The
magnitude of this sink has been estimated (this assessment)
to be 30£15 Tg CHg4 per year from the work of Harriss et
al 1982 and Seiler and Conrad, 1987

1.3.3 Sources of Methane

Mecthane 15 produced from a wide variety of anaerobic
sources (Cicerone and Oremland, 1988) Two main
pathways tor CH4 production have been identified (1)
reduction of CO2 with hydrogen, fatty acids or alcohols as
hydiogen donors, or (11) transmethylation of acetic acid or
methyl alcohol by CHg4-producing bacteria Table 1 2
summart/zes identified sources of CHy4 with ranges of likely
annual emissions  The total annual CHg source must equal
the atmospheric sink ot about 500 (400 to 600) Tg CH4 per
year the possible soil sink of about 30 (15 to 45) Tg CHyg
per year, and the annual growth of 40 to 48 Tg CH4 1n the
atmosphere The sum of the present best estimates of the
sizes of the individual sources 1dentified 1n Table 1 2 equal
525 Tg CH4 per year It should be noted that the newest
data for rice paddies, biomass burning, and coal mining
sources suggest that the values may be even less than those
of Table | 2, possibly indicating a missing source of CHgyg,
or an overestimate of the sink for CH4

1 3 31 Natural wetlands

Sigmficant progress has been made 1n quantifying the
magnitude of the source of CH4 from natural wetlands
(Svensson and Rosswall, 1984, Sebacher et al, 1986,
Whalen and Reeburgh, 1988, Moore and Knowles, 1987,
Mathews and Fung, 1987, Harriss et al , 1985, Crnill et al ,
1988, Andronova, 1990, Harriss and Sebacher, 1981,
Burke et al, 1988, Harriss et al, 1988, Aselmann and
Crutzen, 1989) Recent data support earlier estimates of a
global flux of 110 - 115 Tg CHg4 per year, but reverses the
relative importance of tropical and high latitude systems
(Bartlett et al, 1990) The data base, which 1s still quite
limited (no data from Asia), suggests 55 Tg CHyg per year
(previously 32 Tg CHg per ycar) from tropical wetlands,
and 39 Tg CHy4 per year (previously 63 Tg CHy per year)
from high latitude wetlands Since CHg4 15 produced
through biological processes under anaerobic conditions,
any factors affecting the physical, chemical or biological
characteristics of sotls could affect CH4 emission rates

1332 Rice paddies

Rice paddies are an important source of CHg with
estimates of the globally averaged flux ranging from 25 -
170 Tg CHg4 per year (Neue and Scharpenseel, 1984, Yagi
and Minami, 1990, Holzaptel-Pschoin and Seiler, 1986,
Cicerone and Shetter, 1981, Cicerone et al , 1983) The flux
of CHg4 from rice paddies 15 critically dependent upon
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several factors including (1) agricultural practices (e g,
fertilization, water management, density of rice plants,
double cropping systems, application of manuie or rice
straw), (11) so1l / paddy characteristics (so1l type, acidity,
redox potential, temperature, nutrient availability, sub-
strate, profile of anaerobic environment), and (111) time of
season One difficulty in obtaining accurate estimates 15
that almost 90% of the world s harvested area of rice
paddies 1s 1in Asia, and of thts about 60% are in China and
India from which no detailed data are available The annual
production of rice since 1940 has approximately doubled as
a result of double cropping practices and an increased area
of cultivation It 1s likely that CH4 emissions have
mncreased proportionally as well

1 3 33 Biomass burning

Biomass burning 1n tropical and sub tropical regions is
thought to be a significant source of atmospheric CHg, with
estimates of global emission rates ranging from 20 to 80 Tg
CHy per year (Andreae et al , 1988, Bingemer and Crutzen,
1987, Crutzen et al , 1979, Crutszen et al , 1985, Crutzen
1989, Greenberg et al , 1984 Stevens et al 1990 Quay et
al, 1990) Improved estimates require an enhanced
understanding ot (1) CH4 emuission factors, (1) the amount,
by type, of vegetation buint each year on an arca basis and
(1) type of burning (smouldering vs tlaming) Current
estimates indicate that over the last century the rate of
forest clearing by burning has incieased (¢t Section
1222)

1 334 Entciic fermentation (anmmals)

Methane emisstons from enteric fermentation 1in ruminant
ammals ncluding all cattle, sheep and wild animals 15
estimated to provide an atmospheric source of 65 - 100 Tg
CHy per year (Crutzen et al , 1986 Lerner et al  1988)
Methane emissions depend upon animal populations as
well as the amount and type of food It 15 ditficult to
cstimate the change 1n this source over the last century
accurately because the significant increase 1 the number of
cattle and sheep has been partially offset by decreases 1n
the populations of elephants and North American bison
One estimate suggests that the magnitude of this souice has
increased from 21 Tg CHg4 per year in 1890 to 78 Tg CHy4
per year 1 1983 (Crutzen ct al , 1986)

1335 Teimites

There 15 a large range 1n the magnitude of the estimated
fluxes of CH4 from termutes, 10 - 100 Tg CHy4 per year
(Cicerone and Oremland, 1988, Zimmerman et al , 1982,
Rasmussen and Khalil, 1983, Seiler et al 1984 Fiaser ct
al  1986b) The values are based on the results of
laboratory experiments applied to estimates of global
termite populations and the amount of biomass consumed

by tetmites both of which aire uncertain, and field
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experiments It 15 important to determine whether the
global termite population 1s currently increasing, and
whether 1t 15 likely to 1espond to changes in climate

1 336 Landfills

The anaerobic decay of organic wastes 1n landfills may be a
significant anthropogenic source of atmospheric CHgy, 20 -
70 Tg CH4 per year However, several factors need to be
studied 1n order to quantify the magnitude of this source
more precisely, including amounts, trends, and types of
waste materials, and landfill practices (Bingemer and
Crutzen, 1987)

1 337 Oceans and freshwater s

Oceans and freshwaters are thought to be a minor source of
atmospheric CHgq The estimated flux of CH4 from the
ocedns 1s based on a limited data set taken in the late
1960 s / early 1970 s when the atmospheric concentration of
CHyg was about 20% lower They showed that the open
oceans were only shghtly supersaturated in CHg with
respect to 1ts partial pressure 1n the atmosphere There are
1nadequate recent data from either the open oceans or
coastal waters to reduce the uncertainty in these estimates
(Cicerone and Oremland, 1988)

1338 Coal nunng

Methane 1s released to the atmosphere from coal mine
ventilation, and degassing from coal during transport to an
end-use site A recent unpublished study estimated the flux
ot CH4 from coal mining, on a country basis, for the top
twenty coal producing countries, and deduced a global
minimum emission of 19 Tg CHy4 per year Global CHg
fluxes trom coal mining have been estimated to range from
10 - 50 Tg CH4 per year (Cicerone and Oremland 1988,
ICF, 1990, and recent unpublished studies by others)

1339 Gas drilling venting and transmisston

Methane 1s the major component of natural gas hence
leakage from pipelines and venting from o1l and gas wells
could represent a significant source of atmosphertc CHy
(Cicerone and Oremland, 1988) The global flux trom these
sources 1s estimated based on limited data of questionable
reliability, to range from 25 - 50 Tg CHy4 per year

1.3.4 Feedbacks from Climate Change 1nto the Methane
Cycle
Future atmospheric concentrations of CHg will depend on
changes 1n the strengths of either the sources or sinks
which are dependent upon social, cconomic, and political
and also environmental factors and in particular changes
climate Methane emissions from wetlands arc particularly
sensitive to temperature and so1l moisture and hence future
climatic changes could significantly change the {luxes of
CH4 from both natural wetlands and rice paddies
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Tropospheric OH, which provides the atmospheric sink for
CHy4, is dependent upon a number of factors, including the
intensity of UV-B radiation, and the ambient con-
centrations of HO, CO, CHy, reactive nitrogen oxides, and
tropospheric O3 (See Section 1.7) (Crutzen, 1987; Isaksen
and Hov, 1987; Thompson and Cicerone, 1986).

1.34.1 Tropical methane sources

The major sources of CH4 in tropical regions (natural
wetlands and rice paddies) are quite sensitive to variations
in soil moisture. Consequently, changes in soil moisture,
which would result from changes in temperature and
precipitation, could significantly alter the magnitude of
these large sources of atmospheric CHy. Increased soil
moisture would result in larger fluxes. whereas a decrease
in soil moisture would result in smaller fluxes.

1.3.4.2 High latitude methane sources

Methane fluxes from the relatively tlat tundra regions
would be sensitive to changes of only a few centimetres in
the level of the water table, with tlooded soils producing a
factor of 100 more CH than dry soils. Similarly, emissions
of CHy are significantly larger at warmer temperatures. due
to accelerated microbiological decomposition of organic
material in the near-surface soils (Whalen and Reeburgh,
1988: Crill et al.. 1988). Consequently. an increase in soil
moisturc and temperatures in high latitude wetlands would
result in enhanced CHy emissions. whereas warmer dryer

Table 1 3 Halocarbon Concentrations and Trends (1990)

Greenhouse Gases and Aerosols 1

soils might have decreased CH4 emissions.

Higher temperatures could also increase the fluxes of
CHgy4 at high northern latitudes from; (i) CH4 trapped in
permafrost, (ii) decomposable organic matter {rozen in the
permafrost, and (iii) decomposition of CH4 hydrates
(Cicerone and Oremland, 1988; Kvenvolden, 1988; Nisbet,
1989). Quantifying the magnitudes of these positive
feedbacks is difficult. Time-scales for thawing the
permafrost, located between a few centimetres to metres
below the surface, could be decades to centuries, while the
time for warming the CH4 hydrates could be even longer,
although one study (Kvenvolden, 1988) estimated that the
flux of CHy4 from hydrate decomposition could reach 100
Tg CHy4 per year within a century.

1.3.5 Conclusions
Current atmospheric CH4 concentrations, at 1.72 ppmv, are
now more than double the pre-industrial value (1750-1800)
of about 0.8 ppmv, and are increasing at a rate of 0.9% per
year. The ice core record shows that CH4 concentrations
were about 0.35 ppmv during glacial periods, and increased
in phase with temperature during glacial-interglacial
transitions. The current atmospheric concentration of CHyg
is greater than at any time during the last 160,000 years.
Reaction with OH in the troposphere, the major sink for
CHg, results in a relatively short atmospheric lifetime of
1012 years. The short lifetime of CH4 implies that
atmospheric concentrations will respond quite rapidly, in

Mixing Ratio Annuat Rate of Increase Lifetime
Halocarbon pptv pptv % Years
CCI3F (CFC-11) 280 9.5 4 65
CCl2F2 (CFC-12) 484 16.5 4 130
CCIF3 (CFC-13) 5 400
CaClzF3 (CFC-113) 60 4-5 10 90
Ca2CioFy (CFC-114) 15 200
C2CiFs (CFC-115) 5 400
CClg 146 2.0 1.5 50
CHCIF2 (HCFC-22) 122 7 7 15
CH3Cl 600 1.5
CH3CCl3 158 6.0 4 7
CBrCIF2 (halon 1211) 1.7 0.2 12 25
CBrF3 (halon 1301) 20 0.3 15 110
CH3Br 10-15 L5

+  There are a few minor differences between the lifetimes reported in this table and the equivalent table in WMO 1989b.
These differences are well within the uncertainty limits. The 1990 mixing ratios have been estimated based upon an
extrapolation of measurements reported in 1987 or 1988, assuming that the recent trends remained approximately

constant.
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Figure 1.12: Halocarbon concentrations measured at Cape Grim, Tasman:a during the period 1978-1989 (Fraser and Derek, 1989,

and unpublished data)

comparison to the longer lived gases such as CO2, N2O,
and CFCs, to changes 1n emissions In order to stabilize
concentrations at present day levels, an immedate
reduction 1n global man-made emissions by 15-20 percent
would be necessary (this and other scientific sensitivity
analyses are discussed 1n the Annex) Global con-
centrations of OH are dependent upon the intensity of UV-
B radiation, and the concentrations of gases such as H2O,
CO, CHy4, NOx, NMHC, and O3 and may have declined
during the twentieth century due to changes in the
atmospheric concentrations of these gases

The 1ndividual sources of atmospheric CH4 have been
qualitatively 1dentified, but there are significant un
certainties 1n the magnitude of their strengths Human
activities such as rice cultivation, rearing of domestic
ruminants, biomass burning, coal mining, and natural gas
venting have increased the nput of CH4 nto the
atmosphere, and these combined with an apparent decrease
in the concentration of tropospheric OH, yields the
observed rise 1in global CH4 However, the quantitative
importance of each of the factors contributing to the
observed increase 1s not well known at present

Several potential feedbacks exist between climate change
and CH4 emuissions, 1n both tropical and high latitude
wetland sources In particular, an increase in high latitude
temperatures could result in a significant release of CHyg
from the melting of permafrost and decomposition of CHg
hydrates

1.4 Halocarbons

Halocarbons containing chlorine and bromine have been
shown to deplete O3 1n the stratosphere In addition, 1t has
been recognized that they are important greenhouse gases
Their sources, sinks, atmospheric distributions, and role 1n
perturbing stratospheric O3 and the Earth's radiative
balance have been reviewed in detail (WMO 1985, 19894,
1989b) Many governments, recognizing the harmful
effects of halocarbons on the environment, signed the
Montreal Protocol on Substances that Deplete the Ozone
Layer' (UNEP 1987) 1in 1987 to limit the production and
consumption of a number of fully halogenated CFCs and
halons The control measures of the Montreal Protocol
freeze the production and consumption of CFCs 11, [2,
113, 114, and 115 1n developed countries at their 1986
levels from the year 1990, a reduction to 80% of their 1986
levels from the year 1993, with a further reduction to 50%
ot their 1986 levels from the year 1998 Developing
countries, with a per capita use of CFCs of less than 0 3 kg
per capita, are allowed to increase their per capita use up to
this Iimit and can delay compliance with the control
measures by 10 years All major producing and consuming
developed countries. and many developing countries. have
signed and ratified the Montreal Protocol

1.4.1 Atmospheric Distribution of Halocarbons

The mean atmospheric concentrations of the most abundant
radiatively active halocarbons are shown 1n Table 1 3 The
atmospheric concentrations of the halocarbons are currently
increasing more rapidly on a global scale (on a percentage
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basis) than the other greenhouse gases (Figure 1 12)
The concentrations of the fully halogenated chloro
fluorocarbons (CFCs), shightly greater in the northern
hemisphere than in the southern hemisphere, are consistent
with the geographical distribution of releases (>90% from
the industrialized nations), a 45°N - 45°S mixing time of
about | year, and their very long atmospheric hfetimes

1.4.2 Swinks for Halocarbons

There 15 no significant tropospheric removal mechanism for
the fully halogenated halocarbons such as CCI3F (CFC-11),
CCl3F2 (CFC 12), C2CI3F3 (CFC 113), C2CloF4 (CFC-

114), CpCIF5 (CFC-115), carbon tetrachloride (CClyg), and
halon 1301 (CBrF3) They have long atmospheric lifetimes

decades to centuries, and are primarily removed by
photodissoctation 1n the mid - upper stiatosphere There 15
currently a significant imbalance between the sources and
sinks giving rise to a rapid growth n atmospheric
concentrations To stabilize the atmospheric concentiations
of CFCs 11, 12 and 113 at current levels would require
reductions i emissions of approximately 70-75%, 75-85%,
and 85-95%, respectively (see Annex)

Non fully halogenated halocarbons containing a
hydrogen atom such as methyl chloride (CH3Cl),
methylchloroform (CH3CCI3), CHCIFy (HCFC-22), and a
number of other HCFCs and HFCs being considered as
substitutes for the current CFCs (¢ f Section | 4 4) are
primarily removed in the troposphere by reaction with OH
These hydrogen containing species have atmospheric
litctimes ranging from about one to forty years, much
shorter on average than the fully halogenated CFCs To
stabilize the atmospheric concentrations of HCFC-22 at
current levels would require reductions in emissions of
approximately 40-50%

1.4.3 Sources of Halocarbons

Most halocarbons, with the notable exception of CH3Cl,
are exclusively of industrial onigin Halocarbons are used as
aerosol propellants (CFCs 11, 12, and 114), refrigerants
(CFCs 12 and 114, and HCFC-22) foam blowing agents
(CFCs 11 and 12) solvents (CFC-113 CH3CCl3, and
CCly). and fire retardants (halons 1211 and 1301) Current
emission {luxes are approximately CFC 11 350Gg/y CFC
12 450 Gg/y CFC-113 150 Gg/y HCFC-22 140 Ggly,
others are significantly smaller  The atmospheric
concentration of methy! chloride 15 about 0 6 ppbv, and 15
primatily released from the oceans and during biomass
burning There 15 no evidence that the atmospheric
concentration of CH3Cl 15 increasing Methyl bromide
(CH?3Br) 15 produced by oceanic algac and there 15
cvidence that its atmospherie concentiation has been
incireasing 1 recent times due to a significant anth-
ropogenic source (Penkett et al 1985 Wotsy etal 1975)
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1.4.4 Future Atmospheric Concentration of Halocarbons
Future emissions of CFCs 11, 12, 113, 114, and 115 will be
governed by the Montreal Protocol on "Substances that
Deplete the Ozone Layer as discussed in Section 14 In
addition, international negotiations are currently in progress
that will likely (1) result in a complete global phase-out of
production of these chemicals by the year 2000, and (11)
enact Immitations on the emissions (via production and
consumption controls) of CClg, and CH3CCl3 However,
even with a complete cessation of production of CFCs 11,
12 and 113 1n the year 2000 their atmospheric
concentrations will still be significant for at least the next
century because of their long atmospheric lifetimes It
should be noted that emissions of these gases into the
atmosphere will continue for a period of time after
production has ccased because of their uses as refrigerants,
foam blowing agents fire retardants, etc

A number of hydrofluorocarbons (HFCs) and
hydrochlotofluorocarbons (HCFCs) are being considered as
potential replacements for the long-lived CFCs (11, 12,
113, 114, and 115) that are regulated under the terms of the
Montreal Protocol The HFCs and HCFCs primarily being
considered include HCFC 22, HCFC-123 (CHCI2CF3),
HCFC 124 (CHCIFCF3), HFC 125 (CHF2CF3), HFC-
134a (CH2FCF3), HCFC-141b (CH3CClaF), HCFC-142b
(CH3CCIF2), HFC 143a (CH3CF3), and HFC-152a
(CH3CHF?) The calculated atmospheric ifetimes of these
chemicals are controlled primarily by reaction with
tropospheric OH and range between about | and 40 years
It has been estimated (UNEP 1989) that a mix of HFCs
and HCFCs will replace the CFCs currently 1n use at a rate
of about 0 4 kg of substitute for every kg of CFCs currently
produced, with an annual growth rate of about 3%
Because of their shorter lifetimes, and expected rates of
substitution and emissions growth rates, the atmospheric
concentrations of HFCs and HCFCs will be much lower for
the next several decades than 1f CFCs had continued to be
used, even at current rates However, continued use,
accompanied by growth in the emission rates of HFCs and
HCFCs for more than several decades would result in
atmospheric concentrations that would be radiatively
important

14.5 Conclusions

The atmospheric concentrations of the industrially-
produced halocarbons, primarily CCI3F, CClpF2,
CoClI3F3, and CCly are about 280 pptv, 484 pptv, 60 pptv,
and 146 pptv, respectively Over the past few decades their
concentrations (except CClg) have increased more rapidly
(on a percentage basis) than the other greenhouse gases,
currently at rates of at least 4% per year The fully
halogenated CFCs and CCl4 arc primarily removed by
photolysts 1n the stratosphere
Lifetimes 1 excess of 50 years

and have atmospheric
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Most halocarbons, with the notable exception of methyl
chloride, are exclusively anthropogenic and their sources
(solvents, refrigerants, foam blowing agents, and acrosol
propellants) are well understood.

To stabilize, and then reduce, the current atmospheric
concentrations of the fully halogenated CFCs (e.g, 11, 12
and 113) would require approximate reductions 1n
emssions of 70-75%, 75-85%, and 85-95%, respectively.
Future emissions of CFCs and CClg will, most likely, be
eliminated or be significantly lower than today's because
the stringency, scope, and uming of international
regulations on chlorine and bromine containing chemicals,
(1.e., the Montreal Protocol on Substances that Deplete the
Ozone Layer) are currently being renegotiated. However,
the atmospheric concentrations of CFCs 11, 12 and 113
will still be significant (30 - 40% of current) for at least the
next century because of their long atmospheric lifetimes.

1.5 Nitrous Oxide

Nitrous oxide 1s a chemically and radiatively active trace
gas that 1s produced from a wide variety of biological
sources 11 soils and water and 15 primarily removed 1n the
stratosphere by photolysis and reaction with electronically
excited oxygen atoms.

1.5.1 Atmospheric Distribution of Nitrous Oxide

The mean atmospheric concentration of N2O 1 1990 1s
about 310 ppbv, corresponding to a reservoir of about 1500
TgN, and increasing at a rate of 0 2 - 0.3% per year (Figure
[ 13, Weiss, 1981; Prinn et al , 1990; Robinson et al., 1988;
Elkins and Rossen, 1989, Rasmussen and Khalil, 1986).
This observed rate of increase represents an atmospheric
growth rate of about 3 to 4.5 TgN per year. The
atmospheric concentration of N2O 15 higher in the Northern
Hemisphere than in the Southern Hemisphere by about |
ppbv Ice corc measurements show that the pre-industral
value of N2O was relatively stable at about 285 ppbv for
most of the past 2000 years, and started to increase around
the year 1700 (Figure 1 14, Pearman et al, 1986, Khalil
and Rasmussen, 1988b, Ethendge et al, 1988; Zardin et
al, 1989) Figure 1.14 shows that the atmospheric
concentrations of N2O may have decrecased by a few ppbv
during the period of the "Little Ice Age”

1.5.2 Sinks for Nitrous Oxide

The major atmospheric loss process for N2O 1s
photochemical decomposition in the stratosphere, and 1s
calculated to be 10£ 3 Tg N per year (Table 1 4) Nitrous
oxide has an atmospheric lifetime of about 150 years The
obscived 1ate of growth represents a 30% i1mbalance
between the sources and sinks (Hao ¢t al, 1987)
Tropospheric sinks such as surface loss 1n aquatic and soil
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Figure 1.13: Atmospheric measurements of nitrous oxide from
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Figure 1.14: Nitrous oxide measurements from 1ce-core samples

systems are constdered to be small (Etkins et al., 1978,
Blackmer and Bremner, 1976).

1.5.3 Sources of Nitrous Oxide

1531 Oceans

The oceans are a significant, but not dominant source of
NoO (McElroy and Wofsy, 1986) Based on measurements
of the concentration gradients between the atmospherc and
surface waters (Butler et al., 1990, and NOAA GMCC
unpublished data), and on estimates of the gas exchange
coettficient, the current estimate of the magnitude ot the
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Table 1 4 Estumated Sour ces and Sinks of Nitrous Ovide

Range
(TgN per year)

Source
Oceans 14-26
Soils (tropical forests) 22-37

(temperate forests) 07-15
Combustion 01-03
Biomass burning 002-02
Fertilizer (including ground-water) 001-22
TOTAL 44 105
Sink
Removal by soils ?
Photolysis in the stratosphere 7-13
Atmospheric Increase 3 45

ocean source ranges from 14 - 26 Tg N per year,
significantly lower than earher estimates (Elkins et al,
1978, Cohen and Gordon, 1979, Chine et al , 1987) An
accurate determination of the global annual ocean flux 1s
difficult because of uncertainties associated with
quantitying the gas exchange coefficient and because the
partial pressure of N2O 1n the surface waters 1s highly
varable, both spatially and temporally The partial pressure
of N2O in surface waters varies considerably, ranging trom
being supersaturated by up to 40% n upwelling regtons to
being undersaturated by a few percent in areas around
Antarctica and within gyres Data suggest that during El
Nino cvents when upwelling 1n the Pacific ocean 1s
supptessed the ocean fluxes of NoO are significantly lower
(Chne et a1l 1987, Butler et al , 1990) It 1s still unclear
whether N2O 1s primarily produced from nitrification in
near surface waters, or denitrification 1n oxygen deficient
deep waters Based on vertical profile measurements of
occantc N2O (NOAA GMCC, unpublished) the oceanic
reservoll has been estimated to be between 900 and 1100
Tg N comparable to the atmosphere Consequently,
changes 1n the exchange fluxes of N2O between the ocean
and the atmosphere could have a significant impact on 1ts
atmospheric concentration

1532 Souls

Denitrification in aerobic soils 1s thought to be a dominant
source of atmospheric N2O (Keller et al , 1986, Matson
and Vitousek, 1987, Matson and Vitousek 1989, Slemr et
al  1984) Nitntication under anacrobic conditions could,
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however, produce higher yields of N2O per unit of
transformed nitrogen Quantitication of global N2O
emissions from soils 15 difficult because of the
heterogeneity of terrestrial ecosystems and the variability 1n
environmental conditions that control the fluxes of N2O

Estimates of global fluxes of N2O from tropical forests
range from 22 - 37 Tg N per year The impact of
deforestation on the emissions of N2O from tropical sotls 1s
unclear, with some studies suggesting that the emissions of
N20 from deforested land are cnhanced by as much as a
factor of three (Luizao et al , 1990), whereas other studies
concluded that N2O fluxes decreased 1f vegetation did not
return (Robertson and Tiedje, 1988)

Quantifying the roles of temperate forest soils and
grasslands 1n the N2O budget 1s difficult because of the
paucity of data, and contlicting results Estimates of N2O
fluxes from temperate forest soils range from 07 - 1 5 Tg
N per year in one study (Schmudt et al , 1988), to almost
none in another study (Bowden et al , 1990) One study
also reported that deforestation in temperate forests would
lead to enhanced emissions of NoO (Bowden and
Bormann, 1986) Rehiable global N2O fluxes from
grasslands are impossible to derive from the fragmented
data available One study (Ryden, 1981) concluded that
English grassland soils, with no fertilization, are a sink for
N20O, whereas hmited studies of tropical grasslands and
pastures suggest that they may be a moderate to significant

source of N2O (Luizao et al , 1990, Robertson and Tiedje,
1988)

1533 Combustion

Until recently, the combustion of fossil fuels was thought to
be an important source of atmospheric N2O (Pierottt and
Rasmussen, 1976, Weiss and Craig, 1976, Hao et al,
1987) However, a recent study has shown that the earlier
results are incorrect because N20 was being artificially
produced in the flasks being used to collect N2O from
combustion sources (Muzio and Kramlich, 1988) The
latest estimate of the global flux of N2O from combustion
sources 15 between 0 1 and 0 3 Tg N per year, compared to
earlier values which were as igh as 3 2 Tg N per year

1 534 Biomass burning

Biomass burning 1s now thought to be a minor source of
atmospheric N>O with a global flux of less than 02 Tg N
per year (Muzio and Kramlich, 1988, Crutzen 1989, Elkins
et al, 1990, Winstead et al , 1990, Gnffith et al , 1990)
This value 15 1-2 orders of magnitude less than previous
estimates (Crutzen et al , 1979, 1985) which were inf-
luenced by artifacts involving N2O analysis (Crutzen et al ,

1985) and N2O production in sampling flasks (Muzio and
Kramlich, 1988)
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1535 Ferttlizer | Ground-Watei

Nitrous oxide production from the use of nitrate and
ammonium fertihizers 15 difficult to quantify because the
N7O fluxes are dependent upon numerous factors including
type of fertilizer, soil type, soil temperature, weather, and
farming practices (e g, ploughing, sowing, irrigating)
Conversion of fertilizer N to N2O ranges from 0 01 - 2 0%
(Conrad et al, 1983, Bremner et al, 1981) This range,
coupled with a global fertilizer production of 55 Tg N per
year 1n 1980, results 1n a total N2O emission of between
001-11TgN per year (Conrad et al , 1983) Leaching of
mtrogen fertilizers from soils 1into groundwater may result
in additional fluxes of N2O up to 1 1 Tg N per year
(Conrad et al , 1983, Ronen et al, 1988) Consequently, a
range of 001 - 22 Tg N per year can be derived for the
flux of N2O from fertilizer use

1.5.4 Conclusions
Nitrous oxide 1s a greenhouse gas whose atmospheric
concentration, at 310 ppbv, 1s now about 8% greater than in
the pre-industrial era, and 15 increasing at a rate of about
02 - 03% per year, corresponding to about 3 - 45 Tg N
per year Thuis represents an excess of 30% of current global
emissions over current sinks The major sink for N2O 1s
photolysis 1n the stratosphere, resulting 1n a relatively long
atmospheric lifetime of about 150 years The magnitude of
the sink for N2O 1s relatively well known (£ 30%) In order
to stabilize concentrations at present day levels, an
immediate reduction of 70 80% of the additional flux of
N2O that has occurred since the pre-industrial era would be
necessary

Quantification of the various natural and anthropogenic
sources 1s uncertamn  Since the latest studies indicate that
the total combined flux of N2O from combustion and
biomass burning 1s between 0 1 to 05 Tg N per year n
contrast to earher estimates of about 5 Tg N per year, and
production of N2O from fertilizer (including groundwater)
is believed to be less than or equal to 2 2 Tg N per year, 1t
1s difficult to account for the annual increase based on
known sources Stimulation of biological production due to
agricultural development may account for the missing
anthropogenic emissions Estimates of the removal rate of
N2O by photodissociation n the stratosphere range from 7
- 13 Tg N per year Therefore, the total source needed to
account for the observed annual atmospheric growth 1s 10 -
175 Tg N per year against a flux of N2O from known
sources of 44 - 10 5 Tg N per year These data suggest that
there are missing sources of N2O, or the strengths of some
ot the identified sources have been underestimated
Despite these uncertainties, 1t 1s belhieved that the observed
increase 1n N2O concentrations 1s caused by human
activities
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1.6 Stratospheric Ozone

Stratospheric O3 1s an important constituent of the Earth s
atmosphere It protects the Earth's surface from harmful
solar ultraviolet radiation and 1t plays an important role 1n
controlling the temperature structure of the stratosphere by
absorbing both incoming solar ultraviolet radiation and
outgoing terrestrial (longwave) radiation Part of the
absorbed outgoing longwave radiation 1s then re-radiated
back to the surface-troposphere system Reductions in
stratospheric O3 can modify the surface temperature via
two competing processes more solar radiation 1s
transmitted to the surface-troposphere system, thereby
contributing to a surface warming, on the other hand, the
cooler stratosphere (due to decreased solar and long-wave
absorption) emits less to the troposphere which would tend
to cool the surface The solar warming (a function of total
column amount of O3) and longwave cooling (a function of
the vertical distribution of O3) are similar in magnitude
Therefore, the magnitude as well as the sign of the change
in surface temperature depends critically on the magnitude
of the O3 change, which 1n turn 15 depends strongly on
altitude, latitude and season

The concentration and distribution of stratospheric O3 1s
controlled by dynamical, radiative and photochemical
processes Stratospheric O3 1s photochemically controlled
by chemically active species 1n the (1) oxygen, (11)
hydrogen, (1n) nitrogen, (1v) chlorine, and (v) bromine
families The precursors for the photochemically active
species are (1) 02, (1) H2O and CHgy, (111) N2O, (1v) CFCs,
CClyg, CH3CCl3, CH3Cl, and (v) halons and CH3Br,
respectively

1.6.1 Stratospheric Ozone Trends

1611 Total column ozone trends

The Antarctic ozone hole, which formed during the mid to
tate 1970s, recurs every springtime To determine O3
trends more widely. data from the ground-based Dobson
network have been re-evaluated, station by station, and
used to determine changes 1n total column O3 over the past
two decades Unfortunately, the network and data are
adequate for only a lmited geographical region, 1e . 30 -
64°N They are inadequate to determine total column O3
changes 1n the Arctic, tropics, subtropics, or southern
hemisphere apart from Antarctica Satelhte data can
provide the desired global coverage, but the current record
1s too short (about one solar cycle, 1978 to present) to
differentiate between the effects of natural and human
influenced processes on O3 The re evaluated data was
analysed for the eftects of known natural geophysical
processes (seasonal variation, the approximately 26-month
quasi-bienmal-oscillation, and the 11-ycar solar cycle) and
possible human perturbations After allowing for natural
variability, the analyses, using a variety of statistical
models and assumptions, showed measurable 7onal mean
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O3 decreases in the range 3.4% to 5.1% between 30 and
64°N latitude for the winter months (December - March)
between 1969 and 1988, with the larger decreases at the
higher latitudes (WMO, 198%a,b}. No statistically sig-
nificant zonal rends were found for the summer period
{(May - August). Lasily, within longitudinal sectors,
regional differences in the O3 trends were indicated, with
the largest values over North America and Europe and the
smallest over Japan.

1.6.1.2 Changes in the vertical distribution of ozone
Substantial uncertainties remain in defining changes in the
vertical distribution of O3. Analysis of SAGE I and 11
satellite data, averaged over 20 to 50°N and S latitudes,
indicates that near 40 km O3 decreased by {3+£2)%
between February 1979 - November 1981 and October
1984 - December 1988 (WMO, 1989b). Because the SAGE
record is so short (less than one solar cycle), no attempt has
been made to distinguish between solar-induced and
human-influenced contributions to thesc changes. A
thorough analysis of data from 10 ground-based Umkehr
siations in the Northern Hemisphere for the period 1977 1o
1987 indicates a statistically significant decrease in 03
between 30 and 43 km. The decrease near 40 kin of
(4.813.1)%, after allowing for seascnal and sclar-cycle
effects and correcting the data for aerosol interferences, is
broadly consistent with theoretical predictions. Based on
satellite, ground-based, and ozonesonde data, there are
indications of a continuing stratospheric O3 decrease since
the late 1970s of a few percent at 25 km and below.
Photochemical models (which do not take into account
heterogeneous processes) do not predict these changes, but
the measurements are qualitatively consistent with those
required for compatibility with the total column
measurements.

1.6.2 Future Changes

Future changes in stratospheric O3 are critically dependent
upon future emissions of CFCs, other halocarbons, CHgy,
N7O, and CO2. Assuming that the current regulatory
measures agreed under the Montreal Protocol are not
strengthened, then the ¢hlorine loading of the atmosphere is
predicted to reach about 9 ppbv by the year 2060, about
three times today’s level, and a bromine loading of about 30
ppty, about twice today's level . Models predict column O3
reductions of 0 to 4% in the tropics, and from 4 1o 12% at
high latitudes in late winter. These predictions do not
include the effects of heterogeneous processes, which play
a critical role in the formation of the Antarctic ozone hole.
Consequently, models that include the effects of
heterogeneous processes would predict larger 03 de-
pletions, at least in polar regions. Ozone is predicted o
decrease by 25 - 50% at 40 km and result in stratospheric
temperature decreases of 10 to 20 K. If, as expected, the
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Montreal Protocol is modified fo eliminate the emissions of
CFCs 11, 12, 113, 114, 115, halons 1211 and 1301, and
restrict the emissions of CClg and CH3CCl3, by the year
2000, then the chlorine loading of the atmosphere by the
year 2060 will probably lie between 2.5 and 4 ppbv
(depending upon the emissions of CClg and CH3CCl3, and
HCECs). Models that do not include heterogeneous
processes predict that global O3 levels would be similar to
today. However, if the atmospheric chlorine iloading
approaches 4 ppbv the implications for polar O3, and its
subsequent impacts on 3 at mid-latitudes, are unknown,

1.7 Tropospheric Ozone and Related Trace Gases
{Carbon Monoxide, Non-Methane Hydrocarbons,
and Reactive Nitrogen Oxides)

1.7.1 Tropospheric Ozone

Tropospheric 03 is a greenhouse gas, of particular

impaortance in the upper troposphere in the tropics and sub-

tropics.lis distribution is controlled by a complex interplay
between chemical, radiative, and dynamical processes.

Ozone is: (i) transported down into the lroposphere {rom

the stratosphere; (ii) destroyed by vegetative surfaces; (jii)

produced by the photo-oxidation of CO, CH4_ and NMHC

in the presence of reactive nitrogen oxides (NOy), and (iv)

destroyed by uv-photolysis and by reaction with hydrogen

oxide radicals (HO3) (Danielsen, 1968; Mahlman and

Moxim, 1978; Galbally and Roy, 1980; Crutzen, 1974;

Isaksen ei al.,, 1978}, Chemical processes in clouds could

have a strong influence on O3 production and destruction

rates (Lelieveld and Cruizen, 1990).

Consequently, while CO, NMHC, and NOy are not
important greenhouse gases in themselves, they are
important precursors of tropospheric O3 and they are
therefore treated in some detail in this sub-section,

1.7.1.1 Atmospheric distribution

Ozone in the troposphere has a lifetime of at most several
weeks, hence its concentration varies with latitude,
longitude, altitude and season (Chatfield and Harrison,
1977; Logan, 1985). Near the surface, monthly mean
concentrations (30 - 50 ppbv) are highest in spring and
surnmer at northern mid-latitudes (Figure 1.15). In the
middle troposphere at northern mid-latitudes values are
highest also in spring and summer, 60 - 65 ppbv. The
summer maximum resuits from photo-oxidation of O3
precursors from fossil fuel combustion and industrial
activity (Isaksen et al., 1978; Fishman et al., 1985; Logan
1985). Ozone values are highest in winter and spring at
other latifudes, in part because the stratospheric source is
largest then (Levy et al., 1985). There is 35% more O3 at
40°N than at 40°S, in the middle troposphere (Logan,
1985).
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Figure 1.15: The seasonal variation of surface ozone The solid
line shows data from Montsouris, France, for 1876 86 (Volz and
Kley, 1988) All other data are from the 1970s and 1980s dashed
line, Arkona, GDR (Feister and Warmbt, 1987), dotted line
Ellerslie, Alberta, Canada (Angle and Sandhu, 1986) dot-dash
line, average of eight rural sites in the northeastern U S the
SURE sites (Logan, 1988) long dashed line Hohenpeissenberg
FRG (Logan [985) All the recent data are shown as monthly
means of daily average values

Concentrations of O3 tend to be smaller 1n the tropics
than 1n mid-latitudes, except 1n the dry season when
emissions of O3 precursors from biomass burning provide
a photochemical source (Delany et al , 1985, Crutzen et al ,
1985, Logan and Kirchhoff 1986 Fishman et al 1990)
Ozone values during the southern spring over South
America can reach almost as high values as found over the
industrialized mid-latitudes n summer Large regions
of the tiopical troposphere appear to be influenced by
sources of O3 from biomass burning (Fishman et al  1990)
Remote marine air and continental air during the wet
season may provide a photochemical sk for O3 in the
tropics mean surface concentrations as low as 4 12 ppbv
have been measured (Liu ct al 1980 Oltsmans and
Komhy1 1986, Kirchhoti 1990)

1712 Ticnds

Most long-term measurements ol O3 have been made at
northern mid-latitudes from surface sites and from
balloons Only sporadic data ai¢ available before the 19705
A comparison of data obtained n Paris from 1876-1910
(Vols and Kley 1988) with rural data from the present day
trom Europe and Notth America (Logan 1985 1989)
suggests that surface O3 has mcieased by a factor of 2 3
on average the increase 1s largest in summer the factor
then being 4 6 (Figure 1 15) Ovzone values in Eutope in
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the 1970s appear to be about twice those found between
1930 and 1950 (Crutzen, 1988) Data from Europe suggest
an increase of | - 2% per year trom the mid-1950s to the
early 1980s, with increascs in winter and summer (Feister
and Warmbt, 1987, Bojkov, 1988) Since the mid-1970s
O3 has increased by 0 8% per year at remote sites n
Alaska and Hawan, shown no annual trend at Samoa, but
has decreased by 0 5% per year at the South Pole (Oltmans
etal, 1988) Decreases of 1 8% per year arc found at both
Samoa and South Pole in summer Trend data are lacking
for tropical continental sites

Ozonesonde data for northern mid-latitudes between
1965 and 1986 suggest that O3 has increased by about 1%
per year below 8 km, primarily over North Europe and
Japan (Angell and Korshover, 1983, Logan 1985, Tiao et
al, 1986, WMO, 1989a,b), but there are no clear trends 1n
the upper troposphere By contrast O3 has decreased in the
lower stratosphere (below 25 km), the crossover 1n the
trend being near the tropopause There 1s no tiend 1n O3 at
the single sonde station at southern mid-latitudes, and long
term sonde data are lacking in the tropics

1 7 1 3 Relationships between ozone and its precui soi's
The concentration of tropospheric O3 1s dependent 1n a
very non-linear manner on the atmospheric concentrations
of 1ts precursor gases, 1e, CO, CH4, NMHC, and, in
particular NOyx (NOx = NO + NO2) Nitrogen oxide
concentrations and trends control changes 1n the con
centiatton of O3 (Dignon and Hameed 1985) At low NOy
concentrations (where NOy 1s less than 5 - 30 pptv this
threshold depends on the concentrations of O3 and
hydrocarbons) increases in CO CH4 and NMHC lead to a
decicase 1n O3 whereas at high NOy concentratrons
increases mm CO CHyg4 and NMHC lead to stgnmifrcant
enhancements 1n O3 Therefore no simple 1elationship
exists between increases 1n the precursor gases and changes
in tropospheric O3 Several model calculations have been
performed to investigate the sensitivity of O3 changes to
changes 1n the precursor gases both individually and
collectively Al models that have attempted to simulate
changes 1n O3 during the past century have calculated
increases  Northern Hemisphete O3 by up to a factor of
two broadly consistent with observations, depending upon
the assumptions made regarding the nitial concentration
distribution and changes 1n precursor gas concentrations
particularly NOy

Understanding the feedbacks among O3 and it
precursor gases 1s essential to understand topospheric OH
which controls the atmospheric ifetimes of CHy and the
NMHCs The global concentration of OH  which
determines the onidizing capacity ot the ttoposphere can
be cither enhanced because of clevated levels of
trtopospheric O3 NOy o1 water vapour (assoctated with a
global warming) or suppressed because of mcrcases 1n
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CHgy, CO, and NMHC (Crutzen, 1987, Thompson et al ,
1989) Prediction of regional and global trends in OH
concentrations requires an understanding of regional
emissions of CHy, CO, NMHC and NOy, as well as
transport of O3 between 1ts source regions and the remote
troposphere  One key point 15 that a continued increase in
levels of CO would reduce the global concentration of OH
because NOy 15 too short-lived to counteract that etfect
over much of the globe This would increase the atmos-
pheric hitetime of CHy

1.7.2 Carbon Monoxide

1721 Amospheric distithution of carbon monovde

The atmospheric concentration of CO exhibits signiticant
spattal and temporal variability because of 1ts short
atmospheric lifetime (2 - 3 months) The short atmospheric
litetime, coupled with an nadequate monitoring network,
means that the global spatial variability and long-term
trends 1n CO are not well documented The limited
observational data base (Heidt et al , 1980, Dianov-Klokov
and Yurganov, 1981, Seiler and Fishman, 1981, Sciler et
al, 1984, Khalil and Rasmussen, 1984, 1988a, Fraser ct al ,
19864, c, Newell et al, 1989, Zander et al, 1989,
Kuchhotf and Marinho, 1989, Kirchhotf et al , 1989) has
demonstrated that the concentration of CO, (1) 1s about a
factor of two gieater in the Northern than 1n the Southern
Hemisphere where the annual average 1s about 50 - 60
ppbv, (u1) increases with latitude 1 the Northern
Hemisphere, (111) exhibits strong seasonal variations in both
hemispheres at mud to high latitudes, and (1v) decreases
with altitude CO appears to be increasing at about 1% per
year in the Northern Hemisphere, but the cvidence for
increases in the Southern Hemisphere 1s ambiguous

1722 Sowces and sinks of carbon monoxide
The total annual source of CO 15 about 2400 Tg CO, being
about cqually divided between direct anthropogenic
(incomplete combustion of fossil fuels and biomass) and
atmospheric (oxidation of natural and anthropogenic CHg
and NMHC) sources (Logan et al 1981, Cicerone, 1988)
Atmospheric concentrations of CO may have increased
the Northern Hemusphere because of the tossil fuel source,
and becausc of changes 1n the rate of oxidation of CHy,
whose atmospheric concentration has increased since pre-
industrial times Fossil fuel sources of CO are at present
decreasing 1in North America (EPA, 1989) and possibly n
Europe, but may be increasing elsewhere

The major removal process for atmospheric CO 15
rcaction with OH (Logan et al 1981) The observed
seasonal variabthity n the Southern Hemisphere distant
trom seasonally varying sources can be cxplained by the
seasonal variability in the concentration of tropospheric
OH Soils may provide a minor sink for CO (Conrad and
Sciler, 1985)
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1.7.3 Reactive Nutrogen Oxides

The key constituents of tropospheric NOy, detined as the
sum of all nitrogen oxide specics except for N2O, are
NOx, mtric actd (HNO3), peroxyacetylnitrate (PAN
CH3CO3NO2), and organic nitrates Most primary sources
of nitrogen oxides release NOy (mainly NO), the other
species are produced by photochemical reactions in the
atmosphere  While the atmospheric lifetime of NOy 1s
short (about 1 day), the atmospheric lifetime of NOy can
range up to several weeks Thus NOy can transport
nitrogen compounds away from source regions to more
remote locations, where photolysis of HNO3 and PAN, and
thermal decomposition of PAN, can regenerate NOy

1731 Amospheric distribution of mitiogen ovdes

The atmospheric concentrations of NOy exhibit significant
spattal and temporal variability, reflecting the complex
distribution of sources and the short atmospheric Iifetime
The near surface and free tropospheric concentrations of
NOy each vary by several orders of magnitude, highly
influenced by the proximity of source regions Near surface
concentrations of NOy range from as low as 0 001 ppbv 1n
remote maritime air to as high as 10 ppbv in Europe and
Eastern Notth Ametica (excluding urban areas), while free
tropospheric concentrations range from 002 ppbv 1n
remote regions to more than 5 ppbv over populated areas
(Fehsenfeld et al , 1988)

The spatial inhomogeneity, coupled with a sparsity of
measurements, means that the spatial and temporal
distribution and long-term trends in NOx and NOy are not
adequately documented, although reconstructed emissions
inventorics of NOy suggest large increases throughout this
century (Dignon and Hameed, 1989) Data from a
Greenland 1ce core have shown that the concentration of
nitrate 1ons (dissolved nitrate from HNO3) remained
constant from 10,000 yecars ago to about 1950, then
doubled by the late 1970, consistent with the increase in
industrial emissions (Neftel et al 1985b) Data from glacier
1icc 1n Switzerland indicates that nitrate 1ons increased by a
factor of 4 5 between 1900 and the 1970's in Western
Europe (Wagenbach et al 1988)

1732 Souices and sinks of nitrogen oudes

The sources of atmospheric NOy are about equally divided
between anthropogenic (combustion of fossil fuels 21 Tg
N per year, and biomass burning 2 - 5 Tg N per year), and
natural (microbial processes n sotls 20 Tg N per year,
hghtning 2 - 8 Tg N per year, and transport from the
stratosphere 1 Tg N per year) (Galbally, 1989) Emissions
of NOyx (6 3 Tg N per year) from the combustion of fossil
tuels have not mcreased 1in North America since 1970
(EPA, 1989) Soil emissions of NO are stumulated by
agricultural activity (e g, addition of fertilizer, manure,
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etc ), hence, agricultural soil emissions may provide
significant sources of NOyx 1n many areas

The dominant removal processes for NOy are (1)
conversion to HNO3, PAN, and organic nitrates by
photochemical mechanisms, (1) reactions mnvolving NO3
radicals, and possibly (111) deposition of NO72 on veg-
etation The resulting NOy species are then removed from
the atmosphere by wet and dry deposition, or by conversion
back to NOyx

1.7.4 Non-Methane Hydrocarbons
1741 Atmospheiic distiibution
hvdrocarbons

The NMHC can be classified by atmospheric hifetime (1)
relatively long-lived (lifetimes > week) where the highest
concentrations (up to 3 ppbv for ethane) are observed at
middle to high northern latitudes, (1) more reactive
(Iifetimes between half a day and one week) such as C7 -
Cs alkenes whose concentrations exhibit significant
temporal and latitudinal variability from <O Ippbv 1n
remote areas to a few ppbv close to source regions, and (111)
extremely short lived (lifetimes of hours) such as terpenes
or 1soprene whose local concentrations may reach about 10
ppbv very close to their sources Trends in the atmospheric
concentrations of NMHC have not been established due to

of non-methane

a lack of measurements

1742 Souices and sinks for non methane Indrocarbons
The oceans are a major source of NMHC, mainly alkenes
Estimates of the source strength of ethene and propene
range from 26 Tg C per year (Bonsang et al . 1988) to as
high as 100 Tg C per year (Penkett, 1982) Emissions of
NMHC from terrestrial vegetation are dependent upon
environmental factors as well as the type of vegetation
Isoprene 15 primarily emitted trom deciduous plants,
whereas conifer trees are primarily a souice of terpenes
Isoprene and terpene emission rates are very large, about
500 Tg per year for each (Rasmussen and Khalil, 1988)
The souice strength of NMHC from anthiopogenic
activities such as biomass burning, solvents and fossil fuel
combustion has been estimated to be about 100 Tg per
year

The dominant loss mechanism for most NMHC 1s 1apid
(much faster than CHg) reaction with OH The products of
these reactions are capable of forming O3 1n the presence
of NOy

1.7.5 Feedbacks Between Climate and the Methane/Non-
Methane Hydrocarbon/ Carbon Monoxide/Oxides
of Nitrogen/ Tropospheric Ozone System

There are numerous potentrally mmpottant feedbacks

between climate change and tropospheric O3 and OH

Changes 1n cloud cover, precipitation and circulation

patterns, as well as changes n the biospheric soutce
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strengths of CHg4, CO, NMHC and NOy, will induce
changes 1n homogeneous and heterogeneous reactions
controlling O3 and OH In addition, changes 1n
stratospheric O3 may induce changes n tropospheric
processes, through changes 1n ultraviolet radiation
Stratospheric O3 depletion 1s likely to increase trop-
ospheric O3 when the levels of CO, NOy, and NMHC are
high, but reduce 1t in regions of very low NOx The
importance of these feedback processes remains to be
determined

1.7.6 Conclusions
Tropospheric O3 15 a grecnhouse gas that 15 produced
photochemically through a series of complex reactions
involving CO, CH4, NMHC and NOyx Hence, the
distribution and trends of tropospheric O3 depend upon the
distribution and trends of these gases whose atmospheric
concentrations are changing

The short atmospheric lifetimes of O3 (several weeks),
and many of 1ts precursor gases, coupled with 1nadequate
observational networks, leave their distributions and trends
inadequately documented Most data support positive
trends of about 1% per year for O3 below § km altitude 1n
the Northern Hemisphere (consistent with positive trends 1n
several of the precursor gases, especially NOyx, CHyg, and
CO), and a simlar trend tor CO 1n the Northern
Hemisphere, but not in the Southern Hemisphere While
there 1s no systematic series of data that allow quantitative
estimates of trends in NMHC and NOy to be made, their
atmospheric concentrations are likely to have increased
during the past few decades because of increased
anthropogenic sources The 1ce core records of nitrate
levels provide indirect evidence for a Northern Hemisphere
increase 1n atmospheric NOx

1.8 Aerosol Particles

1.8.1 Concentrations and Trends of Aerosol Particles in
the Troposphere

Aerosol particles play an important role 1n the climate
system because of their direct interaction (absorption and
scattering) with solar and terrestrial radiation, as well as
through their influence on cloud processes and thereby.
indirectly, on radiative fluxes These processes are
discussed 1in more detail 1n Sections 23 2 and 233 Two
separate tssues should be 1dentified The first 15 the ettect
ot increasing or decreasing anthropogenic emissions of
aerosol particles and therr precursors 1n regions impacted
by these emissions The second 1s the role of feedback
processes linking chimate change and natural (biological)
production of particles in unpolluted regions, especially
over the oceans (¢t Section 10 8 3)

Total suspended particulate matter 1n air vartes from less
than | pg m™3 over polar 1ce caps or in the free mid-ocean
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troposphere to 1 mg m-3 1n desert dust outbreaks or in
dense plumes from for example, forest fires In a typical
sample of continental air, mineral dust, sulphuric acid,
ammonium sulphate as well as organic material and
clemental carbon (soot) may be found both as pure or
mixed particles Most of the soluble particles become
solution droplets at relative humidities above 80%, thus the
radiative properties of aerosol particles even vary with
relative humidity at constant dry aerosol mass

A large part of the aerosol mass 1n submicron size
particles 1s derived from gas-to-particle conversion through
photochemical processes involving gaseous sulphur and
hydrocarbon compounds Such conversion may take place
thiough photochemical processes involving the oxidation
of sulphur dioxide (SO9) and other sulphur gases to
sulphuric acid (H2SO4) by reaction with OH The H2S04
so formed, having a low equilibrium vapour pressure,
immediately condenses onto cxisting aerosol particles or
forms new ones Transformation to sulphuric acid and
sulphate also takes place in cloud droplets, the majority of
which eventually evaporate leaving the sulphate 1n the
acrosol phase Trends 1n the emission of these gaseous
precursors espectally the sulphur gases, are therefore of
great importance for the regional aerosol burden and
thercby potentially for climate

Large quantities of aerosol particles are also emitted
from the burning of savannas and forests in tropical
regions The directly emutted particles consist largely of
carbonaceous materials including black carbon (soot)
(Andreae et al 1988) In addition particles are formed
trom precursor gases like SO2 and hydrocarbons emitted
by fires

The average tropospheric lifetime of aerosol particles
and of their precursor gases 15 of the order of only days or
weehs This 15 much shorter than the hifetime of most
greenhouse gases It implies that the atmospheric loading at
any one time reflects the emissions that have taken place
during the past tew weeks only No long-term acc-
umulation 1n the troposphere 15 thus possible and any
reduction 1n anthropogenic emissions will immediately
result 1n a corresponding reduction 1n tropospheric
concentrations The short lifetime also implies large spatial
and temporal variabihity in the concentrations of acrosol
particles

It has been established from analyses of Greenland ice
cores that the amounts of sulphate, nitrate and trace metals
detived mainly trom atmospheric aerosols have been
mcreasing since 1ndustriahisation began (Neftel et al
1985b Mayewsky et al , 1986) However, there are almost
no long-term, continuous direct observations ot aerosol
parameters n the atmosphere outside urban and industnal
arcas (Charlson 1988) Indirect evidence from visibility
obscrvations indicates that the concentration ot submicron
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aerosols over much of the eastern part of the US has
increased during the period 1948-1978 (Husar et al , 1981)

Another example of a trend analysis of atmospheric
aerosols 15 due to Winkler and Kaminsk: (1988), who
concluded that submicrometer aerosol mass outside
Hamburg has increased by a factor of nearly two between
1976 and 1988 due to long range transport from
industrialized centres n the region

The hypothesis by Charlson et al (1987) of a connection
between climate and phytoplankton activity 1 ocean
surface waters 15 based on the role played by soluble
aerosol particles 1n determining the microphysical
properties of clouds The proposed climate-phytoplankton
feedback rests on the facts that cloud condensation nucleus
(CCN) concentrations 1n air are low over oceans far from
land, that the CCN available in clean maritime air are
composed almost totally of sulphate particles, and that this
sulphur originates almost entirely from emissions of
reduced sulphur gases (principally dimethylsulphide
(DMS)) from the ocean surface There 1s a significant non-
linearity 1n the eftect on cloud microphysics of given
changes in CCN concentration, depending on the starting
CCN concentration characteristics of clean oceanic air

There 1s abundant evidence in the literature to confirm
the role played by CCN concentration in determining cloud
droplet size distribution However, at this stage neither the
sign nor magnitude of the proposed climate feedback can
be quantitatively estimated, though preliminary cal-
culations based on plausible scenartos indicate that this
hypothesis merits careful consideration Preliminary
attempts to test this hypothesis using existing historical
data of various types have been inadequate and have
vielded only equivocal conclusions

1.8.2 The Atmospheric Sulphur Budget
Current estimates of the global sulphur cycle show that
anthropogenic emissions of SO7 are likely to be at least as
large as natural emissions of volatile sulphur species, cf
Table 1 5 (based essentially on Andreae, 1989) Within the
industrialized regions of Europe and North America,
anthropogenic emissions dominate over natural emissions
by about a factor of ten or even more (Galloway et al ,
1984, Rodhe, 1976) The anthropogenic SO emissions
have increased trom less than 3 TgS per year globally 1n
1860, 15 1n 1900, 40 in 1940 and about 80 1n 1980
(Ryaboshapko 1983) It 1s evident from these numbers that
the sulphur fluxes through the atmosphere have increased
very substantially during the last century, especially 1n the
Northern Hemisphere During the past decade the
anthropogenic sulphur emissions in North America and
parts of Europe have started to decline

Small amounts of carbonyl sulphide (COS) aic also
emitted into the atmosphere They do not significantly
aftect the sulphur balance of the troposphere but they are
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Table 15 Estimates of Global Emussion to the
Atmosphei e of Gaseous Sulphur Compounds T

Source Annual Flux (TgS)
Anthropogenic (mainly SO7 from 80
fossil fuel combustion)
Biomass burning (SO?) 7
Oceans (DMS) 40
Soils and plants (H2S, DMS) 10
Volcanoes (H2S, SO2) 10
TOTAL 147

t  The uncertainty ranges are estimated to be
about 30% for the anthropogenic flux and a
factor of two for the natural fluxes

important I maintaining d4n aerosol layer 1n the
stratosphere

Because of the limited atmospheric hifetime of most
sulphur compounds, the augmentation of the sulphur
concentrations brought about by industrialization 15 not
evenly distributed around the globe This is illustrated by
Figure 1 16, which shows an estimate of how much more
aerosol sulphate there 1s at present i the lower atmosphere
(900 hPa level) than n the pre-industrial situation (Langner
and Rodhe 1990) Over the most polluted regions of
Europe and North America the sulphate levels have gone
up by more than a factor of 10 Smaller increases have
occurred over large parts of the oceans
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1.8.3 Aerosol Particles in the Stratosphere

The vertical profile of aerosol particle concentration
normally exhibits a marked decline up through the
troposphere followed by a secondary maximum in the
lower stratosphere at around 20 km The stratospheric
aerosol layer 1s maintained by an upward flux of gaseous
precursors, mainly carbonyl sulphide (COS)
Concentrations may be greatly enhanced over large areas
for a few years following large volcanic eruptions, such as
El Chichon 1in 1982 No significant trends have been
detected 1n the global background aerosol layer in the
stratosphere during periods of low volcanic activity
(WMO, 1989a) The potential impact on climate of
stratospheric aerosols 1s discussed 1n Section 2 3 2

1.8.4 Conclusions
Aerosol particles have a lifetime of at most a few weeks 1n
the troposphere and occur 1n highly varable
concentrations A large proportion of the particles which
influence cloud processes and for radiative balance are
derived from gaseous sulphur emisstons These emissions
have more than doubled globally, causing a large increase
in the concentration of aerosol sulphate especially over and
around the industrialized regions 1in Europe and North
America If anthropogenic sulphur emissions are indeed a
major contributor to cloud condensation nucle:
concentrations on a global scale, then any chimate
prediction must take account of future trends in regional
and global anthropogenic sulphur emission, which may be
quite different from those of the greenhouse gases

Aerosol particles derived from natural (biological)
emissions may contribute n mmportant ways to climate
teedback processes During a few years following major
volcantc eruptions the concentration of aerosol particles
can be greatly enhanced
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Figure 1.16: Simulated concentration ot sulphate at 900 hPa Ratio of concentrations based on total emissions (natural plus
anthropogenic) divided by concentrations based on natural emissions 1n July (Langner and Rodhe, 1990)
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