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Executive Summary

We are certain of the following:

The greenhouse effect is real; even without man-made contributions, natural
greenhouse gases already keep the earth warmer than it wouid otherwise be.

Man made emissions are substantially increasing th¢: atmospheric concentrations of
the greenhouse gases: carbon dioxide, methane, the chlorofiucrocarbons, nitrous

¥ oxide and tropespheric czone. These increases will lead to a warming of the Earth's
surface. The main greenhouse gas, water vapour, is also expected to increase in
response to a global warming.

We calculate with confidence that:

Some gases are potentially more effective than others at changing climate, and their
relative effectiveness can be estimated. Carbon dioxide has been responsible for cver
half the total man-made greenhouse effect in the past, and is likely to remain s¢ in the
future.

Atmospheric concentrations of the long-lived gases (carbon dioxide, nitrous oxide and
the CFCs) adjust only siowly to changes in emissions. Present day emissions of thess
gases are committing us to increased concentrations for decades to centuries. The
longer emissions continue at present day levels, the greater reductions would have to
be to stabilise at a given concentration.

The iang-lived gases weuld require reductions in man-made emissior: of 60-80% to
stapilise their concentrations at today's levels; methane would require only a 15-20%

Jeldlolin.

¥ Using current medels, due » IPCC Zi=inowus-as-Usual emissions, the
following changes are predicisu: ‘

* gichal mean temperatures about 2°C above pre- indusirial § (with 3 range of
uncertainty of 1.4°C to 2.9°C) by the year 2035; by the year temperatures
about 4°C above pre-industrial # (with a range of 2.7°C to 6°C)

* rate of change of global mean temperature 0.2 - 0.4°C per decade ¢ver the
next century

* land surfaces warmed more rapidly than the oceans, and high northem
latitudes warmed more than the global mean in winter.

Our confidence in prediction of regional changes is low, though in gensrai they will be
different from the global mean. For example, temperature increases in Southern
Europe and gontinental North America are predicted to be higher than the global
mean, accompanied by reduced summer precipitation and soil moisture.



* sea level 10cm to 32cm higher than today by 2030, 33c¢m to 75¢m higher by
2070 ; due mainly to the thermal expansion of the oceans and the melting of
some land ice.

There are many uncertainties in our predictions which arise in particular
from an incomplete understanding of :

* sources and sinks of greenhouse gases, which affect predictions of future
concentrations

*

clouds, which strongly influence the magnitude of climate change

oceans, which influence the timing and patterns of climate change

These processes are at least partially understood, and we are confident that the
uncentainties can be reduced by further research

Our best judgement is that:

Giobal - mean surface air temperature has increased by 0.3 to 0.6 °C over the last 100
years, with the six global-average warmest years being in the 1980s. This rise has not
been smooth with time, nor uniform over the globe.

The size of this warming is broadly consistent with predictions of climate models. If the
sole cause of the warming was man-made greenhouse gases, then the implied
climate response would be near the lower end of model predicjjons. However, the
warming to date is within the range of natural variability, so thaWlthis variability and
other man-made factors could have offset a iarger man-made dreenhouse warming.

There is no evidance that climate has become more varizble over the last few
decades. However, with an increase in the mean temperature, episodes «f high
temperatures will most likely become more frequent in the futuie, and cold epizades
less frequent,

Ecosystems will be affected both favourably and unfavourably by a changing climate
and by increasing carbon dioxide concentrations. If climate changes rapidly the
composition of ecosystems will change and some species will be unable to migrate or
adapt fast enough and may become extinct. However, enhanced levels of carbon
dioxide may increase productivity and efficiency of water uss of veqi.tation‘

To Improve our predictive capability, we need:

* to understand better the various climate processes, particularly those
associated with clouds, oceans and the carbon cycle

* to improve our monitoring of a number of climate variables on a global
basis, and further investigate changes which took place in the past



* to develop improved computer-based numerical models of the earth's
climate system.

* to Increase support for national and international research activities

0.9°C to 1.8°C above 1990 temperatures
2.2°C to 4.5°C above 1990 temperatures
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Figure 1:  Global carbon reservoirs and fluxes. The numbers apply for the present-day
siruation and represent typical literature values. Fluxes, e.g. between atmosphere
and surface ocean, are gross annual exchanges. Numbers in bold-face italics
indicate net annual perturbation fluxes to the ammosphere and annual atnospheric
+ 003 increase due to human action. Units are gigatons of carbon (GiC; 1Gt = 109
mexic tons = 10!2kg) for reservoir sizes and GIC yr! for fluxes. More details
and discussions are found in several reviews (Sundquist, 1985; Trabalka, 1985;
Bolin, 1986; Siegenthaler, 1986).
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Figure2:  Amospheric CO; increase in the past 200 years, as indicated by measurements on air

trapped in ice from Siple Station, Antarctica ( : 1edli
3 , A squares; Nefiel et al., 1985a;
l.(l;e}?%) and by direct atmospheric measurements at Mauna Loa, Haw:ii ’(:c:zlsle:l
ing, et al., 1989). Units: parts per million by volume (ppmv). ‘
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Draft : Monday, March 12, 1990

The term "atmospheric stabilisation™ is often used to describe the limiting at
present day values of the concentration of the greenhouse gases. The amount by
which man-made emissions of a greenhouse gas must be reduced in order to
achieve this is shown in the box below.

STABILISATION OF ATMOSPHERIC CONCENTRATIONS

Reductions in the man-made emissions of greenhouse gases required to
stabilise concentrations at present day levels:

Carbon Dioxide 60 - 80%
Methane 15 - 20%
Nitrous Oxide 70 - 80%
CFC11 70 - 75%
CFC12 75 - 85%
HCFC22 40 - 50%

Natural sources and sinks are assumed to remain unchanged
Note that the stabilisation of each of these gases would have different
effects on climate, a$ explained in the next section.

The same models used for these calculations are also used to determine future
concentrations of the greenhouse gases which would arise from scenarios of future
emissions generated by IPCC Working Group 3. Shown below are the
concentration trends of some of the greenhouse gases expected to result from the
High Emissions scenario. ‘

CO2 Average Concentrations CH4 Average Concentrations CFC12 Average Concentrations
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Which gases are the most important?

We know, with certainty, that more greenhouse gases means more radiative forcing
and hence a global warming. We can calculate the the radiative forcing due to the
increase in concentration of each gas with much more confidence than the
calculation of the resulting climate change because the former only involves
laboratory measurements of the gases: how strongly, and where in the spectrum,
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GLOBAL WARMING POTENTIALS
The warming effect of an emission of 1kg of each gas relative to that of CO2
time horizon
20 yr 100 yr 500 yr
Carbon dioxide 1 1 1
Methane 63 21 9
Nitrous oxide 270 290 190
CFC11 4500 3500 1500
CFCi12 7100 7300 4500
HCFC22 4100 1500 510
Global Warming Potentials for a -range of CFCs and potential replacements are given in the full text

Although the table shows carbon dioxide to be the least effective greenhouse gas
on an equal emissions basis, the warming effect on will depend on the size of
emissions. In the example shown below, 1990 emissions of carbon dioxide will
contribute well over half the man-made warming effect over the next 100 years.

THE RELATIVE CUMULATIVE CLIMATE EFFECT OF 1990 EMISSIONS
GWP 1990 relative
(100yr emissions contribution
horizon) (Tg) over 100yr
carbon dioxide 1 260001 61%
methane 21 300 15%
nitrous oxide 290 6 4%
CFC11 3500 0.3 2%
CFC12 7300 0.4 7%
HCFC22 1500 0.1 0.4%
Others (including indirect effects, eg that of NO2 on surface ozone) 10.6%

Ww W Hoho L b WWWWWWWWLWW WN

126000Tg of carbon dioxide = 7Gt of carbon
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tant secretary of state for interna- » page

tional organization affairs 4nd am-
bassador to the U.N. Economic and
Db Vel

Patrick Buchanan is a nationally Max Lerner is q nationally syndi. ‘

cated columnist.

syndicated columnist. Social Council. - °

'WARREN BROOKES

n Thursday, Aug. 2, Michael
Deland, chairman of the
White House Council on
. Environmental Quality,
stripped the clothes from the Euro-
pean green imposters when he said:

_ “When the [European Commu-
nity] environmental ministers come
o town . .. the first question out of
their mouth is ‘“You're not going to
sign on to a carbon-dioxide reduc-
tion plan, are you?’ ”

Even as these same ministers as-
sailed the U.S. refusal to set a target
for carbon-dioxide emissions reduc-
tions, they are privately encourag-
ing the Bush administration to keep
dragging its own collective feet. One

- week earlier, Britain released its en-
vironmental white paper without
any reference to a CO2 tax.

- Good thing, too. The next day
after Mr. Deland demonstrated that
British Prime Minister Marga-
ret Thatcher was talking
tough but waving a wet green
noodle, Iraqi strongman Sad-

that folks who play on coal
piles should stay away from
greenhouse lawn parties.

In one lightning stroke, Mr.
Hussein demonstrated that
any country that now gets.
more than 58 percent of its
electricity from coal (as the
United States does) and for whom-
coal is the leading domestic energy

~Aunproven - scientific ‘theories that
« would make that vital source obso-
“lete — overnight. - I

.4

~“Not only are we among the
“= world’s most coal-dependent na-
tions, we are now the world’s largest
and most-efficient coal exporter. In-
deed, since 1981, while U.S. oil and
gas extraction have plunged by 22

percent, US. coal production has -

- syndicated economics columnist.

Vi

dam Hussein reminded us -

.. ~source has no business toying with - - o B
tion Agency said ta.

A
soared by 21 percent, and tlfi‘s‘yegr
we will export more than 100'million
short tons. Coal is one of the reasons
we now have a trade surplus with'the
ECnations. *; "~ .=+ #MU4e

Since coal burning :produces
three times as much carbon dioxide
per British thermal unit as oil and
gas, it would have to be taxed three
times as much to cut CO2 emissions.
In 1989, the Environmentai Protec-

uation as well as the environ-
ent” weap T
Sadly, that concern is not shared
his own State Department or the
A, who will dominate the staffing
of the US. delegation to the Inter- .
governmental Panel on Climate
Change (IPCC) in Stockholm Aug.29
to work for a 1992 “consensus”. for
actions that would endanger the
United States as well as coal-
dependent China and the Soviet
Union. * L%
Yet that consensus will fly in the
face of growing dissent over the evi-
dence for global warming theories
and models. As Science editor Philip
Abelson said of this issue on March

LRER i
uce'CO2
emissions by 20 percent would re-
quire a $200-per-ton tax on coal, $25
abarrel on oil, $2 per thousand cubic
feet on natural gas, a probable total
of $200 billion per year! (See Table.)

No wonder President Bush was
willing to take collective heat for

- cooling down global warming at

‘Houston last month, warning that:
“On the environmental extreme,

* they don’t want this country to grow.

s R o * I am not going to talk about no
~ * Warren T. Brookes is a nationally

growth for the United States because
I feel a deep concern about the hu-

s b R %5" 2 LSRR A e

| TAXES AND COSTS TO CONTROL . ...

CARBON-DIOXIDE EMISSIONS & s

| T, To reduce C0220% -~ :-

tax rate cost - ..

Ol 57003 £ 825Mmbl C L U SO0 b, -

- Natural : T T L

‘gas $2MCF $30 bill, T IITYR

Totals . $65 bill.? $200 bil. :

*bbi = per barref ~~**MCF = per-},000 cubic feet R e+

Total costs estimated based on reduced usage of fuels. . . -

The Washington Tms

30, “There has been more hype than
solid facts” Bt

That editorial accom ed the
publication of a 10-year satellj -
pwt
showed “no warming or cooling
trend” in 1979-1988. Those satellite
data were known tc NASA’s James
Hansen in the drought of June 1988
when he went before Congress and
launched the global-warming panic,
saying he was “99 percent confi- }

dent” greenhouse warming had
started. .

see BROOKES, page D4
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BROOKES

From page D1

Yet just six months later in De-
cember 1988, the U.S. National Cli-
mate Data Center published a “de-
urbanized™ analysis of the U.S.
temperature record since 1895,
which showed “nio significant warm-
ing trendThat was followed 10
months later by the Massachusetts

mmm“@ﬂ@m
showed there had been no ocean sur-

face warming since 1850.
Then in March 1990. in the Bulle-
tin of the American Meteorological

. Society, MIT's Richard Lindzen
. pointed out that hereas all of the

- climatem Spr

warming of
S aegrees o 14 aeg‘r“ees Celsius m
ctic during the winter, from

194U-f987 the Atlantic Arctic winter

res have jailen 2.5 de-

‘greesC. *

At his largely ignored April In-
terparliamentary Conference on Cli-
mate Change, Sen. Albert Gore, Ten-
nessee Democrat, was so frustrated
by this he charged any scientist who
studied the Antarctic ice cores and
did not consider global warming an
immediate “crisis” was being
“unethical”

Yet a month later, on May 29 in
Baltimore, two University of Rhode
Island scientists, Todd Sowers and
Michael Bender, toidthe American
Geophysical Urnion that in_the Ant-

~ arcticice-core data the lag between
changes in CO2 over the centuries

. and ice-cap melting, 1e., basic cli-

mate change, ranged from 3,000 to
8.000 years.

Then last week the New York
Times reported that a new Swedish
tree-ring study shows that “average
summer temperature in far North-
ern Europe has fluctuated almost 7
degrees over the last 1,300 years, 1-

1.

A

Jlustrating how widely the Earth’s cli-
mate varies naturally and suggest-

ing thar e northernmost parts of
the world Twhere all the warming is
now predicted], the effects of any
global warming will be hard to feel
for along fime.”
" Then yesterday, British Indepen-
dent Television (ITV-channel 4) pre-

sented a devastating one-hour doc- -

ume on 1ts scien

“Equmox*talled “The Greenhouse

Conspiracy. It argued bureaucratic

potitics, turf-building and environ-

mental hysteria are driving s 1s-

sue far beyond actual scientific evi-
erice.

“Why? Because it fits the no-
growth agenda of environmental-
ism. As Mr. Gore’s keynote speaker
at his April conference — Brazil’s
Secretary of the Environment Jose
Antonio Lutzenberger — told an en-
thusiastic audience that, “The worst
and most dangerous aspect of our
modern economic thinking is the
dogma of the necessity for continu-
ous economic growth. Even the idea
of sustainable growth is a contradic-
tion in terms.”

It would seem Saddam Hussein
drove a big tank through that green- |
house garden party in just the nick
of time.

M A w———
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Atmospheric Carbon Dioxide Levels Over
Phanerozoic Time

ROBERT A. BERNER

A new model has been constructed for calculating the
level of atmospheric CO, during the past 570 million
years. A series of successive steady states for CO, is used
in order to calculate CO, level from a feedback function
for the weathering of silicate minerals. Processes consid-
ered are: sedimentary burial of organic matter and car-
bonates; continental weathering of silicates, carbonates,
and organic matter; and volcanic and metamorphic degas-
sing of CO,. Sediment burial rates are calculated with the
use of an isotope mass-balance model and carbon isotopic
data on ancient seawater. Weathering rates are calculated
from estimates of past changes in continental land area,
mean elevation, and river runoff combined with estimates
of the effects of the evolution of vascular land plants. Past
degassing rates are estimated from changes in the rate of
generation of sea floor and the shift of carbonate deposi-
tion from platforms to the deep sea. The model results
indicate that CO, levels were high during the Mesozoic
and early Paleozoic and low during the Permo-Carbonif-
erous and late Cenozoic. These results correspond to
independently deduced Phanerozoic paleoclimates and
support the notion that the atmospheric CO, greenhouse
mechanism is a major control on climate over very long
time scales.

gas. In other words, because of its radiation absorbing

properties, changes in CO, concentration over time can
bring about changes in global climate. As is well known, increases in
CO, during the past century due mainly to human activities have
given rise to the environmental problem of global warming and its
many and varied consequences. Also, changes in CO, levels, due
mainly to natural perturbations of the ocean-atmosphere-biosphere
system, have been documented for the past 150,000 years by the
analysis of bubbles of air trapped in glacial ice (7). Thus, the
atmospheric CO, level does change with time, but what about at
longer time scales? Studies of the geochemical carbon cycle (2) have
shown that the transfer of carbon from rocks to and from the
surficial environment over millions of years is far greater than that
present at any one time. Thus, it is quite reasonable to speculate that
natural long-term processes involving carbon stored in rocks have
also brought about changes in atmospheric CO, (but at rates that
are far too slow to explain the changes observed on human time

CARBON DIOXIDE IN THE ATMOSPHERE IS A GREENHOUSE

The author is in the Department of Geology and Geophysics, Yale University, New
Haven, CT 06511.

1382

scales). The purpose of this article is to suggest that gradual CO,
variations have occurred during the past 570 million years (Pha-
nerozoic time) and that they have been large.

The approach adopted is to model the geochemical carbon cycle
and its effect on atmospheric CO,. The geochemical carbon cycle (2)
refers to the transfer of carbon between rocks and the ocean-
atmosphere system on a multimillion-year time scale and is illustrat-
ed in Fig. 1. The ocean and atmosphere are lumped together in Fig.
1 because of their very small carbon contents and short residence
times compared to that of the rock reservoirs. The major processes
of the cycle are: (i) uptake of CO, from the atmosphere during the
weathering of silicate and carbonate rocks and transformation of it
to dissolved HCO; ™ in ground water and river water; (ii) precipita-
tion of the HCO;™ in the oceans, after transfer there by rivers, as
CaCOj; and other carbonate minerals; (iii) the thermal decomposi-
tion of carbonate minerals upon burial to great depths by way of
magmatic and metamorphic activity, resulting in transfer of CO,
back to the atmosphere plus oceans; (iv) the burial of organic
matter, representing the remains of dead organisms, in sediments
followed much later by the weathering of this material after uplift
onto the continents; and (v) the thermal breakdown at depth via
diagenesis, metamorphism, and magmatism of organic matter fol-
lowed by air oxidation of reduced carbon-containing gases upon
evasion to the atmosphere.

The major processes of the geochemical carbon cycle can be
summarized most simply by the following reactions:

weathenin,

CO; + CaSiO, ____g, CaCOs + SiO;
magmatism
weathering

CO, + MgSi0; ——— MgCO; + SiO;
metamorphism,
magmatism

anic bunal
CO, + HO ——— CH,O + O,

weathering,
metamorphism, plus air oxidation

The first two reactions represent the combination of steps (i), (i),
and (ii1) above and are normally referred to as the Urey reactions
(3). (The formulas given for minerals are generalized to represent all
calcium and magnesium silicates and carbonates and do not refer to
any specific mineral.) The third reaction is of the same form as that
normally written for the processes of photosynthesis and respiration
but refers instead to their geological equivalents. In other words,
going from left to right the reaction refers to net photosynthesis or
the difference between global photosynthesis and respiration as
represented by the burial of organic matter in sediments. Likewise,
the reaction going from right to left represents the oxidation of
rocks and volcanic gases, analogous to long-term respiration.

The weathering of carbonate minerals, which is an essential

SCIENCE, VOL. 249
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Fig. 1. Schematic repre-

Y Carbonate Organic sentation’ of the geo-
5500 12050 chemical carbon cycle.
Masses of carbon (in
;} 7y 10"® moles) are based on
Fi Fac the data of (6). Symbols
for fluxes are defined in
Fonc Foc Fog mg Table 1.
Ocean and
atmosphere
> C
29

component of the geochemical carbon cycle (Fig. 1), is not repre-
sented in the above reactions. This is because the atmospheric CO,
that is taken up by this reaction is soon returned to the atmosphere
during precipitation of HCO; ™ in the ocean as carbonate minerals
(2). On a multimillion-year time scale there is a negligible effect on
atmospheric CO,. By contrast, because of the long lag between the
transformation of calcium and magnesium silicates to carbonates
and the thermal decarbonation of these carbonates, a large imbal-
ance in CO; fluxes can occur. In other words, it is the Urey reactions
(and to a lesser extent the organic matter reactions) that dominate
the system.

The Model

Modeling of the geochemical carbon cycle, in whole or in part,
has been done by many workers (4). The model presented here is
basically a greatly expanded steady-state version of the carbon mass
balance model of Garrels and Lerman (5). It is much simpler
mathematically than those that the BLAG group constructed earlier
(6, 7), but more complex geologically and biologically. Mathemati-
cal simplification comes about by lumping all carbonate minerals
together, following only the cycle of carbon and not that of other
clements, combining the oceans and atmosphere into one reservoir,
and calculating CO;, level in the atmosphere as a succession of steady
states. The steady-state assumption has been shown to be justified
by other studies (6, 8, 9). The procedure is to assume that during

Table 1. Definition of terms used in equations.

cach 1-million-year period (the time step of the numerical model)
inputs of CO, to the ocean-atmosphere system are balanced by
outputs. This assumption is reasonable because of the very rapid
turnover of carbon in the ocean-atmosphere system—a result of its
very small capacity for carbon storage compared to that of rocks.

Geological and biological complexity are added to the Garrels and
Lerman model by introducing dimensionless parameters to repre-
sent the effects of geological and biological evolution over time.
Because of the assumption of a steady-state atmosphere-plus-ocean
reservoir, the actual calculation of CO, level is done differently than
that used in the earlier models (6, 7). The method is to calculate the
value of the feedback function for weathering  fg(CO,) by a
combination of mass balance expressions for both total carbon and
carbon-13 and expressions for weathering and metamorphic and
volcanic degassing. Atmospheric CO, is then calculated from
f8(CO3). The appropriate expressions are:

Fye + Fae + Fug + Frpg = Fpe + Fig (
8c(Fwi + Fe) Sg(ng + Fag) = 8oFpe + (85 — ac)Fpg (
Fue = f8(CO2) fa(t) fo () fe(t) kweC (
Fae = fo(t) fe(t) kmcC @)
Fug = fa(t) fo(t) k(1) kweG (
Frmg = fo(t) kmeG (
Fus = Foe = Fuc = fa(CO) a0 fol0) (0 fe(0) Fus(0)  (

where all terms are defined in Table 1.

The procedure of calculation was as follows. Values of the
dimensionless parameters fa(), fo(), fa(t), fe(f), fs(f), and fe(1)
and values for kyc, kme, kwg, kmg, and 8, were taken from the
literature or estimated (see Table 2 and Figs. 2 and 3). Initial values
for C, G, f(CO,), 8, and &, at 570 million years ago (Ma) were
assumed, and the program was run. At each 1-million-year time step
appropriate values of Fyc, Frnc, Fug, and Fmg were calculated and
substituted into Egs. 1 and 2, and the two equations were then
solved for Fy. and Fig. From values of Fy. and F,., Eq. 7 was solved
for fs(CO,) and, thus, for CO, level (see below). The process was

Parameter

Definition

Fuc; Fug = rate of release of carbon to the ocean-atmosphere system by the weathering of carbonates (c) and organic matter (g)
Fimc; Fmg = rate of carbon release to the ocean-atmosphere by the metamorphic and volcanic breakdown of carbonates (c) and organic matter (8)
Foc; Fpg = burial rate of carbon as carbonates (c) and as organic matter (g) in sediments
Fys = rate of uptake of CO, for the weathering of Ca and Mg silicates followed by precipitation of the Ca and Mg as carbonates (Urey reactions)

Fus(0) = value of F, at present
f8(CO,) = dimensionless feedback function expressing the dependence of weathering on atmospheric CO,
RCO, = ratio of atmospheric CO,(t) to atmospheric CO,(0)
fa(t) = ratio of land area (f)/land area (0)
Jo(t) = ratio of river runoff (f) to river runoff (0) (per unit area) duc to changes in paleogeography. [Dependence of runoff on atmospheric CO, is
included in f3(CO,); see (6)]
fa(r) = ratio of mean land elevation (f) to mean land elevation (0)

felt)
fo()

Je(t)

spreading rate)

deep sea [fc(r)=1 at present]

= dimensionless parameter expressing the dependence of weathering rate on soil biological activity due to land plants [ fg(f) = 1 at present]
= degassing rate (1) divided by degassing rate (0) due to tectonics; assumed to be cqual to the rate of new sca-floor generation (sea-floor

= dimensionless parameter expressing the dependence of degassing rate on the relative proportions of carbonates on shallow platforms and in the

8 = 8"C value (°/y,); 8¢ for carbonates, 8, for organic matter, and 3, for the oceans
@ = isotope fractionation factor between organic matter and carbonates

kywe; kwg = rate constants for weathering of carbonates and organic matter, respectively
kme; kmg = rate constants for metamorphic and volcanic breakdown of carbonates and organic matter, respectively
C; G = masses of carbon as carbonates and as organic matter

f = time
(0) = present (average for past 1 million years)

21 SEPTEMBER 1990
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Fig. 2. Plots versus time of fa(f), land area at time ¢ divided by land area
today, and fp(t) (continental runoff at time ¢ divided by continental runoff
today). Values of fx(1) are based on the paleogeographic reconstructions of
Barron and others (22) and Ronov (23). Values of fp(t) are based on the
work of Tardy er al. (24), who calculated runoff changes per unit area by
keeping track of changes in precipitation minus evaporation on the conti-
nents that resulted from past continental drift beneath fixed (present-day)
latitudinal climatic zones. No account of changes in orography or mono-
soonality was made; my, million years.

then iterated until a constant value of fz(CO,) was obtained (rapid
convergence required minimal iteration). New values of C, G, &,
and 3, were then calculated with the use of four additional mass
balance expressions:

dC/dt = Foc = (Fwe + Fume) ®)

dG/dt = Fog — (Fug + Fmg) ®
d(d:.C)ldt = 8oFpe — dc(Fwe + Fmc) (10)
d(8,G)/dt = (8, — ac)Fog — dg(Fwg + Fimg) (11)

and the procedure was repeated at the next 1-million-year time step
and so on. Initial values were then adjusted so thar present-day
values for the various fluxes were retrieved (see Table 2). Use of
shorter time steps was found to be unnecessary in that the calcula-
tion procedure converged rapidly.

As one can see, the terms fg(f) and fg(CO,) are omitted from the
expression for the weathering of organic matter. This was done
because organic matter is attacked by 0,, not CO,, and the
biological production of CO; or soil acids should have little effect on

Table 2. Values of key parameters used in the model for CO,; my, million

years.
Param- Total range s
eter or value s
falt) See Fig. 2 (22, 23)
fo(t) See Fig. 2 (24)
fr(0) 1.00 to 0.79 =1 + logofa(t)
fe(t) 1.00 to 0.50 For 570 to 150 Ma: fo(1) = C
For 150 to 0 Ma: fo(1) = C + (1 — C) exp
[=0.03 (150 — 1)]
C = 0.50, 0.75, 1.00 [see (25, 26)]
fe(r) 1.00 o0 0.15 For 570 to 350 Ma: fg(t) = 0.15, 0.30, 0.50,
1.00 (16)
For 300 to 130 Ma: fi(r) = 0.50, 0.63, 0.75,
1.00 (17)
For 80 to 0 Ma: fg(r) = 1.00
For 350 to 300 Ma [rise of vascular land plants
(12)] and 130 to 80 my [rise of angio-
sperms (13)], fe(1) calculated by linear
interpolation
fa(t) See Fig. 3 (1) (1) Degassing equals sea floor generation rate
from inversion of sea level data (27);
1.00 to 1.36 (ii) (ii) One-half the variation from sea level
inversion due to other effects on sea level
(28)
3:(570) 1.5 per mil; (18)
3,(570) —23.5 permil  (18)
S, —0.80 t0 6.20 (29) (smoothed curve fit)
per mil
. 21.8 to 30.0 For 570 to 140 Ma: a. = 25 per mil; for 140

per mil
ke 0.00267 m_v’l
kme  0.00133 my~’
Kk 0.0030 my '
- 0.0010 my '

to 0 Ma (30)
Total kye + kme from (18); kyc/kme from (6)
Total kye + kme from (18); kyc/kme from (6)
Total kg + kmg from (18)
3 Total kyg + kmg from (18)
0) 5000 x 10'® mol (6)
0) 1250 x 10'® mol (6)

Area and runoff

(0

(0

0.4
0.2}
0 1 I 1 1 1
-600 -500 -400 -300 -200 -100 0
Time (my)

organic matter oxidation. The parameter fg(t) is omitted from the
weathering expression for carbonates because their weathering has
been shown to be relatively unaffected by changes in elevation or
relief (10).

Once values of the weathering feedback function, f8(CO,), were
obtained the value of RCO,, the ratio of mass of CO, in the
atmosphere at time ¢ to that at present, was calculated for cach time
period. For this purpose expressions were used that expand on the
carlier BLAG formulation for fg(CO,) (6). In the BLAG model
weathering feedback appears only in terms of changes in global
mean surface temperature that are attributed to changes in atmo-
spheric CO; levels according to the greenhouse effect. There is no
direct response of weathering to atmospheric CO, levels, and
changes in temperature are felt as changes in river runoff and in
temperature-controlled rates of CO, uptake (HCO;™ production)
by weathering. In the present model allowance for the direct
fertilization by CO, of land plant productivity is included, and this
change results both in greater rock weathering and a stronger
negative feedback. The BLAG feedback term, which can be repre-
sented in simplified form as fg(CO,) = RCO:* s multplied by
an additional CO, fertilization term on the basis of a similar
approach by Volk (9). In other words:

f6(CO4) = [2RCOY/(1 + RCO,)]**RCO** (12)

The first term on the right within brackets represents a Michaelis-
Menten type formulation, and is used to express the concept that
global productivity at high atmospheric CO; levels is ultimately
limited by factors other than the CO; level. The 0.4 power signifies
that on a global scale many natural (nonagricultural) plant ecosys-
tems probably respond more weakly to CO, because of nutrient,
water, or light limitation (11), and that weathering rate does not
linearly track productivity (9). It is equivalent to assuming that only
35% of land vegetation responds to CO, fertilization as it affects
weathering rate. Because the global response of plant productivity to
CO; is not well established (11), let alone its effect on rock
weathering, Eq. 12 should be considered only as a crude first-order
approximation. However, regardless of exact formulation, it is
necessary to introduce stronger feedback than is available in the
BLAG model because over Phanerozoic time the BLAG formula-
tion results in excessive CO, variation (for example, RCO, > 100
during the Cretaceous).

This new fertilization-BLAG feedback formulation is only appli-
cable to the land biota at present. Because vascular land plants did

SCIENCE, VOL. 249



Degassing rate

o= fgg(t)

8] 1 by 1 1 1
-600 -S00 -400 -300 -200 -100 0
Time (my)

Fig. 3. Plot of f5(1), the rate of tectonically controlled volcanic and
metamorphic degassing of CO; at time ¢ divided by the same rate today. The
parameter fg(1) is set equal to fsr(f). the rate of sea-floor spreading at time 1
divided by the rate today. Values of fsgl(f) are based on the sea level inversion
calculations of Gaffin (27). Long-term custatic sea level change has been
shown to correlate with the rate of generation of sea floor or spreading rate
[see references in (27)], and thus, can be used as an indicator of crustal
turnover by plate tectonics. [The problem is complicated, however, by the
effects of continental breakup and collision on sea level (28)—see Table 2.]
The further assumption made here [sce also (6, 7)] is that the global rate of
CO; degassing is lincarly related to crustal turnover rate, which is in turn
indicated by long-term changes in sea level.

not arise until the Silurian (12) and angiosperms until the Creta-
ceous (13), some allowance in the weathering feedback mechanism
for these evolutionary changes must be made. I assumed that before
vascular land plants, from 570 to 350 Ma, the weathering response
was directly proportional to the level of atmospheric CO; such that
f8(CO,) equals RCOs. Little is known of how weathering proceed-
ed at this time in the presence of primitive nonvascular plants, but a
direct response to the atmospheric CO> level should represent the
strongest possible feedback. On the basis of laboratory experiments
on mineral dissolution (14) and the potential mediation by soil
microflora, it is possible that the feedback during the early Paleozoic
could have been much less than linear. (Use of feedbacks based on
laboratory observations results in RCO, values ranging from 30 to
400.)

The date of 350 Ma represents the ime when vascular plants had
become widespread on dry land and important as weathering
agents. In order to represent the changeover to vascular plant-
affected weathering, a linear mix of weathering functions was used
between 350 and 300 Ma. Angiosperms may induce faster weather-
ing than more primitive plants (15), but did not arrive until
approximately 130 Ma (13). To account for this an intermediate
gymnosperm-pteridophyte feedback function was introduced be-
tween 300 and 130 Ma. From 130 to 80 Ma a linear mix of
functions was emploved, and from 80 Ma to the present the
functionality of f3(CO,) was assumed to be the same as that of
today, that is Eq. 12.

Accompanying changes in fg(CO,) over time the model also
considers corresponding changes in fg(r), the parameter expressing
the effects of soil biological activity on actual weathering rate. There
is lirtle doubt that plants and associated soil biota enhance chemical
weathering by the production of CO, and organic acids in the soil.

21 SEPTEMBER 1990
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The question 1s how much. A study of waters draining lava flows in
Iceland (16) showed a threefold enhancement of dissolved HCO; ™
concentration from vegetated to nonvegetated areas. However,
much more work is needed to check this result. There 1s also a
suggestion that angiosperms induce more rapid weathering than
gvmnosperms (13), and on this basis Volk (17) has constructed an
appropriate global expression, which is incorporated in the present
model (Table 2).

Results and Discussion

Model results showing sensitivity to some key parameters are
shown in Fig. 4. One simulation is for the situation of no change in
global tectonics, in other words for the same geographic, degassing,
and general tectonic setting as at present. In this case fa(r) = 1,
folt) = 1, fr(1) = 1, fe(r) = 1,and f5(1) = 1 for all ume. The curve
expresses the residual effects of the burial rate of organic matter, as
calculated from carbon isotopic data, plus the effect of the evolution
of land plants. Another simulation is for no biological evolution.
Here fe(r) is set equal to one for all time and the weathering
feedback function fg(CO5) is assumed equal for all time to that used
for the present (Eq. 12). Here the curve reflects tectonics plus the
burial rate of organic matter. (The result of setting all dimensionless
parameters equal to one, such that the controlling factor is only
organic burial rate, results in a curve similar to the no-tectonics
situation except that CO, values before 350 Ma are about one-third
those shown.) In cither the no-tectonics or no-evolution cases the
curves show a consistent trend of high atmospheric CO, levels
during the Mesozoic (240 to 65 Ma) and early Paleozoic (570 to
350 Ma) and low levels during the late Paleozoic (330 to 260 Ma)
and late Cenozoic (last 30 million vears). Thus, neither geology nor
biology dominate the trend in CO, levels for all times. It is a
combination of factors that results in the calculated CO, values. This
response comes about partly because some biological factors cancel
each other and some tectonic factors cancel each other. For example,

S|

-600 -5S00 -400 -300 -200 -100 0
Time (my)

Fig. 4. Sensiavity plots versus time of RCO4, the ratio of mass of CO; in the
atmosphere at time 1 to that in the present atmosphere, illustrating the effects
of major processes. (O) Situation for no change 1n tectonics over ume; in
other words for fa(t). fp(t), fr(t)y fe(r), and fo(r) all equal to 1. (X)
Siruation for no biological evolution; in other words for fe(r) = 1 and use
for all time of the present-day formulation for the weathering feedback
function fg(CO,) (Eq. 12).
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Fig. 5. Standard plot versus time of RCO,, the ratio of mass of CO; in the
atmosphere at time ¢ to that in the present atmosphere, based on the carbon
mass balance model of the present study. The curve represents the best
estimate of the various parameters that go into the model. Dashed lines show
the envelope of approximate error based on sensitivity analysis. The vertical
arrow denotes that early Paleozoic CO, levels may have been even higher
than those shown; see text for discussion. Values used (see Table 2):
C = 0.75; fe(r) = 0.15 for 570 to 350 Ma; fi(t) = 0.75 for 300 to 130 Ma;
fa(t) and fp(r) from Fig. 2; fg(r) from Fig. 3.

setting f(f) equal to one during the early Paleozoic reduces the level
of COs, but use of also the present-day formulation for fg(CO;) at
that time raises the level. Likewise, because changes in fp(t),
representing CO, consumption, are generally parallel to changes in
Jo(t), representing CO, production (compare Figs. 2 and 3),
holding both constant results in no great change in the trend of CO;
levels with time.

Standard results for best estimates of all parameters are shown in
Fig. 5 along with a crude estimate of the ranges in error from
sensitivity analysis. (Because of a severe lack of knowledge of the
role of primitive nonvascular land plants on weathering during the
carly Paleozoic, a wide range of error is shown for this time.) Again,
the pattern of high CO, levels during the Mesozoic and early
Paleozoic and low CO, levels during the late Paleozoic and late
Cenozoic are apparent. Furthermore, use of the concept of rapid
recycling (18) did not change the qualitative aspects of these results.
Thus, although the curve shown in Fig. 5 represents only one choice
of imperfectly known parameters, it can be used in a semiquantita-
tive sense to represent the approximate levels of atmospheric CO,
over Phanerozic time.

If the values of CO» calculated here are at all correct, then because
of the atmospheric greenhouse effect one would expect warm global
climates on the average during the Mesozoic and early Paleozoic and
cold climates during the late Paleozoic and late Cenozoic. This
conclusion is in agreement with independent estimates of paleocli-
mate (19) and the contention of Fischer (20) that Phanerozoic
climates can be characterized as a succession of greenhouses and
icehouses. The two most important glaciations during Phanerozic
tme occurred during the Permo-Carboniferous and the latest
Cenozoic, precisely at times of minimum atmospheric CO, levels
calculated by the model. (There is a problem with a smaller
glaciation that occurred during the Ordovician, and this requires
further refinement of the model.)

§ — =
The model presented here is primarily an attempt to illustrate how
one can use the geochemical carbon cycle as a means of exploring the
various factors affecting atmosphcnc CO,; over long geologic times.
The results should be interpreted in the same manner as they are
presented, as semi-quantitative trends. There are many problems
with values of key parameters, but at least the modeling points to the
importance of obtaining better estimates for them (21). For exam-
ple, the parameterization of degassing rate as related to sea level is a
crude assumption; other approaches are needed such as good
estimates of the original abundance of igneous rocks as a function of
time. Also, much more is needed on the quantitative role of land
plants in chemical weathering. Nevertheless, the trend of changing
CO; levels with time calculated with the model is consistent with
paleoclimatic trends, and the greenhouse theory of climatic change,
on a multimillion-year time scale, is supported by the results.
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The ice-core record: climate sensitivity and
future greenhouse warming

C. Lorius, J. Jouzel, D. Raynaud, J. Hansen & H. Le Treut

The prediction of future greenhouse-gas-induced wa
climate to increasing atmospheric concentrations o

rming depends critically on the sensitivity of Earth’'s
f these gases. Data from cores drilled in polar ice

sheets show a remarkable correlation between past glacial-interglacial temperature changes and the
inferred atmospheric concentration of gases such as carbon dioxide and methane. These and other
palaeoclimate data are used to assess the role of greenhouse gases in explaining past global climate
change, and the validity of models predicting the effect of increasing concentrations of such gases in

the atmosphere.

INFRARED-ABSORBING gases in the Earth's atmosphere raise
the mean global surface temperature from —18 °C, which it
would be in the absence of an atmosphere, to ~15°C. This
trapping of infrared energy emitted by the Earth’s surface is
known as the greenhouse effect'™. The largest effect is from
water vapour, with a significant contribution from carbon
dioxide and smaller contributions from ozone, methane, nitrous
oxide and, in the past few decades, anthropogenic chloro-
fluorocarbons (CFCs). The naturally occurring greenhouse
effect makes our planet habitable, but there is growing concern
about the future of the Earth's climate because of increasing
atmospheric concentrations of CO,, CH,, N,O and CFCs,
which are largely a result of man's activities. This radiative
forcing (the change of the planetary radiation balance) is just
over 4 Wm™2 for a doubling of the CO, concentration (from,
say, 300 to 600 p.p.m.v.). The increase in atmospheric CO,,
CH., N,0 and CFCs that have occurred since the beginning of
the industrial revolution results in a forcing of just over 2 W m™
(ref. 5); thus the anthropogenic greenhouse forcing has already
reached a level of about half of the doubled-CO, radiative
forcing, the canonical large forcing used in theoretical climate
studies.

The radiative forcing resulting from doubled atmospheric CO,
would increase the surface and tropospheric temperature by
AT,=1.2°C if there were no feedbacks in the climate system
(see Box 1). But there are many possible feedbacks which may
occur in response to an initial forcing. For example, a warming
climate is likely to alter the amount of water vapour in the
atmosphere, the cloud properties, snow cover and sea ice' ™.
Doubled-CO, sensitivity experiments using the most compre-
hensive climate models, the three-dimensional general circula-
tion models (GCMs), yield equilibrium warmings between 1.9
and 5.2°C®''. The uncertainty in climate sensitivity obtained
from GCMs may, however, be even greater than this. A recent
comparison of 14 GCMs showed about a threefold variation in
climate sensitivity, attributable mainly to differences in the cloud
feedbacks'?. Some simple one-dimensional climate models sug-
gest essentially no net feedback®. Thus the net feedback factor
f (the amplification of the no-feedback radiative-equilibrium
temperature change) is uncertain in the large range f=1-4
(Box 1).

One implication of the uncertainty in climate sensitivity is an
even greater uncertainty in the climate response time. The time
required for the climate system to approach a new equilibrium
temperature after a change of radiative forcing varies at least
linearly with f*'* because the feedbacks come into play in
response to the change of temperature, not in response to the
climate forcing. A consequence of the large uncertainty in the
response time, which may be anywhere from a decade to more
than a century, is that the observed global temperature trend of
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the past century does not provide a very stringent empirical
limit on climate sensitivity; indeed, allowing for the possibility
of small unknown climate forcings, such as changes of tropo-
spheric aerosols and solar irradiance, and for unforced climate
variability, the temperature trend of the past century does not
provide a useful bound on climate sensitivity®'*"*.

A more promising source of empirical information on global
climate sensitivity is provided by the changes in Earth’s climate
during the past few hundred thousand years because the global
temperature change was very large, ~4-5°C'®", the climate
change was linked with changes of greenhouse-gas concentra-
tion (which by themselves resulted in a direct radiative forcing
of ~2 W m~?) and the changes were maintained for a sufficiently
long time for equilibrium to be achieved, unlike the present
greenhouse-gas changes. Based on these considerations there
have already been attempts®'® to estimate climate sensitivity
from conditions during the Last Glacial Maximum, 18,000 years
before present (18 kyr BP).

Box 1 Equilibrium temperature, feedback
processes and 2 X CO, experiments

Earth's atmosphere is heated by short-wavelength solar radiation and
cooled by the emission of long-wavelength radiation to space. The
planetary radiative energy budget per unit area, N, can be written as
the difference of these terms

1-
=‘Ta$-—roT: (1)

where. S is the solar constant (1,370 Wm™2), a the planetary reflec-
tivity or albedo (0.3), ¢ the effective emissivity of the atmosphere, o
the Stefan-Boltzmann constant and T, the surface temperature®®, At
equilibrium (N=0) and with no atmosphere this yields T,=255K.
Earth's surface temperature is actually 288 K, primarily because of
the presence of the atmosphere and the present greenhouse warming
is therefore ~33 °C.

If the atmospheric structure and all other factors remain fixed, the
response of the system to an increase of radiative forcing AQ would
be a change in T, necessary to restore radiative equilibrium, AT,=
T,AQ/(1 - a)S leading to AT,~0.3 AQ. The radiative forcing for a
doubling of the CO, concentration is AQ=4 W m~2 corresponding to
AT,~12°C.

The surface temperature changes, AT,, calculated in recent GCM
studies for doubled CO,% ! are shown in the table. Here we have
adopted the feedback terminology of Hansen et al® in which a net
feedback factor f is defined by assuming that the radiative forcing for
doubled CO, is ~4 Wm™2 and hence AT, =1.2 f. The feedbacks that
have been found to be significant in these models (water vapour,
clouds, sea ice and snow cover) can be described as fast feedbacks,
because they respond rapidly to climate change and are thus important
on decadal timescales.

139




REVIEW ARTICLE

Recently, ice cores (see Box 2) from the Greenland®**' and
Antarctic’22 ice sheets and, in particular, the Vostok record®*",
which spans a full glacial-interglacial cycle®, have allowed
documentation of the relationship between greenhouse radiative
forcing (CO, and CH,) and climate overa period of large climate
changes. These new data support the orbital theory of ice ages,
but they are also directly relevant to the problem of greenhouse
gases and climate sensitivity. Here we compare information
about climate sensitivity derived from ice cores with the GCM
results. Although a full understanding of the causes and sequen-
ces of climate fluctuations remains elusive, much information
is revealed from comparison of glacial-interglacial palaeotem-
perature data with concurrent changes in the planet's energy
balance that are linked with atmospheric CO, and CH, con-
centrations.

The ice-core data suggest that greenhouse gases have had a
significant role in explaining the magnitude of past global tem-
perature changes and indicate a net feedback for fast processes
of f=3, consistent with a climate sensitivity of ~3-4°C for a
doubled atmospheric CO,. Studies of palaeoclimate changes
therefore provide a clue to help validate estimations of the
climate impact of increasing greenhouse gases.

Ice-core data
Ice-core data are unique in providing, in the same samples,

Box 2 Ice cores, climate and atmospheric data

Although we cannot expect to find an ideal record of climate, ice is a

rather close approximation to it as summarized in the table below®®.

CLIMATE FACTORS AND QUANTITIES MEASURED IN ICE CORES
Atmosphere Ice core

Temperature D/H, *80/1®0
Precipitation D/H, *80/%¢0, *°Be
Humidity D/H, *80/'0
Aerosols

natural (continents, sea, chemicals

volcanoes, biosphere) (Al, Ca, Na, H, SO,. NO,)

man-made S0,. NO,, Pb, radioactive

Circulation fallout particles

Gases: natural and man-made 0,.N,, CO,, CH,. N0

Palaeotemperature reconstruction is based on the present correlations
between the ratios of 2H (D) and *H and of *20 and *°0 in the snow
and the temperature conditions just above the inversion layer, where
the precipitation is formed, and at the surface. These are correlated
because of the fractionation processes that take place during the
atmospheric water cycle and, although they depend on several para-
meters, lead to linear isotope-temperature relationships in both polar
ice sheets®®7°, The validity of using the present observed relationship
for palaeotemperature reconstruction is supported by various evidence
including atmospheric isotope models’®. Although there is no doubt
that the concentration of a species in the air is reflected in snow
deposits at the site, quantitative estimation of atmospheric concentra-
tions suffers from an incomplete understanding of the deposition
processes, such as the relptive contribution of ‘wet’ and ‘dry’ proces-
ses. In contrast, relating gas concentrations obtained from ice-core
bubbles to the atmospheric value is quite straightforward. Owing to
the air-enclosure process in the ice, however, the air is isolated from
the atmosphere well after the precipitation has been deposited; in 3
site of low accumulation like Vostok the correction ranges from 3 to
6kyr with an uncertainty of up to ~1 kyr?*?*.

Adequate site selection is required to avoid disturbance of the
atmospheric record by ice flow. Current deep-drilling projects to obtain
long-term records include US and European efforts in central Greenland
hopefully this will supplement the few ice cores available now and
provide the awaited counterpart of the Vostok Antarctic record needed
for a better understanding of glacial-interglacial forcings and feed-
backs. e z
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access to both climate and climate forcings (Box 2). The climate
information includes an estimate of temperature changes at the
atmospheric level where the snow formed and at the surface,
and the information about climate forcing includes data on the
amount of aerosols in the atmosphere and the atmospheric
chemical composition. So far, there are only two deep ice cores
from Greenland (Camp Century®® and Dye 3*') and three from
Antarctica (Byrd*?, Dome C** and Vostok®*~*") which provide
long-term climate and environmental records extending over the
last ice age. Only Vostok provides a complete undisturbed series
over the last climate cycle. The principle findings obtained from
these deep ice cores have been recently reviewed''.

The Vostok temperature record is reconstructed from the
continuous deuterium profile measured along the core’’. Here
we refer to the atmospheric temperature change, AT, just above
the inversion layer (Box 2) because this is the parameter that
is most directly accessible from the snow deuterium content,
which depends on the temperature of formation of the precipita-
tion (such an interpretation is well supported by a theoretical
approach) and because this temperature is certainly more rel-
evant for characterizing the global atmosphere as the existence
of a strong inversion is restricted to central Antarctica. The
record (Fig. 1b) shows the last two glacial-interglacial transi-
tions with atmospheric temperature changes of ~6 °C. The last
ice age is characterized by three minima, around 20, 60 and
110 kyr BP, separated by slightly warmer episodes (interstadials).

The three Antarctic ice cores yield remarkably similar isotope-
derived temperature records over the last ~60 kyr (ref. 32). The
surface warmings associated with the last deglaciation are quite
comparable with values slightly below 10°C and the Vostok
record can be considered to be representative of a large area in
Antarctica. The deglaciation warming for Dye 3 is similar to
the one observed in Antarctica (whereas the Camp Century core
suggests a somewhat larger change) and in fact, the main features
of the Vostok climate record are of global significance, at least
qualitatively speaking. This significance is suggested by the
comparison with the global ice volume changes derived from
isotope measurements in deep-sea sediments (during glacial
periods the accumulation of isotopically depleted ice over the
continents leads to a measurable isotope enrichment of the
ocean). In particular the SPECMAP record of marine '*O con-
tent®, which essentially represents global ice volume (Fig. 1¢),
and the Vostok temperature record corresponds ver7y closely
(correlation coefficient, r*=0.87) down to 110 kyr BP*’. Further
back there is a discrepancy in the start and in the duration of
the previous interglacial which can probably be explained by
dating uncertainties for this part of the record (see discussion
below).

The close association between greenhouse gases and glacial-
interglacial climate changes was first revealed from the analysis
of air trapped in Greenland and Antarctic cores showing that
the atmospheric CO, content was ~190-200 p.p.m.v. during the
Last Glacial Maximum compared with an average close to
270-280 p.p.m.v. during the Holocene®*". The detailed recon-
struction from Byrd*® for the period between 50 and 15 kyr fully
confirmed the association between cold climate and low atmos-
pheric CO, levels (Fig. 2a). The Vostok data confirmed the
existence of a strong CO,-climate relationship overa full climate
cycle®®. This CO, record exhibits large changes between two
levels that are centred near 190-200 and 260-280 p.p.m.v., with
the low and high levels associated with full glacial and inter-
glacial conditions, respectively (Fig. l1a). Moreover, despite
some noticeable differences, there is a remarkable correlation
(r*=0.79) between atmospheric CO, and temperature change
throughout the record.

Such a correlation between climate change and radiatively
active gases also exists for methane. Analysis of Dye 3 and Byrd
samples showed an increase in the CH, concentration from
0.35 p.p.m.v. for the Last Glacial Maximum to Holocene values
of 0.65 p.p.m.v.”*, and a similar increase parallelling the tem-
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perature change was revealed from the Vostok ice for the transi-
tion between the penultimate ice age and the last interglacial®.
These results are now fully confirmed®® by the detailed and
continuous CH, profile obtained along the Vostok core (Fig.
1¢), which also exhibits four well marked maxima during the
glacial period. These maxima occur at the time of relatively
warm interstadials and although there are marked differences
between the CH, and CO, record, the correlation with the
temperature record is quite similar (r*=0.78 in the case of
CH.,).

Superimposed on these long-term trends, rapid and large
changes have been documented both for CO, and CH,. In the
time interval between 40 and 30 kyr a series of rapid CO,
variations (Fig. 2b), occurring in a century or less between low
values in the range 180-200 p.p.m.v. and higher values in the
range 240-260 p.p.m.v., were found first in Dye 3% The
existence of these rapid events, associated with large changes
in surface temperature (5-6 °C) and in the dust content, has
been confirmed in the Camp Century core but has not been
identified in the Antarctic Byrd core, a difference not yet satisfac-
torily explained. There is also a clear indication of rapid climate
change at the end of the last deglaciation extensively docu-
mented from isotope and dust studies on Greenland cores*'.
This so-called Younger Dryas cooling dated at ~11-10 kyr BP
is well marked in North Atlantic and adjacent regions. Although
there is also a weak cooling in Antarctica the dating is not yet
sufficiently accurate to allow it to be firmly related to the Younger
Dryas. Recent Vostok measurements®® show that the Antarctic
cooling was associated with a large decrease in CH, concentra-
tion (Fig. 1¢), as is also suggested in the data from the Dye 3
core®.

Reliable N,O data can also be obtained from ice cores. Exist-
ing results suggest that N,O concentrations during the Last

AT (°C)

3000 ¢ ¢ oo Lo Lo Yo

0 50 100 150
Age (kyr BP)

FIG.1 Variation during the last climate cycle, as derived from measurements
along the 2,083-m Vostok ice core, of the CO, atmospheric concentration®*,
the atmospheric temperature change over Antarctica’’, and the CH, atmos-
pheric concentration®®. For CO, and CH, the envelope shown has been
plotted taking into account the different sources of uncertainty whereas
the temperature record is.a smoothed curve.
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Glacial Maximum were possibly smaller but not drastically
different from those of the recent period*?. We can therefore
estimate the direct radiative forcing exerted by all naturally
occurring greenhouse gases (except changes in water vapour
and possibly in ozone). In terms of radiative forcing such
changes in the concentration of greenhouse gases are important
because, for example, of the logarithmic increase with CO, and
CH, concentrations*’. From glacial to interglacial this forcing
increases by ~2Wm™2 (AT, of ~0.7 ¢C), half of that corre-
sponding to a CO, doubling from 300 to 600 p.p.m.v.

Ilce-core data and the theory of ice ages

The long Vostok ice core offered a unique opportunity to
examine a continental record of the link between a time series
for atmospheric temperature and the astronomical theory of the
ice ages. Among the orbital parameters-the obliquity of the
Earth's axis (period of ~41kyr) and the precession of the
equinoxes (periods of 23 and 19 kyr) are the most important as
they strongly affect the distribution of available energy between
latitudes and seasons**; for example, the variation of the summer
insolation at 65 °N, a key latitude in the astronomical theory of
the ice ages, is ~60 W m~2 over the last climate cycle. Spectral
analysis shows that the Vostok temperature record is indeed
dominated by a strong obliquity component and influenced to
a lesser degree by the precession?’. Aside from the interval of
~100 kyr between interglacials, the main features of the Vostok
temperature record show that the minima are in good agreement
with those of the annual insolation received at the Vostok
latitude (78° S) and that there are also similarities with the 65° N
summer insolation. These results further support the role of
orbital forcing in Pleistocene glacial-interglacial cycles demon-
strated by deep-sea sediment records*®. The orbital forcing is,
however, relatively weak when considered on an annual globally
averaged basis (the total insolation received by Earth has varied
by <0.7 W m~2 over the past 160 kyr). The amplification of this
forcing, the observed dominant 100-kyr cycle and the synchron-
ized termination of the main glaciations and their similar ampli-
tude in the Northern and Southern Hemispheres cannot easily
be explained despite developments including the nonlinear
response of ice sheets to orbital forcing*. The discovery of
significant changes in climate forcing linked with the composi-
tion of the atmosphere has led to the idea that changes in the
CO,*347-4 and CH,?*?° content have played a significant part
in the glacial-interglacial climate changes by amplifying,
together with the growth and decay of the Northern Hemisphere
ice sheets, the relatively weak orbital forcing and by constituting
a link between the Northern and Southern Hemisphere
climates.

The observed changes in CO, and CH, imply modifica-
tions in their sources and sinks that probably involve very
different processes such as ocean circulation and marine pro-
duction for CO, (see ref. 50 for a review) and fluxes of emission
from natural wetlands for CH,?*°. The mechanisms
behind these modifications are not yet fully understood,
especially those involving CO,, but we note that the orbital
frequencies are present in both of these Vostok series with, in
particular, a strong precessional signal®*’’. This suggests that
the changes are in some way orbitally driven and, even if the
orbital forcing is not the only important effect, this supports
the idea that orbital changes are one initial cause of the ice
ages.

Further, the astronomical theory cannot easily explain the
rapid events recorded in ice cores. Rather, although the mechan-
isms are still unknown, rapid changes could be connected to a
flip-Aop mechanism in the North Atlantic ocean, perhaps a
turning on and off of the North Atlantic current®’. We note,
however, that the correspondence between cold episodes and
low CO, concentration (Fig. 2b) and conversely between
warmest periods and high concentrations seems to hold true
during the last ice age and possibly during the Younger Dryas
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event, as suggested by the CH, data (Fig. 1¢). There is therefore
some indication that greenhouse forcing also participated in the
amplitude of these temperature changes.

Ice-core data and the greenhouse effect

The glacial-interglacial changes include not only the fast feed-
back processes associated with water vapour, cloud properties,
snow cover and sea ice but also longer-term processes such as
those linked with slow changes in several boundary conditions
and in the atmospheric composition, which help maintain the
ice age cold relative to the interglacial (Box 1). We now derive
information about the role of these slow changes from the Vostok
temperature series and compare it with other palaeodata and
climate forcings. Using the data on the direct radiative forcing
associated with changes in the concentration of greenhouse
gases, we derive information about the role of fast feedback
processes. This does not require a solution of the ‘chicken and
egg’ problem, that is, we do not have to address fully the question
of causes of the glacial-imerglacial cycles and of the sequence
of possible forcing factors®**2, For example, whether the tem-
perature changes lead or lag the changes in CO, or CH, con-
centrations is not relevant for the study of fast feedbacks. There
is, however, the important constraint that the planet must be in
near radiation balance with space. This may require several
thousand years and we therefore cannot use this approach to
address the question of transients or rapid events, which may
occur in a few decades*'. Within these limits, we may assume
that greenhouse gases have contributed to the glacial-inter-
glacial temperature change through their direct radiative forcing
associated with fast feedback processes. As discussed below,
such an assumption is well supported by the GCM experiments
described in refs 49 and 53 and we can take advantage of the
long records of climate forcings and climate outputs, which
reflect equilibrium conditions, to evaluate (or at least reasonably
bracket) the role of greenhouse-gas radiative forcing in deter-
mining past climate.

Genthon et al.?® followed such an approach in performing a
multivariate analysis of the Vostok temperature record and three
climate inputs. This approach decomposes the temperature vari-
ance into a part that can be accounted for by the inputs plus a
residual, which is due to noise not related to these inputs. The
relative contribution of each input is calculated so that the noise

TABLE 1 Results from recent doubled-CO, models

Study Source AT, f

Goddard Institute for Space Studies  ref. 6 42 35
National Center for

Atmospheric Research ref. 7 40 3.3
Geophysical Fluid Dynamics

Laboratory ref. 8 40 3.3
UK Meteorological Office ref. 9 5.2 43
Oregon State University ref. 10 28 23
UK Meteorological Office ref. 11 19 16

Most results are adapted from ref. 1; an extreme experiment** in which
cloud cover and cloud radiative properties depend strongly on temperature
cloud water content is also included. The values of AT, obtained by the
GCMs, 1.9-5.2 °C, are substantially larger than the values of AT,, indicating
that the modelled procgsses significantly amplify the direct greenhouse
forcing. More general dlscysslons of the equilibrium climate sensitivity
relevant to short timescales fall in the range AT, =1.5-5.5 °C*-31415 Thys
the uncertainty in f seems to be f=~1-4. There are other potentially
important feedbacks, which are not investigated by the GCM studies because
they are treated as either fixed boundary conditions or as specified climate
forcings. Many of these could be classified as slow feedbacks which may
be significant on long timescales, such as glacial-interglacial climate change.
Examples include changes of land ice, floating ice shelves®® vegetation
cover®, and ocean circulation®”. Possible atmospheric changes include the
abundance of greenhouse gases, dust*® and cloud condensation nuclei®®,
including the impact o_ghese on optical properties of clouds?®,
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is minimized in a least-squares sense®*. To be able to partition
properly the output series as a combination of the input series,
the input series must be independent. For climate forcing, Gen-
thon er al** used CO,, a Southern Hemisphere component
represented by the local (78° S) annual insolation (Fig. 3d) and
a Northern Hemisphere component derived either from the
65° N July insolation or from the §'"O marine record, a proxy
of the Northern Hemisphere ice volume (Fig. 3¢). We have used
this approach and extended it to account for the following
points.

First, such a multivariate analysis implicitly assumes that the
system can be described by its steady-state behaviour. This is
not the case for a climate system affected by nonlinearities
associated with the growth and decay of the ice sheets. To
account for this, we consider cases in which the ice volume
reconstructed from the 6'*O record is taken as a proxy of the
Northern Hemisphere forcing. This proxy combines the orbital
insolation forcing and the nonlinearities mentioned above. We
can therefore assume that it represents a large part of the slow
feedbacks associated with the changes in boundary conditions,
all the more because the increased area of ice sheets provides
a large forcing (~3 W m~? mainly owing to albedo effects but
also to topographic changes).

Second, we account for changes in both CO, and CH, to
evaluate the combined greenhouse radiative forcing. For this
purpose we use the CO, and CH, Vostok records (including
data from other cores would not result in significant changes,
except for rapid events not considered here) and calculate the
associated direct radiative forcing through the formulae given
by Hansen et al*®. For CH,, this direct radiative forcing was
augmented by a factor of ~2 because of chemical feedbacks
linked with the increase of stratospheric water vapour’.
The total greenhouse radiative forcing expressed in terms of
equilibrium temperature change (with no climate feedback)
given in Fig. 3b shows a glacial-interglacial amplitude of
~0.7 °C.

Third, we found it useful to explore a wider range of possible
atmospheric radiative forcings such as those resulting from
changes in the aerosol loading'®** and in the amount of cloud
condensation nuclei (CCN). A strong increase (up to a factor
of 30) in the dust fallout has been recorded for the Last Glacial
Maximum both in Greenland and Antarctic cores, as illustrated
in Fig. 2c for Dome C*. It has been claimed that the resulting
increase in the optical depth of the atmospheric aerosols could
make a significant contribution to the cooling during this
period'®. This is still uncertain because it is difficult to evaluate
the global aerosol loading using data coming mostly from polar
ice cores. Also, a change in the optical depth and thus in direct
radiative forcing depends strongly on the dust optical 1properties,
which are not known. Analysis of the Vostok core®” showed a
strong dust increase at the end of the penultimate ice age and
during the cold interstadial centred around 60 kyr BP, which
also indicates a relation between cold periods and high aerosol
loading. The Vostok dust record is very spiky, however, and not
simply related with the smoother temperature record. There is
no dust peak during the cold period around 110 kyr and the
correlation (r* = 0.36) with the temperature record is much lower
than the corresponding one for greenhouse gases. It has recently
been proposed that the number concentration of CCN, mainly
sulphate particles produced by the oxidation of dimethylsul-
phide emitted from the ocean, influences the albedo of marine
stratus cloud and hence global climate®*. In this hypothesis, a
change in marine productivity may eventually act as a climate
forcing through the induced change in CCN concentration.
Using the Vostok non-sea-salt sulphate as a proxy for CCN
concentration, Legrand et al*® suggested that this forcing may
have participated in the glacial cooling. The correlation between
non-sea-salt sulphate and the Vostok temperature is relatively
high (r* =0.63) but it must be noted that the role of CCN and
the CCN-sulphate link are not yet firmly established.
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Finally, we reexamined the previously noted influence of the
dating®®. Indeed, the multivariate analysis must be done with
all time series having a common timescale. This is not a problem
for the temperature, non-sea-salt sulphate and dust Vostok series
and, within the uncertainty associated with the correction due
to the air-ice difference (Box 2), for the greenhouse forcing.
There is, however, a noticeable dating discrepancy between the
Vostok and ice volume records before 110 kyr, which has been
shown to affect significantly the results of the multivariate analy-
sis performed by Genthon et al.”®. We tested numerous redatings
of the oldest part of the Vostok series accounting for the recent
interpretation of the Vostok dust record, which suggests that
the marine and Vostok records are roughly in phase before
110 kyr*’. A new multivariate analysis was then performed using
five forcing factors: greenhouse gases, dust and non-sea-salt
sulphate concentrations, ice volume and local insolation. The
results may be summarized as follows:

There is no case for which the contribution of the greenhouse
effect is below 40%. The lowest calculated value is 42% when
the Vostok record is put exactly in phase with the marine
5'*0 record, with a similar contribution from the ice volume
(45%) and with contributions of =5% for each of the three
other climate inputs. With this redating, Genthon et al*®
obtained a CO, contribution of 35%. Indeed, for all analyses
performed, adding CH, leads to a ~10% increase over the effect
derived using only CO,. This may be related®® to the higher
correlation of the Vostok temperature with the combined
greenhouse (r*=0.84) than with either CO, (r?=0.79) or CH,
(r*=0.78).

Within the limits of dating by comparison of the Vostok dust
record with marine records, the greenhouse contribution never
exceeds 65%, with the sum of greenhouse and Northern Hemi-
sphere forcing being generally over 80%. Generally >90% of
the variance of the Vostok temperature is explained by the five
climate inputs.

The greenhouse contribution falls in the top of this 40-65%
range (between 55 and 65%) when the ice volume record of
Labeyrie et al® is used, instead of the SPECMAP curve, to
represent the Northern Hemisphere forcing. This alternative
approach was followed because the Labeyrie et al. curve prob-
ably represents the ice volume change better than the more
generally used SPECMAP record, because it is corrected for
the part of the isotope signal that comes from the change in
ocean temperature. Also, there may be, at least for CO,**, some
link between sea level (or ice volume) and the change in the
atmospheric concentration and using different ice-volume curves

Age (kyr 8P)
10 20

is one way to estimate the bias introduced in the multivariate
analysis by two of the input series (greenhouse and ice volume)
not being fully independent.

To summarize, the contribution of greenhouse gases to the
Vostok temperature change can be bracketed between a lower
estimate of 40% and a higher estimate of 65%. This range is
somewhat uncertain, however, owing to the nonlinearities linked
with the growth and decay of the Northern Hemisphere ice
sheet, alt the series not having a common timescale and the
possibility that there may have been other important forcings
that we have not taken into account. We have attempted to
account for the first two factors. In addition, the introduction
of a new climate input, which must correspond to a process
having a potential climate input, will significantly alter the result
of the multivariate analysis only if this new series is well corre-
lated with the Vostok temperature and independent of the other
inputs. One example of such a forcing is that linked with
vegetation change through its influence on the albedo, but model
results*>*°, show that the climate role of the vegetation is rela-
tively minor in maintaining the glacial climate. Although we
cannot rule out another forcing, it is difficult to imagine another
meeting these three requirements. So, within the limits of our
multivariate analysis, ~50+10% is a reasonable estimate for
the overall contribution of the greenhouse gases to the Vostok
temperature change over the last climate cycle. This means that
~3°C of the 6°C in the glacial-interglacial change at Vostok
could be attributed to the greenhouse effect. This result agrees
well with the GCM simulations for the Last Glacial Maximum
performed by Broccoli and Manabe®. Using a model with
prescribed cloud cover, they reduced the CO, concentration
from 300 to 200 p.p.m.v. in experiments with and without
changes in other boundary conditions. The CO, change alone,
which in terms of radiative forcing roughly corresponds to the
combined CO, and CH, glacial-interglacial change measured
in ice cores, results in a temperature drop of 2-2.5 °C in central
east Antarctica. With variable cloud, however, the GCM sensi-
tivity is increased by 31%'® implying a change of ~3°C over
this part of Antarctica. Although based on one particular GCM
and experiment, this agreement between two independent
approaches is worth noting.

Ice-core data and climate sensitivity

Despite the large geographical significance of the Vostok tem-
perature record, it can be argued that looking at one particular
site or area is too restrictive. Other palaeoclimate data and
climate simulations are indeed helpful in examining the problem
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FIG. 2 This panel shows key data obtained from the Byrd (West Antarctica),
Dye 3 (Greenland) and Dome C (East Antarctica) cores. The results are given
as a function of depth. The corresponding timescale (upper abscissa) is
also given, except for Dye 3, for which the 30-m ice increment corresponds
to approximately 10kyr between 40 and 30kyr. The 5®0 record has
been reported for each of these three cores (8'%0(%)=

{[(*80/2%0) « pmrse/ (120/2%0) , anamra) — 1} X 1,000 where the standard is
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Depth (m)

standard mean ocean water. & Byrd: A detailed CO, record covering the
last glacial period and part of the Holocene>®, b, Dye 3: Rapid CO, changes
(circles indicate the results of single measurements and the upper solid
line connects the mean value for each depth), adapted from ref. 40, c, Dome
C: The Dome C dust record showing a strong increase of dust during the
Last Glacial Maximum®®,
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of greenhouse gases and climate sensitivity in a global per-
spective.

First, we note that owing to the general polar amplification
of climate changes, the Vostok inferred glacial-interglacial
warming of ~6 °C over Antarctica is consistent with a globally
averaged value of ~4-5 °C; for example, in doubled-CO, GCM
experiments this amplification is, on average, ~50% for high-
latitude continental regions’. This indicates that we can extend
the conclusion that the greenhouse effect resulted in ~50% of
the temperature change in the last climatic cycle to be a global
estimate. This is supported by the similarities observed between
the Vostok temperature and palaeorecords of global character;
the multivariate analysis shows that generally >80% of the
explained Vostok temperature variance is due to climate forcings
of global significance (ice volume and greenhouse gases).
Similarities between the Vostok and other palaeotemperature
records further support this conclusion. For example, the Vostok
temperature is well correlated with the surface temperature at
the Indian Ocean site RC11-120** (with r? =0.66 for the period
before 110 kyr for which redating uncertainties are not critical).
Replacing the Vostok temperature record by the RC 11-120
record as climate output in the multivariate analysis left a
contribution of the greenhouse gases to the explained variance
of =50%.

The approach used here suggests that greenhouse gases con-
tributed ~2 °C to the global warming between glacial and inter-
glacial periods. Estimating climate sensitivity then simply con-
sists in dividing the estimated global warming associated with
the greenhouse forcing by the corresponding AT, (0.7 °C from
glacial to interglacial) to get the net feedback factor. We stress
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FIG. 3 Time series of the Vostok climate record and of climate forcings
used In the multivariate analysis: & atmospheric temperature change over
Antarctica (Vostok record), AT,; b, the direct greenhouse radiative forcing
accounting for CO, and CH, variations, AT,; ¢, 5*80 SPECMAP record taken
as a proxy of the change In ice volume (normalized value from ref. 33); d,
percentage change In total Insolation at the Vostok latitude (78°S) during
the entire year. Vostok curves (a and b) have been redated for the period
before 110 kyr in such a way to put the Vostok temperature and the marine
records in phasex i~ :
—
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the independence of this method with respect to that based on
GCM results. Although GCM simulations are useful in provid-
ing evidence that the regional results have a global significance,
this use does not make our reasoning circular.

Second, it is of interest to compare the relative contribution
of the greenhouse forcing as independently derived from the
multivariate analysis and from GCMs. These results, only avail-
able for the GFDL and GISS models, indicate that a significant
part of the glacial-interglacial warming may, on a global scale,
be attributed to the greenhouse effect. In the Broccoli and
Manabe experiments*® the CO, increase from 200 to 300 p.p.m.v.
and associated fast feedbacks, accounts for ~40% of the global
glacial-interglacial warming. These experiments also showed
that most of the remaining warming is due to the retreat of the
Northern Hemisphere ice sheet in agreement with our multi-
variate analysis: Using the GISS model, Rind et al.** recently
mentioned that an average warming of 2.5 °C would result from
a CO, increase from 230 to 300 p.p.m.v. This corresponds to at
least ~50% of the glacial-interglacial warming predicted by the
GISS model for various simulations of the Last Glacial
Maximum®. Such agreement supports the belief that the net
effect of the fast feedback processes which amplify the direct
greenhouse radiative forcing, or at least their combined effect,
are realistically evaluated in these two models (or in models
having similar climate sensitivity).

To the extent that atmospheric feedback processes are
independent of the detailed causes of climate changes but gover-
ned by the overall climate response, the same feedback processes
would operate now as during the Last Glacial Maximum'®.
Applying the net feedback factor of three deduced from ice-core
data to the present climate may be done without further assump-
tions (at least within the limits of uncertainty of our method for
estimating f'). For greenhouse model experiments, climate sensi-
tivity depends primarily on fast feedback processes. Analysis of
ice-core results and palaeodata over a full glacial-interglacial
cycle suggests that a warming induced by doubled CO, con-
centrations of 3-4°C (f=3) may be a realistic value which,
although being in the middle of the range of values inferred
from the GCM experiments (Box 1), corresponds to a relatively
high climate sensitivity.

Concluding remarks

Ice-core records have been important in determining that climate
and greenhouse-gas concentrations were intensely interactive.
Palaeoclimate reconstructions are now recognized as an impor-
tant element in climate studies because they: (1) allow us to
assess the degree of natural variability and put observed changes
in present climate in a broader perspective; (2) assist in under-
standing the causes and mechanisms of climate change (by
relating climate and forcing factors, for example); (3) contribute
to validating models through the comparison of outputs with
empirical data sets; (4) may potentially be used in predicting
geographical patterns of future climate based on past analogues.

We have approached the evaluation of climate sensitivity to
greenhouse gases from the point of view of both the modellers
and palaeoclimatologists. Despite the relative agreement of the
two approaches there is still much research to be done and our
assertion about the irrelevance of fully addressing the causes of
glacial-interglacial cycles for estimating climate sensitivity must
not be misunderstood. We attach the utmost importance to a
full understanding of the physical, chemical and biological
processes by which subtle changes in insolation are amplified
to induce long-term changes in global climate. For this, a know-
ledge of the sequence of events and the exact timing of forcings
and of the climate responses in various parts of the Earth system
is essential. This includes acquisition of new well dated series
from land, ocean and ice records to document fully the changes
that have affected our planet over the last climate cycle; obtain-
ing a globally averaged temperature record would improve our
multivariate approach.
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As far as ice cores are concerned, there is still a lot of
information directly relevant to the interaction of greenhouse
gases and climate buried in both Antarctic and Greenland polar
ice caps. Obtaining Northern Hemisphere ice records of climate,
greenhouse gases and other climate forcings over a full glacial-
interglacial cycle is one important objective for a better under-
standing of the past complex interactions between Northern and
Southern Hemispheres on this timescale. This objective is part
of the GRIP (Greenland Ice Core Project) and GISP I (Green-
land Ice Sheet Project) now being conducted in north central
Greenland by European and American scientists. These drillings
are expected to reach the bedrock (the ice thickness is 3.2 km)
in 1992 and to cover the last climate cycle and hopefully more.
These cores will allow further documentation of the rapid cli-
mate changes discussed here. With a snow accumulation higher
than at Vostok they should also allow a better determination of
the relative timing (phase lag) of climate and greenhouse forcing.
Plans are also being developed for further drilling in Antarctica.
Drilling at Vostok was interrupted at a depth of 2,546 m but
Soviet drillers are starting a new hole with the aim of reaching
the bedrock, that is, obtaining a 3.5-km ice core. Several other
nations are also planning deep drilling in Antarctica (Australia,
France, Japan, USA, for example). Scientists and operating
agencies should develop a plan to organize an array of shallow,
intermediate and deep ice cores ensuring both proper geo-
graphical coverage and coverage of relevant timescales at
appropriate resolution. These plans should aim to obtain records
of climate and forcing factors but also address other problems
such as the interaction between climate and ice sheets and the

role of the ice-sheet mass balance in sea level changes.

A strong interaction between data acquisition and interpreta-
tion and modelling of palaeoclimate and palacoenvironment
changes including the atmosphere, ocean, cryosphere, hydro-
sphere and land processes and various biogeochemical cycles
is also needed. As well as GCMs, which produce steady-state
simulations, a hierarchy of time-dependent models ranging from
simple or even conceptual®-*#¢1¢Z to more complex two-
dimensional models®® can certainly provide information on how
the various processes combine to produce observed climate
changes. For this, understanding mechanisms that cause and
are associated with rapid climate change is crucial. The effort
in these directions must be well supported and the fact that the
study of glacial-interglacial cycles constitutes one of the streams
of the IGBP (International Geosphere Bfosphere Program) pro-
ject on Global Changes of the Past (PAGES) is very positive.
Further studies of climate change will narrow the uncertainties
in our present approach of estimating climate sensitivity. A
modelling effort coupled with interpretation of palaeodata pro-
vides, along with the satellite data on radiative forcing®, perhaps
our best hope in the near future for predicting the impact of
increasing greenhouse gases on climate. 0O
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A SURVEY OF INFORMED OPINION REGARDING THE NATURE AND
REALITY OF A ‘GLOBAL GREENHOUSE WARMING’

An Editorial

Last year I conducted a small survey of environmental scientists* actively involved in
studying global climate change or planning activities in this area. The purpose of the
survey was to obtain a sense of the scientific community regarding the reality of an
anthropogenically-induced global climate change. The survey consisted of 16 questions,
13 dealing with technical aspects of the issue and 3 with institutional concerns. Of the 43
scientists contacted, 22 responded to the survey.

The device of a relatively short questionnaire to solicit scientific opinion on a topic as
complex as climate change may appear of limited uiility. However, there is an authority
inherent in the massed, yet independent responses of a sizable number of active and
reputable scientists that perhaps cannot be obtained in any other way.

Virtually all methods for obtaining a sense of the opinion on a scientific issue have
potential problems. As an example, Federal pronouncements may be self-serving. An
individual scientist’s sentiment must be viewed with the suspicion of unintended
prejudice. The joint statement of a group can be either skewed by the more vocal
members of that group or presented as a bland commentary, heavily caveated and from
which all of the meaningful controversy has been removed. Facts gathered by the news
media may mislead by the media’s tendency to prefer the dramatic over the substantive.

The results of this poll should also be viewed with a well-founded skepticism for
another reason: timing. Were this poll conducted in the early spring of 1988, prior to the
drought of that summer, rather than a year later, it is likely that at least some of the
sentiments would have been different. Indeed, during that summer, the New York Times
and the Washington Post were running a daily average of 10 column inches on the
drought each day as well as editorials, in-depth heuristic articles and even a page or two
of paid advertisement. It seems likely that such publicity had some effect, even on
scientists’ perceptions. Were this survey to have been conducted two decades ago,
prevailing scientific sentiment might have divided between advocates of climate warm-
ing, climate stability or even climate cooling.

The following is a selection from the questions that appeared on the survey form.
Most of the survey questions were deliberately framed to require a numerical score,
generally from 1 to 10. However, non-quantitative comments were solicited and
profusely proferred by the respondents adding to the substance of the survey.

* [ wish to thank the following for participating in this survey: James Angell, Charles Baes, I D,
James Baker, Ralph J. Cicerone, Gordon MacDonald, Robert Dickinson, John Eddy, Hugh
Ellsaesser, John Firor, Hermann Flohn, W. Lawrence Getes, James Hansen, Martin Hoffert,
Michael MacCracken, Gerry Mahlman, Reginald Newell, Eugene Rasmusson, Stephen Schneider,
Kevin Trenberth, George Woodwell and two equally distinguished scientists who preferred not to
be identified.

Climatic Change 16: 1-4, 1990.
© 1990 Kluwer Academic Publishers. Printed in the Netherlands.




2 David H. Slade
Question on the Reality of the Greenhouse Effect

On a scale of zero to 10 (where zero indicates profound disbelief) what is your rating of
the ultimate reality of a significant climate change, resembling current conceptions, that
can be confidently ascribed to anthropogenically-produced, radiatively-active gases?

Answer

‘Reality’ Number in each
range range

0-3 2

4- 6 2

7-10 18

Question on Unexpected Climate Occurrences

Are ‘surprises’ likely in some future features of climate (significant deviations from
currently conceived types, rates, patterns or intensity of changes)?

Answer

Category # of responses in
category

Yes 22

No 0

No opinion 0

In addition to the unexpected unanimity, this question received the largest number of
comments in the survey. The comments identified the interactions of clouds and the
oceans in the climate system as the most important among the likely causes of the
surprises. Research on these topics is given the highest priority within the most heavily
funded scientific element in the U.S. Global Change Research Program plan, ‘Our
Changing Planet: The FY 1990 Research Plan’ (1989).

Question on the Expected Magnitude of Climate Change
What is your opinion of the magnitude of the changes predicted for a doubling of
radiatively-active gas concentration (or for any other bench mark that you use). Use a

scale of zero to 10 where zero is much less than predicted, 5 is about as predicted and 10
is much greater than predicted. ‘No basis for an opinion’ is a valid answer as is, ‘other’.

Climatic Change February 1990
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Answer

Category # of responses in
each category

0-3 3

46 14

7-10 2

No opinion 3

Question on Whether a Greenhouse Climate Change Effect Has Actually Been Observed

On a scale of zero to 10 (where zero indicates complete disbelief) how confident are you
with the proposition that there is some evidence that (an anthropogenically-induced)
greenhouse effect has already received at least minimal observational verification?

Answer

Value Number of responses
for each value

0-3 4

46 10

7-10 8

Question on General Circulation Models (GCMs) Predictive Ability

On a scale of zero to 10 (where zero means useless and 10 is perfect) what is your rating
of the ability of GCMs to simulate the g::ncral characteristics of past climate, current
climate and climate after a doubling of radiatively-active gases (or to whatever bench
mark you yourself subscribe)?

Answer

Past Present Future
0-3 - 4 1 4
-6 16 8 11
7-10 . 2 12 7

An allied question sought to identify alternatives to GCMs for simulating climate
changes. While about half of the respondents answered that there were alternatives, it was
the comments that supplied the information that in almost every ‘yes, there are alterna-
tives’ case, the writer actually offered supplements to GCMs but not alternatives.

The three questions on administrative aspects of a lead institution for planning and

Climatic Change February 1990




4 David H. Slade

managing the U.S. effort suggested that there was no clear preference for the structure of
the lead institution although there was some preference for a scientific leadership (as
opposed to leadership by agency officials). Additionally, there was a preference for
funding from a number of agencies rather than from just one source. Further, about half
of the respondents thought that social sciences studies were appropriate to a climate
change research program.

The results of this survey show:

— a general agreement that the issue is real, Y

— a unanimous accord that we may look forward to climatic ‘surprises’ although the
gross magnitude of the climate change may be about as predicted,

— that there is evidence suggesting that some of the predicted environmental dislocations
may already have been observed,

— that GCMs at least adequately describe the general features of a future climate and that
there are no serious alternatives for simulating climate and, finally

— that there is no clear consensus regarding the structure of the institution or organiza-
tion that scientists wish to see lead the United States’ effort.

It is felt that the results of this survey, and what may be inferred from these results,
constitute a strong and independent endorsement of the U.S Global Climate Change
Research Program’s position on the scale and breadth of the research program it is
developing.

However, the unanimous agreement of the surveyed scientists that future surprises are
likely argues for some additional research program mechanism that is flexible and agile
enough to respond rapidly when a ‘surprise’ is recognized. Such an agility is not, but can
be made, a concomitant of the large U.S. Program. This may be particularly necessary if
the surprise is startling and not among the Program’s long-term commitments for
substantial research funding. :

Reference .

Committee on Earth Sciences: 1989, Our Changing Planet: The FY 1990 Research Plan,
Washington, D.C.

Environmental Sciences Consultation and Services
859 Loxford Terrace
Silver Spring, MD 20901, U.S A.

DAVID H. SLADE
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The Under Secretary of Commerce
for Oceans and Atmosphere
U.S. Department of Commerce
Washington, D.C. 20230

MAR | 4 1990

The Honorable D. Allan Bromley
Assistant to the President for
Science & Technology

Old Executive Office Building

17th & Pennsylvania Avenue N.W.
Suite 358

Washington, D.C. 20506

Dear Allan,

Tom Murrin suggested I forward the enclosed. The first is
a summary of a March 2 meeting I had with Director
General Okamatsu, the most important part of which is
the latter half in which he outlines MITI's "fifty year
business plan" to make money from greenhouse gas
mitigation. The second is a document he left with me
that expands on that outline.

How does one get a "free market economy" to make fifty
year business plans?

Should we?
Sincerely,
John A. Knauss

cc: Tom Murrin
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1. Initiative

1) The Need for Technological Breakthrough

Unprecedented levels of economic activity have raised such
environmental issues as global warming, depletion of the ozone layer,
deforestation and others which pose a major threat to the continued
existence and well-being of mankind. Current and future efforts to
ensure energy efficiency, and introduce alternative energy sources,
reforestation and other measures will not be enough to combat global
environmental problems. "Sustainable Development" as advocated by the
World Commission on Environment and Development (Report: Our Common
Future) and by the UNEP Governing Council will require unprecedented
technological breakthroughs in a wide array of fields including energy
and biotechnology, as recommended by the "Tokyo Conference on the
Global Environment and Human Response toward Sustainable Development"
in September 1989.

2)_The Development of a New Industrial Technology

. As part of the global response to this technological challenge,
the Ministry of International Trade and Industry of Japan (MITI)
intends to launch a series of research and development projects to
push forward the frontiers of technology, and create a new
environmentally friendly industrial technology. This new industrial
technology will reconcile the apparent dichotomy between economic
growth and environmental protection by integrating the prodution and
consumption processes into the ageless cycle of energy and matter in
the geo-biosphere. Such efforts must be undertaken now if the 21st
century is to be a century of sustainable development.

3) The Role of the New Institute

In order to provide a strong and effective institutional base for
these research projects, MITI intends to establish a new research and
development center called "The Institute of Industrial Technology for
the Global Environment." The Institute will work closely with major
research and development institutions, both foreign and domestic.

Scientists and engineers from abroad are more than welcome to
participate in its activities.



4)Promoting Environmental Technology

Grants will be available for research and development for
innovative environmental technologies. Here again, we encourage
inquiries from scientists and engineers abroad. The grants will be
awarded to projects on their own merits, regardless of country of

origin.

2. New Projects for "Environmentally Friendly" Technology

1) Development of Full Carbon Cycle Technology

(CO, fixation and reutilization)

CO, emissions from industrial activities is currently the major
source of greenhouse gases. The objective of this project is to
develop industrial technology for converting CO. from industrial
sources into useful products such as methanol and other hydrocarbon
compounds. Both chemical and biological methods will be studied.

2) Development of Environmentally Benign Materials

a) Development of advanced substitutes for CFCs
In this project, advanced CFC substitutes will be developed,
not only to protect the stratospheric ozone layer, but also to
reduce the potential greenhouse effect of CFC substitutes.

b) Development of biodegradable plastics
Various biodegradable plastics will be developed in order to
reduce the accumulation of environmentally burdensome

conventional plastics.

3) Development of Environmentally Benign Production Processes

Biological reactions, which occur under low-temperature and low-
pressure, wWill be developed to replace energy intensive chemical
reactions in production processes. This will result in enourmous

energy savings.
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e ® . Table. MITI's Budget Plan for Fiscal Year 1990

(Million Yen)

1) Development of Full Carbon Cycle Technology
(CO; fixation and reutilization) and Related Research

2) Development of Environmentally Benign Materials
a) Development of advanced substitutes for CFCs
b) Development of biodegradable plastics
3) Development of Environmentally Benign Production Processes

4) Environment Protection Technology Development
in the Private Sector

5) Other Research Programs, etc.

2,210
541
361
180

T2

2,000

1,187

Total

6,010
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EXECUTIVE SUMMARY

The Earth's climate is dependent upon the radiative balance of the atmosphere, which in turn
depends upon the input of solar radiation and the atmospheric abundances of radiatively active
trace gases (i.e., greenhouse gases), clouds and aerosols.

Since the industrial revolution the atmospheric concentrations of several greenhouse gases,

i.e., carbon dioxide (CO3), methane (CHg4), chlorofluorocarbons (CFCs), nitrous oxide
(N20), and tropospheric ozone (O3), have been increasing, primarily due to human activities.
Several of these greenhouse gases have long atmospheric lifetimes, decades to centuries, which
means that their atmospheric concentrations respond slowly to changes in emission rates. In
addition, there is evidence that the concentrations of tropospheric aerosols have increased at
least regionally.

Carbon Dioxide: The atmospheric CO; concentration, at 353 ppmv in 1990, is now about
25% greater than the pre-industrial (1750-1800) value of about 280 ppmv, and higher than at
any time in at least the last 160,000 years. Carbon dioxide is currently rising at about 1.8
ppmv (0.5%) per year due to anthropogenic emissions. Anthropogenic emissions of CO; are
estimated to be 5.740.5 Gt C (in 1987) due to fossil fuel burning, plus 0.6 - 2.5 Gt C (in
1980) due to deforestation. The atmospheric increase during the past decade corresponds to
(4818)% of the total emissions 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; in
roughly equal proportions, though the mechanisms are not all well understood. The time taken
for atmospheric CO; to adjust to changes in sources or sinks is of order 50-200 years,
determined mainly by the slow exchange of carbon between surface waters and deeper layers
of the ocean. Consequently, CO; emitted into the atmosphere today will influence the
atmospheric concentration of CO; for centuries into the future. Three models have been used
to estimate that even if anthropogenic emissions of CO7 could be kept constant at present day
rates, atmospheric CO7 would increase 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 ppmv, is now more than double
the pre-industrial (1750-1800) value of about 0.8 ppmv, and is increasing at a rate of about
0.015 ppmv (0.9%) per year. The major sink for CHa, reaction with hydroxyl (OH) radicals
in the troposphere, results in a relatively short atmospheric lifetime 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 CHy4 into the atmosphere, which combined
with an possible decrease in the concentration of tropospheric OH, yields the observed rise in
global CH4. However, the quantitative importance of each of the factors contributing to the
observed increase is not well known at present. In order to stabilize concentrations at present
day levels, an immediate reduction in global anthropogenic emissions by 15-20 percent would
be necessary.

Chlorofluorocarbons: The current atmospheric concentrations of the anthropogenically
produced halocarbons, CCI3F (CFC-11), CClyF; (CFC-12), C2Cl3F3 (CFC-113) and CCly
(carbon tetrachloride) are about 280 pptv, 484 pptv, 60 pptv, and 146 pptv, respectively. Over
the past few decades their concentrations, except for CCly, 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 CCly are primarily removed by photolysis in the stratosphere,
and have atmospheric lifetimes in excess 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 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.
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Nitrous Oxide: The current atmospheric N2O concentration, at 310 ppbv, is now about 8%
greater than in the pre-industrial era, and is increasing at a rate of about 0.8 ppbv (0.25%) per
year. The major sink for N7O, photolysis in the stratosphere, results in a relatively long
atmospheric lifetime of about 150 years. It is difficult to quantitatively account for the source
of the current increase in the atmospheric concentration of N2O but it is thought to be due to
human activities. Recent data suggest that the total annual flux of N2O from combustion and
biomass burning is much less than previously believed. Agricultural practices may stimulate
emissions of N2O from soils and play a major role. 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.

Ozone: Ozone is an effective greenhouse gas especially in the middle and upper troposphere
and lower stratosphere. Its concentration in the troposphere is highly variable because of its
short lifetime. It is photochemically produced in-situ 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 limited
observational data support positive trends of about 1% per year for O3 below 8 km in the
northern hemisphere (consistent with positive trends in several of the precursor gases,
especially NOy, CHg, and CO) but probably close to zero trend in the southern hemisphere.
There is also evidence that O3 has decreased by a few percent globally in the lower stratosphere
(below 25 km) within the last decade. Unfortunately, there are no reliable long-term data near
the tropopause. °

Aerosol particles: Aerosol particles have a lifetime of at most a few weeks in the
troposphere and occur in highly variable concentrations. A large proportion of the particles that
influence cloud processes and the radiative balance is derived from gaseous sulphur emissions.
Due to fossil fuel combustion, these emissions have more than doubled globally, causing a
large increase in the concentration of aerosol sulphate especially over and around the
industrialized regions of Europe and North America. Future concentrations of aerosol sulphate
will vary in proportion to changes in 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.
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1.1 INTRODUCTION

The Earth's climate is dependent upon the radiative balance of the atmosphere, which in turn
depends upon the input of solar radiation and the atmospheric abundances of radiatively active
trace gases (i.e., greenhouse gases), clouds and aerosols. Consequently, it is 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's atmosphere is changing, largely due to human
activities (Table 1). Air trapped in Antarctic and Greenland ice shows that there have been
major increases in the concentrations of radiatively active gases such as carbon dioxide (CO,),
methane (CHy), and nitrous oxide (N,O) since the beginning of the industrial revolution. In
addition, industrially produced chlorofluorocarbons (CFCs) are now present in the atmosphere
in significant concentrations, and there is evidence that the concentrations of tropospheric O3
and aerosols have increased at least regionally. Atmospheric measurements indicate that in
many cases the rates of change have increased in recent decades. Many of the greenhouse
gases have long atmospheric life-times, decades to centuries, which implies that their
atmospheric concentrations respond slowly to changes in emission rates.

TABLE 1

Summary of Key Greenhouse Gases Influenced by Human Activities !

Parameter COp CHy4 CFC-11 CFC-12 N,0

Pre-industrial atmospheric | 280 ppmv2| 0.8 ppmv | 0 0 | 288 ppbv2
concentration (1750-1800)

Current atmospheric 353 ppmv | 1.72 ppmv | 280 pptv2 | 484 pptv | 310 ppbv
concentration (1990)3

Current rate of annual 1.8 ppmv |0.015 ppmv | 9.5 pptv 17 pptv | 0.8 ppbv
atmospheric accumulation | (0.5%) (0.9%) (4%) (4%) (0.25%)
Atmospheric lifetime? (50-200) 10 65 130 150
(years)

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

2  ppmv = parts per million by volume;
ppbv = parts per billion by volume;
pptv = parts per trillion 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 CO», the "lifetime" is defined here as the ratio of the atmospheric
content to the total rate of removal. This time scale also characterizes the rate of adjustment of the
atmospheric concentrations if the emission rates are changed abruptly. CO; is a special case since it
has no real sinks, but is merely circulated between various reservoirs (atmosphere, ocean, biota).
The "lifetime" of CO; given in the table is a rough indication of the time it would take for the CO;
concentration to adjust to changes in the emissions (see section 1.2.1 for further details).
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The effectiveness of a greenhouse gas in influencing the Earth's radiative budget is dependent
upon its atmospheric concentration and its ability to absorb outgoing long-wave terrestrial
radiation. Tropospheric water vapour is the single most important greenhouse gas, but its
atmospheric concentration is not significantly influenced by direct anthropogenic emissions.
Of the greenhouse gases that are affected by human activities, CO; has the largest radiative
effect, followed by the CFCs, CHg, tropospheric O3, and N2O. Although the present rate of
increase in the atmospheric concentration of CO; is about a factor of 70,000 times greater than
that of CCI3F (CFC-11) and CClpF; (CFC-12) combined, and a factor of about 120 times
greater than that of CHy, its contribution to changes in the radiative forcing during the decade
of the 1980s was about 55%, compared to 17% for CFCs (11 and 12), and 15% for CHy (see
Section 2). Other CFCs and N2O accounted for about 8%, and 5%, respectively, of the
changes in the radiative forcing. While the contribution from tropospheric O3 may be
important, it has not been quantified because the observational data is inadequate to determine
its trend. This pattern arises because of differences in the efficiencies of the gases to absorb
terrestrial radiation.

Aerosol particles play an important role in 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 is 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, nitrogen 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 it will not
be possible to predict with confidence future changes in atmospheric composition, nor
therefore the resulting changes in the radiative forcing of the atmosphere.

1.2 CARBON DIOXIDE
1.2.1 The Cycle of Carbon in Nature

Carbon in the form of CO», carbonates, organic compounds, etc. is 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 into the atmosphere from fossil fuel
combustion and deforestation are much smaller, but are large enough to modify the natural
balance.

The turnover time of CO3 in the atmosphere, measured as the ratio of the content to the fluxes
through it, is about 4 years. This means that on average it takes only a few years before a CO,
molecule in the atmosphere is taken up by plants or dissolved in the ocean. This short time
scale must not be confused with the time it takes for the atmospheric CO; level to adjust to a
new equilibrium if sources or sinks change. This adjustment time, corresponding to the lifetime
in Table 1, is 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 is important for the
discussions on global warming potential, cf. Section 2.2.7.

Because of its complex cyclc, 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 equilibrium. The two curves in Figure 1.2, which
represent simulations of a pulsed input of CO; into the atmosphere using atmosphere-ocean
models (one box model and one General Circulation Model (GCM)), clearly show that the
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initial response (governed mainly by the uptake of CO; by ocean surface waters) is 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 initial value)
requires approximately another 200 years. The concentration will actually never return to its
original value, but reach a new equilibrium level; about 15 percent of the total amount of CO;
emitted will remain in the atmosphere.

1.2.1.1 The role of the atmosphere

The mean annual concentration of CO, is relatively homogeneous throughout the troposphere
because the troposphere is mixed on a time scale of about 1 year. The pre-industrial
atmospheric CO; 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%t = 105g; 1 ppmv CO3 of the global atmosphere equals 2.12 GtC and 7.8 Gt
CO»); today, the level is about 353 ppmv (Figures 1.3 and 1.4). 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).

1.2.1.2 The role of the ocean

"On time scales of decades or more, the CO; concentration of the unperturbed atmosphere is

mainly controlled by the exchange with the oceans, since this is the largest of the carbon
reservoirs. There is a continuous exchange of CO; in both directions between the atmosphere
and oceans. The net flux into (or out of) the ocean is driven by the difference between the
atmospheric partial pressure of CO; and the equilibrium partial pressure of CO; (pCOz) in
surface waters.

The exchange of carbon between the surface and deeper layers is accomplished mainly through
transport by water motions. Ventilation of the thermocline (approximately the uppermost km
of the ocean) is particularly important for the downward transport of anthropogenic CO;. The
deep circulation is effective on time scales of 100-1000 years.

The natural carbon cycle in the ocean and in particular pCO;3 in surface ocean water are strongly
influenced also by biological processes. The marine biota serve as a "biological pump”,
transporting organic carbon from surface waters to deeper layers as a rain of detritus at a rate
of about 4 GtC per year (Eppley and Peterson, 1979), which is balanced by an equal upward
transport of carbon by deeper water richer in CO; than surface water. This "biological pump"
has the effect of reducing surface pCO; very substantially: without the biological pump ("dead
ocean") the pre-industrial CO; level would have been higher than the observed value of 280
ppmv, at perhaps 450 ppmv (Wenk, 1985; Bacastow and Maier-Reimer, 1990). Alterations in
the marine biota due to climatic change could therefore have a substantial effect on CO; levels
in the future. Note, however, that the "biological pump" does not help to sequester

anthropogenic CO2 (see Section 1.2.4.2).

1.2.1.3 The role of terrestrial vegetation and soils

The most important processes in the exchange of carbon are those of photosynthesis,
autotrophic respiration (i.e., CO; production by the plants) and heterotrophic (i.e., essentially
microbial) respiration converting the organic material back into CO2 mainly in soils (c.f.
Section 10 for a detailed discussion). Net primary production (NPP) is the net annual uptake
of COy by the vegetation; NPP is equal to the gross uptake (gross primary production, GPP)
minus autotrophic respiration. In an unperturbed world, NPP and decomposition by
heterotrophic respiration are approximately 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 man (land use
changes, particularly deforestation), by climate changes, and by other changes in 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;.
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1.2.2  Anthropogenic Perturbations

The concentrations of CO; in the atmosphere are primarily affected by two anthropogenic
processes: release of CO; from fossil fuel combustion, and changes in land use such as
deforestation.

1.2.2.1 Historical fossil fuel input

The global input of CO; 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 interruptions during the two world wars and the economic crisis in the
thirties (Figure 1.5). Following the "oil crisis" of 1973, the rate of increase of the CO,
emissions first decreased to approximately 2% per year, and after 1979 the global emissions
remained almost constant at a level of 5.3 GtC per year until 1985, when they started to rise
again, reaching 5.7 GtC per year in 1987 (Figure 1.5). The cumulative release of CO, from
fossil fuel use and cement manufacturing from 1850 to 1987 is estimated at 200 GtC + 10%
(Marland, 1989).

“Ninety five percent of the industrial CO; emissions are from the northern hemisphere,

dominated by industrial countries, where annual releases reach up to about 5 tC per capita
(Rotty and Marland, 1986). In contrast, CO; emission rates in most developing countries lie
between 0.2 and 0.6 tC per capita per year. However, the relative rate of increase of the CO,
emissions is much larger in the developing countries (ca 6% per year), showing almost no
slowing down after 1973 in 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).

1.2.2.2  Historical land use changes

The vegetation and soils of unmanaged forests hold 20 to 100 times more carbon per unit 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 in
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
ecosystems makes estimation of global inventories and fluxes difficult.

The total release of carbon to the atmosphere from changes in land use, primarily deforestation,
between 1850 and 1985 has been estimated to be about 115 GtC (Houghton and Skole, 1990),
with an error limit of about £35 GtC. The components of the flux to the atmosphere are: (1)
burning associated with land use change; (2) decay 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 soil organic matter
following harvest. Although the greatest releases of carbon in the nineteenth and early
twentieth centuries were from lands in the temperate zone (maximum 0.5 GtC per year), the
major source of carbon during the past several decades has been from deforestation in the
tropics, with a significant increase occurring since 1950. Over the entire 135 yr period, the
release from tropical regions is estimated to have been 2-3 times greater than the release from
middle and high latitudes. Estimates of the flux in 1980 range from 0.6 to 2.5 GtC (Houghton
et al. 1985a, 1987, 1988; Detwiler and Hall, 1988): virtually all of this flux is from the tropics.
The few regions for which data exist suggest that the annual flux is higher now than it was in
1980.

1.2.3 Long-Term Atmospheric Carbon Dioxide Variations

The most reliable information on past atmospheric CO; concentrations is obtained by the
analysis of polar ice cores. The process of air occlusion lasts from about 10 up to 1000 years,
depending on local conditions (e.g., precipitation rate), so that an air sample in old ice reflects
the atmospheric composition averaged over a corresponding time interval.
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Measurements on samples representing the last glacial maximum (18,000 yr before present)
from ice cores from Greenland and Antarctica (Neftel et al, 1982, 1988; Delmas et al., 1980)
showed CO; concentrations of 180-200 ppmv, i.e., about 70 percent of the pre-industrial
value. Analyses on the ice cores from Vostok, Antarctica, have provided new data on natural
variations of CO», covering a full glacial-interglacial cycle (Figure 1.6; Barnola et al., 1987).
Over the whole period there is a remarkable correlation between polar temperature, as deduced
from deuterium data, and the CO» profile. The glacial-interglacial shifts of CO; concentrations
must have been linked to large-scale changes in the circulation of the ocean, and in the whole
interplay of biological, chemical and physical processes, but the detailed mechanisms are not
yet very clear. The CO; 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; Broccoli and Manabe, 1987).

Ice core studies on Greenland ice indicate that during the last glaciation, CO; concentration
shifts of the order of 50 ppmv may have occurred within less than 100 years (Stauffer et al.,
1984), parallel to abrupt, drastic climatic events (temperature changes of the order of 5°C).
These rapid CO; changes have not yet been identified in ice cores from Antarctica (possibly
due to long occlusion times; Neftel et al., 1988), therefore, it is not yet clear if they are real or
represent artefacts in the ice record.

1.2.4 The Contemporary Record of Carbon Dioxide - Observations and
Interpretation

1.2.4.1 The carbon dioxide increase from pre-industrial period

Relatively detailed CO; data have been obtained for the last millennium from Antarctic ice cores
(Neftel et al, 1985a; Friedli 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 exchanges about 30 percent of its CO; with the oceans and
biota each year. This indicates that the sensitivity of atmospheric CO; 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), where global mean temperatures probably decreased by about 1°C, is small.

A precise reconstruction of the CO; increase during the past two centuries has been obtained
from an ice core from Siple Station, Antarctica (Figure 1.3; Neftel et al., 1985a, Friedli et al.,
1986). These results indicate that CO; started to rise 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 0.6 ppmv per year. The present
atmospheric CO; level has reached 353 ppmv, and the mean growth rate has now reached
about 1.8 ppmv per year (Figure 1.4; Keeling et al, 1989a).

1.2.4.2 Uptake by the ocean

The ocean is an important reservoir for taking 'up anthropogenic CO;. The relative increase of
dissolved inorganic carbon (total CO) in ocean water is smaller than in the atmosphere (only
2-3 percent until now, see below). Precise measurements of dissolved inorganic carbon can be
made with present analytical tools. However, an accurate determination of the trend in
dissolved inorganic carbon is difficult because of its variability in time and space. Hence,
repeated transects and time series will be required to assess the total oceanic CO; uptake with
good precision. '

The net flux of CO; into (or out of) the ocean is given by the product of a gas transfer
coefficient and ApCO; (the CO; partial pressure difference between ocean and atmosphere).
The gas transfer coefficient increases with increasing wind speed and also depends on water
temperature. Therefore, the net flux into the ocean can be estimated from a knowledge of the
atmospheric CO; concentration, pCO; in surface water (for which the data are still sparse), the
global distribution of wind speeds over the ocean as well as the relation between wind speed
and gas transfer coefficient (which is known to £30% only). There have been several
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estimates of the global net uptake of CO; by the oceans using observations (e.g., Enting and
Pearman, 1982, 1987). The most recent estimate yields 1.6 GtC per year (Tans et al., 1990);
the error of this estimate is, according to the authors, not easy to estimate.

Estimates of oceanic CO; uptake, in the past and in the future, require models of the global
carbon cycle that take into account air-sea gas exchange, aqueous carbonate chemistry and the
transport from the surface to deep ocean layers. The aqueous carbonate chemistry in sea water
operates in a mode that if the atmospheric CO; concentration increases by e.g., 10%, then the
concentration of dissolved inorganic carbon in sea water increases by only about 1% at
equilibrium. Therefore, the ocean is not such a powerful sink for anthropogenic CO; as might
seem first when comparing the relative sizes of the reservoirs (Figure 1.1).

The rate at which anthropogenic CO; is transported from the surface to deeper ocean layers is
determined by the rate of water exchange in the vertical. It is known from measurements of the

radioactive isotope 14C that on average it takes hundreds to about one thousand years for water
at the surface to penetrate to well below the mixed layer of the major oceans (e.g., Broecker
and Peng, 1982). Thus, in most oceanic regions only the top several hundred metres of the
oceans have at present taken up significant amounts of anthropogenic CO;. An exception is the
North Atlantic Ocean where bomb-produced tritium has been observed even near the bottom of
the sea, indicating the active formation of new deep water.

The rain of biogenic detrital particles, which is important for the natural carbon cycle, does not
significantly contribute to a sequestering of excess COg, since the marine biota do not directly
respond to the CO; increase. Their activity is controlled by other factors, such as light,
temperature and limiting 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; different authors have estimated the
size of this additional sink between 0.04 and 0.3 GtC per year (see Baes, 1985). It seems
thus justified to estimate the fossil fuel CO; 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 reasonable assumption for the
past and present situation, it may well not be so in the future.

The carbon cycle models used to date to simulate the atmosphere-ocean system have often been
highly simplified, consisting of a few well-mixed or diffusive reservoirs (boxes) (e.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 identifying the importance of the different processes that determine the flux of COp
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 is not
changing, the models need only simulate the transport of excess CO2 from the atmosphere into
the ocean, but not the actual dynamics of the ocean. In the simple models, the oceanic
transport mechanisms, eg., formation of deep water, are parameterized. The transport
parameters (e.g., eddy diffusivity) are determined from observations of transient tracers that
are analogs to the flux of anthropogenic CO; into the ocean. If a model reproduces correctly
the observed distribution of, e.g., bomb-produced 14C, then it might be expected to simulate
reasonably the flux of CO; into the ocean. A 1-D box-diffusion model yields an oceanic
uptake of 2.4 GtC per year on average for the decade 1980 - 1989, and an outcrop-diffusion
model (both described by Siegenthaler, 1983) 3.6 GtC per year. The latter model most
probably overpredicts the flux into the ocean, because it includes an infinitely fast exchange
between high-latitude surface waters and the deep ocean.

However, it is obviously desirable to use 3-dimensional (3-D) general circulation models of the
oceans for this purpose. At this time, only a few modeling groups have started to do this. One
3-D model (Maier-Reimer and Hasselmann, 1987) gives a similar CO; uptake as a 1-D box-
diffusion model of Siegenthaler (1983), as illustrated by the model response to a pulse input of
CO, (Figure 1.2). In a recent revised version of this model (Maier-Reimer et al., personal
communication) the ocean takes up less CO,, about 1.2 GtC per year on average for the decade
1980 - 1989. The GFDL 3-D ocean model (Sarmiento et al, 1990) has an oceanic uptake of
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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 a realistic way the feedback effects that climate
change may have on atmospheric CO, via alteration of the ocean circulation (cf. Section
1.2.7.1). However, models need to be constrained by more data than are presently available.

The oceanic uptake of CO; for the decade 1980 - 1989, as estimated based on carbon models
(e.g., Siegenthaler and Oeschger, 1987; Maier-Reimer et al., personal communication, 1990;
Goudriaan, 1989; Sarmiento et al., 1990) is in the range 2.0+0.8 GtC per year.

1.2.4.3 Redistribution of anthropogenic carbon dioxide
During the period 1850 to 1986, 195120 GtC were released by fossil fuel burning and 117435
GtC by deforestation and changes in land use, adding up to a cumulative input of 312440 GtC.

Atmospheric CO; increased from about 288 ppmv to 348 ppmv during this period,
corresponding to (4116)% of the cumulative input. This percentage is sometimes called the
"airborne fraction", but that term should not be misunderstood: all CO», anthropogenic and
non-anthropogenic, is continuously being exchanged between atmosphere, ocean and
biosphere. Conventionally, an "airborne fraction” referring to the fossil input only has often
been quoted, because only the emissions due to fossil fuel burning are known with good
precision. However, this may be misleading, since the atmospheric increase is a response to
the total emissions. We therefore prefer the definition based on the latter. The airborne
fraction for the period 1980 - 1989 (see calculation below) corresponds to (4818)% of the
cumulative input.

In model simulations of the past CO; increase, using estimated emissions from fossil fuels and
deforestation, it has generally been found that the simulated increase is larger than that actually
observed. An estimate for the decade 1980-1989 is:

Emissions from fossil fuels into the atmosphere (Figure 1.5)

5.440.5 GtC per yr
Emissions from deforestation and land use 1.6x1.0
Accumulation in the atmosphere 3.410.2
Uptake by the ocean 2.0+0.8
Net imbalance 1.6x1.4

The result from this budget and from other studies is 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" in the ocean have, however, failed so far. A
possible exception is that a natural fluctuation in the oceanic carbon system could have caused a
decreasing atmospheric baseline concentration in the past few decades; this does not appear
likely in view of the relative constancy of the pre-industrial CO; concentration. There are
possible processes on land, which could account for the missing CO» (but it has not been
possible to verify them). They include the stimulation of vegetative growth by increasing CO,
levels (the CO;, fertilization effect), the possible enhanced productivity of vegetation under
warmer conditions, and the direct effect of fertilization from agricultural fertilizers and from
nitrogenous releases into the atmosphere. It has been estimated that increased fertilization by
nitrogenous releases could account for a sequestering of up to a maximum of 1 GtC per year in
terrestrial ecosystems (Melillo, private communication, 1990). In addition, changed forest
management practices may also result in an increase in the amount of carbon stored in northern
mid-latitude forests. The extent to which mid-latitude terrestrial systems can sequester carbon
before becoming saturated and ineffective is unknown. As mid-latitude terrestrial systems
become close to becoming saturated, and hence ineffective in sequestering carbon, this would
allow more of the CO» to remain in the atmosphere.

A technique for establishing the global distribution of surface sources and sinks has been to
take global observations of atmospheric CO; concentration and isotopic composition and to
invert 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,
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1986). The observed interhemispheric CO; concentration difference (currently about 3 ppmv)
is smaller than one would expect given that nearly all fossil releases occur in the northemn
hemisphere. The results of this approach suggest that there is an unexpectedly large sink in the
northern hemisphere, equivalent to more than half of the fossil fuel CO; release (Enting and
Mansbridge, 1989; Tans et al., 1990; Keeling et al., 1989b). Furthermore, it has been
concluded that the oceanic uptake compatible with oceanic and atmospheric CO, data anc ....n
a 3-dimensional atmospheric transport model is at most 1 GtC 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 CO; exhibits a seasonal cycle, dominated by the seasonal uptake and release of
atmospheric CO; 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 (55-65° N).

The amplitude of the seasonal cycle has been observed to 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 significant. 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.

1.2.4.5 Interannual variations

Small imbalances in natural exchange fluxes are reflected in interannual CO, concentration
fluctuations (+1 ppmv over 1-2 years). They are correlated with the El Nifio-Southern
Oscillation (ENSO) phenomenon (Thompson et al., 1986; Keeling et al., 1989a), which
suggests a relation to changes in the equatorial Pacific Ocean, where normally the upwelling
causes a high pCO;y peak and outgassing of CO; into the atmosphere. However, a closer
inspection shows that this cannot be the dominating mechanism, since during El Nifio, the
equatorial pCO; peak disappears (Feely et al., 1987), while atmospheric CO, 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 data on atmospheric CO; (Keeling 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 CO, from biospheric carbon and fossil fuels, both having lower 13C/12C ratios
than atmospheric CO, has led to a decrease of the isotope ratio 13C/12C in the atmosphere by
about 19/59. The man-made emissions of 14C-free fossil fuel CO, have likewise caused a
decrease of the atmospheric 14C concentration (measured on tree-rings) of the order of 2%
from 1800 to 1950. Both isotopic perturbations can be used to constrain the history of the
anthropogenic release of CO,. The observed decreases of 13C, as observed in air trapped in
ice cores (Friedli et al., 1986) and 14C, observed in tree rings, agree, within experimental
uncertainty, with those expected from model calculations with the same carbon cycle models as
used for studying the CO; increase (Stuiver and Quay, 1981; Siegenthaler and Oeschger,

1987). The interpretation of !13C trends in tree rings has proven to be difficult because of plant
physiological effects on isotope fractionation (Francey and Farquhar, 1982).

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

First, the observational CO» 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 timescale), 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 CO; 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 CO2 input. Thus, oceans and biota together must have been a global sink rather
than a source during all these years. Further evidence is provided by the fact that the north-to-
south CO; concentration difference has been observed to increase from 1 ppmv in 1960 to 3
ppmv in 1985, parallel to the growth of the (northern hemisphere) fossil fuel combustion
sources (Keeling et al., 1989a).

Third, the observed isotopic trends of 13C and 14C agree qualitatively with those expected due
to the CO2 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 CO; concentrations depend primarily on emission rates from energy use
and deforestation, and on the effectiveness of the ocean and land biota as CO; sinks. For the
sake of illustration, several schematic scenarios are shown in Figures 1.7 and 1.8. Those of
Figure 1.7 are based on prescribed total CO; emission rates after 1990, for those in Figure 1.8
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 m2year! and an air-sea gas exchange rate corresponding to an exchange coefficient of

0.12 year!. The calculations assume no biospheric-climate feedbacks, and also assume that
after 1990 the net biospheric input of CO3 is zero, i.e., the input of CO; from tropical
deforestation is balanced by uptake of CO; by terrestrial ecosystems.

In case a (all emissions stopped; Figure 1.7), the atmospheric concentration declines, but only
slowly (from 351 ppmv in 1990 to 331 ppmv in 2050 and 324 ppmv in 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 year from 1990 on (case b), atmospheric CO would continue to
increase for several decades. Case c (constant emission rate after 1990) gives CO; levels of
about 450 ppmv in 2050 and 520 ppmv in 2100. A constant relative growth rate of 2% per
year (case d) would yield 575 ppmv in 2050 and 1330 ppmv in 2100. Comparison of cases b,
c and d clearly shows that measures to reduce emissions will result in slowing down the rate of
atmospheric CO; growth.

Cases b' and ¢, in comparison to b and ¢, schematically illustrate the effect of reducing
emissions in 2010 instead of in 1990.

If an (arbitrary) threshold of 420 ppmv. i.e., 50% above pre-industrial, is not to be exceeded
(case e, Figure 1.8), then CO; 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
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level (case f), emissions would have to be reduced drastically to 30% of present immediately
and to less than 20% by 2050.

The results of scenario calculations with a 3-D ocean-atmosphere model (Maier-Reimer and
Hasselmann, 1987; Maier-Reimer et al., personal communication, 1990--revised model) give
higher concentrations than those obtained with a box-diffusion model shown in Figure 1.7.
For instance, about 480 ppmv in the year 2050 and about 560 ppmv in the year 2100 for
scenario ¢, compared to about 450 ppmv and 520 ppmv in Figure 1.7. On the other hand,
calculations with a box model that includes a biospheric CO; sink (Goudriaan, 1989) yields
10 somewhat lower concentrations than shown in Figure 1.7, for instance about 415 ppmv in the
11 year 2050 and 460 ppmv in the year 2100 for scenario c.

VOO B W —

14 1.2.7 Feedbacks from Climate Change into the Carbon Dioxide Cycle

16  Asincreasing greenhouse gas concentrations alter the Earth's climate, changing climate and

17 environmental conditions in their turn act back on the carbon cycle and atmospheric CO,. The
18 climate change Earth has experienced in the recent past is still within the range of natural short-
19 term variability, and so are probably, therefore, the feedback effects of anthropogenic climate
20  change. However, as the changes in the climate become larger than natural climatic variation
21 the magnitude of the feedback effects should begin to have a significant effect. These

22 feedbacks could in general be either positive (amplifying the initial changes) or negative

23 (attenuating them).

25 1.2.7.1 Oceanic feedback effects
26  The following are possible feedback effects on the ocean-atmosphere carbon system:

- 28 12.7.1.1 Ocean temperature: Ocean temperature changes can affect sea water CO2 chemistry.
29 Surface-water pCO; will increase with increasing temperature, tending to decrease the net
30  uptake by the oceans. The future atmospheric CO; increase may be amplified by something
31 like 5 percent due to this effect (Lashof, 1989).

33 12.7.12 Ocean circulation: The ocean circulation may change in response to climatic

34 change. As aconsequence of increasing surface water temperatures, the thermocline may

35  become more resistant to vertical mixing and slow down the uptake of anthropogenic CO».

36  Modified wind stress may affect ocean circulation. However, the overall change in ocean

37 dynamics, and consequently in CO; uptake, due to a climatic change cannot be estimated from
38 simple considerations; a proper evaluation of such an effect can only be done using dynamical
39  ocean models. Studies on Greenland ice cores indicates that during the last glaciation,

40  significant CO; concentration shifts may have occurred within less than 100 years (c.f. Section
41 1.2.3), probably caused by strong changes of large-scale ocean circulation. Therefore, the

42 possibility that, due to climatic changes, unexpected abrupt events may take place in the natural
43 carbon system cannot be excluded. ;

45  12.7.13 Gas exchange rates: A change in the global wind pattern could influence the gas
46  transfer from the atmosphere to the sea surface. Carbon cycle models show that the net CO;
47 uptake by the global ocean is not sensitive to the gas transfer coefficients (because it is

48 controlled mainly by vertical mixing, not by gas exchange; Oeschger et al., 1975; Broecker et
49  al., 1980; Sarmiento et al., 1990), so this effect would probably be of minor influence.

51 12.7.14 Modification of oceanic biogeochemical cycling: The rain of dead organic particles
52 corresponds to a continuous export flux of carbon (and nutrients) out of the ocean surface,

53 which under non-perturbed conditions is balanced by an equal upward transport of dissolved
54  carbon (and dissolved nutrients) by water motion. In polar regions and strong upwelling

55  zones, where productivity is not limited by nitrogen or phosphorus, the balance could become
56 disturbed consequent on variations in ocean dynamics (c.f. Section 1.2.7.1.2), so as to

57  influence atmospheric CO;. As a result of climate change, the distribution of marine

58  ecosystems and species composition could change, which could affect pCO; in surface

59  waters. Itis not possible at present to predict the direction and magnitude of such effects.

& |
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Warming of the oceans might lead to accelerated decomposition of dissolved organic carbon,
converting it into CO», and thus amplify the atmospheric increase (Brewer, personal
communication, 1990).

12.7.15 UV-B radiation: A reduction in 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 biological carbon pump. This could lead to
an increase in the concentration of CO; in surface waters and consequently in the atmosphere.

1.2.7.2  Terrestrial biospheric feedbacks
The following are probable feedback effects on the terrestrial biosphere-atmospheric carbon
system:

12.7.2.1 Carbon dioxide fertilization: Short-term experiments under controlled conditions
with crops and other annuals, as well as with few perennials, show an increase in the rates of
photosynthesis and growth in most plants under elevated levels of CO; (Strain and Cure,
1985). If elevated levels of CO» increase the productivity of natural ecosystems, more carbon
may be stored in 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; increase. Of
particular importance is the response of forests (Luxmoore et al., 1986), given that forests
conduct about 2/3 of global photosynthesis (50% of this cycles annually through leaves, while
50% is stored in woody tissue). However, it is not clear whether the increases in
photosynthesis and growth will persist for more than a few growing seasons, whether they
will occur at all in natural ecosystems and to what degree they will result in an increased
storage of carbon in terrestrial ecosystems.

12.722 Ewrophication and toxification: The increased availability of nutrients such as
nitrate and phosphate from agricultural fertilizers and from combustion of fossil fuel may
stimulate the growth of plants. It has been estimated that the effect of eutrophication, both on
land and in the oceans, could be as large as 1 GtC per year (Melillo, private communication,
1990). However, it should be noted that the greater availability of nutrients has often been
associated with increasing levels of acid precipitation and air pollution, which have been
associated with a reduction in the growth of terrestrial biota.

12.7.2.3 Temperature: Under non-tropical conditions, photosynthesis and respiration by
plants and by microbes both tend to increase with increasing temperature; but respiration is the
more sensitive process, so that a warming of global air temperature is likely to result in an
initially 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.

12.72.4 Water: Changes in soil water may affect carbon fixation and storage. Increased
moisture can be expected to stimulate plant growth in dry ecosystems and to increase the
storage of carbon in tundra peat. There is a possibility that stresses brought about by climatic
change may be alleviated by increased levels of atmospheric CO;. At present however, it is not
possible to predict reliably either the geographical distribution of changes in soil water or the
net effect of these changes on carbon fluxes and storage in different ecosystems. Changes in
climate are generally believed to be more important than changes in the atmospheric-
concentration of CO; in affecting ecosystem processes (c.f. Section 10.)

12.72.5 Change in geographical distribution of vegetation types: In response to
environmental change, structure and location of vegetation types may change. If the rate of
change is slow, plant distributions may adjust. If, however, the rate of change is fast, large
areas of forests might not be able to adapt rapidly enough, hence be negatively affected with a
subsequent release of CO; to the atmosphere.
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12.72.6 UV-B radiation: A reduction in stratospheric O3 would increase 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 CO; over land.

1.2.8 Conclusions

The atmospheric CO; concentration is now about 353ppmv, 25% higher than the pre-industrial
(1750-1800) value and higher than at any time in at least the last 160,000 years. This rise,
currently amounting to about 1.8 ppmv per year, is beyond any doubt due to human activities.
Anthropogenic emissions of CO; were 5.730.5 GtC due to fossil fuel burning in 1987, plus
0.6 to 2.5 GtC due to deforestation (estimate for 1980). During the last decade (1980 - 1989)
about 48% of the anthropogenic emissions have stayed in the atmosphere, the remainder has
been taken up by the oceans and possibly by land ecosystems. Our qualitative knowledge of
the global carbon cycle is, in view of the complexity of this cycle, relatively good. However,
the current quantitative estimates of sources and of sinks of CO, do not balance; the
atmospheric increase is less rapid than expected from carbon cycle models (in which CO;
fertilization or environmental responses of the biosphere are not included). This, and model
analyses of the interhemispheric CO; gradient, indicate that the northern hemisphere terrestrial
ecosystems may act as a significant sink of carbon. Such a sink has, however, not been
directly identified. To summarize: the total annual input of anthropogenic CO; is currently
(1980-1989) about 7.0£1.1 GtC, assuming a central value for the input of CO from tropical
deforestation; the annual uptake by the oceans is estimated (based on the box models, GCMs
and Tans et al, 1990) to be about 2.0£1.0 GtC; and the annual atmospheric accumulation is
about 3.440.2 GtC. Thus, the annual sequestering by the terrestrial biosphere should be about
1.6£1.5 GtC. While several mechanisms have been suggested that could sequester carbon in
terrestrial ecosystems, it is difficult to account for the total required sink. Therefore, it appears
likely that, (i) the uptake of CO; by the oceans is underestimated, (ii) there are important
unidentified processes in terrestrial ecosystems that can sequester CO», and/or (iii) the amount
of CO», released from tropical deforestation is at the low end of current estimates.

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

In order to avoid a continued rapid growth of CO; in the atmosphere, severe reductions on
emissions will be necessary. The time taken for atmospheric CO; to adjust to changes in
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 if all anthropogenic
emissions of COp were halted, the atmospheric concentration would decline only slowly, and it
would not approach its pre-industrial level for many hundreds of years. Thus, any reductions
in emissions will only become fully effective after a time of the order of a century or more.
Based on some model estimates, which neglect the feedbacks discussed earlier, the
atmospheric concentration in the year 2050 would be between 530 - 600 ppmv for a constant
relative growth of the annual anthropogenic emissions by 2% per year, and between 415 - 480
ppmv (increasing to 460 - 560 ppmv by the year 2100) for a constant anthropogenic emission
rate 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 in global anthropogenic emissions by 60-80 percent would be
necessary. The size of the estimated reduction depends on the carbon cycle model used.

During the millennium preceding the anthropogenic CO; growth, the concentration was
relatively constant near 280 ppmv, with a variability of less than + 10 ppmv. This indicates
that the sensitivity of atmospheric CO; levels to minor climatic changes such as the Little Ice

Age, where global mean temperatures probably decreased by about 1°C, is within this range.
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However, the anticipated climatic and environmental changes may soon become large enough
to act back on the oceanic and terrestrial carbon cycle in a more substantial way. A close
interaction between climate variations and the carbon cycle is evidenced by the glacial-
interglacial CO; variations. The ice-core record shows that CO, concentrations during the
coldest part of the last glaciation were about 30% lower than during the past 10,000 years. The
glacial-interglacial CO; variations were probably due to changes in ocean circulation and
marine biological activity, and were correlated to variations in global climate. There is some
(not fully clear) evidence from ice cores that rapid changes of CO», ca. 50 ppmv within about a
century, occurred during and at the end of the ice age.

If global temperatures increase, this could change the natural fluxes of carbon, thus having
feedback effects on atmospheric CO;. Some of the identified feedbacks are potentially large
and could significantly influence future CO; levels. They are difficult to quantify, but it seems
likely that there would be a net positive feedback, i.e., they will enhance the man-made
increase. On the longer term, the possibility of unexpected large changes in the mechanisms of
the carbon cycle due to a human-induced change in climate cannot be excluded.

1.3 METHANE

Methane is a chemically and radiatively active trace gas that is produced from a wide variety of
anaerobic (i.e., oxygen deficient) processes and is primarily removed by reaction with
hydroxyl radicals (OH) in the troposphere. Oxidation of CH4 by OH in the stratosphere is a
significant source of stratospheric water (H20) where it is an important greenhouse gas.

1.3.1 Atmospheric Distribution of Methane

1.3.1.1 Paleo atmospheric record of methane

There are good data on the atmospheric.concentration of CHy (Figure 9) from Antarctic and
Greenland ice 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. 1989). The minimum
concentration during the last glacial periods (about 20,000 and 150,000 years ago) was around
0.35 ppmv, and rose rapidly, in phase with the observed temperature increases, to about 0.65
ppmv during the glacial-interglacial transitions (about 15,000 and 130,000 years ago). The
atmospheric concentrations of CHy decreased 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 in Greenland and northern Europe), and increased rapidly thereafter.

Because of the brittle nature of the ice cores, data on the atmospheric concentrations of CHy
are reliable only during the last 2,000years of the Holocene period (last 10,000 years)

1.3.1.2 Contemporary record of methane

Ice core data (Figure 1.10) indicate that the atmospheric concentrations of CHy 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.
198S5; Pearman and Fraser, 1988; Pearman et al., 1986; Etheridge et al., 1988). Since then,
the atmospheric concentration of CH4 has increased smoothly to present levels, highly
correlated with global human population. Analysis of infrared solar spectra has shown that the
atmospheric concentration of CH4 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 is 1.72 ppmv, corresponding to an atmospheric reservoir of about
4900 Tg (1 Tg = 1012 g) and it is increasing at a rate of 14 to 17 ppbv per year (40 to 48 Tg per
year), i.e., 0.8 to 1.0% per year (Blake and Rowland, 1988; Steele et al. 1987). The
atmospheric concentration of CHy in the Northern Hemisphere is 1.76 ppmv, compared to
1.68 ppmv in the Southern Hemisphere (Figure 1.11). The magnitude of the seasonal
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1 variability varies with latitude (Steele et al. 1987; Fraser et al. 1984), being controlled by the

2 temporal variability in source strengths and atmospheric concentration of OH radicals,

3

4 1.3.1.3  Isotopic composition of methane

5  Methane is produced from different sources with distinctive proportions of carbon 12C, 13C,

6  and !14C, and hydrogen isotopes H, D (2H), and T (3H). Similarly, the rates of processes that

7 destroy CH4 depend upon its isotopic composition. Consequently, the CH4 budget can be

8 constrained by knowledge of the isotopic composition of atmospheric CHg, the extent of

9  isotopic fractionation during removal, and the isotopic signatures of CHy4 from different
10 sources. Recent work to elucidate the sources of CHg has proceeded through an analysis of
11 carbon 1sotopic signatures (Cicerone and Oremland, 1988; Wahlen et al., 1989; Lowe et al.,
12 1988; and references therein). One example of this is an analysis of 14C data which suggests
13 that about 100 Tg CHy4 per year may arise from fossil sources (Cicerone and Oremland, 1988;

14  Wahlen et al., 1989). Such a distinction is possible because CH4 from fossil sources is 14C-
- 15 free, while that from other sources has essentially the 14C concentration of modern carbon.

18 - 1.3.2 Sinks of Methane

20  The major sink for atmospheric CHy is reaction with OH in the troposphere, the OH

2] concentration being controlled by a complex set of reactions involving CH4, CO, NMHC,

22 NOy, and tropospheric O3 (discussed in Section 1.7; Sze, 1977; Crutzen, 1987). Based on the
23 reaction rate coefficient between CH4 and OH, and the estimated tropospheric distribution of
24 OH, an atmospheric life-time for CH4 of between 8 and 11.8 years has been estimated (Prinn
25  etal. 1987). This estimate is supported by the fact that models of global OH are tested by

26 analyses of the budgets for CH3CCl3 (Logan et al., 1981; Fraser et al., 1986a; Prinn et al.,

27 1987) and 14CO (Appendix to WMO, 1989b). The reaction between CHy4 and OH currently
28  represents a sink of 400 to 600 Tg of CH4 per year. The efficiency of this sink may, however,
29 have decreased during the last century because the atmospheric concentration of OH in the

30  troposphere may have decreased, hence the lifetime of CH4 would have increased, in response
31 to increasing concentrations of CO, NMHC, and CHy4 (Sze, 1977).

33 Soils may represent a removal mechanism for CHs. The magnitude of this sink has been
34 estimated (this assessment) to be 30+15 Tg CHy per year from the work of Harris et al., 1982
35  and Seiler and Conrad, 1987.

38 1.3.3 Sources of Methane

40  Methane is produced from a wide variety of anaerobic sources (Cicerone and Oremland, 1988).
41 Two main pathways for CHy production have been identified: (i) reduction of CO; with

42  hydrogen, fatty acids or alcohols as hydrogen donors, or (ii) transmethylation of acetic acid or
43 methyl alcohol by CH4-producing bacteria. Table 2 summarizes identified sources of CHy

44  with ranges of likely annual emissions. The total annual CH4 source must equal the

45  atmospheric sink of about 500 (400 to 600) Tg CHy4 per year, the possible soil sink of about 30
46  (15to045) Tg CHy per year, and the annual growth of 40 to 48 Tg CHj in the atmosphere.

47  The sum of the present best estimates of the sizes of the individual sources identified in Table 2
48 equal 525 Tg CHy per year. It should be noted that the newest data for rice paddies, biomass
49  burning, and coal mining sources suggest that the values may be even less than those of Table
50 2, possibly indicating a missing source of CHg, or an overestimate of the sink for CHg.
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Table 2
ESTIMATED SOURCES AND SINKS OF METHANE

Annual Release (Tg CHy) | Range (Tg CHs)

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
Termites 40 10- 100
Landfills 40 20- 70
Coal Mining 35 17- 50
Oceans 10 §=.20
Freshwaters 5 1- 25
CH4 Hydrate Destabilization 5 0-100
Sink ;

Removal by soils 30 15-45
Reaction with OH in the atmosphere 500 400 - 600
Atmospheric Increase ; 44 40- 48

1.3.3.1  Natural wetlands

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

1.3.3.2 Rice paddies

Rice paddies are an important source of CHg with estimates of the globally averaged flux
ranging from 25 - 170 Tg CHy per year (Neue and Scharpenseel, 1988; Yagi and Minami,
1989; Holzapfel-Pschorn and Seiler, 1986; Cicerone and Shetter, 1981; Cicerone et al. 1983).
The flux of CH4 from rice paddies is critically dependent upon several factors including: (i)
agricultural practices (e.g., fertilization, water management, density of rice plants, double
cropping systems, application of manure or rice straw), (ii) soil / paddy characteristics (soil
type, acidity, redox potential, temperature, nutrient availability, substrate, profile of anaerobic
environment), and (iii) time of season. One difficulty in obtaining accurate estimates is that
almost 90% of the world's harvested area of rice paddies is in Asia, and of this about 60% are
in China and India from which no detailed data is 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 is likely that CH4 emissions have increased proportionally as well.
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1.3.3.3 Biomass burning

Biomass burning in 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 CH4 per
year (Andreae et al. 1988; Bingemer and Crutzen, 1987; Crutzen et al. 1979; Crutzen et al.
1985; Crutzen, 1989; Greenberg et al. 1984; Stevens et al. 1990; Quay et al. 1990). Improved
estimates require an enhanced understanding of: (i) CH4 emission factors, (ii) the amount, by
type, of vegetation burnt each year on an area basis, and (iii) type of burning (smouldering vs
flaming). Current estimates indicate that over the last century the rate of forest clearing by
burning has increased (cf. Section 1.2.2.2).

1.3.3.4 Enteric fermentation (animals)

Methane emissions from enteric fermentation in ruminant animals, including all cattle, sheep
and wild animals, is 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 is difficult to accurately estimate the
change in this source over the last century because the significant increase in the number of
cattle and sheep has been partially offset by decreases in the populations of elephants and North
American bison. One estimate suggests that the magnitude of this source has increased from
21 Tg CHg4 per year in 1890 to 78 Tg CH4 per year in 1983 (Crutzen et al. 1986).

1.3.3.5  Termites

There is a large range in the magnitude of the estimated fluxes of CHy4 from termites; 10 - 100
Tg CHy4 per year (Cicerone and Oremland, 1988; Zimmerman et al. 1982; Rasmussen and
Khalil, 1983; Seiler et al. 1984; Fraser et 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 termites, both of which are uncertain, and field experiments. It is
important to determine whether the global termite population is currently increasing, and
whether it is likely to respond to changes in climate.

1.3.3.6  Landfills .
The anaerobic decay of organic wastes in landfills may be a significant anthropogenic source of
atmospheric CHy, 20 - 70 Tg CH4 per year. However, several factors need to be studied in
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).

1.3.3.7 Oceans and freshwaters

Oceans and freshwaters are thought to be a minor source of atmospheric CH4. The estimated
flux of CH4 from the oceans is based on a limited data set, taken in the late 1960's / early
1970's when the atmospheric concentration of CH4 was about 20% lower. They showed that
the open oceans were only slightly supersaturated in CHy4 with respect to its partial pressure in
the atmosphere. There are inadequate recent data from either the open oceans or coastal waters
to reduce the uncertainty in these estimates (Cicerone and Oremland, 1988).

1.3.3.8 Coal mining

Methane is 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 of CH4 from
coal mining, on a country basis, for the ten major coal producing countries, and deduced a
global minimum emission of 17 Tg CHy per year. Global CH4 fluxes from coal mining have
been estimated to range from 10 - 50 Tg CHy per year (Cicerone and Oremland, 1988, and
recent unpublished studies by others).

1.3.3.9 Gas drilling, venting and transmission

CHy is the major component of natural gas, hence leakage from pipelines and venting from oil
and gas wells could represent a significant source of atmospheric CHy (Cicerone and
Oremland, 1988). The global flux from these sources is estimated, based on limited data of
questionable reliability, to range from 25 - 50 Tg CHy4 per year.
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1.3.4 Feedbacks from Climate Change into the Methane Cycle

Future atmospheric concentrations of CH4 will depend on changes in the strengths of either the
sources or sinks, which are dependent upon social, economic, and political, and also
environmental factors and in particular changes in climate. Methane emissions from wetlands
are particularly sensitive to temperature and soil moisture, and hence future climatic changes
could significantly change the fluxes of CHy4 from both natural wetlands and rice paddies.
Tropospheric OH, which provides the atmospheric sink for CHy, is dependent upon a number
of factors, including the intensity of UV-B radiation, and the ambient concentrations of H70,
CO, CHa, reactive nitrogen oxides, and tropospheric O3 (See Section 1.7) (Crutzen, 1987;
Isaksen and Hov, 1987; Thompson and Cicerone, 1986).

1.3.4.1 Tropical methane sources

The major sources of CHy 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 CHs. 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 flat tundra regions would be sensitive to changes of only a
few centimetres in the level of the water table, with flooded soils producing a factor of 100
more CHj than dry soils (Whalen and Reeburgh, 1988; Crill et al. 1988). Similarly, emissions
of CHy are significantly larger at warmer temperatures, due to accelerated microbiological
decomposition of organic material in the near-surface soils. Consequently, an increase in soil
moisture and temperatures in high latitude wetlands would result in enhanced CH4 emissions,
whereas warmer dryer soils might have decreased CH4 emissions.

Higher temperatures could also increase the fluxes of CHy at high northern latitudes from; (i)
CHy4 trapped in permafrost, (ii) decomposable organic matter frozen in the permafrost, and (iii)
decomposition of CH4 hydrates (Cicerone and Oremland, 1988; Kvenvolden, 1988).
Quantifying the magnitudes of these positive feedbacks is difficult. Timescales 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 CH4 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 CHz concentrations were about 0.35 ppmv during glacial
periods, and increased in phase with temperature during glacial-interglacial transitions. The
current atmospheric concentration of CHy 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 10+2 years. The short lifetime of CHy implies that atmospheric
concentrations will respond quite rapidly, in comparison to the longer lived gases such as COy,
N0, and CFCs, to changes in emissions. In order to stabilize concentrations at present day
levels, an immediate reduction in global man-made emissions by 15-20 percent would be
necessary (this and other scientific sensitivity analyses are discussed in the Annex). Global
concentrations of OH are dependent upon the intensity of UV-B radiation, and the
concentrations of gases such as H20, CO, CHs, NOx, NMHC, and O3, and may have
declined during the 20t century due to changes in the atmospheric concentrations of these
gases.
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The individual sources of atmospheric CHg4 have been qualitatively identified, but there are
significant uncertainties in 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 input of CHy into the atmosphere, and these combined with an
apparent decrease in the concentration of tropospheric OH, yields the observed rise in global
CH4. However, the quantitative importance of each of the factors contributing to the observed
increase is not well known at present.

Several potential feedbacks exist between climate change and CHy emissions, in both tropical -
and high latitude wetland sources. In particular, an increase in high latitude temperatures could
result in a significant rcleasc of CHy4 from the melting of permafrost and decomposition of CHy
hydrates.

1.4 HALOCARBONS

Chlorine and bromine containing halocarbons have been shown to deplete O3 in the
stratosphere. In addition, it has been recognized that they are important greenhouse gases.
Their sources, sinks, atmospheric distributions, and role in perturbing stratospheric O3 and the
Earth's radiative balance have been reviewed in detail (WMO 1985, 1989a, 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) in 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,
12,113,114, and 115 in 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% of
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 limit 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 in Table 3. The atmospheric concentrations of the halocarbons are currently increasing
more rapidly on a global scale (on a percentage basis) than the other greenhouse gases (Figure
1.12). The concentrations of the fully halogenated chlorofluorocarbons (CFCs), slightly
greater in the northern hemisphere than in the southern hemisphere, are consistent with the

gcographlcal distribution of releases (>90% from the industrialized nations), a 45 °N - 45 0S
mixing time of about 1 year, and their very long atmospheric lifetimes.

1.4.2 Sinks for Halocarbons

There is no significant tropospheric removal mechanism for the fully halogenated halocarbons
such as CCI3F (CFC-11), CClpF3 (CFC-12), C2Cl3F3 (CFC-113), C2CloF4 (CFC-114),
C,CIFs (CFC-115), carbon tetrachloride (CCly), and halon 1301 (CBrF3). They have long
atmospheric lifetimes, decades to centuries, and are primarily removed by photodissociation in
the mid - upper stratosphere. There is currently a significant imbalance between the sources
and sinks giving rise to a rapid growth in atmospheric concentrations. To stabilize the
atmospheric concentrations of CFCs 11, 12 and 113 at current levels would require reductions
in 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 (CH3CCl3), CHCIF; (HCFC-22), and a number of other HCFCs
and HFCs being considered as substitutes for the current CFCs (c.f. Section 1.4.4) are
primarily removed in the troposphere by reaction with OH. These hydrogen containing species
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have atmospheric lifetimes 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%.

TABLE 3
Halocarbon Concentrations and Trends (1990)
Mixing Ratio Annual Rate of Increase Lifetime

Halocarbon pptv pptv % Years
CCIsF (CFC-11) 280 9.5 4 65
CClhF; (CFC-12) 484 16.5 4 130
CCIF3 (CFC-13) 3 400
Cy2ClI3F3 (CFC-113) 60 4-5 10 90
C2CloF4 (CFC-114) 15 200
CoCIF5 (CFC-115) 5 400
CCly 146 2.0 1.5 50
CHCIF, (HCFC-22) 122 7 7 15
CH3Cl1 600 1.5
CH3CCl3 158 6.0 4 7
CBrCIF; (halon 1211) 1.7 0.2 12 25
CBrF3 (halon 1301) 2.0 0.3 15 110
CH3Br 10-15 1.5

T 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.

1.4.3 Sources of Halocarbons

Most halocarbons, with the notable exception of CH3Cl, are exclusively of industrial origin.
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). The atmospheric
concentration of methyl chloride is about 0.6 ppbv, and is primarily released from the oceans
and during biomass burning. There is no evidence that the atmospheric concentration of
CH3Cl is increasing. Methyl bromide (CH3Br) is produced by oceanic algae, and there is
evidence that its atmospheric concentration has been increasing in recent times due to a
significant anthropogenic source (Penkett et al., 1985; Wofsy et al., 1975).

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 1.4. In
addition, international negotiations are currently in progress that will likely (i) result in a
complete global phase-out of production of these chemicals by the year 2000, and (ii) enact
limitations on the emissions (via production and consumption controls) of CCl4, and
CH3CCl3. However, even with a complete cessation of production of CFCs 11, 12 and 113 in
the year 2000 their atmospheric concentrations will still be significant for at least the next
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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 ceased because
of their uses as refrigerants, foam blowing agents, fire retardants, etc.

A number of hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (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 (CHCI,CF3), HCFC-124 (CHCIFCF3), HFC-125
(CHF;CF3), HFC-134a (CH2FCF3), HCFC-141b (CH3CCI,F), HCFC-142b (CH3CCIFy),
HFC-143a (CH3CF3), and HFC-152a (CH3CHF?). The calculated atmospheric lifetimes of
these chemicals are controlled primarily by reaction with tropospheric OH and range between
about 1 and 40 years. It has been estimated (UNEP, 1989) that a mix of HFCs and HCFCs
will replace the CFCs currently in 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 if
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.

1.4.5 Conclusions

The atmospheric concentrations of the industrially produced halocarbons, primarily CCI3F,
CCI2F,, C2Cl13F3, and CCly are about 280 pptv, 484 pptv, 60 pptv, and 146 pptv,
respectively. Over the past few decades their concentrations (except CCly) 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 CCly are primarily removed by photolysis
in the stratosphere, and have atmospheric lifetimes in excess of 50 years.

Most halocarbons, with the notable exception of methyl chloride, are exclusively anthropogenic
and their sources (solvents, refrigerants, foam blowing agents, and aerosol 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 in emissions of 70-75%,
75-85%, and 85-95%, respectively. Future emissions of CFCs and CCly will, most likely, be
eliminated or be significantly lower than today's because the stringency, scope, and timing of
international regulations on chlorine and bromine containing chemicals, i.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 is a chemically and radiatively active trace gas that is produced from a wide
variety of biological sources in soils and water and is primarily removed in the stratosphere by
photolysis and reaction with electronically excited oxygen atoms.

1.5.1 Atmospheric Distribution of Nitrous Oxide

The mean atmospheric concentration of N20O in 1990 is about 310 ppbv, corresponding to a
reservoir of about 1500 Tg N, and increasing at a rate of 0.2 - 0.3% per year (Figure 1.13;
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 t0 4.5 Tg N per year. The atmospheric concentration of N2O is higher in the northern
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hemisphere than in the southern hemisphere by about 1 ppbv. Ice core measurements show
that the pre-industrial 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, 1988a; Etheridge et al. 1988; Zardini et al. 1989). Figure 1.14 shows
that the atmospheric concentrations of N2O may have decreased by a few ppbv during the
period of the mini ice-age.

1.5.2 Sinks for Nitrous Oxide

The major atmospheric loss process for N2O is photochemical decomposition in the
stratosphere, and is calculated to be 10+ 3 Tg N per year (Table 4). Nitrous oxide has an
atmospheric lifetime of about 150 years. The observed rate of growth represents a 30%
imbalance between the sources and sinks (Hao et al. 1987). Tropospheric sinks such as
surface loss in aquatic and soil systems are considered to be small (Elkins et al. 1978,
Blackmer and Bremner, 1976).

1.5.3 Sources of Nitrous Oxide

1.5.3.1  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 atmosphere and surface
waters (Butler et al. 1989, and NOAA GMCC unpublished data), and on estimates of the gas
exchange coefficient, the current estimate of the magnitude of the ocean source ranges from 1.4
- 2.6 Tg N per year, significantly lower than earlier estimates (Elkins et al. 1978; Cohen and
Gordon, 1979; Cline et al. 1987). An accurate determination of the global annual ocean flux is
difficult because of uncertainties associated with quantifying the gas exchange coefficient and
because the partial pressure of N2O in the surface waters is highly variable, both spatially and
temporally. The partial pressure of N2O in surface waters varies considerably, ranging from
being supersaturated by up to 40% in upwelling regions to being undersaturated by a few
percent in areas around Antarctica and within gyres. Data suggest that during El Nifio events,
where upwelling in the Pacific ocean is suppressed, the ocean fluxes of N2O are significantly
lower (Cline et al. 1987; Butler et al. 1989). It is still unclear whether N,O is primarily
produced from nitrification in near surface waters, or denitrification in oxygen deficient deep
waters. Based on vertical profile measurements of oceanic NoO (NOAA GMCC, unpublished)
the oceanic reservoir has been estimated to be between 900 and 1100 Tg N, comparable to the
atmosphere. Consequently, changes in the exchange fluxes of N2O between the ocean and the
atmosphere could significantly impact its atmospheric concentration.

1.5.3.2 Soils

Denitrification in aerobic soils is 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).
Nitrification under anaerobic conditions could, however, produce higher yields of N2O per unit
of transformed nitrogen. Quantification of global N20O emissions from soils is difficult because
of the heterogeneity of terrestrial ecosystems and the variability in environmental conditions
that control the fluxes of N2O.

Estimates of global fluxes of N2O from tropical forests range from 2.2 - 3.7 Tg N per year.
The impact of deforestation on the emissions of N20O from tropical soils is unclear, with some
studies suggesting that the emissions of N2O from deforested land are enhanced by as much as
a factor of three (Luizao et al. 1989), whereas other studies concluded that N2O fluxes
decreased if vegetation did not return (Robertson and Tiedje, 1988).

Quantifying the roles of temperate forest soils and grasslands in the N2O budget is difficult
because of the paucity of data, and conflicting results. Estimates of N2O fluxes from temperate
forest soils range from 0.7 - 1.5 Tg N per year in one study (Schmidt et al. 1988), to almost
none in another study (Bowden et al. 1989). One study also reported that deforestation in
temperate forests would lead to enhanced emissions of N2O (Bowden and Bormann, 1986).

26




OO~V HB WHN —

Greenhouse Gases and Aerosols 1

Reliable global N0 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 N2O, whereas limited studies of tropical grasslands and pastures
suggest that they may be a moderate to significant source of N2O (Luizao et al. 1989;
Robertson and Tiedje, 1988).

1.5.3.3 Combustion

Until recently, the combustion of fossil fuels was thought to be an important source of
atmospheric N>O (Pierotti and Rasmussen, 1976; Weiss and Craig, 1976; Hao et al. 1987).
However, a recent study has shown that the earlier results are incorrect because N2O 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
is between 0.1 and 0.3 Tg N per year, compared to earlier values which were as high as 3.2 Tg
N per year.

1.5.3.4 Biomass Burning

Biomass burning is now thought to be a minor source of atmospheric N2O with a global flux
of less than 0.2 Tg N per year (Muzio and Kramlich, 1988; Crutzen 1989; Elkins et al. 1990;
Winstead et al. 1990; Griffith et al. 1990). This value is 1-2 orders of magnitude less than
previous estimates (Crutzen et al. 1979, 1985) which were influenced by artifacts involving
N7O analysis (Crutzen et al., 1985) and N2O production in sampling flasks (Muzio and
Kramlich, 1988).

1.5.3.5 Fertilizer / Ground-Water

Nitrous oxide production from the use of nitrate and ammonium fertilizers is 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 N7O 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 in 1980, results in a total N>O emission of between 0.01 - 1.1 Tg N per year (Conrad et
al. 1983). Leaching of nitrogen fertilizers from soils into groundwater may result in additonal
fluxes of N2O up to 1.1 Tg N per year (Conrad et al. 1983; Ronen et al. 1988). Consequently,
arange of 0.01 - 2.2 Tg N per year can be derived for the flux of N2O from fertilizer use.

1.54 Conclusions

Nitrous oxide is a greenhouse gas whose atmospheric concentration, at 310 ppbv, is now
about 8% greater than in the pre-industrial era, and is increasing at a rate of about 0.2 - 0.3%
per year, corresponding to about 3 - 4.5 Tg N per year. This represents an excess of 30% of
current global emissions over current sinks. The major sink for N2O is photolysis in the
stratosphere, resulting in a relatively long atmospheric lifetime of about 150 years. The
magnitude of the sink for N20O is 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 is uncertain. Since the latest
studies indicate that the total combined flux of N2O from combustion and biomass burning is
between 0.1 to 0.5 Tg N per year, in contrast to earlier 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, it is 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 N20 by photodissociation
in the stratosphere range from 7 - 13 Tg N per year. Therefore, the total source needed to
account for the observed annual atmospheric growth is 10 - 17.5 Tg N per year against a flux
of N20 from known sources of 4.4 - 10.5 Tg N per year. These data suggest that there are
missing sources of N»O, or the strengths of some of the identified sources have been
underestimated. Despite these uncertainties, it is believed that the observed increase in N2O
concentrations is caused by human activities.
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TABLE 4
Estimated Sources and Sinks of Nitrous Oxide
Range (TgN per year)
Source
Oceans 14- 26
Soils (tropical forests) 22- 3.7
(temperate forests) 0.7- 1.5
Combustion 0.1-03
Biomass burning 0.02-0.2
Fertilizer (including ground-water) 0.01-2.2
TOTAL: 44-10.5
Sink -
Removal by soils ?
Photolysis in the stratosphere 7-13
Atmospheric Increase 3-45

1.6 STRATOSPHERIC OZONE

Stratospheric O3 is an important constituent of the Earth's atmosphere. It protects the Earth's
surface from harmful solar ultraviolet radiation and it plays an important role in 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 is 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 is 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 in turn is depends strongly on altitude, latitude and season.

The concentration and distribution of stratospheric O3 is controlled by dynamical, radiative and
photochemical processes. Stratospheric O3 is photochemically controlled by chemically active
species in the (1) oxygen, (ii) hydrogen, (iii) nitrogen, (iv) chlorine, and (v) bromine families.
The precursors for the photochemically active species are (i) O2, (i) H20 and CHy; (iii) N2O;
(iv) CFCs, CCls, CH3CCl3, CH3Cl, and (v) halons and CH3Br, respectively.

1.6.1 Stratospheric Ozone Trends

1.6.1.1 Total column ozone trends

The Antarctic ozone hole, which formed during the mid to late 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 in total column O3 over the past
two decades. Unfortunately, the network and data are adequate for only a limited geographical
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region, i.e., 30 - 64°N. They are inadequate to determine total column O3 changes in the
Arctic, tropics, subtropics, or southern hemisphere apart from Antarctica. Satellite data can
provide the desired global coverage, but the current record is too short ( about one solar cycle,
1978 to present), to differentiate the effects of natural and human-influenced processes on Os.
The re-evaluated data was analysed for the effects of known natural geophysical processes
[seasonal variation, the approximately 26-month quasi-biennial-oscillation, and the 11-year
solar cycle] and possible human perturbations. After allowing for natural variability, the
analyses, using a variety of statistical models and assumptions, showed measurable zonal mean
O3 decreases in the range 3.4% to 5.1% between 30 and 640N latitude for the winter months
(December - March) between 1969 and 1988, with the larger decreases at the higher latitudes
(WMO, 1989a,b). No statistically significant zonal trends were found for the summer period
(May - August). Lastly, 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 Os3. Analysis

of SAGE I and II satellite data, averaged over 20 to SO°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 (i.e., less than one
solar cycle), no attempt has been made to distinguish between solar-induced and human-
influenced contributions to these changes. A thorough analysis of data from 10 ground-based
Umkehr stations in the Northern Hemisphere for the period 1977 to 1987 indicates a
statistically significant decrease in O3 between 30 and 43 km. The decrease near 40 km of 4.8
13.1 %, after allowing for seasonal and solar-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, CHg, N20O, and CO,. Assuming that the current regulatory measures
agreed under the Montreal Protocol are not strengthened, then the chlorine 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 pptv, about twice today's level . Models predict
column O3 reductions of 0 to 4% in the tropics, and from 4 to 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 O3 depletions, at least in polar regions.
Ozone is predicted to decrease by 25 - 50% at 40 km and result in stratospheric temperature
decreases of 10 to 20 K. If, as expected, the Montreal Protocol is modified to eliminate the
emissions of CFCs 11, 12, 113, 114, 115, halons 1211 and 1301, and restrict the emissions
of CCls 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 HCFCs). Models that do not include heterogeneous processes predict that
global O3 levels would be similar to today. However, if the atmospheric chlorine loading
approaches 4 ppbv the implications for polar O3, and its subsequent impacts on O3 at mid-
latitudes, are unknown.

1.7 TROPOSPHERIC OZONE AND RELATED TRACE GASES (CARBON
MONOXIDE, NON-METHANE HYDROCARBONS, AND REACTIVE
NITROGEN OXIDES).
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1.7.1 Tropospheric Ozone

Tropospheric O3 is a greenhouse gas, of particular importance in the upper troposphere in the
tropics and sub-tropics.Its distribution is controlled by a complex interplay between chemical,
radiative, and dynamical processes. Ozone is: (i) transported down into the troposphere from
the stratosphere; (ii) destroyed by vegetative surfaces; (iii) 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 (HO;) (Danielsen, 1968;
Mahlman and Moxim, 1978; Galbally and Roy, 1980; Crutzen, 1974; Isaksen et al., 1978).
Chemical processes in clouds could have a strong influence on O3 production and destruction
rates (Lelieveld and Crutzen, 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 subsection.

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 summer
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 results
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 latitudes, in part because the stratospheric source is largest then (Levy et al.,

1985). There is 35% more O3 at 40°N than at 4008, in the middle troposphere (Logan, 1985).

Concentrations of O3 tend to be smaller in the tropics than in mid-latitudes, except in 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 Kirchoff, 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 in summer. Large regions of the tropical
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 sink for O3 in the tropics; mean surface concentrations as low as 4 - 12 ppbv
have been measured (Liu et al., 1980; Oltsmans and Komhyr, 1986; Kirchoff, 1990).

1.7.1.2 Trends

Most long-term measurements of O3 have been made at northern mid-latitudes, from surface
sites and from balloons. Only sporadic-data are available before the 1970s. A comparison of
data obtained in Paris from 1876-1910 (Volz and Kley, 1988) with rural data from the present
day from Europe and North America (Logan, 1985, 1989) suggests that surface O3 has
increased by a factor of 2 -3 on average; the increase is largest in summer, the factor then being
4 -6 (Figure 1.15). Ozone values in Europe in the 1970s appear to be about twice those found
between 1930 and 1950 (Crutzen, 1988). Data from Europe suggest an increase of 1 - 2% per
year from the mid 1950s to the early 1980s, with increases 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 in-Alaska and Hawaii; shown no annual trend at Samoa, but has decreased by
0.5% per year at the South Pole (Oltmans et al.,, 1988). Decreases of 1.8% per year are 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 N. Europe and Japan (Angell and
Korshover, 1983; Logan 1985; Tiao et al., 1986; WMO, 1989a,b), but there are no clear
trends in the upper troposphere. By contrast O3 has decreased in the lower stratosphere (below
25 km), the crossover in the trend being near the tropopause. There is no trend in O3 at the
single sonde station at southern mid-latitudes, and long term sonde data are lacking in the
tropics.
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1.7.1.3 Relationships between ozone and its precursors

The concentration of tropospheric Os is dependent in a very non-linear manner on the
atmospheric concentrations of its precursor gases, i.e., CO, CHs, NMHC, and, in particular
NOyx (NO4x = NO + NO»). Nitrogen oxide concentrations and trends control changes in the
concentration of O3 (Dignon and Hameed, 1985). At low NOx concentrations (where NOy is
less than 5 - 30 pptv; this threshold depends on the concentrations of O3 and hydrocarbons)
increases in CO, CH4, and NMHC lead to a decrease in O3, whereas at high NOx
concentrations increases in CO, CH4, and NMHC lead to significant enhancements in Os3.
Therefore, no simple relationship exists between increases in the precursor gases and changes
in tropospheric O3. Several model calculations have been performed to investigate the
sensitivity of O3 changes to changes in the precursor gases, both individually and collectively.
All models that have attempted to simulate changes in O3 during the past century have
calculated increases in Northern Hemisphere O3 by up to a factor of two, broadly consistent
with observations, depending upon the assumptions made regarding the initial concentration,
distribution, and changes in precursor gas concentrations, particularly NOy.

Understanding the feedbacks among O3 and its precursor gases is essential to understand
tropospheric OH, which controls the atmospheric lifetimes of CH4 and the NMHCs. The
global concentration of OH, which determines the oxidizing capacity of the troposphere, can be
either enhanced because of elevated levels of tropospheric O3, NOy or water vapour (associated
with a global warming) or suppressed because of increases in CHg, 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 CH4, CO, NMHC and NOx, as well as
transport of O3 between its source regions and the remote troposphere. One key point is that a
continued increase in levels of CO would reduce the global concentration of OH because NOx
is too short-lived to counteract that effect over much of the globe. This would increase the
atmospheric lifetime of CHy.

1.7.2 Carbon Monoxide

1.7.2.1 Atmospheric distribution of carbon monoxide

The atmospheric concentration of CO exhibits significant spatial and temporal variability
because of its short atmospheric lifetime (2 - 3 months). The short atmospheric lifetime,
coupled with an inadequate monitoring network, means that the global spatial variability and
long-term trends in CO are not well documented. The limited observational data base (Heidt et
al. 1980; Dianov-Klokov and Yurganov, 1981; Seiler and Fishman, 1981; Seiler et al. 1984,
Khalil and Rasmussen, 1984, 1988a; Fraser et al. 1986 a, c; Newell et al. 1989; Zander et al.,
1989; Kirchoff and Marimho, 1989; Kirchoff et al., 1989) has demonstrated that the
concentration of CQO, (i) is about a factor of two greater in the Northern than in the Southern
Hemisphere where the annual average is about 50 - 60 ppbv, (ii) increases with latitude in the
northern hemisphere, (iii) exhibits strong seasonal variations in both hemispheres at mid to
high latitudes, and (iv) decreases with altitude. CO appears to be increasing at about 1% per
year in the northemn hemisphere, but the evidence for increases in the southern hemisphere is
ambiguous.

1.7.2.2  Sources and sinks for. carbon monoxide

The total annual source of CO is about 2400 Tg CO, being about equally divided between
direct anthropogenic (incomplete combustion of fossil fuels and biomass) and atmospheric
(oxidation of natural and anthropogenic CH4 and NMHC) sources (Logan et al. 1981;
Cicerone, 1988). Atmospheric concentrations of CO may have increased in the northern
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hemisphere because of the fossil fuel source, and because of changes in the rate of oxidation of
CHy4, whose atmospheric concentration has increased since pre-industrial times. Fossil fuel
sources of CO are presently decreasing in North America (EPA, 1989) and possibly in Europe,
but may be increasing elsewhere.

The major removal process for atmospheric CO is reaction with OH (Logan et al. 1981). The
observed seasonal variability in the southern hemisphere, distant from seasonally varying
sources, can be explained by the seasonal variability in the concentration of tropospheric OH.
Soils may provide a minor sink for CO (Conrad and Seiler, 1985).

1.7.3  Reactive Nitrogen Oxides

The key constituents of tropospheric NOy, defined as the sum of all nitrogen oxide species
except for N2O, are NOy, nitric acid (HNO3), peroxyacetylnitrate (PAN: CH3CO3NO»), 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 NOx is 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.

1.7.3.1 Atmospheric distribution of nitrogen oxides

The atmospheric concentrations of NOy exhibit significant spatial and temporal variability,
reflecting the complex distribution of sources and the short atmospheric lifetime. 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 NOx
range from as low as 0.001 ppbv in remote maritime air to as high as 10 ppbv in Europe and
Eastern N. America (excluding urban areas), while free tropospheric concentrations range from
0.02 ppbv in 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 inventories of NOy suggest large increases throughout this
century (Dignon and Hameed, 1989). Data from a Greenland ice core have shown that the
concentration of nitrate ions (dissolved nitrate from HNO3) remained constant from 10,000
years ago to about 1950, then doubled by the late 1970's, consistent with the increase in
industrial emissions (Neftel et al. 1985b). Data from glacier ice in Switzerland indicates that
nitrate ions increased by a factor of 4 -5 between 1900 and the 1970's in Western Europe
(Wagenbach et al. 1988).

1.7.3.2 Sources and sinks of nitrogen oxides

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 in soils: 20 Tg N per year; lightning: 2 - 8 Tg N per year, and transport
from the stratosphere: 1 Tg N per year) (Galbally, 1989). Emissions of NOx (6.3 Tg N per
year) from the combustion of fossil fuels have not increased in N. America since 1970 (EPA,
1989). Soil emissions of NO are stimulated by agricultural activity (e.g., addition of fertilizer,
manure, etc.), hence, agricultural soil emissions may provide significant sources of NOy in
many areas.

The dominant removal processes for NO are (i) conversion to HNO3, PAN, and organic
nitrates by photochemical mechanisms, (ii) reactions involving NO3 radicals, and possibly (iii)
deposition of NO, on vegetation. The resulting NOy species are then removed from the
atmosphere by wet and dry deposition, or by conversion back to NOx.
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1.7.4 Non-Methane Hydrocarbons

1.7.4.1 Atmospheric distribution of non-methane hydrocarbons

The NMHC can be classified by atmospheric lifetime: (i) relatively long-lived (lifetimes >
week) where the highest concentrations (up to 3 ppbv for ethane) are observed-at middle to
high northern latitudes; (ii) more reactive (lifetimes between half a day and one week) such as
C; - Cs alkenes whose concentrations exhibit significant temporal and latitudinal variability
from <0.1ppbv in remote areas to a few ppbv close to source regions, and (iii) extremely short
lived (lifetimes of hours) such as terpenes or isoprene 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 a lack of measurements.

1.7.4.2 Sources and sinks for non-methane hydrocarbons

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 is primarily emitted from
deciduous plants, whereas conifer trees are primarily a source of terpenes. Isoprene and
terpene emission rates are very large, about 500 Tg per year for each (Rasmussen and Khalil,
1988). The source strength of NMHC from anthropogenic 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 is rapid (much faster than CHgy) reaction with
OH. The products of these reactions are capable of forming O3 in 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 potentially important feedbacks between climate change and tropospheric
O3 and OH. Changes in cloud cover, precipitation, and circulation patterns, as well as changes
in the biospheric source strengths of CH4, CO, NMHC and NOy, will induce changes in
homogeneous and heterogeneous reactions controlling O3 and OH. In addition, changes in
stratospheric O3 may induce changes in tropospheric processes, through changes in ultraviolet
radiation. Stratospheric O3 depletion is likely to increase tropospheric O3 when the levels of
CO, NOy, and NMHC are high, but reduce it in regions of very low NOx. The importance of
these feedback processes remains to be determined.

1.7.6 Conclusions

Tropospheric O3 is a greenhouse gas that is produced photochemically though a series of
complex reactions involving CO, CHg, NMHC and NOx. 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 its precursor gases,
coupled with inadequate observational networks, leave their distributions and trends
inadequately documented. Most data support positive trends of about 1% per year for O3
below 8 km altitude in the Northern Hemisphere (consistent with positive trends in several of
the precursor gases, especially NOx, CHg, and CO), and a similar trend for CO in the Northern
Hemisphere, but not in the Southern Hemisphere. While there is 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 ice core records of nitrate levels provide indirect evidence for a
Northern Hemisphere increase in atmospheric NOy.
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1.8 AEROSOL PARTICLES

1.8.1 Concentrations and Trends of Aerosol Particles in the Troposphere

Acrosol particles play an important role in 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
in more detail in Sections 2.3.2 and 2.3.3. Two separate issues should be identified. The first
is the effect of increasing or decreasing anthropogenic emissions of aerosol particles and their
precursors in regions impacted by these emissions. The second is the role of feedback
processes linking climate change and natural (biological) production of particles in unpolluted
regions, especially over the oceans (cf. Section 10.8.3).

Total suspended particulate matter in air varies from less than 1 ug m-3 over polar ice caps or in
the free mid ocean troposphere to 1 mg m-3 in desert dust outbreaks or in dense plumes from
e.g., forest fires. In a typical sample of continental air mineral dust, sulphuric acid,
ammonium sulphate as well as organic material and elemental 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 in submicron size particles is derived from gas-to-particle
conversion through photochemical processes involving gaseous sulphur and hydrocarbon
compounds. Such conversion may take place through photochemical processes involving the
oxidation of sulphur dioxide (SO2) and other sulphur gases to sulphuric acid (H2SO4) by
reaction with OH. The H2SO4 so formed, having a low equilibrium vapour pressure,
immediately condenses onto existing 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 in the aerosol phase. Trends in the emission of these gaseous
precursors, especially the sulphur gases, are therefore of great importance for the regional
aerosol burden and thereby potentially for climate.

Large quantities of aerosol particles are also emitted from the burning of savannas and forests

- in tropical regions. The directly emitted particles consist largely of carbonaceous materials

including black carbon (soot) (Andreae et al., 1988). In addition, particles are formed from
precursor gases like SO and hydrocarbons emitted by fires.

The average tropospheric life time of aerosol particles, and of their precursor gases, is of the
order of only days or weeks. This is much shorter than the lifetime of most greenhouse gases.
It implies that the atmospheric loading at any one time reflects the emissions that have taken
place during the past few weeks only. No long-term accumulation in the troposphere is thus
possible and any reduction in anthropogenic emissions will immediately result in a
corresponding reduction in tropospheric concentrations. The short lifetime also implies large
spatial and temporal variability in the concentrations of aerosol particles.

It has been established from analyses of Greenland ice cores that the amounts of sulphate,
nitrate and trace metals, derived mainly from atmospheric aerosols, have been increasing since
industrialisation began (Neftel et al., 1985 b; Mayewsky et al., 1986). However, there are
almost no long-term, continuous direct observations of aerosol parameters in the atmosphere
outside urban and industrial areas (Charlson, 1988). Indirect evidence from visibility
observations indicates that the concentration of submicron aerosols over much of the eastern
part of the U.S. has increased during the period 1948-1978 (Husar et al., 1981).

Another example of a trend analysis of atmospheric aerosols is due to Winkler and Kaminski
(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 in the region.
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The hypothesis by Charlson et al. (1987) of a connection between climate and phytoplankton
activity in ocean surface waters is based on the role played by soluble aerosol particles in
determining the microphysical properties of clouds. The proposed climate-phytoplankton
feedback rests on the facts that cloud condensation nucleus (CCN) concentrations in 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 is a
significant non-linearity in the effect on cloud microphysics of given changes in CCN
concentration, depending on the starting CCN concentration characteristics of clean oceanic air.

There is 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
calculations based on plausible scenarios 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 yielded only equivocal conclusions.

1.8.2 The Atmospheric Sulphur Budget

Current estimates of the global sulphur cycle show that anthropogenic emissions of SO, are
likely to be at least as large as natural emissions of volatile sulphur species, cf. Table 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 from less than 3 TgS per year globally in 1860, 15 in 1900, 40 in 1940 and about 80
in 1980 (Ryaboshapko, 1983). It is evident from these numbers that the sulphur fluxes
through the atmosphere have increased very substantially during the last century, especially in
the Northern Hemisphere. During the past decade the anthropogenic sulphur emissions in
North America and parts of Europe have started to decline.

TABLE 5

Estimates of global emission to the atmosphere of gaseous sulphur compounds

Source Annual Flux (TgS)
Anthropogenic (mainly SO from fossil fuel combustion) 80
Biomass burning (SO3) 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.

Small amounts of carbonyl sulphide (COS) are also emitted into the atmosphere. They do not
significantly affect the sulphur balance of the troposphere but they are important in maintaining
an aerosol layer in the stratosphere.

35




VoOO~NAWNHWN -

1 Greenhouse Gases and Aerosols

Because of the limited atmospheric lifetime of most sulphur compounds, the augmentation of
the sulphur concentrations brought about by industrialization is not evenly distributed around
the globe. This is illustrated by Figure 1.16, which shows an estimate of how much more
aerosol sulphate there is at present in the lower atmosphere (900 hPa level) than in 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.

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 is 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 in 1982. No significant
trends have been detected in the global background aerosol layer in the stratosphere during
periods of low volcanic activity (WMO, 1989a). The potential impact on climate of
stratospheric aerosols is discussed in Section 2.3.2.

1.8.4 Conclusions

Aerosol particles have a lifetime of at most a few weeks in the troposphere and occur in highly
variable concentrations. A large proportion of the particles which influence cloud processes
and for the radiative balance, are derived from gaseous sulphur emissions. These emissions
have more than doubled globally, causing a large increase in the concentration of aerosol
sulphate especially over and around the industrialized regions in Europe and North America. If
anthropogenic sulphur emissions are indeed a major contributor to cloud condensation nuclei
concentrations on a global scale, then any climate 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 in important ways
to climate feedback processes. During a few years following major volcanic eruptions the
concentration of aerosol particles can be greatly enhanced.
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OVERVIEW AND CONCLUSIONS

Climate Change as One of Mény Qlobal lssues

A possible change of climate due to man's increasing emissions of groenhouse gases
inlo the atmosphere 's but one of seversl major Uweais that witl conliont mankind
85 the 21al canlury hagina. Tha warld papulatian lp Irgreaging by maore than 1.6¢
per yaar; the exploitation of natural resouices Is taking place sl an shhanced rale;
induslrialization and urbanization Is rapidly ingreasing the number of cities In the

| wordd with more than 10 miliion, in recenl years even 20 million inhabltants,

| patlicularly In Geveloping countries. At the same time the poor and devaleping

| countries are striving for lmproving fiving conditlons for thelr populations. The
World Commission on Environment and Deveiopmant addressed many of these
problams In ts 1987 report bul as yet rather fow siops have been laken (o resolve
these serlous problems,

The presant report addre¢ses ong of thase 'ssuas, ihal of & future change of climale,
An stiampt has beon made (o assess the present solantific view about the likefiness
and characieristics of possibie future man-induced climatic changes 88 well a5 the
impacts of such changes. These sludies also Include analysas of thalr possible aocio:
econOMi0 consaguencas. Allernative options for acfions that might be nesded in
order to slow down a ¢iimatic change of 1o stablilze climate are given. It Is of
course Imporiant 10 recagnize that such interveniions also might have la reaching
soclo-gconomic effects. Also, possibie means for miligating the eMects of a ciimale
change are prasented.

The IPCC objective has been lo provide a sclentifie.technical basis for potitical
arflan 1t 1 cloar tiom the present Averview, Supparied by tho oxlancive working
group raports snd thelr poficymaklors’ summariss, that some very specilic ganeral
sonclusions aready can ba drawn from this fiesi phase of 8 broad assessment of the
issue. although many uncertainties remain. On this basis the IPCC calis on the
isaders of tho natlons of tho world lo considor carelully the cenclusions resched so
far and to lako somq flrs! slaps lowards glowing down the prasent acceisrating rate
of change Tha sapart alan autlinas Inng tarm largate that ghauld sarve s genoral
guidulings In duveloping a first shoa term action plan with such an aim.
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U1, further work Is required 10 @slabiish a more compiehensive basis for fulure
policy declaions. The Panel oonsiders It essenliul that s acliviy a3 & sclentific-
technical astessment yivup ouniinues In ogrder 1o keep policymekers 83 well
Infarmed a8 possible about the further advance of our knowledge and gllsinaiive
actions for praventlon and mitigation snd also lo raspoiid o the possibla needs of
addressing specilic and urgent 1s3ues a8 they may arise ln forthcoming negotiations.

The lollowing overview of the IPCC sssessinenl presents a synthesis of the mos!
imporiant conclusions that heve been reached by the Working Groups and ihat are
judged 16 be of particular imporiant for the political analyses and the hegotlations
that will bagin atter tha Fourth IPCC Planery Maeeling. For more speciiic quedtions,
{hat aleo arlse in 8n analysis of this major environmental l4suc, refarence Is made
16 the Working Group Reporls and thelr Policymakers’ Symmaries. These have been
sompleted alier extenalve discusslon. al a lmge aymber of Woiking Qroup ant
Subgroup meatings, which have bean cpan o 8!l ¢ounlirles tha! have axpressed an
interast 0 1ake pant in the [PCC work.

The sclentiflc Issue

Increasinge Greenhouse Gas concentirations

It 16 first of all important o emphasizes thal aithough many uncenaintiod abou! the
ilaliness and the charactsr of a possible man-Induced ofimaie changs, we da hiow

some ihings wiih donsiderable cenainty. The Working Group 1 has struclured its
Poligymakers’ Bummary In Jlatlugulating ulwarly LBiwgen .

. whal wa know with qulle some cértainty xbout future man-induced climatic
change due 10 greenhouse gas amigsions,

. what we caicylate with confidence end
. what our hagt judgamaent le on matiers that are morg ynearialn,
We are certain that

*there Is @ nafural greenhouse sffect which alresdy keeps the
Earth warmer than I olherwise would be.”

=smisslons resulting from human actlvities are subsiantially
Ingressing the aimospheric concantralions of the greenhouss
geses: carbon dloxide, methane, the chioroflucroeprbons (CFCs)

and nitrous oxide, These Inorceses will snhance the greonhouse
atlesl, rasuiling on advérsgs In an sdditlena! warming al 1ha

Esrih’s  aurface.”

There I8 thus no conlroversy about the ongaing changes of the composition of e
almosphare, 1.e. an Increase of the abundance of the major gresnhouse gases. The

@004
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carbon dloxide concentralion has increased by 26 2% during the last two hyndred
years, half of which has occuired slice the early 1960's. Melhane has more than
doubled during this same time. The ¢oncenirations of CPC.gases are well astublishad.
They were 8dsont belore the 1820's. Dinllrogen oxide has increase by about 10%.
The Intagrated incraasze of all man-Induccd greenhoyse gas smissions s al present

ulvalent 1o #n Increase of the preindusirial carbon dioxide concantrations by abouf
48%.

Man-induced Ciimate Change

There I8, howgver, considerable uncertainty about the megnitude of a climatic
change caused by an Increase of graenhousa Qases In the atmosphere or, In other
words, we know only approximately how rapidly a ciimatic change would be
realized. If wa comparg the oslimaied change of the global mean surlace
temparaturg 10 prevailing conditions towerds the end of isat cenlury |.e. belors &
signifcant hnpuul of mans emissiony Couks NAve OCCUMNeD, anNo wise MGlude Ihe
uncerainty ranges assigned to the assessmenis 88 glven hy Warking Rioup | the
IPCC summarizes lhat:

The rate of change of the global mean surface temperature
during the next 100 years le eatimated 10 b 0.2 - 0.5 °C per
decade, H assuming fulure emissions of greenhouss gdses #s
given In a scenarlo Business-as-Ususl, Bcsnarle A, The global
MeAN Suriege ftomperature Is aexpacied to have Ingreased by 1 -

30C from late last century to 2028, end by 28 - & ®C tawarde
the end of next century .

Tho condluglon above Is based on ¢computer axperiments using cllinate models, which
show thgt & doubling of the amount of carbon dlpxide In the simasphere (or én
equivalent Inciease of @ mix ¢f greenhouse gases) would tead 1o an Increase of the

mean global surface lemperalure by 1.8 - 4.8 9C,

A climae prediction ls the avarage resull of oompuler experhuents using 8 numbet
of cllmate models, that diflor with regnrd to the simplitylng assumptiohs that have
boen made Ia ardar o b able 10 study tho behaviour of the cfimate system
quantiallyly By using computers. The given wncenainly range for such a prediction
of the futurs climale does no! express & Malistical confidence Amit of the {radhional
kind, for gxample glven as e oulcoms of a sel of 1abdralory éxperimenis. The rangs
of the In¢rease of the mean glcba!l surface tempersture If doubllig the amount of
carbon dioxide simply ingludes the resulls of all model sxperdments reporied In the
scientific Htaraturo s0 far (excepl for a few that yleld values oven somewhat above
the given uppar Amif). Ihis does not exclude, however, the posuibility thal future
experimenis might glve values outside this range, since we know for certain that al
possible phygical moohanisms have not baen included adequatsly aven In the most
gdvanced climate modeis. Nobody can éither tell i further expariments preferen-
tlally might yleld vaues lor the change of the mean global syrface lemperalure thal
would ba lass han the lower limit of the range or larger than the upper Kmil.

This question of uncartalnly were raised by several sclentisty In the peer review
procosd of tha Working Graup | Ropori. 1dans were Lrougltl Riwed aboul poesiele
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mechanisms thal Might yleld resulls outside the glven range of uncerlainty. They
wore, howover, nol supporled by model experiments thet permiticd a roal chock on
the impilcations of the additionu! processes st were suggesied lo be Impenance,
Somao of iheso Koas tan be lested wilhout much delsy, but the more general
eriticiem, that the models have 100 corse @ résolution 10 pernil tw Inclusion of
sulficlant detalle of the cilmallo syalem, requites oondiderable maro oflerte o
resolve. Particularly when concerned with an Improved lreaiment o! cloud
processes In the aimosphera and including a moré detailsd treaiment of oceanic
processes, It is necessary lo design new mydsts and o smploy mois powserivl
computars. Although Interesting. these peer review sugpestions do no! asl preseni
justly a change of the range of unconainty as agreed upon by the Working Group.

The IPCC soncludes that

the uncerlainly range given for the pradicted change of the
global mean surtace lempératufe due 10 Ihe emission of
greenhouss gassa Info the atmosphers Includes the results of
experiments using wessentislly all climate models thal are
presently avallable for guantiiative analysié and thet have
been reported In the scientilic llerature,

The scenarle Scanario A, Business-as-Usual (c! the teports by Working Groups | and

) ts & scenarlo ol world developmenl with conlinved economic growlh In the

absonce of poMoy Inlgrvontions to reduce greenhouse ges emigsions. The implicit

assumpilon has beoh made tha! there will be ho major long lesting dislurbances of

the global sconomy and furthet (hat @ rather rapid growih ol GNP will take place,

belng somawhat quicker In davelnping countrios than In the indueiriafized world. The

/ﬁ world population Is assumed to be above 8 000 milion people by 2030 and gradually

' i tevel off at about {1 000 mililun people jowards the end of Ihe Z1at csnlury.
¢

DW Although oll and nalural gas, according this scenario, wifl play an Imporiant rols as
anergy sources lor several decades Into next canlury, the major energy supply wil

L fiomn coal. whila on tha nther hand differant farma Al ranawrhia ANAIGY As wall

as nuclgar engrgy are judged nol lo play @ nicie imporiant rolg giobafty until well

into the 215t cenlury. Acoount has been lgken of the Montreal Protocol for reducing

\he emssions of Ine CFG-gRE@S DU NOt (e possidility Of phasing them oul. ins

Increase of greanhoysa conoentrations will be equivalent of & doubling of the carbon

dioxide concentration by sbout 2030 and and lrippling or quadroupling during the

{stier part of Rexi eantury. Tha long tarm projactions Are of courss only indleations
of 2 possibla development.

it Is Interesting to note that natlonal plans lor future sxpansion of tha energy supply
systems as revealed In an Inqulry to natlons (Reference 8cenarta ; Working Group
i) show an gven somewhat more rapld Increase of ¢arbon dloxide emissions unil
2025 than imptied by the Scenara A,

. The annual Increase of carbon dioxlde emissions by about 2% as Implicite in both
these scenarics i about the same as the obeerved Increase since 1984, Althovgh
1 any of these scenarios can only provide a genersl kiea eboul the characler of the
- tuture, it no Actiond woukl be 1aken 1o prevent & bulld up of greenhiouse gasos n the
slinusphers, Uwli shullurity ts of vonskcruble Tuterest for e following analyals.
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The veluas lor he changes of ihe mean global surfece temperature, 88 given ln the
conclution above, have been derived with due regard taken lo the Jelay in the

teafization of the induced clianged Decavse of the ne:lia of the climalic system. A
slabiization of the concenlrations of gieenhouse (asey al the level reached In 2028
for the two given gcenarlos, l.e. at & level equivaient 1o 8 doubling of the carbon
dioxida aanceniration, weuld ultimalaly 'and to a ohkangs af thes global maean
lemperature betwaan 1.8 and 4.5 OC, le. a significanily larger change than the
transient changes expacted for tha year of 2026. i shouid be polnied oul, thal there
Is no disagreement befween scientists about the teaflty of such s Iag due to the
inerlia of the climale system, although there are some different views about ls
magniiude.

Testing Model Computations against Observations

It is of coursd most easential to iost model calculalions againg! reality In order to
validale the résuls, We know flrom observations that the global mean temperature
has Increassd batwesn 0.3 and 9.8 ¢C, since the middle of 1asl cantury and that
most of this change has occurred primarlly during two parlods, Le. the firsl four
decades of this ventury 8l ginge 1873 (Cl. Wuiking Group | Repat). Wurking @roup

I nas carefully oconsldered the crilisism thal local waiming ai observation slies
withls w I the vhhally of densly popuiaied 1eghkma may asplalin numia pat uf the

observed change and aocounied for this possibiiily when assigning the range of
uncertalaty for the observed change.

When trying to validate the mode! tomputations with the aid of 1hase observations @
tyrther complication arlses In that the global mean wemperature has not been
Increasing sleacily. Actually even & stight decline was observed during the period
1940 - 1978. Model computations show ihal such Irregular (possibly unpredictable)
varialions of tho global mean temperature by severa! lenthe of & degree 8re lo e
expected. These, ol course, further obscure the warming trend that may result
from Increasing amounis of greanhouse gasos in the simosphere. We can therelore
not yel conglude firmly that a change of the giobal meen suifuce leinpurature hes
occurrad because of Incroasing cuncentratiuns of greenhouse gasss in the
aimosphere. However, the IPCC conlirms the view as expreased by
Working Qroup |, Le,

"the slze of the observed warming is broadly consistent with
prediciions of climate madels, but It 1s also of the same
magnitude as natutal olimele  varlabilily. Thus v vbewived
increase could be largely due fo this nsturel verlablilty;
alernatively this verabllity and olher human faclors covld

heve ofisel a stlll larger human-induced greenhouss warming.
The vroguivesal datestivn of the snhaneed groenhouse offesl!

from obasrvatlons Is not likely for & decade or more. The

' commitment to future climate ehange will then be considerably
: N , ( Targer—Than today.”

|
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Inertla of the Cilimate System and Delsy of
Warming

Thers '8 genaral agrooment amomng sclentists thal an Increase of the simospheric
carbon dioakly wiveitiation wilt noj) @win 10 pra-ihausirial concantrations in loge

than one or several canturies and thal Tho-Tesioence tmas of the most abundant
CFC.gaees a8 weoll as nltrour oxide are also of the order of a century or more. The
IPCC thersfore emphasizas inhat

the changes ¢f climate that might bs Induced by Increasing
greanhouse ges tonceniralions mosl likely will remain for more
then a hundred years, Lo for human praclicel puposes these
chainges of cllmuty may be consldersd ae Irtevarsible,

We shalt later return 10 this characleristic ime scale for ihe respanse of the
ciimallc systam to changes of mimospheric copusitunt In relation 1o the Indriia of
human soclely. particutatly the Hma rampiltad lor the development of how 8Asrgy

supply dyslemsg,

Regional Differences of a Climate Change

A change of ¢limals daas not only mean & changs of the giobal sverago lomperalure.
it also brings with it ohanges of cloudingss and precipiiation as well a8 changes of
othar climatie parametare. Evapasation fram tha ccosn surface would bs anhancad as
would precipitatio th i tgif. The global hydrological cycle would
intensity. It Is, howsver, difficull 1o conc¢luds more firmly what average changes of
such climalic fealures of ¢limate would occur.

it 1s important to omphasizc thal reglonal climate changes will ba diticrent from the
global moan. The geographigal distribution of changing ciimatic condiffons Is of prime
interest for natlons &nd for peopie in giigtent wades of life, Although model
computations do yleld maps of the likely reglonal distributions of change, the results
from different models dilfer lo the extent that as yet only some rather general
goncluslons can be drawn. We cannot therelorg give reliable reglonal prediclions at
the smailer scales which are required lor more precise Impact assessmanis. The
IPCC spphasizes the Working Group | view, tha!

our confidence In more precise predictions of reglona! changes
s low, though In general theses changes will be differanl Irom

the global mesn. For example, the tempeérature Incresses In
Southern Eufope snd ceéentral Nutth Aunmibia ae jusiliulwd 1o b
higher than the global mean, sccompanied on averags by
reduésd aummer procipitalion and 9soll molsture,

Algo, the North polar regions probebly will gxperlence more of a temperalure
increase than the globe In general, while predictions of ghanges in the Aniarciic
region aie more uncerialn because of as yel insufficien considaration of alr goa
lntoraction, 8oll molstuse In the Interior of the conilnents at middie lalitudes mighl
generally also decrease.
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A diiaran! and pnlantially useful way af pradiciing pattams of future olimate is te
304rCh for périods In the past whan the global mean temperaiuras were simiar to
those we sxpect in the fuluro and then use the spallal patiemns 8¢ anglogs when
prediciing the reglonal changus. Ahhough yume such anaiogd 0an bo found (cf.
Working Group 1), thelr usefulness I8 not generally sccepled, since valldation
sgalnst independent data ls ot 38 yol sulliclentty convincing (Cf. Working Giroup 1).

Improvemenis of our capability t6 predic! likaly regional changes of cllmato wil
comg only slowly. The models must bo daveloped io permit @ more delallyy
treatinant of lgnd surlaco foalures as well a9 aimospheric and ocaank processes.
This in turn will require the vse of more powaerful ¢omputers, Delalled predictions
may become svailable In the course of the 1990's, but thalr rellabliity must be
valigated in dome way. This will require comparigon with observed changes In the
pasl. Dala Irom the laal lens of (housands of years may Le uselul for gencral testing
of the models. Such paleociimatle data are. however, siill loo fow and of Insufficient
accwrecy Yo serve this pupose adequately

Tha [PCC contludes:

it is probable that validstlon of reglonal and in particular local
predicilons of cllmale ghange will only be graduaily achleved
&y eomparison of model results with abserved changea In the
foture. Advanced ciimate models will permil sarly validelion as
spatisl patterns of ghenge beéecome detectsbls In spite of the
nafurai olimalic varlabliity. 1t will de parliculsrly Importent 1o
establish in thia way the inlernal eonsislency of raglona)
differsnces of predicled changes.

it musi finally be emphasized thal our imperfect undersianding of climate processes
makes us vulnarabie 1o surprises. ! Is of Interest {0 7ecall In this context that the
man-made seasunal deplefion of ozone over the Antarctice was entirely unpredicted.
in parlnlar, tha arasa elroulation, changae of which are thought teo have led ts
pariods of comparalively rapld cimate change at the end of tha last kca ags, Is nol
wall observed, undorsiood or modeolied, This inedequats knowledgo and vnderalanding
fiso cans for pracaution In formyiating environmetal policy for the fulure.

Environmental impact of climate
¢change and soclo-economic consequen-
ces

Impact and sensitivity

it 18 clear from the prévious section thal we 3re nol ye! able o forasas fulure lkely
changes of the regional distrdbution of ¢limate with much accuracy. We thersfore
oannot olther prodiet mora gpooifically tho probabis Impaste of reglonal changoe, but
are limlted to saseesing them In rather gencral terms. Quantitative assesaments of
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the soclo-economio Implioations of a elimate change o1 spuciic regions and
Countries fre fot efther yet possibla. We can, howaver, analyze the sensiiivity of
tho onvireament (0 & ghen change of climate anc ss a matter of fact much of whal
Is brought out in the reporl of Working Group Il should be Interprelad In thet way. it
is algo Imporiant to recognize that the many possible impacis of climale change es
described in the Working Group |l report will not necessarily all occur for a given
global scenarlo of ciimats change.

Bome Improvemenis of this sttuation will probably occur graduslly during the
1990°s, bul as emphasized belore even an Incroased research efforl will hardly
resolve INs ditficully quickly. On the basls of the Working Group Il Report
the IPCCG concludes that:

The unaerisinty of the reglenal prediciicns of climels change st
re¢ént limils our poasibilily to assess guantilatively the
pecte of suth 8 change, For the time being wé tely on

senellivily anslyses for the assessmeni of the Ilikely Impacts,

which should, however, -yleld rether clear Idess about the
vulnerabllilly of nations to such changes. This uncerlalnly sbout
the apalial gharacterlatics of reglonal and local changes of

olimate musl nol overshaddow the earlier conclusion that a

significant change of ithe giobal mean lemperatyre brings sbout

major changes on the ieglonal gnd local scale.

N is kaly that there wil be boin winners &nd Xosers In case of 8 global change of
climate because the probable differances of tho change between ona pari of ihe globe
and another, It geems mostlikely from the assessment that has been made by
Working Grouep 11, that the latter wil! dominata. In any case, Decause ol the very
major capilal invesiments that have bean mads in tha devslopmant ol the present
natlonal Infrastruciures, the tosses will be larger the more quickly & change wil
ancur.

A rising sea level and Iis Impacts

A warmer climate will induce s rise ol the gea level, the magniluds ol which would
nol ba obsoured becavse of reglonal uncerlainlies witli tégard 10 the change of
climate. It might, Rowever, be counterbalanced or aggravaled by changes that are
dependent on changas of tha acean clrculsiion as well a¢ dlow veriical movemonts of
the Earth's crust. The former ¢annol yat be predicied, while the lalter are
reagonably well knewn In parts 0! tha world, however isss so In developing
counirigs, This rige of sea leval s partly due to the oxpansion of sea waler when
belng warmad, patly due ¥ the mehing of glaglore. Tho responas ol the e sheaais
over Gresnland and in the Antarctica Ig more uncertaln, since both sccumutation (due
fo change of snowlall) and melting Is Inflyenced by & change of giimate. Working
Group | goncludes thet:

“For the IPCC Scanario A, Business-ss-Usual, ses level |o
sxpecled 16 de belween 10 and 30 em higher than today by the
year 2030, with a best-esiimate of 20 em, compared with »
rige by 10 to 18 cm during the last 100 yesrs, l.&. the rate of
riso is expecied to be 2 o 8 times more rapld than In the

- i mis P = miwea-mt Ay $. W o wpE
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reoent past, By the and of next gentury the rise Is stimated lo
bolwoen 30 #nd 100 em, with 3 Dest-dslimate of 63 cm.*

These values are less than those given In sarfller assossments, pacticularly those
giving tha upper bounda The lower values do not glve rise 10 an hnmediale ooncern
oxcept In coslel areas of 3ome counlrles with exiensive cossUines of low lying land
and for soma island slales. The Working Group I} recommends & more precise
assessment of tha risks lo coastal areas and islands and o living resources cayssd
by 2 0.3 - 0.5 m rige of gea level which might be expecled towards the latter par
of hn.;:a ‘cenlury. I no prevenitivea measures ware {aken. N iy further important to
fno :

A rise o! seas level would probably not cease even I a climale
shangs were slopped. A prevailing warmer climaly would wesrm
the sems walsr down 10 grester depths and decrease glaclers and
possibly aiso the Qreenland ice sheet, the more rapldly the
larger the change of climate wbuld ba sl the time of elimate
stablilzstion,

Fyrther;

The slowly tlsing mesn ses leve! i9 not sn Immediate threat.
Incressed dameage will rather be experiented during elorms,
when short tarm varistions of ses level Induced by winds and
by high waves, would csuse more destrugtive flaoding. Della
reglons of mejor rivers are obviously sensitive and often dlso
heavily exploited for sgticuliural praduction.

Tha rlas of 223 [sva! mightl thieaten gsoeme low Ialand and
cosstal zones Dy ihe middie OF NEeXt century. A one meler fise,
whizh might eeeur In 100 to 150 ysars time, would Impact 380
000 kilomelers of coastline (Working Group M), would render
some island Qountries uninhabllable, displace tens of mililons ol
peoople, sariously (threalen lowslying urban aress, f{flood
productive land and conlaminate fresh waler supplles.

The West Antarclic ice Shies! Is of spacial concern because e large part of It Is
grounded far below sec level. Although the Working Group concluges that *within the
nex! century, it is not likely what ihere will be @ major outfow of ice from the West
Amarotica due directly to glohal warming®, thy Ihefiness of thig heppeniiig ptobably
will increase during 'ater conturies In tha cate of @ prevalling climate considerably
warmer than that of loday.

impacts on terresirial syslems

Turning next 10 IN@ More ditticull question of Impacts ol climale change on
terresirlal goosystems, It is fust Important o recognlze thal 3 warmer climate Is
notl necetsarlly harmiyl, it preciplation le adoquota. The ecosysiem composition
might of course change, which In turn would Imply the loss of plant spacies. 1 is
likaly, Nowever, that the disirlbutlon ol pracipiiation would change and that soil
molsiwe pradominantly might degrease In continental reglons, A change of the

@ol1
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disiribution of climatic zones would probably also oceur and be assoclated with hr%:
regional and lacal changes. Bomu vovaysterns might well have Jifiicuilies i adjust
ihie prcoss. Working Qroup It l‘onoymn?un‘ Report glves 8 more
deinlled snalysis of the expeciod impacis in the case of Scenarke A . Some key
fealures of these impacts ads described by Workinbg Group Il have been exirasied
for tha present overvigw:

Changes of climate would have an Importent effegt on
agriouiture, Including livestock. Bludies have nel yel
conolusively delermined whether, on averags, giobal

sgriculturel potenilsl would Increass ol decreass. Negative

impacts will be fisil st the reglonal leval and thers mey be |
sevars eoffecls In some ceglons, particularly decling In ‘
production In rsgions of high present-day vuinersbiilly, that

are Jeast able 10 sojust f{echnologlcally to such sflecls.

Patierns of agriculfurel trade could be alisred by decressed

cereal produciion In some of "the curnnu{ high-produtlion

aress, Although not snalyzed more specifically, the supply of

food would become mers vulnerable to disturbances caused by

thenges of oitmate In a world with 8 raplaly growing

pepulation,

The rotailon peripd of foresta ls long and current forests will
mature and deciine In 3 climate, to which they are Incressingly
moite poorly adepled. Msjor (oresi-lype 20nes and epeciss
ranges In the Northern Hemisphere eould shift sighiticently ae a
tesull of climale change, The most sénsilive arsas will be
whete specles are GlDs® 10 INer DIdIOGICS! Hmils In lsrms of
lemperature and precipitation, as for example in semi-arld
aress. Boclal ostresses can bo expecied (o Incresse and
consequent damage to foresis may océcur. These Incressed and
hon-sustainable uses wlll place more pressure 9n forest
invesiments, forest conservation and sound forest managemeny,

Maturs! tecrepirlal ecosysiems would be markedly Influsnced
because the rales of projected climallc change pre likely lo be
faster than the ability of some specles t¢ reapond. Fiora and
fauns would lag behind these ciimatic shifls and could find
themsalves In a ditferent climglic regime. Major vegetalion
zones could face severe disturbences end digruplions,
influgncing planl and asscociated animal populations. Species
Q0uld disappear and lead to subelantial redyctions In blologieal
divorsity. The socleeconomic conseéquences of these Impacts
will be signiticant, sapscialty for those reglons of the globe
whare socleligs and related economies sre dependent oft natural
terrostrial ecosysiems for thelr wealfare,

Ephancsd carbon dlaxide concenirations In the atmosphere

would Inhcrease the waler selficlency In {the process of

phoplosynihesis which mignt_snhance growih foy cerlain planis
Ih some roglons of the glode, which might bes beneliclal In

sgriculiure end foresiry s well a9 Tor nalure!l éccosysioms,
Msn-Induced changes of the chemlcal composition of the
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atmosphere and ecosyelem foedbacks eould reduce this posiiive
olfeet aver t(ime,

Relatively amall climste changes can esuse Iarge wale:
tasource problams In many sreas, especielly In arld and seml.
erid reglons and those humid arens whera demand of poltutien
hse led Yo waler scercity. While many asreas will hgve
increased precipltation, solt mollsture will decrease In otlhes
aress, perlicularly In thoss thel wsre eirsady In marging!
sifualions auch as (he Bahellan aone (n Africa. Incressed
drought riek represents potentially the most eerious Impact of
climele change on agricullure at Doth (he tegionsl anhd the
global lsvel. Fulure design In water rescurces englneering wili
hodd 10 take possible Impacts Inlo account when considering
structures with (ife aspan of $0 io 100 years, but necessary
snalyres are uncertaln at present beceuse of the lack of
adequate reglone! predictions.

Global warming can be expecled to affoel the avsMability of

waler and blomsss, both major engray _sourges In a lerge
number of developing couniries,

The most vulnerable human selffamenis  sre In developing
countries, in the lower Incoms groups, rtesidents of cosetal
lswisands and lalends, 'n semi-aild grasstands and (he urban
peor In squotlleor sellements, slume and shanly towns,
especially In mege-¢illes.

it Is obvieusly dilficult to Judge how setious a ciimatic ghange might be o an
Individual nation, or to humankind as & whola, on the basis of the siill largely
qualitative findings as given in the Working Group It raport. Means to integrate more
quaniiatlyely the Implicallons of these many possihle Impacts, both positive and
negalive, are vrgontly needed, but can hardly be used before we ¢AN pracist
sxpected ragional ohanges of cimate with same baetier skil,

mpacts on people

fracy ImHACcIa o7 4 ¢lrnate phango on padple ara modeat. A warme: vihvaale may

ply. howgver, thal procious hot placos bevome évén holler. Evon though thiy may
cause problems lor eiderly and senslive people, It usually cannot be congidered as a

$erlous problem.
‘p’ Changing ciimate could, on the other haid, change the geographica! distribution of

deceasos n the woiid und In somae casss stimufale A spread of epiumic dodedses.
The IPCC recognizes the fears es expressed By working group f, that
Changés In precipltation and temperalure could radically sller

them to highor lstltudes and (horeby put large populationa el
riak. This could initiate migrations of pedple In turn leading le

\ l'l
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(\“ the psiterns of yeclor-horne _and wirgl _disesass by shifting
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dlsruptions of seillemant paitern and soclel inetadiity In some
arege, ~

" ls cbvious that decissions on measures 1o delay o pravenl climalic changé musl
bs based on & judgement of (he serlousnoss af it Impact on the snyirgnment,
nations, people and e annsaquoencies for a suolainebls davalopamnt In e wor as 4
whole, on one hand, and the resources roquiiad and thelr costs, on the other. Ag has
already been wmphasized there will undoubledly be winners and loosers, bul the
lattor most Mkoly will dominate. It is Important to recognize thal we should nol only
Conalder the divect Impacls but als0 the Indire¢! ones due to the Increasing
Interdependance of naiiois and peopla In the worid. Assessments of this latter kind
have hardly ys! begun. A basic quastion will yndoubledly be:

How will people in the countries of the world respond 1o
negative end posliitve local Impacts brought sboul by changes of
climpie? How will the solidsrily belween people and nations be
influsnoed by pudomlnonu! negalive QgIobal eftetis?

In principle, but also because wa shail have (0 rely on an overall, largely qualiative,
svalustion of the prospects of a possible ciimaie change Induced by man for g good
part of the 1980's, we must view this issus In the broader perspective of human
aciivitics on Earth in general. It ¢annol be deall with separately irom A serley of
olhier fundamental lssues such B8 1hosa of the tontinulng rapid growth of world
popuistion, mismanagement of land and walsr resourses, overaxplotatlon of natural
resourses, rapid urbanization, ain. The cfimailc 1saua in linked io the sustalnablo
geveiopment of human Nle on Earth as examined by e Worlg Commission on
Environment and Dovelopment in lis report “Our Comman Future”. in conclusion, i g

essential that (he epirit, a8 expresded In iho following paragraph from the
Introduetion of theis sxsusyimet, als0 ¢an servo as a basly for the developmgnt of
necossary analysis and action programs that will be requited to bdallle againsi

climats change.

“The membars of the World Commlesion on Envhionment snd
Development came from 21 wvery diffrent nations, In our
discussions, we often disagreod on detalle and priorities. But
detpite our widely differing backgrounds and varylng national
and Inlernational respeonsibifities, wo were sble 10 agres 10 the
linas along which ohangs must be drawn. We were unanimous In
our conviction that the security, wellsbeing and very survival
of the planat depsnd on such ehsngse, now.”

A eluer s’

Slowing down climate change and/or

mitigating Its consequences m/mdé//é?

L]

As poined out above mans smisslons of greenhoyse gases have enhanced thelr
concenirations in the atmosphare so0 thal thelr present Integrated affoc! Is
equivalent la a concantralion of ¢carbon dioxide In the atmosphere of aboul 405 parts
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par milion, Lo, an incresse By sboul 45% of ¢ m
tengentration, Hu!l Ul this Innrrade hmw eesurrod in (039 TN 5. TIe anglysis
l of difigrgnt sconarios of the fulure Increase of greenhouse gases in the almosphere
ﬂ - hows that the equivaient carbon dloxide cancentration In the aimosphere probabiy
would double In aboul 40 years (or even less) f no moasures to limit luture
Amissions ware tgkon, it is an Inlernatkunal political issue o reach agreements,
M M °“7ﬁ on the snalysis of the axpected impacts, on how lgr tegching measures u/e

justifled.

"l 18 obvious thal our present knowigdge, particularly with regard o the soclo.
economic impacts ol preventive actions as well as of g polioy of no action, I8 not as
yol sulficlant in order W reach a ftirm 8gréements on & long-1etm policy for Jaaling
with the lssue of climale change. IPCC still goncludes,

thet ihe oharecleristics of man-Induced ¢limate change and Ng
imgacie requiie serious mttension now, Although we do not know
very well the magnitude of such .a change, nor the serlousness
of ita Impacts, the practicai irreversabliity of (he expeclad
Z shangs =n well as the fect that there will be a considerabls lag

§-

in lts realization (sn ongolnyg change will be hidden by natural

varaibility of {he tlimate for otill some fime) call for some
asrly steps of seilan ly ks tahyin,

Balore proceeding 1o such a discussion It is most Important 1o recogniza fully the
very major ¢fforts that are required In order 10 slow down and In padicular o hall
an on-going olimate change,

The scope of the problem

it I8 important to clarlfy first the relative importance of the diflorent gresnhouse
gaass In bringing aboy! @ climale change. We need 1o understand the ditticulties that
will be encounterad in efforts 10 reduce thelr emissions and thereby 1o slow down
thelr ratas of increass of ulimately 10 siabifize thelr aimospheric concentrations.
Working Group | and ¥I have presonted thelr pasl relative contributions 10 the
addliional forcing (heating) of the atmosphers durlng the period 1876 - 1890 and
during last decade as well as thelr expected contrlbulions for the period 1990 -
2028 in he Scenarlo A, Business-ss-Usual, (In percent)

SosnarkoA
..w 1875-1980 1980-90 1980-2025

Carbon diozide L1 49 60
Methane 18 9 14
CrC-gases 11 20 1
Dinlirogen oxide 4 4 §
Tropospheric 020ne 10 14 L
Stratospherkc water (dus

M lo daray of Mothana) A s »

The recent (1880 - 1930) reduction ol the forcing dua 1o easbon dlaxlde s due to 4
sicwar Incramse of he carbon dioxido emiasiuns since W saily 1970's, but
particularly to the very repld increase of the role o! the CFC-gases a8 lforcing
agonts. Tha role of the CFC-gases 18, however, agaln expecied 10 dacrease because
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of the parllal application of the Montreal Ozone Protogol, If Is Imporiant lo
recognize, howovar, that this gecline will be raiher slow, since thelr Me fimes In
the aimosphers are long. In addition, the CFC-91 and CFC-12 will probably be
rapiaced by CFC-22, which ls essentiglly hgrmiess with regard o the ozone layer,
bul will cuuey signiticant climaie forcing (heating). BUM, the telative role of ca
dioxide as a heating agent will inciease throughoul the 2181 cenlury according to
this scenario.

A siabllization of tha goncanirations of greenhouse g8ses In the atmoaphare In the
cass ol tha Scanaria A (Ruginest-as.Utua!) ean not bo achicvad uniil the 23nd
“H’U’y and pnly s! a lovo! abgsvo duubllnp ul the M“l'l““ﬂ‘ salbon Jahdy wwriwyn

trations.
The IPCC hes developod three other scyngiivs;

’Scormlo B, Low Emlestons, eguivaient of doubling carbon diualde
concentrations by the middie of the 21st ventury, and an ultimale stabfization aise
above doubling: the anergy supply mix of lossii fuels shifts towsrds Aatural gas,
large efliciency kicraases ara achiaved, delorsslation is roversed and the Montreal
Protoool on CFC-gases Is hully implemented;

Sconsrio C, Control Policles, stabllization of greenhouss gas concenlrations &t
& isvel aquivalent of doubling the carbon dioxie concentiation lowards the end of
next gontury; shift lowards renewablé eneryles wnd nuclewr energy lakes place Nie
laller pwt of e next gentury, CFC-gases are phased out and agricullural emissions
(methang and dinlirogen oxide) are limiled:

Scenario O, Aceslerated Palicles; stablfization ol the gresnhouse
concenirations before tha ond of next century &t & level equivalent of 170 % of the
preindustrial carbon dioxide concentration; a tapld shift o renewable energlas and
nuclear ehérdy takes placa oarly In the next cenlury, slringent emission controls in
Indusirigl countries and moderale growlh of emisalons In developing counirles
stabllize aunospheric concenirations.

All thase threp scenartos requird Moso of laes stringent meesures In oider fo slow
down [he rale of Ingrgase of preenhouse gas concanuialions In the atmosphers. We
next analyse the possibliities 1o raatriel tha emissions of thace gaues.

Raducing emlissions o! OFC-gases

The Working Group | assessment quite clearly shows thal the CFC-gases are very
much mote sifective In healing the atmosphers than any of the other gresihouse
gases. IPCC notes thel

sven (v simplesi cosi-vensfit analysis BROWS thet & rédudlion
of the use of CFC-gnses would, dy orders of magnitude, be the
mes! cost-eflective myusure lo slow down global warming,

Because of thalr sdditional role In decrescing the ozona layer In the slratosphere,
much more sitingent moasyres 'or thelr use may scon be agreed upon. it should be

recognlzed thal

@16
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ihls would alse be on eifeciive measure for reducing Ithe
eflimate forcing only It ne GFQ-gmese, periiculariy net OF0-B2,
were permilied for more exlansive fulure use,

Reducing methane and dinitrogen oxide emissions

The Working Group | snalysic furthor shows that reductions of the smissions of
methane and particularly dinlrogon ealde arg difficull lo achleve, since they ere
primarily due 10 wide spred activities tn socloty relaled 1o agriculture, forestry and
wasle manangement, Out prosont knowladge of what 1o do 1§ inadequale and
pravalling techniques can only be changed slowly, S8ome part of tha methane
emistions ara roleased In aszoriailon with mining, transporiation and ueo of fooof
fuals. The possibility 10 elimingie such leakage should be carefufly studled. but
sincient maasures &re probably ditficult to Implement at least with regerd to
leabage Wom 804) mines. The projecled Incraase ul watw vypuwr In Uie sirmoesphare
is also caucod by Ihe incressing congonlralions of methane in the aimosphere. Of
coursd lurther work 10 try lo radiicr théde emissions should be glvon high priority.

The increase of 0zong In tha tropogphera I8 dim in anhanned levels of alv pollution and
a furhear kicreasa 28h be slopped by more &iringan! maaainos for reduclion of alr
pollution, in particular the amission of hydrocarbons and nitrogen oxidea released by

the waflie,

Redueclng fossit fuel combustion snd deforestation

It is ctaar from the analysls above that the major source of greenhouse emissions ia
due fo lhe emigsions of carbon dioxige.

The IPCC notes thet

assuming that effective steps (0 limit the fulure emissions of
CFC-gases Into the etmosphere are f{aken, the Scenarlo A
(Business-as-Usual) Impties that Lhe climate foreing by
emissions of carbon dioxide scon will be sbove 80% of the
projecled tolasl forcing due 1o gréenhouse gsa emlssiony and
may become 70 - 73% In the latter part of INé 2781 cenwury;
prevenilon of s change of climale necessarlly requires s
stabllization of atmowspheric carbon dloxids concentrations.

Carbon dioxide emissions are dia in fassll fal huming, at progant §.8 - 6.0 billlon
tons of carbon per year, and a nel derreasm of lhe terresisial blosphers due
deforestation and changing land usa, 1.0 - 2.3 bilkon tons of carbun per year In
1080 (at precont probably eomawhat largor). The lotal emisolons are thus &) luast
8.5 - 8.5 billion lond par ¢arbon al present. The workd populgiion la about 5.2 bilflon
&nd the emissions par capita thus sbout 1.1 tons of cardon due to fossll fuel
omizglons and 0.35 bitkon tens due 1o deforestialion and changing land use,

The emisslonad due 1o fossit fuol burning are, howaver, véry unevenly disiribuled
botwaen regions of 1nd world es shown In the following taule:

@o17
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carbon per year pef capia &t yewr

Gioba Totals 8.18 1.0
Deveiopad 3.83 3.12
North Amarica 1.34 §.08
Wesiern Euwope 0.86 2.14
OECD Pacifio 0.9¢ 2,14
Cen¥. Planned Eurcpe 1,93 3.19
Devekoping _ 1.9 ) 0.38
Alrica .47 0.9¢
Cenli. Planned Asla 0.34 0.47
Latin America 0.22 0.53
MidGie East 0.13 1.20
South and East Asia 0. 0.18

it Is not possibie lo daduce reasonably accurele values fof the distrution of
smissions due 10 Jeloresiation and changing land uco. it soems clesr, however, from
I réporis by Working Groups Il and Il thal the net émission from the tropics sbout
aquals the lotal global emisslons which amounted 10 aboul 1.7 billlon tons of carben
per yoar {range 1.0 « 2.8) in 1980, whilte the nel emissions rom the resl of the
world were about zero. In some reglons therq 18 an accumulation of carben in the
forests, while the carbon content of ¢iher joresis decline somewhal. The average
emissions par eapila In the tropical countrlea ip about | 1on ol cadbon per year while
some with mota intense exploltation of thelr forests account for & per capita

smission that approaches the amounts emitied by fossil fus! combustion In Indusiria!

eountries.
IPCC summaeriaes, thst

- the globally aversged per caplits emissions of earbon diexide
dus 18 fossll fue) carbon I8 at present aboul 1.1 len of
carbon/year and thal due to duluivelalion end shanging land use

about 0.35 tons of carbon/yesr, :

snd recslls the congiusion reached by Working Qroup H, that

« carbon diox!de emisslons would have te be reduced by al
féasl 80% In order to sisbliizy atmospheric soncenirstions of
oarbon dioxiode, Le. to tolsily nel more than 3 billlen tons of
sarhon per year.

On this basis the IPCC gmphastzes thet i

@018
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. gonsidering the prejecled Inercase ol werld populetion to
abayt § bllllon people by 2023, (his Implles thatl the peér ¢aplie
emissions at that time musl nol excéed about 0.35 ton per year
in ortder t{o siabilize aimosphersic carbon dloxide
concentrations, & value that should be compared with pressnl
rates o emissions a4 glvan In the table above, _

« IPCC ecohciudes that stadilizallon of the aimospheric cardon

dioxide c¢oncenirallons would require very msjor eiforly by the
glebal aselsly.

Naturally all countriag, and developlng counlries in parlicular,- are stilving for
higher etandarde of Iving and enorgy 9 an imporiant prerequishe for avhioving such
goals. 1t 1s, however, sbvious thal the cvealion of & supply schisine for #nergy usa in
developing countrles, based primarlly on the use of fossil luels, as I3 now In
sxistance In Industial countries, woukd buywnd the year 2023 tmply about a 4 +
fold increase of present global carbon dloxide emissions, Il siso accounting for the
increasing world populetion, Even If the emlssions dus o deforestation and changing
land use could be siopped, this megnilude of the 8hergy supply, sull primarlly by
using loasil fusls, woyld mean al least 10 times larger emisglons than accepiable In
oider 10 sladilize tha atmoapheric carbon dioxide concentrations.

1t ls tmportant In this contexi aiso o compare the possible imporiance of reducing
the rate of delorsstatlon #nd oxpand reloresiation. We note Nrs! that the tolal
emissions of carbon dloxide due o man's use of the terresirial scosysiems #re
aout 26% 9ot the (olal man-induced ¢misslons of cavbon dioxide into the almosphere,
A major decrpase of the rate of deloreslalion ocrtainly would contributs
signifisantly to slowing down the /als of carbon diokids incresss In \he aimosphere,
bul nof 810p it.

I has Yoon prepooed thal a mojor program for refucasiativi shuuld Ls killlalod. The
Noordwilk Ministarial Declaralion from November 1989 raquesied the IPCC to
axplorg the effects of an annual reforestation of 12 miflion heclars. Working Qroup |
has cslculaled roughly the transfer of carbon from the stmosphere inlo the
lerreslrial biosphere that (hereby would be achleved. If such a policy would be
malniainod for a period of 40 years an area about 50% of the tolal area of the
Unitad States would have baon reforestud. By 2030, l.e. 40 years from now, about
@8 billion 0ns of carbon would have besn sequesisred intv Wie lenestlal Livspheiy,
poseibly somewhat more i also the soll carbon would increase. Aher 100 years the
lotal uptake might be 80 - 76 billion tong ol 8aon, This 13 5 - 10 % of the
emissions ol carbon dioxide into the atmosphers 1hat I8 expeclod during these
gmlndn al timn diun In fnssll fuel bhurning acterding 1o the Scenarly A end the

eference Scenario, An analysis of tha practical difficulties of Implementing such &
policy has nol been analyzad by the Werking Group il

The IPCC eonsidory It important, that

satly sieps are fakon (o reduce the rate of deforcatetion In
tropical ¢ounirles In order to Inftlata sttempia ta limit the
increase of carbon dioxide In tha atmosphers, but miza and not
the Isast for maintaining blologice! diversily,
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major programs of reforsslation might play somse role In
slowing down the rale of incresse of carben dioxide In the
simsaphere, dut would at mosl reducd Il by 8 - 19 %

Strategles for the future

The major dllemma

The outcoma of the work of Warking Group | Ip clearly that the scienlific communily,
although nol unanimoutiy, aranatiglly &grass absut the tikely climate changes thet
would ocuur if the present increases of graéennouss gas amiscions would conlinye
wall Into the next oentury. Also, Working Group |1 evisages ler reaching
anvironmental consequances of such changes.

The disoussions In Working Group il on the oiher hand shows thal the wncérnainties
of the socio-aconomi¢ mpacts of & climate change, &s well as the consequences of
the measvres raquired In order lo slow down and ultimately siop such a changs,
present us with serlous difficullios when irying 10 develop @ stategy lo deal whh
the greenhouse gas Issue. A main reason Is obviously tha fact thal we cannot as yel
predict well anough how & changa of ciimale would IAflusncs diffarent oountrles
glrectly. On the other hand, the implications, and partieularly the costs, of he
spacific aotions that are belng compidered o slow down of pravent a change of
climale can be evisaged more easlly by economists and poiltictans. It Is not either
ceriain that more stringent and therefore costly measures as yet would find
approval amongst A broad majorlty of people even In counirles with & Population
being resonsbly wall informed about environmenial problems.

It Is further cle&r thal lhe ruther immeciaie elfecis on (he amllonal #Concinies of
specific preventive actions, baing considersd, very much from one oouniry lo
another. At present foss!l fuals scoouni for 80 - 85% of the primary anargy supply
In the world, but different nations are very dilferently dependent en thelr yse; for
several counlries the Income fiom exports of fossll fuels represents an improtant
¢omponont of their nalonal econemy; many devalop -ing counities have exiensive
plang for providing the Increaccd eaergy naedad far davalopmant hy the use of tosst!
fuals: the Intrastruélure of mast asiint/les o a eonsideruble exient has been based
on lranspori syslams using cars and Lrucks; deforesiation ig to @ considerable part
an oxprassion lor Ihe ncod to expand ugriculturg or e dependance on forest
produtls tor export; measures to Amil methane production In wel-land apricyityre
may Imply major chenges of lradilional management practices with unprediclable
consequences for ihe farmars lnvolved.

As & malter of lacl i Is nol surprising 1hat controversies arlse about &s complex an
leciia ae the pre¢ont eno, In partloutar whon & mere delalled undersianding i the

ikely probiems us yel Is very incomplele. The major glemma Is of course, 83 has
been said repsaledly, lhat actions may be tequired well befors many ol these
specific lssues have been resolved.

It Is sppropriate 10 recall in this contexi the lesson we learn from the well-known
essay by Professor Hardin: ‘Tho tiegedy of the cammana® In the prergent context
i can be lormulatod as fellows: It Individual nations can optimize thelr benefits by
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letting the compelliors shara their cosis (Le. pay for pollutien) without they
themselves laking the necessary precautions (reducing poliution), tha acanomy of
the fotal systom bocumios unytubly and a calastrophic developmeni may occur. We
have barely learned how to doal with this problem at the national level when
concatned with envirconmental threals, but we certainly have nol as yet eslablighed
adoguale means for managing sych pvbienis intornationatly. Wy st wsw recognize
the vest diforonces in economic sirencth beiween the pigyers on the intamational
scone, 1.¢. the nations and the targs multinationsl companios In the warld. How can &
sustainable and improving future for the developing countries. l.e. for 314 of he
world population, 43 woll s for the indusirial countrigs, be achieved under these

¢ircurnglanaies?

In tha light af the Importance 6f underslanding boiter theo oconomies of the
greenhouse gas lssus the IPCC recommends that

snhenced resources are made avallable lor Intensified ressareh
on problems of Inlernational economy with particular regard lo
the emsrging globel envlrenmental feaved alaw recognizing
osposially the diffgrences belween developing and developed
countiies. Nt 18 further important to daevelop mechanlsme, by
which the Internatlons! market can find oplimsl means 1o
racognize the Impiieit envirohmenial eodts of human astivities,

Working Group Il also emphasizes In this context tha impoctance of public
information 8ng educdiion ENd IFUL supporis (ne view thal

bacsusa ¢limsle change would affect, either dlreclly or
indirectly, almost every sector of woolely, broad globs!
underatanding of the lesue will facliitete the sdoplion snd the
implementalioh of such response oplivis &3 deamsd npcessury
.n:d .‘ppropvme. Further eftoris lo #chlove this are urgently
neede

Steps towards aotion

Scenatlo A (Businoss as Usual) shows very clearly thal & significant ohange o
climate wil ba exparienced a faew decades Into naxt century, it mo praveniive
measures are taken. Working Group | polnts out that, the later such measyres are
Inftiated, the more stringent will they have be In order lo prevent & davelopment
that later may be found unacceplabie. it can slso baen saen fom the other scenarios
(8, O and D), thai global actions only sluwly Changes an ongoing development, This Is
also demonstirated by the fact that the ssiablishment of new snergy supply syslems
in the past (¢.g. trangition from coal 10 oil 48 ihe Major pAmary SOUCH of energy)
has teken three to five decades. In this perspeciive I is akeady lale for actiong that
prevent a significant change ol climate 1o occur. The IPCC concludes that

some chenge of the global ciimale cannot be avolded. In ordet
to prevent a more far resching change, steps lowsrds adopling
an ection plan ere vrgantly needed. These should be considersd
as precautionary medasuies, the Cosls of which shovld be view
as Insurance premiums and the magnitude of which will have te
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be dec'ded on the basls of ludgements of the evidence that Ie
presently avalladle.

Energy policy has 3¢ far almost exclusively been viewed as the policy required 1©
securs tho *nocessary® or sullicien! snargy supply 107 the twivre. Although
Inéreassd efficloncy over the years hgs leed 1o the use of less energy per unit of
production, the 101a! use of energy has incieased stsadlly in almosi ail countries.
Enargy has been comparatively chedp and there hava bedh few Incontives lo save
snergy. It is claac hom the Working Group Ml report that ihere ara a8 number of
actions Mat slzo woyld ba beneficial lor other enviionmental reasons and that would
cost compargiivaly little, as a matler of facl In some vaaes rather Imply savings.
Thase now rmserve altension. An action program lo take advantage of auch
possibties has bsun Cafled a “no regiel policy™,

We shouk! thus analyse imora clodely the “enargy snd-use efficiency” side of the
problem. This ls periloulady important with regard to developlng countrles which
now expand thoir cnergy supply systemms and usually foflow the pattern of
development that the Industriallzod coyntsies have already past. Much more efficlent
technigues are avallable (hal could be used ralher thah older and more wasteful

tochnokgy.

The need that Indusirialized countles reduce thelr fossil fuel uge substantially is
parlly hamperaa by the oxisung complyx and energy demanding infrastructure of
goclety whish hac doveloped, which peaple ar¢ very dopondent upon for thelr basio
ngeds and which is dMficut and coslly lo change quickly, Sull, there are very
significant potentials for more etficlont L3¢ of cneigy also in devaloped ¢oynirles,

The IPCC concludes that

increased end-use-efticiency should be stmed for In order 1o
glow down the present rather repld Incresse of fossil fusl use
both In the developed and developing wotld.

In ordet 10 vokd a tontinued Increaso of the carbon dioxide emissions inio the
aimosphare we must necoscarlly invost in  new non-fossll tual supply sysiems, le.
nuclear energy or/and renéwable energy. We know form history that the
characleristic Introduction lime lor naw supply systems is of the order of saveral
decadss 1o hal! 4 centuty and there a1a at prasent no economic incontives for the
build up of such altarnnlive energy systems. Plenty of fosst fuel Is avallatie ut
comparatively low ocesls.

It 13, hewaver, aqually olear thal thers are @ number of peolitical lssues that arlse,
particularly those relaled 1o the devsloping countries In the world. Major efforts to

Incresse sconomic assislgnve ang lechnology wansler 1o the developing countiies
will be raqulrad and R Is In the Inlorcel of the Indusuialized Suuntrles thal agree

menis of this kind can ba reachad.

Negolistions aboul a elimatic cenvention and possivle protocals must procsad in
papafial with these ressarch and development efferts. As a matter ol fact soms of
the Jiscusslons within working group Il ¢an aciually be viewed as explorations of

the bordar lina belween @ sclentific-technical assesment and the phsss of
intarnaonal negetiatians. However, only by confrenting the pofilical 'ssves Jheclly
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can we can we peAtrale lhe maljor ditliculties that will be ancounlard =i the
interngtiana! leval. The IPEC conelders 1t sesential

thal negoliaiiona to dévelop & climate conventlon and possible
sasoalsted protocals should begln econ with tha puposs te
defilne more ciearly the key polllical lssues thel ahould be the
subjart far Internstlons! sgreement and ta Inltlate further

scieniific and technical sssessmonts as Judged dealradle In
order lo pensirsie thése more apsotiiostly,

that a precaullonary principle ia sdopled to permit agree-ments
an sdrly actions thal stmultaneuosly would be benoficlel for
other national or Internsiions! reasons and that would be of
moderste ¢ost, snd

that technical development for the benefit of the climale lesue

and trensfer ol technolagy fram davalaped te developing
countries be given high priorily ,

Qlobal climate change and devioping countries

A long term sirategy

It should bs recognized that (he aarly sieps for action that have been oullingd above
will not prevent a climala change fiom occurring, but slow down the rais ol ohangc.
Thare lo obvicusly 3 need for roma tuny furin stramtegy, byl 100 May fssves are sl
unrescived lo alm for an early international agreement on a specific agreement of
this kind. Some general alms could be included In & Gnvention, but some ime will be
required to formylate 8nd agree on 4 sel on specilic long term large!s. The key
quastion wiil of course be: How o develop a policy thal In a belanced way ¢ondiders
both the lony letn enviroumental 8nd sCONOMIC consequencies of & gidbal changs of
climale, and on the other hand also the implications of major, Intemationally agréed
actiony 10 Biow Gown and yilimalely stop such a change. There cbvlously Is @ need o
adrass the noade of individun! nationy, which s, homeéver, not possible &t prosont
bocavee of lsck of knawladge hath atf thy rcglonal charasieristics of a climate chanyw
and the tuture economical deveélopmant in Ihe woild, Bome provisional long lerm
largels lor the International cooperation would, however, be of grea! valve.

The IPCC sgrees (hal

it would by desirable, that In & se¢ond phese the forihcoming
inlarnationel négolistions ¢ould ba devoisd to (he Isyve of (he
eolentitic and technleal Infermation that would be raquired I
otder to eonduct meaningful nagotlations on long term,
Internalionally agreed largels for dealing with Ihe climate

change lssue
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Global Climate Change and develop

ing countr,
(To be completed) wﬂﬂ

-
Future IPCC activities :

(To be completed)

The conduot of the IPCC nnoucﬁonl

The IPCC =t ts Mrst myeiing In November 1988 decided thal a prims task for the
Pane! would be 10 prepere @ comprahensive 18port on our present knowledge about
possile future changes of climale dve to mans aclivities on earth, particularly the
emissions ol greenhouse gascs Info the atinosphere, Nt was recognizcd that a major
| afforl and considarable ime would be roquied in order lo do 80 and that a large
‘ number of scientista and other spacialisis would have to bacome éngéged. On the
| ather hand the dlscussion of (he Wong Commission gn Enviionment and Devaleprient
| Report "Out Common Futyre” In the UN General Assembly In 1887 had clearly shown
| thal many nations would fike to have an analysis of this 'ssue as soon aw possidie.
The IPCC therelore set the targel to complete a firsl repor slready In 1980, but i
was recognized that this would have 1o be an interime reporl. Il was thought,
however, that it sill could help In providing 8 common basis for the digcuseions al
| the Internailanal level and theraby 84881 in attempla to aridve al some early
| , agresmonts on first preventive actions Il 60 would be judged as desirable. 1 Is,
‘ however, assenilal that the work of the IPCC be continyed In ordar 10 supply new
information of importance In an orderly form for the davelopment of fong term
policy with regard 1o the gresnnhouse issue.

Thies Working Groups were btmtd:
Warking Group 1 on the Bdlentific Assessment of Climate Change,

Working Group 2 on (he Polentisl Environmental and 8oclo-sconomic Impacts of
Cimate Cnange,

Working Geoupn 3 on Response Stategles.
Al the second plenary session of the IPCC the Panel set up &

Spaclal Comnminiaa on Participstion of Developing Countries.

On the tame occasion It was also decided that the firsl IPCC Report should be
avallable for discussions in the UN Genural Assembly in the fali ol 1990 and also
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senve 88 e basis for the Secohd Warld Crimate Conferance at about the same time,
particulary for its second part concieved as a ministerial conlerence.

Due to the diferant characterlstics of the tasks given 1o the three Working Groups
and the Specia! Committe nelr work has progressed difterently:

} selected a group of 33 lead authors for he elaven chaple's planned
for the reporl. They were chosen among Ihe leading sclantlats In the fleids 10 be
coversd and were given the task lo prepare authorfiaiive symmarigs of our present
siale of knowledge, In order 10 Invoive addiflonal autive ressarchors [n the fleld
altogether 11 speclalist meslings wera arrangod for disoussions of the subject
mattor for tho difforont subceotione of tho repert. The firgt drafle wero aubjoct lo
internal raviows and finally scrutinized at & lead authors mootlng. The second draft
of the report that emerged was clraplatod 1o 8 wide group of scieniisls, many of
whom were chosen by participating nations in order to ascertain, thal possible
orlical views from scientists outside the group of selected lead puthors were
teciaved. More than 300 sclenlsis bacame engaged in this way. A third, revised
draft of e report was prapared wed furihe Ulsupsyd and woviaind Lelue the

Working Group meeting 23 - 23 May 1990.

oroafod sevon subcommittoss with two go ohalimon for saoh auch
committes. Plrst drafta wore discuszad In these commlittces and were tovisad
gecordingly. After further review the chairman and vice chaltmen of the Working
Group 88 well as the co-chairman of the sub-commitiens mat lor 8 [inal drafling
session, the oulcome of which served as the Impul o the plenary meeling of the
worklng grovp. Exlensive comments were resloved and a ravised dralt was
avaliable for discusslon at a plenary meeling of the Working Group 28 - 31 May
1990. (To bo modifiod on the basis of information trem Werking Group 1)

formed four sub-groups, two sach for adepilve and prevaniive
measures respectively and also special committees, one for tho formuylation of
allornative scensrios fot tuture emissions and another for legal mallers.
information about natlona! plans for the futura, pariicularly concarning the supply of
snergy, were collected. Nationa! commonts on first diafls of the ditterent chapters
ol the report and a serles of sub-group maeelings lead to the fina! dralt of the
working group report thal served as a basis of its fingl plenary session. A laige
number o commanis wate submitted and a considerably modified version served as
2 basis for discussions 8t the fin al plenary meeting 5 - 8 June 1990. (To be
modified on the bas!s of latormatinn from Working Group (i)

The Spacial Commiilea staried its work laler than tho thros working groups. The
key lssuss wore disussed at two meatings and the flng report of the commitiee was
considered ai @ final meeting of the committey 2 - 3 Junw 1980,

All four proup meetings have been open for pariicipation by any couhtry that has
askod for a3sociation with (he 1PCC. The presant overview and sel of conclusions
have boon worked out by a drafting committas aongieling of tha chalrman, viee
chaltman and repotteur for the IPCC and the four chalrmen and a few additional
representative of the working groupé and the special commitiee.
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