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he world's climate system is a sensitive combination of many interactive
components: the atmosphere; oceans; biosphere; land and sea ice; and the
land surface itself. Climate has large natural variability on all time and
space scales. In prehistoric times, glaciers covered large portions of the land
and , at other times, tropical rain forests existed at high latitudes. Now, each
year, farmers around the world wait to see whether the seasonal rains will
come at the right time. In Asia, society has developed around the
occurrence of the monsoon. We now realize that the influence of the El Niiio
phenomenon or Southern Oscillation extends beyond the tropical Pacific
and that it has global consequences. In some areas of the world , the social
and economic structures are such that society can survive several years of
abnormal climate; in other locations, droughts or excessive rainfall have
immediate and catastrophic impacts. Climate is made of extreme events as
well as periods of more normal conditions. Extreme events are the critical
and frequently destructive part. To a large extent, human societies have
become attuned to current climate; crops flourish within an expected range
of climatic variations, our dams and dykes are built on assumptions based
upon the climatological record of the last 30 to 50 years. Yet, the earth's
climate has never been static and, for the first time in history, human
activities have now reached the stage where they affect climate on regional
and global scales .

T

In recognition of the variability of climate and the immense importance of
its impacts, the International Council of Scientific Unions and the World
Meteorological Organization have jointly undertaken, since 1979, the World
Climate Research Programme. Co-operation has been established with
many international organizations and bodies to plan the activities of the
Programme in various scientific disciplines , first of all the Scientific
Committee on Oceanic Research of ICSU and the Intergovernmental
Oceanographic Commission of Unesco.
Climate research is aimed at understanding those fundamental processes
of the earth's atmosphere, ocean and ice that cause the climate to behave as
its does. From observation and models will come the ability to predict the
future evolution of climate. Consider the value of being able to predict
whether the next growing season will be wetter and colder than normal, or
hotter and dryer. Consider the usefulness to society of precise information
on the long-term trends in mean sea level, changes in precipitation and river
flow , or the occurrence of the next El Niiio disturbance. Consider how
different our policy for the use of fossil fuels might be if we knew, with
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confidence, how far such use will cause the climate to warm and precipitation
to change, not only globally, but for each region of the world.
Confident prediction of climate will only come when we have comprehensive
models of the full climate system that have been thoroughly tested against
observation. Obviously, we cannot wait for climate change over the next fifty
or hundred years to see whether our models are correct. We must build up the
reliability of model predictions by testing forecasts against the observed
evolution of climate from season to season and year to year, and also verify
that our models accurately reproduce the present climate. Through this
process, we can improve our prediction skill and develop confidence in model
results.
Climate research is expected to provide a service to society. To deliver this
service effectively, we need to determine the rate and timing of future climate
warming and the impact on the global hydrological cycle; we need to predict
not only global mean changes, but also regional variations and changes in the
frequency and severity of extreme weather events. In consideration of the
quantity of carbon dioxide and other greenhouse gases already added to the
atmosphere, we can assert that some climate warming is inevitable. Climate
scientists work to provide the information that society can use for adaptation
to and amelioration of the consequences of this warming. The World Climate
Research Programme is the international scientific programme which has
been established to provide a quantitative understanding of climate and
predictions of global and regional climate changes on all time scales.
In the following, a review of our knowledge of global climate change is
presented. Although the World Climate Research Programme is concemed
with all kinds of climatic variations, the emphasis of this review is climate
change expected to occur during the next century due to the accumulation of
greenhouse gases in the atmosphere.

G.A. McBean

Chairman
Joint Scientific Committee for
World Climate Research Programme

AD. McEwan

Chairman
Committee on Climate
Changes and the Oceans

he climate of the world is a
dynamic regime subject to
natural variations on all time
scales and to possible alteration by
human activities. Climate is known
to have varied between glacial and
interglacial conditions over the past
million years, due to only small
changes in the amount of solar
radiation absorbed by the earth. The
problem of predicting future climate
change, induced by man's activities,
cannot be separated from that of
understanding and predicting
natural variations. The World
Climate Research Programme
(WCRP) has been established by the
International Council of Scientific
Unions and the World Meteorological
Organization to address both
problems.

T

increasing amounts, are methane,
nitrogen oxides and, especially, chlorofluorocarbons. Uncertainties on
emissions of greenhouse gases entail
corresponding uncertainty on future
atmospheric concentrations and
attendant greenhouse warming.
Anthropogenic emissions are but
small increments on the large
exchanges which occur naturally
between the atmosphere and the
oceans or the land, and thus
relatively minor adjustments in these
natural fluxes could significantly
affect the future concentration of
greenhouse gases. The International
Geosphere- Biosphere Programme,
the Joint Global Ocean Flux Study
and the World Climate Research
Programme are working on this
problem.

Greenhouse gases reduce the
amount of earth's radiation that
escapes to space, with consequent
warming of the lower atmosphere
and the earth's surface. The
concentration of the most important
greenhouse gas, carbon dioxide, has
already increased by 25 per cent
since the beginning of industrialization. This increase results from
deforestation , causing an imbalance
between the absorption and release
of carbon dioxide by vegetation, and
from the combustion of fossil fuels
extracted by man from the earth's
interior. Other greenhouse gases,
also found in the atmosphere in

Currently, the accumulation of
greenhouse gases in the atmosphere
is proceeding at a rate such that
their combined effect will reach a
level equivalent to doubling the preindustrial concentration of carbon
dioxide by the middle of the next
century. Nevertheless, the change in
the earth's climate over the last
hundred years has been substantially less than could be inferred
directly from the change in the
radiation budget at the surface. One
reason for this is that the climate
system is constituted by a "fast
component" and a "slow component".
The fast component is controlled by
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the atmospheric and upper-ocean
heat engine which drives the whole
earth environment and determines
the ultimate amplitude and geographical pattems of climate change.
The slow component is controlled by
the global ocean which sets the pace
for climatic change and may introduce delays of 50 years or more in
the transient response of the earth's
climate to greenhouse forcing.
Adjustments in the fast climate
system are very complicated and
involve feedback processes which
amplifY or reduce the primary
greenhouse effect. Present climate
models of the atmosphere coupled to
a shallow ocean indicate a global
mean warming of 3 to 5°C for the
modified steady-state climate which
would obtain with a doubled
concentration of carbon dioxide. A
major unresolved problem is that of
predicting accurately the effect of
clouds on the earth radiation budget.
Another outstanding problem is that
of predicting the global and regional
changes in the precipitation and
water resources. Altogether, these
unsolved problems are the root of
considerable uncertainty in the
sensitivity of climate to a specified
change of atmospheric composition.
The WCRP Global Energy and Water
Cycle Experiment is designed to
study these processes and to incorporate them into a consistent
representation of the earth's fast
climate system.
If the fast system alone was
involved in climate change, the
computed earth's climate change
would now be a global warming of
1 to 2°C. Observational evidence
shows that this is not the case. The

probable reason is that the ocean,
which has its own complex dynamics
and feedback processes, has delayed
climate change. By the same token,
warming will continue toward a new
quasi-steady climate long after the
composition of the atmosphere is
stabilized. Regardless of ongoing
efforts to control emissions of
greenhouse gases, the global
warming to which we are already
committed will be realized in the
next fifty to hundred years. Global
environmental change is inevitable.
The evolution of the earth climate
over the next fifty years will result
from ongoing natural variations
combined with a warming trend
forced by anthropogenic modifications of the atmospheric
concentrations of greenhouse gases.
At present, the trend cannot be
distinguished unambiguously from
natural transient climate changes.
However, it must be expected that
the warming trend will accelerate in
the future, possibly up to 0.3 or
0.4°C per decade. This would be a
faster change than any sustained
temperature trend known to have
occurred in the past. A central
objective of climate research is to
assess the delay introduced by ocean
processes in the response of the
earth climate, and to determine the
timing of future change induced by
greenhouse gases. The WCRP World
Ocean Circulation Experiment is
designed to acquire the basic
information needed to understand
quantitatively these oceanic processes and to predict the response of
the whole climate system, including
the global ocean.

Photo:
United
Nations/
A. Travisf
Ara.

A large fraction of year-to-year
climate variability can be traced to
the interaction between the atmosphere and oceans in the tropics.
The WCRP has launched and is
pursuing the Tropical Ocean and
Global Atmosphere (TOGA) research
programme to study and predict
transient variations associated with

the El Niflo phenomenon and other
features of tropical climate.
Ultimately, characterizing the
spatial structure and time signature
of natural variations will be the key
to an early detection of change in the
earth climate, induced by man's
activities.
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THE WORLD CLIMATE RESEARCH PROGRAMME
~though

climatic variations and their economic impacts are seen from year

I"'\ to year and from region to region around the earth. the problem of both
natural and man-induced climate change is global and its study is
beyond the resources of any one country. It follows that scientific initiatives
bearing on this problem must effectively be planned as contributions to internationally co-ordinated programmes such as the World Climate Research
Programme and the International Geosphere-Biosphere Programme.

The World Climate Research Programme (WCRP) was established in 1979 as
a joint undertaking of the International Council of Scientific Unions (ICSU)
and the World Meteorological Organization (WMO). to determine to what
extent climate can be predicted and the extent of man's influence on climate.
For carrying out this task, the WCRP receives the help of many national and
international organizations besides WMO and ICSU. In particular, the Unesco
Intergovernmental Oceanographic Commission (IOC). ICSU's Scientific
Committee on Oceanic Research (SCOR) and their joint Committee on
Climatic Change and the Ocean play the major role in the organization of
oceanographic projects in the WCRP.
Achieving the objectives of the WCRP requires quantitative understanding of
the physical climate system, constituted by four major components:
The global atmosphere which is the most rapidly varying component
and also the most energetically active since it is the heat engine that drives
the whole climate system and, in particular, the global water cycle.
The world ocean which interacts with the overlying atmosphere on
periods of months to years within its superficial layers, while the deeper ocean
responds over periods of decades to centuries.
The cryosphere which comprises the continental ice sheets and ice
caps, mountain glaciers and sea-ice.
The land surface of the continents with its surface and groundwater
flow systems that control evaporation from land and water storage in the
ground.
The WCRP incorporates all internationally co-ordinated research activities
that are being pursued to study the physical climate system of our planet.
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In particular, the WCRP has instituted three major projects to investigate
climate change mechanisms which can be studied within a subset of the
overall climate system. These projects are:
-

The study of Tropical Ocean and Global Atmosphere (TOGA) interactions, which are at the root of the principal mode of climatic
variation from year to year, namely the Southem Oscillation
and the associated El Niflo phenomenon.

-

The Global Energy and Water Cycle Experiment (GEWEX) to study,
model and predict the transport and exchanges of radiation,
heat and water within the atmosphere and at the earth surface, as well as the impact of climate change on global and
regional rainfall regimes.

-

The World Ocean Circulation Experiment (WOCE) to provide, for the first
time, almost simultaneous observations of all oceans, as a
basis for the development of realistic mathematical models of
the global ocean circulation and heat transport, similar in
principle to those which exist for the atmosphere.

Further developments planned by the WCRP also include long-term
monitoring of the ocean volume (sea-level) and circulation, systematic
measurements of the sun energy output and the earth radiation budget, and
the surveillance of polar sea-ice and ice-caps. Scientific work is constantly
pursued to refine the formulation of numerical models of the earth climate
system, which provide the most effective tool for integrating the observations
from diverse sources into a consistent global picture and for exploring the
range of possible future climatic variations.
The WCRP co-operates with the Intemational Geosphere-Biosphere
Programme (IGBP) of ICSU to introduce the chemical, biological and ecological
dimensions into model and field studies of the earth system. The IGBP was
initiated by ICSU in 1986 to describe and understand the interactive physical,
chemical and biological processes that regulate the total earth system, the
unique environment that it provides for life, the changes that are occurring in
this system and the manner in which they are influenced by human activities.
A central objective of the IGBP is to establish the scientific basis for
quantitative assessments of changes in the earth's geo-biochemical cycles,
which control the concentration of carbon dioxide and other molecules in the
atmosphere. While the emphasis in the IGBP is on bio- and geo-chemical
aspects and in the WCRP on physical aspects, both promote activities to
further advance our knowledge of the total earth system. Together these two
programmes constitute the intemational framework of the quest for a
scientific understanding of global change.
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OUR
CHANGING
CLIMATE

ew scientific issues in recent
years have attracted greater
public interest and political
attention than the increase in the
atmospheric burden of carbon
dioxide and other gases, and
possible consequences for the
earth's climate. In order to consider
this phenomenon in the proper
perspective, one must first recognize
a fact long known by climatologists,
namely that climate is not a static
feature of the earth environment.

F

Climate is a dynamic regime subject
to natural variations on all timescales, from years to millenia, as well
as possible alteration by human
activities.
Many scientific clues can be found
which indicate that past climates
have been quite different from the
present. The best information we
have about paleoclimates is that
which describes the most recent
glacial cycle, the last of a series of

300

2.5

275

Figure 1.
Paleoclimatological
record of
temperature
change with
respect to modem
climate (coloured
line) and
atmospheric C02
concentration
(black line) over
Antarctica during
the last g lacial
cycle (adapted
from Bamola et
al. , 1987).
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Figure 2. Record of global-mean air temperature change at the surface of
the earth (adaptedfrom Hansen and Lebede.ff, 1987).

quasi-periodic variations which
have occurred at about 100,000
year intervals over the past two or
three million years . These
variations are related to changes in
the orbital parameters of the earth,
according to the theory first
proposed by Milankovitch (Berger,
1984).

atmosphere and oceans, compared to
a mean annual value of 342 Watt/m 2
averaged over the globe. Such a
small change in the solar radiation
flux must be considerably amplified
by the earth climate system in order
to induce such profound changes in
climatic conditions as occurred in
the transition to an ice age.

One of these astronomical
phenomena is the recurrent
variation of the eccentricity of the
earth's elliptical orbit around the
sun, with a period of about 100,000
years. This phenomenon causes a
0.2% variation in the amount of
solar radiation intercepted by the
earth, equivalent to a 0 . 7 Watt/m 2
change in the primary solar energy
input which drives the earth

The ice sheets of Antarctica and
Greenland preserve the climatological history of the last ice age.
The isotopic composition of the ice
from a 2000 metre deep ice core,
drilled at the Soviet Vostok Antarctic
station, allowed Barnola et al. (1987)
to estimate the air temperature at
this location over the past 150,000
years. This is shown as the coloured
line in Figure l. Small air bubbles
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THE TROPICAL OCEAN AND GLOBAL ATMOSPHERE STUDY
The Tropical Ocean and Global Atmosphere (TOGA) study is a ten-year programme, led by
the WMO/ICSU Joint Scientific Committee for WCRP in co-operation with ICSU's Scientific
Committee on Oceanic Research, the Unesco Intergovemmental Oceanographic
Commission and their joint Committee on Climatic Changes and the Ocean.
The objectives of TOGA are to achieve a description of large-scale transient variations of
tropical ocean basins and the global atmosphere, to determine the extent to which this
system is predictable on time-spans of months to several years, to understand the
mechanisms underlying this predictability and to develop the means, both field
observations and coupled atmospheric-oceanic models, to achieve effective predictions.
The main scientific targets of the TOGA programme are the El Nifto/Southern Oscillation
phenomenon and the variations in the monsoon regime from month-to-month and year-toyear.
TOGA has initiated a range of specific projects to establish or complement oceanic and
atmospheric observing systems in the tropical zone and the southern hemisphere. These
projects include launching temperature probes from merchant vessels to provide
systematic bathythermographic sections every month or every second month along selected
shipping routes across the three tropical ocean basins, surface pressure and temperature
measurements from automatic drifting buoys in the southem hemisphere, real-time
acquisition and transmission of tide-gauge data, and upper-air wind observations at
several island stations along the equator, working toward the implementation of an
operational observing system in the framework of the World Weather Watch and the
Integrated Global Ocean Services System. Data from TOGA systems and existing
operational networks already serve as a basis for experimental predictions of El Nifio or
similar events in the tropical Pacific, using coupled atmosphere-ocean models. Other
global modelling studies are being pursued to investigate, in particular, the sensitivity of
the global atmosphere to localized anomalies in sea-surface temperature and the variability
of monsoonal regimes.
Furthermore, TOGA is fostering renewed interest in the physics of meso-scale air-sea
interactions in the tropics, and is planning a major field study of these complex processes
in the sensitive west tropical Pacific region where the warmest ocean waters on earth can
be found and where total annual rainfall currently reaches 6000 millimetres.

To learn more about TOGA, see: Scientific Plan for the Tropical Ocean and Global
Atmosphere Programme (WCRP Publications Series No. 3, WMO Geneva, 1985) together
with its addendum, Science Plan for the TOGA Coupled OceancAtmosphere Response
Experiment.

are trapped in the ice sheet as it is
formed from accumulated snow and
the concentration of carbon dioxide
(C0 2 ) in these bubbles can be
analysed as shown by the black line
in the same figure. The Antarctic air
temperature and the C0 2
concentration rise and fall together.
At the end of the last ice age, the
air temperature was some 10 degrees
colder and the C0 2 concentration
nearly 100 ppm less than modem
values before the beginning of

industrialization. The rises of
C0 2 and temperature 15,000
and 140,000 years ago are
remarkable. We do not know
the processes by which the
terrestrial biosphere or the
ocean have caused this change
in C0 2 concentration but we
know that worldwide cold glacial
climates could not have existed
without the weakening of the
greenhouse effect caused by the
reduction in the amount of
atmospheric C0 2 .

The climate system also shows
significant variations on time-scales
of years to centuries . Figure 2 (on
page 11) shows an estimate of global
mean surface air temperatures
during the past century, compiled
from observations over both land
and oceans by Hansen and Lebedeff
( 1988). This record indicates not
only a noticeable warming of the
earth's surface during the last
hundred years but also ongoing
climatic fluctuations of comparable
amplitude, which do not constitute a
long-term trend and must be
ascribed to the natural variability of
the atmosphere-ocean-ice system.
The problem of predicting future
climate change induced by man's
activities cannot be separated from
that of understanding such natural
variations.

Climate research has already
made significant progress towards
developing the capability for
actual predictions of fast
(interannual) transient climate
variations, from observed initial
conditions. Predicting the El
Nino/Southern Oscillation
phenomenon, caused by dynamic
and thermodynamic interactions
between the atmosphere and
tropical oceans , is the central
objective of the Tropical Ocean
and Global Atmosphere (TOGA)
programme of the WCRP.
Achieving even this relatively
modest objective is by no means a
simple task as many complex
atmospheric and oceanic
processes are involved, from
individual clouds and storms to
basin-wide oceanic waves.
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THE
GREENHOUSE
EFFECT

any human activities , both
agricultural and industrial,
are causing the emission of
increasing quantities of polyatomic
molecules into the atmosphere.

M

As a result, the concentration of
these chemical substances in the air
has already risen substantially and
continues to rise. In particular, the
atmospheric ccmcentration of carbon
dioxide has increased by 25% over
the period 1740 to 1980 (Figure 3).
Polyatomic molecules generally
absorb infrared radiation and thus
contribute to the greenhouse effect of
the atmosphere by reducing the
amount of far-infrared radiation
emitted by the earth surface which
escapes to outer space. For this
reason these substances are called
greenhouse gases. We know that
the greenhouse effect causes a
general warming of the lower
atmosphere and earth surface, and a
compensating cooling of the upper
atmosphere.
The greenhouse gases, primarily
water vapour and carbon dioxide,
play a crucial role in regulating the
temperature of the earth and the
earth's atmosphere. In the absence
of these gases, the average surface
temperature would be 33 degree
Celsius colder, -18°C instead of the
present value of +15°C, and the earth
would be a frozen lifeless planet.
The natural greenhouse effect of the
atmosphere is an essential
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component of the regulating
mechanism which has maintained
the earth's climate within a range
suitable for the development of life in
the course of four billion years
However, there is now concern that
tropospheric temperatures will rise
further due to steadily increasing
concentrations of the various
greenhouse gases.
Well-established methods exist to
compute the increase in the primary
greenhouse effect, i.e., the net energy
gained by the earth, for various
specified contributions of
greenhouse gases, in the absence of
clouds and before the earth's climate
can adjust to the new conditions.
These computations show that the
excess carbon dioxide already
accumulated since the beginning of
the nineteenth century has
enhanced the radiative heating of the
planet by 1.3 Watt/m 2 , on the
average over the whole earth surface.
This value rises to 2.2 Watt/m 2 when
the other absorbing gases are also
taken into account. Doubling the
concentration of carbon dioxide (from
300 to 600 ppm) would yield a net
radiative heating of about 4 Watt/m 2
(Ramanathan, 1988).

While carbon dioxide is generally
regarded as the main cause of the
increased radiative heating of the
planet, any gas which absorbs
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Figure 3. Record of the atmospheric concentration of carbon dioxide (adapted
.from Siegenthaler and Oeschger, 1987). Circles refer to the composition of air
bubbles trapped in Antarctic ice. Crosses are annual values measured at the
Mauna Loa Observatory .

infrared radiation contributes to the
greenhouse effect. Because the
existing amount of carbon dioxide in
the atmosphere already absorbs
most of the radiation in its particular
wavelength range, absorption by
other gases at different wavelengths
has a disproportionate importance in
the overall greenhouse effect. For
this reason, an increase in the
methane content has 25 times the
effect of adding the same number of
C0 2 molecules, and freons have an
effect 10,000 times greater than C0 2
(Ramanathan et al. , 1985). Figure 4
shows the contributions by various

gases to the increase in radiative
heating of the earth during each
successive ten-year period since
1830 (adapted from Hansen et al.,
1988). Altogether, it is estimated
that the excess greenhouse heating
due to all absorbing gases is now
increasing more or less linearly with
time, although the concentration of
carbon dioxide may be rising
exponentially (Figure 3) . Unless yet
unknown mechanisms can
counteract this increase, humanity
will eventually face a significant
warming of the earth's climate.
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FUTURE TRENDS IN GREENHOUSE GAS CONCENTRATION

uture trends in the concentration of carbon dioxide (CO)
and other greenhouse gases can
only be surmised on the basis of
assumed rates of continued release
into the atmosphere. Excess carbon
dioxide originates primarily from the
combustion of fossil fuels for energy
production. Proven reserves of fossil
fuels are sufficient to allow
extraction at the present rate for at
least 30 years in the case of oil and
more than 200 years for coal, so that

consumption in the near future will
not be limited by the available
supply. Furthermore, the
exploitation of fossil carbon deposits
is an essential component of the
world economy: in 1988, 88% of all
commercial energy production was
based on the combustion of fossil
fuels , the rest being provided by
hydroelectric plants (7%) and
nuclear reactors (5%). No convincing technological scheme has yet
been proposed to reduce the atmo-
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spheric C02 burden and it may well
be that any effort to scrub C02 from
the air would consume more energy
than was obtained from the
combustion of fossil carbon in the
first place. The most ambitious
actions proposed so far are only
aiming at limiting the rate of
emission, thus allowing a steady
increase of the concentration of
carbon dioxide in the earth
atmosphere.
Methane is produced by anaerobic
decomposition of vegetal materials in
wetlands, rice paddies and also in
the stomach of cattle, so that
emissions are related to the
development of agriculture and
animal husbandry. Accordingly,
methane concentration has been
rising steadily for several centuries,
keeping pace with the increase in the
world population and expansion of
the world economy. On the other
hand, chlorofluorocarbons (CFCs) do
not occur naturally: they are
synthetic products used in various
industrial processes and also as
propellant gas for sprays. The uses
of CFCs, now still increasing, can be
regulated and their future
abundance depends on the
implementation of intemational
agreements to limit production.
The atmospheric concentration of
carbon dioxide, measured with great
precision at stations such as the
Mauna Loa Observatory, is now
increasing at the rate of 1.4 ppm per
year. This annual increase
corresponds to the addition of 3.3

gigatons (billion tons) to the total
mass of carbon contained in the
atmosphere in the form of carbon
dioxide. This is to be compared to
the current annual emission of 5.5
gigatons of carbon in carbon
dioxide molecules produced by the
combustion of fossil fuels, plus an
amount of the order of 1 gigaton
resulting from the combustion or
oxidation of wood and other
biomass. Thus, only about 50% of
the anthropogenic carbon dioxide
emission remains in the atmosphere.
This additional emission is a small
percentage of the large fluxes of C0 2
between the atmosphere, the ocean
and the terrestrial biosphere during
a seasonal cycle, and an even
smaller fraction of existing reservoirs
of carbon in ocean waters and
sediments. Relatively minor
adjustments in the world ocean
circulation and chemistry, or in the
life cycle of terrestrial vegetation,
could affect significantly the amount
of C02 in the atmosphere, even when
emissions are stabilized. In
particular, ocean warming is likely to
decrease the absorption of carbon
dioxide by sea water. Conversely,
positive changes in the primary
biomass production of the ocean
could increase the oceanic C0 2
uptake and ameliorate the
greenhouse effect significantly.
Current knowledge of oceanic and
terrestrial biochemical processes is
not yet sufficient to account
quantitatively for exchanges between
the atmosphere, ocean and land

THE JOINT GLOBAL OCEAN FLUX STUDY
The Joint Global Ocean Flux Study (JGOFS) is an intemationally coordinated programme, organized by ICSU's Scientific Committee on Oceanic
Research, to be carried out during the period 1990-2000. The objective of
JGOFS is to understand the global bio- and geo-chemical cycling of carbon
and other biologically important chemical elements, which play a major role
in the global environment. An essential component of JGOFS is a suite of
basic physical and chemical measurements, to be carried out along
representative oceanic sections, in co-operation with the WCRP World
Ocean Circulation Experiment. Also essential will be satellite remote
sensing of ocean colour, to characterize the marine primary biomass
production and the fixation of C0 2 by the ocean.
To learn more about JGOFS, see: Report of the Intemational Scientific
Planning Meeting for Global Ocean Flux Studies, ICSU, Paris (1987).

vegetation: the discrepancy may be
as large as 1 gigaton of carbon per
year. Scientists have undertaken
the intemational Joint Global Ocean
Flux Study (JGOFS) to investigate
the oceanic geochemical and
biochemical processes that
determine the cycle of carbon in the
ocean and to assess the capacity of
the ocean for absorbing C0 2 • The
new scientific knowledge sought by
JGOFS may be the key to future
successful intentional human
interventions to control the global
carbon cycle and regulate
atmospheric carbon dioxide.
In summary, the global budget of
atmospheric C0 2 of anthropogenic
origin is not well understood
quantitatively. Until this problem is
resolved, predictions of the
proportion of future C0 2 emissions
which will remain in the atmosphere
will be subject to considerable

uncertainty. An even larger
uncertainty lies in the future
worldwide use of fossil fuels, for
which estimates range from an
annual increase of 1.5% to at least
double this figure.
Under any circumstance, it is
expected that considerable increase
in the atmospheric concentration of
most, if not all, greenhouse gases will
occur in the next century. The
working assumption adopted by the
WMO /UNEP Intergovemmental
Panel on Climate Change consists of
three possible scenarios conceming
the rate of increase of the total
atmospheric burden. The high rate
scenario is equivalent to doubling
the early 20th century
concentration of carbon dioxide
(from 300 to 600 ppm) by the year
2030, the medium scenario by the
year 2060 and the low rate scenario
by the year 2090.

THE INTERNATIONAL SATELLITE CLOUD CLIMATOLOGY PROJECT
The International Satellite Cloud Climatology Project (ISCCP). is one of
several systematic data collection and analysis efforts organized by the
WCRP to derive essential climatological information. The objectives of
the ISCCP. initiated on 1 July 1983 , is to produce a continuous record
of monthly mean cloud amounts and optical properties over t h e whole
earth.
The properties of the cloud fields are described by more than eigh ty
different parameters computed every m onth for each 2.5° latitude by
2.5° longitude box. To produce this information with appropriate time
and space sampling, th e project collects visible and infrared image
data, produced every three hours by a multiple satellite array
including one or two polar orbiting satellites and four geostationary
meteorological satellites distributed around the equator. Th e vast task
of assembling and processing these data from four different satellite
systems, and extracting meaningful cloud parameters, is carried out by
th e NASA Goddard Institu te for Space Studies in th e USA.
To learn more about ISCCP, see Schiffer and Rossow, 1985.
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he earth climate has changed
only minimally during the last
fifty years, certainly much less
than could be inferred directly from
the imbalance of the radiative energy
budget. The reason is that the
climate regime is determined by a
fast system and a slow system.
The fast system is controlled by the
atmospheric "heat engine" which
drives the whole earth environment
and determines the ultimate
amplitude and geographical patterns
of climate change. The slow system
is regulated by the global ocean
which sets the pace for climatic
change and may introduce a delay of
50 years or more in the transient
response of the earth's climate to
greenhouse forcing .

T

It would be a serious mistake to
imagine that the response of climate
to the increasing greenhouse effect
will be anything but complex. One
may consider that the atmosphere
and the upper-ocean layer (subject
to an annual cycle of vertical stirring
and mixing under the action of wind)
constitute the fast component of the
climate system. The fast component
encompasses also transient
processes at the air-land and air-sea
interfaces, like the formation of snow
and sea-ice. It is the active
mechanism, the thermodynamic
engine, which drives the whole
climate system by transforming heat
derived from the sun into kinetic

energy. The slow component, on the
other hand , is constituted by the
deep ocean and perennial sea- and
land-ice: its response sets the pace
of long-term climate trends and
climate change.
Interactions between the fast and
the slow components are relatively
weak over most of the globe because
mixing between the warm upper
ocean and the colder and denser
deep water is limited by the stable
stratification of the ocean. The slow
response is associated with the
transfer of heat by upwelling and
downwelling motion of ocean water
and, at high latitudes, by the sinking
of cold , dense water from the surface.
The slow pace of downwelling and
subsequent upwelling sets a
timetable, decades to centuries, for
the adjustment of the deeper ocean
to changes of the fast system.
The Response of the Fast
Climate System
By the simple device of including
only a shallow layer of upper ocean
water, numerical models of the fast
component can be made to adjust
quickly to any specified change of
externally imposed conditions and
nevertheless simulate realistic
meteorological processes on all time
scales from a few hours to several
weeks, and seasonal variations.
Numerical experiments have been
carried out recently on this basis,
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Modelling Experiment

Manabe and Wetherald (1987)
Hansen et al. (1984)
Washington and Meehl (1984)
Wilson and Mitchell (1987)

Computed Annual
Mean Surface Warming
4.0°C
4.2°C
3.5°C
5.2°C

Table 1: Computed global mean wanning of the earth's swjace for
a doubled concentration of C02 , when the atmosphere has reached
equilibrium with the ocean.

with a 50 or 60 metres thick upperocean layer (Washington and Mehl,
1984; Wilson and Mitchell, 1987;
Manabe and Wetherald, 1987;
Hansen et al., 1984). These
experiments show that the fast
component comes to a state of
climatic equilibrium after some 5
years of simulated time, with stable
mean properties and no systematic
climate drift. Such experiments are
therefore suitable for describing the
complex re-adjustments which
would occur in the atmosphere and
at the surface of the earth as a
result of artificially switching-on
new environmental conditions such
as doubling the concentration of
carbon dioxide.
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Adjustments in the fast climate
system are very complicated and
involve feedback processes which
amplifY or reduce the primary
greenhouse effect. The combined
result of these feedback processes is
a considerable augmentation of the
computed climatic response. The
most significant re-adjustment is the
increase in the amount of

atmospheric water vapour, which is
itself a greenhouse gas. The next
most significant feedback process is
the change in the amount and
distribution of clouds.
The response of the fast climate
system affects all aspects of climate,
in particular, the temperature of the
lower atmosphere and earth surface.
The surface warming varies with
geographical location and season,
but can be summarized by the global
and annual average over the whole
earth (Table 1).
The geographical patterns of
temperature change appear broadly
similar in all four simulations, with
larger warming at high latitudes (up
to twice the global average in the
winter hemisphere) and lesser
warming of the ocean compared to
land. However, the predicted
regional changes in temperature,
and even more so precipitation, are
very unevenly distributed and differ
widely from one model to another. It
is generally accepted that current
models cannot provide reliable

estimates of climate change on the
regional scale.
The basic physical relationship
between temperature and the
saturation pressure of water vapour
is such that a warmer climate
entails a wetter atmosphere and
thus a general increase in
precipitation. On the other hand,
a warmer climate results in
increased evaporation and
dryness, especially in the already
arid sub-tropical belts. Some
model simulations suggest that the
increasing greenhouse effect will
exacerbate soil aridity and the
depletion of ground water in dry
mid-continental temperate regions.
One should recall, however, that
ground water storage is a small
difference between rainfall and
evaporation, the latter being much
dependent upon soil and vegetation
properties, in models as well as in
nature. A small and altogether
plausible modification of assumed
soil characteristics can make the
difference between wet or dry soil
predictions with a doubled C0 2
concentration (Mitchell and
Warrilow, 1987).
The sensitivity of land
hydrological processes to many
poorly determined factors is, at
present, an impediment to reliable
computation of climate warming
impacts on water resources. On the
other hand, this very sensitivity is
an indication that undesirable
climatic impacts may be amenable
to amelioration, at least in some
regions, by appropriate treatment of
soil and adaptation of vegetation. A
central component of WCRP, the

Global Energy and Water Cycle
Experiment, is aimed at elucidating
these problems.
Finally, it should be emphasized
that even the general agreement
obtained for global mean warming in
recent model studies may be more
an indication of the evolving stateof-the-art than a real proof of
accuracy. A major unsolved
problem is that of predicting reliably
the effect of clouds on the earth
climate. Low-level clouds reduce
the absorption of sunlight and tend
to cool the earth, while high clouds
are essentialy transparent to
sunlight but trap infrared radiation
from the earth, thus contributing
positively to the greenhouse
warming of the surface. Not only is
the cloud amount important to
climate, but also cloud altitude and
cloud optical properties. To
illustrate this point, we note that a
recent change made at the UK
Meteorological Office, to introduce a
more detailed formulation of
physical and optical properties of ice
and water clouds in their climate
model, has yielded a drastically
reduced estimate of global warming
associated with a doubled C0 2
concentration, i.e. 1.9°C instead of
5.2°C as shown in Table 1 (Mitchell
et al., 1989). The matter is made
more difficult by the lack of reliable
global statistics of observed
cloudiness, cloud properties or
precipitation, which could serve to
calibrate existing climate models.
The WCRP has undertaken the
International Satellite Cloud
Climatology Project to produce the
required global cloud statistics.
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The Response of the Slow
Climate System
The model studies tell us that, if
the fast system alone was involved in
climate change, the earth climate
would almost immediately follow the
computed increase in greenhouse
heating. Computations made with
such simplified climate models
indicate that the rise in greenhouse
gases concentration already caused
by human activities since the
eighteenth century corresponds to a
global surface warming in excess of
1.5°C. Such a highly visible
climatological change has not
occurred yet, as demonstrated by
Figure 5 , showing a 125-year time
series of global mean sea-surface
temperature compiled by Folland et
al.. ( 1984). As a matter of fact, it can
be seen from this work that the
mean ocean surface temperature
during the period 1860-1880 was
essentially the same as now,
although a noticeable cooling and
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subsequent warming occurred in
the intervening period. The record
of the global mean near-surface air
temperature, combining
measurements over ocean and land
(Figure 2). indicates a definite
warming trend, about+ 0.6°C over
the last hundred years. However,
most of the temperature rise was
observed during the first fifty years
from 1880 to 1930, although less
than one third of the total
greenhouse gas increase occurred
during that period. Global warming
for the period 1940-1990 has only
been about 0.2°C. In short, it is
clear that the real climate is
behaving quite differently from the
fast response of a planet with only a
very shallow ocean, and does not
follow directly the trend in
radiative heating induced by the
increasing greenhouse effect.
In simple terms , the response of
the slow climatic system is

THE GLOBAL ENERGY AND WATER CYCLE EXPERIMENT

The Global Energy and Water Cycle Experiment (GEWEX) is a
programmme launched by the WCRP to observe, understand and
model the hydrological cycle and energy fluxes in the fast
component of the climate system. The goal of the programme is to
reproduce and predict, by means of suitable models, the variations
of the global hydrological regime and its impact on atmospheric
and oceanic dynamics, as well as variations in regional
hydrological processes and water resources, and their response to
change in the environment such as the increase of greenhouse
gases. The GEWEX programme incorporates a major atmospheric
modelling and analysis component requiring a substantial increase
in computer capabilities, especially because high spatial resolution
is needed in climate models to achieve realistic simulations of
regional effects.
The GEWEX programme has begun with an ensemble of
modelling studies focused on both atmospheric and hydrological
processes, such as reproducing the hydrology of a continent-size
river basin driven by daily precipitation and evaporation estimates
and field studies on the scale of a small region (10 to 100 km). The
GEWEX programme has also undertaken assembling available
raingauge measurements and meteorological data with satellite
observations of rainclouds, using either infrared images or
microwave radiation, to produce the first climatological record of
monthly-mean rainfall totals over the whole earth including, of
course, the oceans.
It is clear that achieving the objective of GEWEX will require a
major step forward in the development of global observing
techniques using new, more massive and power-demanding
satellite sensors, such as lidars and radars, which will be placed
on the next generation of heavy earth observation spacecraft in
polar orbit and/ or the International Manned Space Station in the
late 1990s. For this reason, the support of the major space
agencies, particularly in the USA, Europe and Japan, is essential
to the success of GEWEX. In addition, GEWEX also requires
strong support from meteorological and hydrological agencies and
institutions to upgrade the collection and interpretation of essential
ground-based measurements of radiation, rain, riverflow, etc.

GEWEX has been formally endorsed by WMO and ICSU as a
major component of the international climate research strategy,
including the participation of the International Association of
Hydrological Sciences. GEWEX and the IGBP programme on the
biospheric aspects of the hydrological cycle are jointly planning
interdisciplinary field studies.

To learn more about GEWEX, see: Concept of the Global Energy
and Water Cycle Experiment, WCRP-5 (WMO Technical Document
TD-215, Geneva, Switzerland.
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Figure 5. Record of the sea-surface and night-time air temperature anomalies
(relative to the period 1951-1960) averaged over all oceans (adaptedjrom
Folland and Parlcer, 1984). The global mean sea-surface temperature during
the last fifty years has not been markedly different from that prevailing
around 1860.

controlled by two basic parameters:
first , the change in the net energy
flux at the surface of the ocean
produced by the increase in the
concentration of greenhouse gases
and subsequent readjustments of
the atmosphere and land surface,
and second , the heat capacity of that
part of the ocean which will be
effectively subject to warming over a
period of several decades. The first
quantity can be estimated from
suitably designed numerical
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experiments with models of the
atmosphere and upper-ocean layer
only. The effective heat capacity of
the ocean is determined by the
penetration of heat in deep water.
This penetration into the upper
kilometre of the ocean cannot be
represented by a simple diffusion
process because it results, for the
main part, from the sinking of water
at mid-latitudes and subsequent
equatorward and downward
circulation in the ocean, itself

controlled by surface winds and
surface cooling. The rate of renewal
of water below the near-surface
mixed layer can be inferred from the
penetration of 14C isotopes released
into the atmosphere by the mid1950s series of thermonuclear
explosions (Figure 6). Such
observations, combined with
knowledge of the subsurface
temperature/salinity structure and
ocean circulation, allow the
estimation of the residence time of
water at different density levels.

£

a.

Information about net surface heat
fluxes and the world ocean circulation can be combined to estimate
the characteristic response-time for
realizing a given fraction (e.g. 70%) of
the computed equilibrium surface
warming after a constant double C0 2
concentration is introduced.
This "e-folding time" indicates the
delay of the response of the whole
climatic system, compared to that of
the fast component alone. A wide
range of values has been proposed

1
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Figure 6. Penetration of the radioactive isotope 14 C from the time of the first
thermo-nuclear bomb tests in the mid-1950s until the 1973 GEOSECS survey in
the Atlantic ocean (arbitrary radioactivity units). Mixing has occurred down to a
depth of about 300 m in the course of twenty years, except at high northern
latitudes where deep sinking occurs.
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Figure 7. A possible dimate warming scenario for the global atmosphere only
(black line) and the complete earth dimate system (coloured line). The
observed global temperature record is shown on the same scale (More[,
personal communication).

for this e-folding time, from 10 to
100 years. Values derived from
global ocean circulation models
developed so far are in the upper
part of this range: 7 5 -100 years for
the Oregon State University model
(Schlesinger et al. , 1985) and about
50 years for the Geophysical Fluid
Dynamics Laboratory model (Bryan
et al., 1988) .
Figure 7 compares the plal..\Sible
response of the coupled atmosphere
and ocean, with the computed
change in earth surface temperature
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for the atmosphere alone, given a
linear increase of greenhouse
heating equivalent to doubling the
pre-industrial concentration of C0 2
by year 2050 (Morel, personal
communication).
Deep water formation, renewing
the water in the lower two kilometres
of the ocean, occurs at high latitudes
through surface cooling, formation of
sea-ice and subsequent deep
convective mixing. However, it is
possible that surface warming (and
permanent melting of sea-ice) would

THE WORLD OCEAN CIRCULATION EXPERIMENT
The World Ocean Circulation Experiment (WOCE) is a worldwide oceanographic
programme, led by ICSU's Scientific Committee on Oceanic Sciences (SCOR)
and the Unesco Intergovemmental Oceanographic Commission, and organized
as a component of the WCRP, to determine the oceanic circulation at all depths
and on the global domain, within a five-year period (1990-1995).
The primary goal of WOCE is to develop global ocean models that are useful in
the prediction of climate change and to develop the data sets necessary to test
those models. Over the five years of the programme, there will be an
intensification of the effort to determine air-sea fluxes globally by combining
marine meteorological and satellite data, an upper-ocean measurement
programme to determine the annual and interannual oceanic response to
atmospheric forcing, and a programme of high quality hydrographic and
chemical tracer observations, surface and under-water drifters, current meter
arrays, tide gauges and satellite altimetry to determine the zero order deepocean circulation. WOCE will also make intensive use of historical
oceanographic data to assess the longer-term variability of ocean circulation.
All major oceanographic agencies and institutions are joining forces to deploy
the research vessel fleet needed to implement the WOCE hydrographic and
geochemical surveys at sea, which call for 25 years of ship operation time. In
addition, three new satellite missions are in the final stages of preparation or
are being planned to support WOCE:
•

The US-French TOPEX/POSEIDON precision altimetry mission, to
measure the ocean surface topography with unprecedented accuracy
(1991);

• The European Space Agency ERS-1 mission to measure wave-height
and ocean surface topography, wind stress and temperature (1991);
• The US-Japanese ADEOS mission to provide, in particular, more
complete observations of the wind stress over the global ocean (1995).
In addition to observing activities at sea and in space, WOCE is planning a
major oceanic modelling and data analysis activity, requiring a substantial
increase in computer capabilities. Larger and faster computers are necessary to
develop and run global eddy-resolving ocean models with sufficient vertical
resolution, to adequately simulate the process of convection in the upper layers,
the flow of deep water over sills and through passages and the eddy exchanges
of momentum, heat and salt in the strong boundary currents of the principal
ocean gyres.

To learn more about WOCE, see: J.D. Woods, 1985; also: World Ocean
Circulation Experiment, Implementation Plan, Vols. I and 11, WCRP-11 and 12
(WMO Technical Documents TD-242 and 243, Geneva, 1988).

suppress this sinking and
essentially insulate the deep ocean
water from the upper-ocean and
atmosphere. The consequences of
such an event would be
catastrophic for marine life and
would drastically reduce the
buffering of further change by the
ocean.

The World Ocean Circulation
Experiment is a major worldwide
oceanographic programme,
undertaken under the WCRP, to
achieve a global description of the
ocean circulation and to establish on
a firm scientific basis, the estimation
of the transient response of the
ocean to atmospheric influences.

PREDICTING
SEA-LEVEL
RISE

n past historical times, variations
of the mean sea-level at a
particular shore have been caused
mainly by tectonic effects which
force the land to sink or rise
locally with respect to the global
reference geoid , without much
change in the mean ocean surface.
The rapid increase in greenhouse
gases and consequent climate
warming is expected to cause, in
the 21st century and thereafter, a
global rise in mean sea-level
resulting from an actual increase in
the volume of the world ocean
due both to the addition of
meltwater from glaciers and polar
ice caps and to the thermal
expansion of sea water. An upper
limit of 60 centimetres can be
estimated for the rise in global sealevel expected by the end of the
next century, but this estimate is
fraught with large uncertainties.

I

Few coastal stations exist where
long time-series of consistent sealevel measurements are available
and these stations are not
distributed evenly around the globe.
For this reason, estimates of
variation in the global mean sea-level
can only be obtained for the last
century. The latest and most
rigorous analysis of tide-gauge data
(Barnett, 1984) indicates a global
rising trend of 14 cm per century
with a tendency to accelerate in the
last fifty years. There is no way to
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relate this observed rise to possible
causes with any degree of certainty.
If all mountain glaciers and small
inland ice caps were to disappear
entirely and add their meltwater to
the ocean, they would cause the
global sea-level to rise by only 33
cm. It is clear that the continuing
retreat of mountain glaciers , begun
two centuries ago, could not add
much to the volume of the ocean,
possibly a further 20 cm rise by the
end of the 21st century. On the
other hand, the interplay between
snow accumulation on large ice
caps and melting or iceberg calving,
when ice discharge takes place into
the sea, could in principle cause
much more substantial excursions
in global sea-level.
Ice budget estimates for the
Greenland and Antarctic ice caps
under the warmer climate
conditions expected in the 21st
century have been given in the
review published by ICSU's
Scientific Committee on Problems of
the Environment (SCOPE, 1986).
Increased ablation is expected to
dominate the ice budget of the
Greenland ice cap . yielding a general
decrease of the inland ice mass and
a 13 to 26 cm rise in mean sea -level
due to the release of meltwater
during the next century. On the
other hand , temperatures are and
will remain well below freezing in

Antarctica, so that melting can be
altogether neglected there.
The ice budget of the Antarctic ice
sheet will therefore be balanced by
snow accumulation and iceberg
discharge into the ocean. Because
the horizontal extent of the ice
sheet is limited by the size of the
Antarctic continent, barring a "fast"
surge of the west Antarctic ice
sheet, now solidly anchored
offshore by submarine
obstructions, the budget of the
Antarctic ice cap under warmer
climate conditions will be
dominated by more abundant
snowfall and increased
accumulation, yielding a thicker ice
cover and a consequent lowering of
mean sea level, between -20
and -90 cm by the year 2100. For
lack of more precise knowledge,
glaciologists tend to the view that
melting of the Greenland ice sheet
and snow accumulation on the
Antarctic ice sheet will counterbalance over the next century. This
would leave a net contribution to
sea-level rise of about 20 cm,
coming mainly from the melting of
mountain glaciers.
The global ocean, on the other
hand, has been storing energy for
several decades and may continue to
do so at an even faster rate during
the next century as the greenhouse
effect increases. Since the variations
of the thermal expansion coefficient
are relatively moderate in the upper
layer of the ocean, where most of the
warming will take place, the linear

expansion of a water column is, to
first order, independent of its depth
and directly proportional to the total
amount of heat stored in the
column.
The problem of ocean thermal
expansion is thus reduced to that of
estimating the integrated heat
intake of the world ocean over a
particular period in the future, given
a specific scenario for the increase of
the greenhouse heating. Based on a
full three-dimensional computation
of the initial response of a coupled
ocean-atmosphere model to
doubling the concentration of C0 2 ,
Bryan and eo-workers estimated a
net heating rate of 2.5 Watts/m2
(Bryan et al., 1988). This value has
been obtained after adjustment of
model properties in the troposphere
and on the land surface (fast
component of the climate system)
but before significant adjustment of
the ocean temperature (slow
component). Since the ocean
surface must warm up eventually, it
is plausible that the imbalance,
measured by the net energy flux at
the ocean-atmosphere interface,
should not exceed 2.5 Watts/m2
during the next century. This line of
reasoning places an upper limit of
about 40 cm on the global sea-level
rise which can be expected from
thermal expansion of the oceans by
the year 2100.
Critical elements in these
estimations are the changes in the
rate of snowfall over Antarctica and
net energy flux at the ocean-
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atmosphere interface under
changing climate conditions. Both
quantities are strongly dependent
upon climate model assumptions
and the accuracy of computed
energy and water fluxes in the
atmosphere. A major scientific
objective being pursued by the
WCRP is to determine these fluxes
correctly. The planned Global

1.5

Energy and Water Cycle Experiment
is the centrepiece of the scientific
strategy to achieve this goal. In
addition, detailed investigations will
be required in the future to
understand heat and water
exchanges around the Antarctic
continent and the mass budgets of
the Greenland and Antarctic ice
sheets and shelves.
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Figure 8. Zonal-mean temperature in the northern hemisphere, as computed by a
global atmosphere-ocean model on the left hand panel and as observed on the righthand panel, according to Mahlman (personal communication) and Vinnilcov et al.
(1980). The model simulation gives a reasonable facsimile of shorter-term climate
variations but does not predict climate change resulting from (still unknown)
processes of the deep-ocean circulation.
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PREDICTING
FUTURE
CLIMATE
CHANGE
he evolution of the earth
climate in the next fifty years
will result from ongoing natural
variations combined with a warming
trend forced by man-made
modifications of the atmospheric
concentration of greenhouse gases .
Natural variations on relatively short
time-periods of decades to a century
will be caused by the intemal
dynamics of the earth's climate
system. The warming trend, on the
other hand, will be induced by the
steady increase of the greenhouse
effect in the atmosphere. Actual
warming is being delayed by the
thermal inertia of the world ocean,
but it will also continue long after
the composition of the atmosphere is
stabilized. No matter how drastic
the actions taken to control the
emission of greenhouse gases into
the atmosphere, the global warming .
to which we are already committed
will be realized in the next fifty to
hundred years: global environmental
change is inevitable.

T

The warming realized so far is still
well within the range of transient
natural variations and cannot be
separated from these with our
present knowledge . It is possible,
however, that the limits of natural
variability could be exceeded in the
next ten to twenty years.
The left-hand panel of Figure 8
represents the mean zonal surface
temperature of the earth in various

latitude bands for the last period of a
200-year simulation of the earth's
climate carried out at the
Geophysical Fluid Dynamics
Laboratory, Princeton, New Jersey
(USA) with coupled models of the
global oceanic and atmospheric
circulations.
The computation reproduces fairly
the observed climate variability on
short time-periods (i.e. year-to-year
or decade-to-decade) and also the
latitude dependence of this
variability which increases from the
equator to the Arctic, as can be seen
by comparing with climatological
statistics compiled by Vinnikov et al.
(1980), on the right-hand panel. The
simulation, however, does not
reproduce the substantial longerterm climate variations which have
occurred during the last hundred
years. This discrepancy was
expected because, unlike the real
climate, the simulated system was,
by the very nature of the experiment,
forced into an artificial state of
climate equilibrium.
The experiment illustrates the fact
that the real climatological history of
the earth includes transient
variations which involve, in an
essential way, the behaviour of the
deep ocean and substantial
departures from equilibrium between
the fast and the slow components of
the earth climate system. Any
attempt to predict the future
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evolution of climate must include
a forecast of the evolution of this
slow component, starting from
observed initial conditions. We
are unable at present to carry out
such a forecast for lack of
suitably accurate ocean
circulation models (not yet
perfected) and even more so, for
lack of an adequate synoptic
(instantaneous) description of the
global ocean circulation. The
WCRP World Ocean Circulation
Experiment (1990-1995) will be
the first attempt to collect the
observations needed to produce
this kind of global description,
which will be essential to
discriminate the warming trend
caused by the increase in the
man-made greenhouse effect
from transient natural variations.
For the purpose of estimating
long-range climatic trends such
as mean global warming,
however, the climate system may
be approximated by a simple
conceptual model, consisting of
a heat reservoir receiving
cumulative annual net energy
inputs. A property of this simple
model is its long latency period
during which the climate
response to greenhouse forcing
remains small, as observed now.
However, after a delay of the
order of thee-folding time, the
pace of global warming

accelerates markedly and
approaches that of the response
to greenhouse heating of the
atmosphere alone.
The global warming rate,
consistent with an assumed
equivalent doubling of the
concentration of carbon dioxide by
the year 2050 and an estimated
4 oc equilibrium warming for this
doubled concentration, is about
0.3°C per decade (Figure 7). A
transient climate warming
simulation experiment, reported by
the Goddard Institute for Space
Studies (Hansen et al., 1988),
actually indicates a warming rate
of 0.35°C per decade for a similar
greenhouse gases scenario. This
rate of global warming exceeds the
fastest global temperature trend
observed during any ten-year
period since 1880 (Figure 2) and
would soon cause a major
departure from the prevailing
climatic regime.
Detailed investigation into the
dynamics and thermodynamics of
natural transient climate
variations, and quantitative
computations of the response to
the steady increase in greenhouse
heating, is the approach WCRP is
pursuing for detection of incipient
warming and prediction of the
future course of global and
regional climates.
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