RGICS Paper No. 36
1996

CLIMATE, CLIMATE
CHANGE VARIABILITY
AND PREDICTABILITY

GODWIN O.P. OBASI

RAJIV GANDHI INSTITUTE FOR
CONTEMPORARY STUDIES




This lecture was organized by the Rajiv Gandhi Institute for Contemporary Sudies
of the Rajiv Gandhi Foundation. The lecture was delivered by Professor Godwin
O.P. Obasi, on April 15, 1996 at the Conference Hall, Jawahar Bhawan, Rajiv
Gandhi Foundation, New Delhi.Professor Godwin O.P. Obasi, D.Sc., FAAS,
O.F.R, a Nigerian citizen, has been Secretary General of the World Meteorol ogical

Organisation since 1St January, 1984.Professor Obasis has been awarded and
honoured for his contribution in meteorology, hydrology and general environment
matters.

The views expressed in this paper are those of the author and are not
necessarily those of the Institute.

Disclaimer: Thisisthe retyped PDF version of the original paper which was published
(roughly) in A5 format. To enable readersto print it, this paper has been created in A4
format. Therefore, the page numbers will not tally between the two editions.
Moreover, for PDF versions it has been decided to remove all extraneous matter such
as foreword or preface written by others. Though every effort has been made to ensure
the accuracy of the paper, any oversight or typographic errors are sincerely regretted.

Suggested citation: Professor Godwin O.P. Obasi, Climate, Climate Change
Variability and Predictability, RGICS Paper No0.36 (New Dehi: Rgiv Gandhi
Institute for Contemporary Studies, 1996) [PDF Version: 2010]



CLIMATE, CLIMATE CHANGE, VARIABILITY AND PREDICTABI LITY
1. Introduction

It is indeed an honour and a privilege to be ind/iie deliver this Rajiv Gandhi lecture
on “Climate, Climate Change, Variability and Prediglity” to a distinguished
audience. On behalf of the World Meteorological &rgation and my own, | wish to
thank the Foundation and, in particular, Mrs SoBendhi, President of the Rajiv
Gandhi Foundation for this invitation. | wish to pggss my appreciation to the
Foundation for its support to science and technokgyan instrument of sustainable
development. Indeed, Rajiv Gandhi had recognizedrtiportance of having a “very
broad base of people who have scientific learniognfwhich we can draw and reach
out to the best people available”. In this regdrdyope that the lecture, which
addresses a subject of major concern to humanitthépreservation of planet Earth,
would be a further contribution to the objective tbé Rajiv Gandhi Institute for
Contemporary Studies — namely acting as an ineiligoridge between science and
the world at large.

The Earth’s climate is one of mankind’s greatestirs resources. The very
existence of man on Earth depends fundamentally loenign climate. We depend on
the right climate to produce the crops that feedns on the right amount of rainfall
occurring at the right times to provide the watsaurces which are fundamental to
our very existence. Too little rainfall — or faikiof expected seasonal rains — can
lead to devastating droughts, crop failure and f@mniToo much rainfall in a very
short time, or even over a season, can result testraphic flooding causing direct
loss of human life, as well as destruction of th&aistructure which we take for
granted in our daily lives. We are all familiar lvidamaging effects of tropical
cyclones, floods and droughts, and the extreme sjpddls, or extreme heat waves. In
fact, in some countries, extreme cold or heat acnally account for a greater
number of deaths in a year than other weather phena. We expect and depend on
factors such as the right seasonal changes in tatope and rainfall for sustaining
the biosphere, including plants and animals. Wewktinat climate in general also
plays an important role in our culture, habitat dredhlth. Like humankind’s other
precious natural resources, we should be “consghdlimate, or at least making use
of it in a sustainable manner. But — as in so mailer areas — we are not; and
human activities today have reached the stage wheyeare producing a discernible
effect on climate.

In light of these considerations, this lecture wibiver the fundamental work
that is going on for: (a) improving our understangdf the Earth’s climate system
and its evolution; (b) studying the impact of climaas well as the implications of its
variability and change on human activities; (c)docéng climate variations; and (d)
providing scientifically founded quantitative estitas of how climate may change
taking human influence into consideration. Thedeetwill also consider the role of
the World Meteorological Organization (WMO) as tliiving force in the
international arena in climate monitoring, the stife study of climate and climate
change, its impact and prediction, and in the magonal efforts towards protection
of the Earth’s climate.



2. The climate system

The climate system, shown in Figure 1, consistthefatmosphere, the hydrosphere
(comprising the liquid water distributed on thefaoe of the Earth), the cryosphere
(comprising the snow and ice on the surface ofEheh), the surface lithosphere
(comprising the rock, sand, soil and sediment af tharth’s surface) and the

biosphere (comprising the Earth’s plant and anilif@] as well as the activities of

people). Principally under the influence of theasaladiation received by the Earth
and its atmosphere, the climate system determireeslimate of the Earth. Although

climate relates essentially to the varying statethe atmosphere, the other parts of
the climate system as described above have aismmifrole in the formation and

development of climate through their interactiothithe atmosphere.

This definition of the climate system leads intee tquestion of climate
variability and climate change. The term “climatigbility” denotes deviations or
anomalies of climate parameters over a given pesiotime, e.g. a specific month,
season or year from the long-term climate averageshe most general sense,
however, climate variability can be described bg thfferences between long-term
statistics of meteorological elements calculatediffierent periods.
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FIGURE 1. The climate system. The complex interaction of all of these components
contributes 1o the state of the atmosphere

3. Climate variations — historical perspective

We are all aware of how a given month, or seaspgear, can differ from what we
would normally expect — how we may appear to hal@ng series of unusually dry
or wet, or unusually hot or cold months, or seasongears. Climate, as we know it,
is made of extreme events, or spells of abnormatives, possibly having destructive
consequences, as well as periods of more normditcams. To a large extent, human
societies have become attuned to the current é¢bmadnditions: that is, the
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conditions over the last 30 to 50 years. Cropsrisbuwithin an expected range of
climatic variations, and our dams and dykes arenoftuilt on assumptions based
upon the climatological record over that short t8050-year period.

Longer time-scale climate variability

Considering the much longer period, one sees ligaEarth’s climate has never been
static. Climate is a dynamic regime subject to geanon all time- scales ranging
from decades to millennia to millions of years. Matientific clues can be found in
glacial records which indicate that past climatesenbeen quit from the present.
Putting all the available evidence together, we daduce (see Figure 2) global
temperature variations in the pas. Prominent arglticial-interglacial cycles at about
100 000 year intervals when climate was mostly eotilan at present. Global mean
surface temperature typically varied by 4-5C thiotigese ice age cycles with large
changes in ice volume and sea level, and temperaturations as great as 10-15C In
some middle and high latitude regions of the nerthBemisphere. Since the
beginning of the current interglacial epoch, abbD00 years before present (Figure
2b), global temperatures have fluctuated within acim smaller range. Some
fluctuation have nevertheless lasted several cestuincluding the “Little Ice Age”
from the sixteenth to nineteenth centuries whick glabal in extent.
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FIGURE 2. Schematic diagrams of global temperature variatioesce the Pleistocene on three
time-scales(a) the last million years; (b) the lden thousand years; and (c) the last thousand year
The dotted line nominally represents condition nethie beginning of the twentieth century

Causes of significant longer-term climate variakyi

Orbit-induced changes

One important factor in the repeated glaciationsarth related to alterations of the
Earth’s orbital parameters — the “Milankovitchhypesis”. These alterations take the
form of a recurrent variation of the eccentricityEarth’s elliptical orbit around the
sun with a period of about 100 000 years (resuitingmall changes in the distance of
the Earth from the sun in given seasons) and stamges in the angle of the Earth’s
axis which affects the amplitude of the seasonaolation. However, this
phenomenon causes a variation of only about 0.2%emamount of solar radiation
intercepted by the Earth. Such a small changedrstitar radiation flux must in some



manner be considerably amplified by the Earth’snate system to induce the
profound changes climatic conditions, such as thdsieh occurred in the transition
to an ice sheets of Antarctica and Greenland pregbe climatological history of the
last ice age. The composition of deep ice coresiges a basis for estimating the air
temperature over many millennia. Small air bublales also trapped in the ice sheet
as it was formed — and the composition of thesbwibles can be analysed to give an
estimate of variation of the atmospheric compositfaralleling the temperature
record (see Figure 3). This shows that variationgadrbon dioxide during ice age
cycle are also very important factors, serving todify and perhaps amplify other
forcing effects.

Ocean-induced changes

There are also rapid changes in climate on timiescaf about a country which
cannot be directly related to orbital effects ochanges in atmospheric composition.
A notable example is the Younger-Dryas cold episetich was manifested by an
abrupt reversal of the general warming trend irgpess about 10 500 years before the
present as the last episode of continental glaciatame to an end. There is as yet no
consensus on the reasons for this reversal whitedaabout 500 years and ended
very suddenly. However, since the change was sésinground the North Atlantic
Ocean, it has been suggested that this climatersalhad its physical origins
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FIGURE 3. Paleoclimatological record of temperatu@hange with respect to modern climate (grey
line) and atmospheric C® concentration (red line) over Antarctica during ¢hlast glacial cycle
(adapted from Barnola et at., 1987)



in a marked decrease in the surface temperatutitisobcean, following large-scale
melting of the Laurentide ice-sheet and consegakerdhanges in the oceanic
circulation.

These changes hold a warning for us today in thatations of the ocean
circulation could result from modification of clitea induced by the increasing
atmospheric concentrations of greenhouse gaseugltithe alterations are likely to
be considerably smaller than in the Younger-Dryasne This is brought out to
illustrate that nothing is straightforward in thémate system — changes may
sometimes he very unexpected. Great care is naad&ddying the climate system
and to take into account all the possible degrééseedom and interactions between
the different components of the climate system.

Climate changes since the last glaciation

The period since the end of the last glaciatioro@ll0 500 years ago) has been
characterized by smaller changes in the globalametemperature with a range of
probably about 2°C — although it is not clear wieetall the fluctuations were truly
global. However, large regional changes in hydnalaslgconditions have occurred,
particularly in the tropics. Wetter conditions hretSahara from 12 000 to 4000 years
before present enabled man to survive by huntingfishing on what is today among
the most arid regions on Earth. Pollen sequenass fake beds of northwest India
suggest that periods with subdued monsoon actesigted during the last glacial
maximum, but in the epoch 8000 to 2500 before mtedbere was a humid climate
with frequent floods. The late tenth to early thémth centuries (AD 950-1250)
appear to have been exceptionally warm in westeroge, Iceland and Greenland —
a period that is known in Europe as the “Medievin@tic Optimum”. On the other
hand, it seems that China may have been cold snplriod (mainly in the winter),
although the southern part of Japan was warm. @pisode of generally widespread
warmth is notable in that there was no evidencagfincrease in greenhouse gases, a
subject which will he discussed later.

A striking indicator of climate changes is the aulv@s and retreats of glaciers
in mountainous regions of the world. In the moserd cooler period, the “Little Ice
Age”, glaciers advanced markedly in almost all dpregions, and glaciers were
much more extensive 100-200 years ago than noweSi850, most glaciers have
been retreating rapidly.

4. Present day climate change concerns — the humatement

The climate variations of the past, as describethenprevious section, have been
essentially natural, without any human influencewldver, a major concern now is
that for the first time in history, human activéidave reached the stage where they
are having a discernible effect on climate on regi@nd global scales. Few scientific
issues in recent years have attracted as muchcpubdrest and political attention as
the looming threat of climate change that now fagssand the study of climate
change has become an area of intense activity tim $mentific and political terms.
Essentially, climate .change is viewed as any Saamt change (one climate mode to
another climate mode) which is outside the rangeliofate variability, whatever the
cause. These changes usually have important econ@mvironmental and social
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effects. | shall say more later how anthropogerativiies influence climate, in
particular the effects of increasing concentratiaiscarbon dioxide and other
greenhouse gases in the atmosphere. Suffice to eatnrmow that, given the present
rate of increase of greenhouse gases in the atrasplthe general scientific
consensus is that global mean temperature coutdase by anywhere in the range of
1 to 3.5° Celsius from today’s values by the endhef next century. We can expect
this change to be superimposed on the naturaltiargof climate which we already
see. The alarming aspect of this is that the erperite of increase of the global
mean temperature over the next century would benitjeest known in the past 10
000 years. Such changes will have implicationssimeio-economic activities in all
parts of the world.

Observations over the past century

At any one location year-to-year variations in vieeatcan be large, but analyses of
meteorological and other data over large areasoard periods of decades or more
have provided evidence for some important systenchtnges:

* The global mean surface temperature has increaseeétiveen about 0.3 and
0.6°C since the late 19th Century; the additiorshdavailable since 1990 and
the re-analyses since then have not significantdgnged this range of
estimated increase.

* Recent years have been among the warmest since &6 the period of
instrumental record, despite the cooling effecttioé 1991 Mt Pinatubo
volcanic eruption.

* Night-time temperatures over land have generallgréased more than
daytime temperatures.

» Regional changes are also evident. For examplegttent warming has been
greatest over the mid-latitude continents in wirgted spring, with a few areas
of cooling, such as the North Atlantic Ocean. Fygation has increased over
land in high latitudes of the Northern Hemisphespecially during the cold
season.

* The global sea level has risen by between 10 andn2®ver the past 100
years and much of the rise may be related to tbe@se in the global mean
temperature.

* There are inadequate data to determine whetheiistensglobal changes in
climate variability or weather extremes have ocedirover the 20th Century.
On regional scales there is clear evidence of oty some extremes and
climate variability indicators (e.g. fewer frostsseveral widespread areas; an
increase in the proportion of rainfall from extreewents over the contiguous
states of the USA).

* The 1990 to mid-1995 persistent warm-phase of theNiEo/ Southern
Oscillation (which causes droughts and floods imynareas) was unusual in
the context of the last 120 years.

* Figure 4 is an example of the major global climatemalies and events
during 1995. WMO issues annually the state of fbba climate.

5. Implications of climate change

In view of the observed and the predicted changedimate and the probability that
climate change will be characterized by more ex¢reveather events than in the past,
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it is useful to review the dependence of variougeats of human well-being on
climate and indicate some of the impacts whick ivelieved that a climate change of
the magnitude expected could have. Many regiondilkaly to experience adverse
effects, some of which are potentially irreversilida the other hand, some effects of
climate change could be beneficial. However, thimenability of human health and
socio-economic systems and, to a considerable eegcelogical systems,

Source: Climate Pradichion Center, United States

FIGURE 4. Major global climate anomalies and events in 1995

depends upon economic circumstances and instifltinfrastructure. Unfortunately,
this means that developing countries, where econoancumstances are less
favourable, will be more vulnerable to climate ofpan

Extreme weather events

Among the dramatic occurrences of extreme weathen@gmena and their direct
impact on human life, the most significant are ictapcyclones, floods and droughts
(see Figure 5). In an average year, about 80 @mbpiclones form over warm ocean
waters in various parts of the tropics and afféxtd#ferent countries. On average,
about 20 000 people lose their lives each year thied damage caused by the
associated violent winds, floods and tidal surgas ceach many thousands of
millions of US dollars. In some years, individugclones can have even more tragic
consequences. In 1970 and 1991, for example, seyelenes in the Bay of Bengal

resulted in the loss of some 300000 and 138 0@ livespectively. Many countries
of the world, including South Asia and the Indiarbsontinent, are all too familiar

with the large losses in human and economic tea®s result of flooding of major

rivers. Similarly, drought is a recurrent phenomenshich causes great human
suffering. In addition, there are other types &é-threatening weather phenomena,
such as tornadoes, lightning, hail and heavy sngvit of which cause extensive

damage and loss of life every year in many cousitridne need to provide accurate
and timely warnings of these disaster-causing vezattvents becomes more
important every year. However, there are hopefyhsithat this is being achieved in
many parts of the world.
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The predicted warmer temperatures are likely talltédea a more vigorous
hydrological cycle, bringing the prospect, on onandy of local increases in
precipitation intensity and the probability of exttre rainfall events and the risk of
severe floods in some regions. On the other hanehsified droughts are probable in
other areas. Furthermore, although current knovdadgnsufficient to say whether
climate change will bring about any changes in tieeurrence, intensity or
geographical distribution of severe storms, such t@pical cyclones, recent
monitoring has shown records in the frequencieg. (|0 1993, Philippines) and
increased intensity (e.g. Hurricane Andrew in 19895A) of these storms, and
previously unknown tracks (e.g. tropical cyclon@oas Southern Africa in January
1996 from the Indian Ocean to the Atlantic Ocean).

Socio-economic activities
Agriculture and forests

Agriculture is a basic area of human activity tigaparticularly sensitive to climate.
The production, collection, transportation, storageocessing and distribution of
agricultural produce are all greatly influenced Oymatic factors. It frequently
happens that if a %particular area experiencesvaaofable seasons climatically,
major or even virtually total losses of crops camww. In many tropical countries
dependent on specific annual rainfall events, aas;hof course, the monsoon, losses
on average may be 30 per cent or more of the aragratultural production if the
rains are exceedingly delayed, or fall short of thmmal value. A significant
proportion of the agricultural production losseatthesult could be avoided by the
better use of appropriate information on climatet tis already available with the
national Meteorological and Hydrological ServicEke benefit from the application
of this information far surpasses its cost. Furtime, climate information and
weather forecasts can be used to reduce crop\sstdck losses, anticipate when and
where irrigation would be needed, when pesticidesisl be applied, the choice of
the best harvest time and so on. Prevalence oicplamy dry or particularly wet
conditions can affect the incidence of pests. Aanaale of this is the major problem
of devastation caused by locust swarms in soms péthe world. Locusts can begin
to breed a few days after the onset of rain intheravise dry environment. If we can
predict this rainfall, action can be taken to prev@varms from developing and thus
avert significant crop losses.

All the studies indicate that climate change widrtainly have important
consequences for agriculture. Crop yields and obmrig productivity will vary
considerably from place to place, with marked aliens in patterns of production.
Productivity would be expected to decrease in mgimf high present-day
vulnerability that are least able to adjust, esgBciin the tropics and subtropics,
including parts of South East Asia, the Sahel megib Africa and parts of South
America. On the other hand, potential productivitysome high- and mid-latitude
regions may increase because of a longer growiagose and limited new areas for
production could open up — but this would be coadirio the northern hemisphere.
Increasing dryness and summer heat in certain mrésmperate mid-latitude areas
could reduce grain and horticultural production.
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A substantial fraction of the Earth’s existing feted area could be expected to
undergo major changes. The rate of climate chanlydevrapid compared to that of
the growth of forest species, and forest zonesdcdetline in a climate to which they
are increasingly ill-acclimatized. Generally, fleaad fauna will not be able to adapt
rapidly to climatic zones which could be expectedniove up to several hundred
kilometers pole ward over the next fifty years. ®ospecies will be lost as a result of
the increased climatic stress, leading to a rednadh global biospheric diversity. On
the other hand, there could be improved efficieoicglant growth in a higher carbon
dioxide (CQ) environment. Unfortunately, there is already ajamgroblem of
deforestation existing in many developed and deietpcountries of the world. This
is not only having a negative impact on plant amidhal life, on soil conservation and
watershed protection, but is a contributor to glakarming by reducing the number
of trees that can retain GGa greenhouse gas.

Water resources

Another basic concern to humankind, and increagiagl we near the end of this
century, is the availability of freshwater resowc#leeting the water demands in
quality and quantity of increasing populations andsupport of agriculture is
currently a vital problem in many parts of the wdofProjections indicate a significant
decrease of per capita freshwater availabilityhey énd of this century and well into
the next (see Figure 6). In order to develop anpgrave the administration of water
resources, detailed knowledge of rainfall that ¢ennormally expected and the
variations that can occur both in space and tineeeasential in all countries. This
knowledge also underpins the need for planningonatiresponses to droughts and
floods. Again, predictions of anomalously wet amgl deriods, a season or more in
advance, would be of enormous benefit in manageshivater resources.

Desertification

The anticipated changes in the global hydrologigale as a result of global warming
would have major impacts on regional water resauré¢hile some parts of the globe
would have increased rainfall, droughts would Wkehtensify in others. Even
relatively small increases in temperature or

Lols OF PEGTLE
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FIGURE 6. Population experiencing freshwater scarcity, 1990-2050
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reduction in precipitation may aggravate the alyesetious problems of quantity and
quality of water supplies in many parts of the worfExisting deserts would likely
become hotter but not significantly wetter, limgistill further any productive use of
the marginal land. The risk of desertification wik increased as the environment
becomes drier, and the soil becomes further dedrmeugh erosion and compaction
as well as human activities. In this connectiorg torld community has already
taken appropriate action, through the negotiatibaro International Convention to
Combat Desertification.

Sea-level rise

Another serious consequence of global warmingriseain sea level, mainly through
the thermal expansion of sea-water, with considergdmtential socio-economic
impacts. Current estimates range from 15 to 95veit, a “best estimate” of 50 cm.
A 50 cm sea-level rise (that could occur by latextncentury) would threaten low
islands and coastal zones. A 95 cm rise would rersdene island countries
uninhabitable, displace tens of millions of peopignace many low-lying urban
areas, flood productive lands, contaminate fresbm&ipplies and change coastlines.
The major low-lying deltas in the Bay of Bengal andny small flat islands in the
Indian Ocean could be threatened (see Figure Bs&hlmpacts would be exacerbated
if floods and storms became more severe. The additicoastal protection required
will involve major extra costs.

Impacts on other activities

In case of significant warming, the global arealeex and volume of the terrestrial
cryosphere (comprising seasonal snow cover, nefaesulayers of permafrost and
ice masses such as the ice caps and glaciers)bwilsubstantially reduced. In
particular, between one-third and one-half of tkisteng mountain glacier mass could
disappear over the next century. Glacial recesarmhloss of ice from ice sheets will
add to sea-level rise.

Many other activities are fundamentally dependentcibmate. For instance,
major economic benefits can be derived from théitplio foresee and plan energy
consumption, such as the high levels of energy usednusually cold spells, or
nowadays in hot spells as the use of air conditigmcreases. In the area of marine
activities, some nations rely to a considerableemixbn food from the sea. Marine
climate information is needed in supporting the aggment and exploitation of
expanded coastal and deep- sea fisheries. The sdifell types of craft at sea and air
requires accurate weather forecasts and warnimgshd building industry, good
architectural design, taking advantage of infororation the likely range of
temperature humidity and wind speed, can contribsignificantly to energy
conservation.

Climate change will also impact human health, kesand tourism industries.
Certain climate conditions very much influence tin@gman body. Cardio-vascular
diseases are known to be more likely in peopleestiljo severe climatic stress,
whether extreme heat or extreme cold. Many tropasalas are prone to diseases
which depend to a varying extent on heat and huwith other regions, respiratory
illnesses are aggravated by cold, damp weathdsy gollution. Finally, it should be
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noted that tourism and leisure industries are nawagr source of income in many
countries and most of these, activities depend lonate. Clearly, any changes in
climate which upset current weather patterns, odpce greater extreme conditions,
would impact adversely in these activities.
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FIGURE 7. Coastal areas of Bangladesh that mapuredated by different rises in sea-level
6. The challenge of climate change and climate praion — international efforts
Data needs for detecting changes

In the context of the potential socio-economic istpaf climate change that could be
induced by human activities, we also need, as demaf high priority, confident
answers, explanations and clarification to theassbeing raised on climate change.
Crucial therefore to the issue of understandinghate and thus detecting climate
change are data collection and the need for locgyrate and consistent data records.
The longer the data record, the more is the likelth of detecting changes. The
greater the accuracy of the data set, the lesklias to conflicting interpretations,
which goes to the heart of the question of unoatits that are so commonly
associated with evaluation of the scientific assesg of climate change. Consistency
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is vital so that we are sure that we can distirfgthe detail in various elements in the
data.

Monitoring, assessment, research and prediction grammes

The history of internationally coordinated reseaeffiorts goes back to the latter part
of the last century and involved the predecessorWiiO, the International
Meteorological Organization (IMO). Among more retemnd larger-scale
programmes were the International Geophysical YEaY1957-58) and the Global
Atmospheric Research Programme (GARP), spannindifiieen years of 1967 to
1982 with the close cooperation of WMO and therim&onal Council of Scientific
Unions (ICSU). The focal points of GARP were thegaondield experiments, such as
the First GARP Global Experiment (FGGE) which waarried out between
December 1978 and November 1979. Following thé Werld Climate Conference
in 1979, the WMO established the World Climate Paogne (WCP) to address the
full range of climate and climate change issuess€hearlier programmes, which
involved both data collection and research, ancclwliccumulated a vast amount of
experience, led to our understanding of the clinsgstem and lay the foundation for
the present-day atmospheric research programmes.

The enormous potential benefits of having the @bilo actually predict
climate anomalies on various time-scales in difiengarts of the world have been
stressed several times. These include the predictfichow hot and dry or how cool
and wet the summer may be, the intensity of theicgmonsoon season, whether the
next five years will be dry compared to the lagefiand soon. Consider also the value
to society of precise information on long-term tterin mean sea level, changes in
precipitation and river flow, or changes in fregoxgrof tropical cyclones or other
extreme events. In the face of the challenge ohatiée predictions, therefore, the
World Meteorological Organization has naturally meery active. The operational
networks of WMO include the World Weather Watch (WW)N the Global
Atmosphere Watch (GAW) and the networks of hydraalgstations, all of which
support the development of the Global Ocean Obsgr8iystem (GOOS), the Global
Climate Observing System (GCOS) and the Global eB#rial Observing System
(GTOS), which are being implemented together by WMN@d other partner
organizations and agencies. These networks areyrosbito collect data on the
components of the global climate system which nmequbng-term monitoring to
determine the present and future state of the gthewe and climate. These networks
encompass almost every nation on earth. The uraelisiy of climate and prediction
of climate variations or changes requires inputnfrmany scientific disciplines, and
therefore, WMO has joined with ICSU, and the UNESQ@ergovernmental
Oceanographic Commission (IOC) in sponsoring therliVeClimate Research
Programme (WCRP).

The objective of the WCRP is to develop the fundaiiale scientific
understanding of the physical climate system anthate processes needed to
determine to what extent climate can be predictetithe extent of man’s influence
on climate. The programme encompasses wide-rangingies of the global
atmosphere, oceans, sea and land ice, and theuaiade which together make up the
Earth’s climate system. Significant strides towapdsdicting climate anomalies on
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seasonal and interannual time-scales, and antheopogffects on climate have
already been made.

| would like to mention here one other very impattactivity which is jointly

sponsored by WMO and the United Nations Environninoigramme (UNEP). It is
the activity of the Intergovernmental Panel on @ienChange (IPCC), which carries
out periodic assessments of the science, impadtth@economics of climate change,
and of the response options available to manageatdi change. Through the IPCC
assessments, gaps in data and knowledge are idénfihe technical and scientific
findings of IPCC played a major role in the negatia of the United Nations
Framework Convention on Climate Change, which came effect in March 1994
and will be described later. There is a close lggkdetween IPCC, WCRP and the
data-related WMO activities.

7. Climate predictability
Prediction methodology

The basic tool we use to predict climate or climgtange is a model of the general
circulation of the atmosphere which is broadly eseinted in Figure 8. Models of this
type are based on the laws of physics and useiptsos in simplified physical terms
of, for instance, the effects of clouds and theaifluence on the incoming solar
radiation and radiation from the Earth’s surfacepxing in the oceans. The most
advanced general circulation models now cover tharee Earth, and include
representations of the atmosphere, ocean, crycs@met land surfaces. There is no
need to go into details concerning the construaticimese

FIGURE 8. General circulation of
the atmosphere

models — suffice to say they are extremely comppa(ticularly as a result of the
need to reproduce routinely and as accurately asilpe, the important processes in
climate, and the interactions between different gonents of the climate system,
such as ocean, atmosphere, land surface and theptmre, that is, all the elements of
Figure 1. A state-of- the-art model of the Earttlisnate system, coupling both the
atmosphere and the oceans, stretches to the weitydven the most powerful of
modern computers — and the development of theseelmod constrained by
limitations in computing resources. The concepswth models has been known for
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many years, but it is only comparatively recentigtttheir use for climate studies has
become practical. Scientific organizations whiclsgess super computers, such as the
Indian Meteorological Department, have a specil@ t@ play in this regard.

It should be recognized here that the Earth’s dnsystem is in essence a
vast and complex generator of random natural vansf it is, in fact, a classical
example of a chaotic system. Chaotic or randomabdity occurs on all time-scales
and can obscure predictable climate signals andnaté change patterns.
Nevertheless, some variations in the natural ckmalstem do recur with
recognizable patterns, and may be associated p#ttifsc mechanisms which can be
definitely predicted for a finite period of timegfore being overwhelmed by chaotic
dynamics. On the other hand, in the predictioroafjiterm climate change as a result
of, for example, increasing quantities of atmosghearbon dioxide, we have to
compare the statistics of the model’s represemtatiothe existing climate with the
statistics of the model’'s representation of thengea climate. If the model is good
and includes all the important climate procesdesillibe very much like those of the
real atmosphere of today. The differences betweeset statistics provide an estimate
of the climate change we can expect (for exampierdnces in mean temperature or
interannual variability). It is worth repeating thecause of the basic chaotic nature
of the climate system, there is no possibility oédicting in detail the climate for
years ahead, such as forecasting the charactediwidual months in the year 2005.
The best we can hope for on these time-scalegjimatitative estimate of how long-
term climate statistics may change.

8. The breakthrough to climate prediction
The EI Nifio/Southern Oscillation phenomenon

Up to periods of a few seasons, perhaps up to a\ears, there are several
possibilities of exploiting the inherent predicléli in certain variations of the

climate system associated with specific mechanisiie identification of these

variations and the development of the capabilityheir prediction over their lifetime

opens for the very first time the possibility of nggne forecasts of the likely

characteristics of seasons up to a year or twodhledeast in some regions of the
world. One such global-scale feature, the El Nioot8ern Oscillation (ENSO)

phenomenon (see Figure 9), is the first predictafaleation that has been clearly
identified, and represents the first major breadtigh to climate prediction; it is an
achievement of the greatest
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Diagram A Diagram B
THE USUAL SITUATICN EL NINO YEARS

Warmest water H/L = Higher/Lower atmospheric pres

FIGURE 9. E! Nirio and the Southern Oscillation

importance for the climate science research comtypuniwith exciting potential
benefits. Previously, seasonal or longer forecasse not really feasible. Several
attempts had been made using statistical or analtgehniques but these had only
met with comparatively limited success, and theas wnly a restricted understanding
of the real physical processes involved.

In fact, the periodic occurrence of El Nifio hasrb&own for many years.
The term El Nifio (Spanish for “Christ child”) wadggnally used by fishermen along
the coasts of Ecuador and Peru to refer to unysualim offshore ocean conditions
that typically appeared near Christmas and lasteddveral months. Fish were less
abundant during these warm intervals. During th& g8 years, nine El Niflos have
affected the South American coast. Most of therseciwater temperatures along the
coast as well as in a belt stretching 8 000 kns @00 miles, across the equatorial
Pacific. The weaker of these events raised seaeatyes by only about 1°C and
had only minor impacts on South American fisheréswever, strong events, such as
that of 1982-83 (see Figure 10), left an imprint aoly on local weather and marine
life, but on climatic conditions around the Earth.

Reacting to the changes in wind speed and directssociated with EIl Nino,
the sea level at Christmas Island in the mid-Pacdse several centimeters, and by
October 1982, sea-level rises up to 30 cm had dgr@a@00 km, or 6 000 miles, east
to Ecuador. The sea-level rises in the east warenaganied by simultaneous drops in
the western Pacific, exposing and destroying theeupayers of fragile coral reefs,
thereby seriously affecting marine life. By the g¢iroonditions returned to normal in
mid-1983, 25 per cent of the year’s fur seal arall®s adults and all of the pups had
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died. Fisheries in Ecuador and Peru suffered hgahlen the anchovy harvest failed
and sardines unexpectedly moved south.

On land there were equally dramatic effects (sbke tan page 23). In Ecuador
and northern Peru, up to 250 cm (100 inches) of i@l during a six-month period.
The abnormal wind patterns steered tropical cydaaneay from their usual tracks to
islands such as Hawaii and Tahiti, unaccustomesith severe weather. Heavy rain
fell over the central instead of over the westeagifit, resulting in severe droughts
and disastrous forest fires in Indonesia and Aliatré/inter storms battered southern
California and caused widespread flooding acrossstiuthern United States. Overall
the

FIGURE 10. Equatorial 3
Pacific sea-surfuce 2 f’
temperature anomaly (°C) :) ;’t
for the areas indicated in Al

the figure. Nifio I+ 2 is -2
the average over the
Nifio 1 and Nifio 2
regions. Anomalies are
departures from the
adjusted climatology
(Reynolds and Smith
1995, J. Climate 8,
1571-1583)

NSo=NWbWN=O=NW

loss to the world economy as a result of this Eld\is estimated to have amounted to
over US$ 8 billion.

The Tropical Ocean and Global Atmosphere programme

This 1982-83 event was a tremendous spur to stgdytean atmosphere interactions
in the tropical Pacific and the climatic impactseward the world. The study, called the
Tropical Ocean and Global Atmosphere (TOGA) progreenwas conducted as part
of the World Climate Research Programme. As a tesullarge natural climate
variation occurring on time- scales of a few ye&as now been thoroughly
documented and understood. The process is as ®lldhwe normal distribution of
atmospheric mass along the equator results intarpaif high and low pressure such
that the low pressure is over the western ocearttentigh pressure over the eastern
ocean (see Figure 9). In certain years, the patwrarses itself and then gradually
reverts back to normal.
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These shifts back and forth of atmospheric mass drathges of pressure
patterns along the equator are known as the Sautbscillation. The Oscillation is
irregular, but normally occurs once every 2-7 yediise changes in atmospheric
pressure patterns are linked to changes in theicabpceans. Under normal
atmospheric conditions, the sea surface in theega$tacific is relatively cool. In El
Nifio years, atmospheric pressure is unusually Imgthe western Pacific and dry
weather conditions prevail (see Figure 11). Thessetace in the central and eastern
Pacific tends to be unusually warm with lower atpiesic pressure. Moreover, these
changes in the Pacific are now known to be assatiatith other unusual and
sometimes catastrophic changes around the wordah dite those that occurred in
1982-83 that | have just described.

The understanding achieved of the behaviour otthupled ocean/atmosphere
system in the tropical Pacific has now been butb iversions of climate models.
TOGA also includes a major observational compon@&mnaviding measurements
particularly of the tropical Pacific Ocean sea-aoef temperature and the subsurface
state of the Ocean. Using these measurements ielsjade are now able to predict
El Nifio events in the tropical Pacific and the aameent changes expected round the
world in terms of rainfall, droughts and regions ledat or cold up to a year in
advance. The models of El Nifio have progressedh¢o point where they can
reproduce the characteristics of a typical evedttarir effects on weather

30E 60°E 90"E 120°E 150°E 1BOW  150°W  120'W s0"W 60°W

120°E

FIGURE 11. Climate changes during El Nifio

patterns throughout the world. The results, tholgimo means perfect, give a much
better indication of the climatic conditions thatllwprevail during the next few
seasons than simply assuming that rainfall and éeatpre will be “normal”. It is
important to point out that, while these majords#tg have been made, the relationship
between the El Nino, the Southern Oscillation amel honsoons have not yet been
clearly defined. Progress in this area would be kg to major advances in the
prediction of monsoons. The scientific communitytheis working hard to improve
the understanding and to explain more fully theureatfinterannual variability of
MmMonsoons.
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Immediate benefits of ENino predictions

Peru, among other countries, provides an excedleample of how valuable El Nifio
predictions can be, for as soon as the predictantiie coming season is made,
farmers’ representatives and government officiaéeihio decide on the appropriate
combination of crops to sow in order to maximize tiverall yield. Other countries
are taking similar steps, including Australia, BraEthiopia, India and Indonesia. It
is the tropical regions where the impacts of EldNd@ie most marked and where the
accuracy of the predictions is greatest. But fomynaountries outside the tropics,
such as Japan and the United States, more acqueatietion of ElI Nino will greatly
benefit strategic planning in areas such as aguiland the management of water
resources. The phase of ENSO has also been ugeddiot, with significant success,
the number of tropical cyclones in the North Atlarwell in advance. For instance,
the number of tropical cyclones for 1995 was priedi¢o jump suddenly from below
average, as it had been for over a decade, toakeNe normal. In fact, the actual
number was well in excess of the prediction. One \daualize the enormous socio-
economic benefits as officials were able to geafeuan intense hurricane season.

There have been tantalizing indications of othexdmtable variations in the
climate system like that of the El Nino/Southerrcilation, but further research and
study are necessary. Particularly promising linest tare being explored are the
linkages between rainfall in the Sahel and anorsafienorth and south Atlantic sea-
surface temperatures. For some years now, preasctaf Sahel rainfall in the
forthcoming summer, based on the sea-surface tetyperconditions in March or
April, have been prepared.

The breakthrough in the prediction of climate hasoeiraged WMO to develop a
new project — Climate Information and Predictionnges (CLIPS). Through
CLIPS, countries will benefit from:

» the use of sector-specific climate information @neldiction services;

» the development of networks of regional and natichaate centers and their

capabilities to deliver effective climate inforn@tiand prediction services;

» support for interdisciplinary and user-orientedesgsh and development to

generate new applications of climate informatiod prediction products.

To summarize this part of the lecture, the Trop@akan and Global Atmosphere
(TOGA) programme and the resulting accomplishmdnbeang able to predict El
Nifio events in advance is a major and very excitirs breakthrough in the area of
climate prediction — it is the first time that pretibns have been achieved at such a
time range, in which enough confidence is felttha predictions to be used as a basis
for economic decisions even if only for certainaar®f the world. However, this is
only the first step — scientific research is novingeactively pursued to build on this
foundation — particularly by trying to develop tlwapability of predicting the
strength and duration of the monsoonal circulatithreg are so important in many
parts of the world, particularly in India, southidsand west Africa — and by
beginning to extend the predictions to mid-latitside

~22~



9. Longer-term prediction

The descriptions of the type and magnitude of wana that can occur, in the Earth’s
climate illustrate what can happen even withoutdffect of man’s activities. If we
are to be able to predict the effects of man’svdgtion climate, we must clearly
understand the reason why climate has changedeipdkt. We know some of the
basic factors and processes in the climate sydtatrate likely to play a part. There is
a wide variety of feedback processes involved, sofmehich will act to amplify a
change in one direction, others which will dampt itfaange. For instance, as climate
warms, the extent of snow and ice over the Earthtemd to decrease. However,
snow and ice are good reflectors of incoming ramliattherefore a decrease in snow
and ice will increase radiation absorption and enbahe warming process. Also, as
climate warms, the atmosphere can hold more watpowr; but water vapour, like
carbon dioxide, is a strong greenhouse gas, atidiseffect also automatically tends
to reinforce a warming trend. Variations in solaput, the shielding effect from dust
emitted into the atmosphere as a result of majdcavac eruptions, changes in
atmospheric composition and changes in land usetase an important effect on
climate. A range of fundamental scientific studieseeded to fully understand and
predict the variability of climate. As describedlea, we have made a modest start in
understanding one fairly short-term natural vaomtiof climate, namely, ENSO
events — but much more is needed. Again, the Wididdeorological Organization,
in the context of the Climate Variability and Pradbility (CLIVAR) programme, is
taking the lead, in conjunction with I0C and ICSd,a comprehensive study of
climate variability and predictability at interaralu decadal and centennial time-
scales, with the objective of making the scientbiieakthroughs required. | would
point out that the study of monsoons and the imgugeredictability in this area is a
particular focus of CLIVAR.

10. Anthropogenic climate change
The effects of human activities

This concluding section is certainly the most intaot section of the lecture, namely
the assessment of man’s effect on the climate mysdaed what has to be done about
it. There is now very little question that man Iseady having, and will have, an
increasing effect on climate as a result of emrssiof greenhouse gases and other
pollutants into the atmosphere from his activitiésgd which have now modified the
atmospheric concentrations of particular trace gagete significantly compared to
pre-industrial levels. These include specificallpsgs such as carbon dioxide,
methane, oxides of nitrogen and halocarbon compmoulMan also puts into the
atmosphere suspensions of particles, known asasyreghich result from the release
of sulphur dioxide from fossil fuel combustion afrdm the burning of biomass.
Since the pre-industrial era, carbon dioxide hasemsed from 280 to 3G8arts per
million by volume (see Figure 12), methane from @7..7 ppmv and nitrous oxide
from 275 to 310 parts per billion by volume. These
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FIGURE 12. Record of the atmospheric concentration of cantioxide (adapted from siegenthater

and Oeschger,1987). Circles refer to the compasttibair bubbles trapped in Ataractic ice. Crosses
are annual values measured at the Mauna Loa Observa

changes are important since these gases have shguse effect: they are
transparent to income solar radiation but absqgutoportion of the outward radiation
from the Earth (i.e. like the horticulturist’s gréeuse which lets in the sun’s rays but
retains the heat inside the glass). Thus an inerefscarbon dioxide leads to a
reduction in radiation able to escape from the lEsutface-likewise for the other
Gases like methane and nitrous oxide (see Figure 13

Atmospheric reaction to emissions

Since the beginning of industrialization, the irases of greenhouse gases have
resulted in an extra heating of the climate systeinut it is hard to separate the
change in climate as result of man’s activates ftbw natural variations of the
climate system described above. Moreover, the ablrqait into the atmosphere by
man’s activities have a cooling effect on climatewever, whereas the heating from
greenhouse gases is more or less the same araunathl, the cooling from aerosols
occurs over or close to regions of industrial agtiv- the eastern United States,
central Europe and eastern China, and is much naiable in space and time. By
putting this heating from greenhouse gases, onhané, and cooling from aerosols,
on the other, into a climate model, the most recesults are giving global patterns of
warming in some areas of the world, but with snoalhegligible warming in other,

similar to the changes that have actually been rgbdeover the past two three
decades.

These results, together with other evidence, peouide foundation for
suggesting that we are now actually seeing a diggderhuman influence on climate.
An outstanding question has been to distinguishhtimaan induced effects from the
climate variability or volcanic eruptions. Howev@rogress has recently been made
in resolving this issue. Firstly, let me point ¢iat the twentieth century global mean
surface temperature is at lest as as warm as amyrgesince at least 1400 AD.
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Global mean surface temperature shows an incredsan@ 0.6 Celsius since the late
nineteenth century and recent year have been atheng

A

FIFURE 13. Greenhouse effect

Warmest recorded (see Figure 14). Most statisgtadies show that this observed
warming trend is unlikely to be entirely naturalarigin. Moreover, strong evidence
for attributing the recent changes to human effexctsmerging from detailed pattern-
based studies. In these, the response of climat¢héocombined increases in
greenhouse gases and changes in aerosol loadiaggdeated in models, is
compared to the observed geographical, seasonal varttal distributions of
atmospheric temperature change. These studies lawing that the pattern
correspondence is increasing with time as the aptigenic signal grows in strength.
The probability that these correspondences couldiroby chance as a result of
natural internal variability is very low — in patilar the vertical patterns of
temperature change which are not consistent wiketlthat would be expected from
any other cause.
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TEMPERATURE ANOMALY

FIGURE 14. Global land, air and sea-surface temperature anomalies (°C) are
computed departures from the 1961-1990 base-period means. Thefitted curve is a
- 21-point binomial filter. Dashed lines hint at possible future scenarios

(adapted from Hadley Centre, Meteorological Office, and Climatic Research Unit,
University of East Anglia, UK)

11. What can be done? The global response

There is thus every reason for nations to thinky\sariously about taking steps to
mitigate possible climate change which has the ntiatéy serious social and
economic impacts mentioned earlier — the threatsagpicultural production,
especially in the developing world, to the worlfbsests, the dramatic consequences
of a rise in sea level. The need to take precasitieess perhaps recognized clearly for
the first time in the Ministerial Declaration adeg@tby representatives from 137
participating countries in the Second World Clim&enference in October 1990,
organized and hosted by the World Meteorologicayaization. The Conference
agreed that climate change was a global problemanafue character, and whilst
taking into account the uncertainties in climatesce, the economics and response
options, considered that a global response shalidhplemented as soon as possible
on the basis of the best available knowledge, wieitsuring the sustainable
development of all countries.

The persistence of the scientific community eveihtuked to the United
Nations Framework Convention on Climate Change (ONE), which entered into
force in 1994. The convention sets out the blug¢pian the reduction, by both
developed and developing countries, of the greestn@as emissions well into the
next century and the method of financing its impatation. It was recognized that
developed countries, which are responsible for ldrger part of emissions of
greenhouse gases and aerosols, should take thanlghts global response. They
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should commit themselves to actions to reduce themtribution to global net
emissions, and enter into and strengthen cooparatith developing countries to
enable them to address adequately climate chanti®wihindering the national
development goals and objectives of developing tmsm Additionally, it was
suggested that adequate and additional finan@alurees would have to be mobilized
and the best available environmentally-sound teldgies should be transferred on a
fair, favourable and affordable basis.

| would point out that the need to take precautiangy and mitigate climate
change was agreed to be vital. Climate change,hnisiciow discernible, may well
accelerate in the future. The uncertainties inatteial change in climate that we may
be faced with will mean that it will be far fromalle to rely only on an adaptation
strategy. This is particularly true with regiondlanges, which could well be much
more dramatic locally than the expected mean glatialate change, as well as
possible changes in the frequency and intensigxteme events. It is not possible to
conceive of an adaptation strategy including ak thide-ranging, far-reaching
measures that will undoubtedly be required foredéht regions of the globe. As
suggested by the IPCC, the only way to proceed beayhrough a portfolio of
actions, which would differ from country to countrgimed at mitigation of, or
adaptation to, climate change, as well as improwatimates of the magnitude of
changes expected.

The Conference of the Parties (COP) to the UNFQGE first of which was
held in Berlin from 28 March to 7 April 1995, hasw taken over responsibility for
the lengthy process of implementing the Conventidre Berlin Conference agreed
on the following:

-the establishment of a process for the adoptioa pfotocol on the reduction levels
of greenhouse gas emissions, back to 1990 levethdgarly part of next century,
and for further reductions beyond;

-the methodology of calculation of sources and siok greenhouse gases, and to
guantify agreed present and future emission launeddl countries;

-pilot projects on the joint implementation of tBenvention between developed and
developing countries. It is hoped that this coutdnpote the development of low-
emission technologies;

-methods of financing the implementation of the @ation. As an interim measure,
the Global Environment Facility (GEF) would be fvtme source for a period of up
to four years.

This is a major start, and WMO has contributed tpady through every stage of the
process.

12. Conclusions
Over the last three decades, considerable progessbeen made in the understanding

of the Earth’s climate system as well as in thedioteon of climate change and its
impacts on sustainable development. The progrdsewed thus far is the result of
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many years of painstaking effort in the collectaord analysis of climate and climate-
related data from all over the world. These dataion the increasing trend in global
warming over the past century and suggest a digterhuman influence on global
climate. Furthermore, projections on the basis a@gutation and economic growth,
land use, technological changes, energy availghalitd fuel mix during the period
1990 to 2100 indicate that global warming will dooe in the future and will
continue to change climate.

The global concern over the impact of climate clangas led to
unprecedented cooperation and coordination amaongadkions of the world, as well
as scientific organizations, academia, industry amedrnational organizations in
scientific research and policy formulation for appeopriate response strategy. A
landmark instrument resulting from such collabanatiis the United Nations
Framework Convention on Climate Change, which ismhéo counter the effects of
human-induced change on the global climate. In tbgpect, governments should
ensure that the Convention responds to the agpisatf all nations. Nations should
also enhance their commitment to implement the €otion and provide the
necessary support for scientific activities, inaghgdclimate monitoring and research,
in order to reduce the existing uncertainties imate change prediction.

In this global undertaking, the civil society, iading non-governmental
organizations, has a crucial role to play in enirmpawareness at the grassroot and
decision-making levels of the ongoing change in@wironment. In this regard, the
initiative of the Rajiv Gandhi Institute marks anportant contribution to this effort.
The World Meteorological Organization, as the legdauthoritative scientific voice
on the subject of climate and climate change, imaor driving force in the
international arena in developing climate monitgrirapplication, research and
prediction, as well as in leading the translatidnamlay’s scientific knowhow and
warnings of impending climate change into actionptotect the Earth’s climate.
WMO is therefore honoured to be associated witls tmdertaking of the Rajiv
Gandhi Institute for Contemporary Studies.
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