WORLD METEOROLOGICAL ORGANIZATION

TECHNICALNOTE
NOTENo.
No.200
2
TECHNICAL

METHODS
OF OABSERVATION
AT SEA
climate
variability,
agriculture
and
forestry: towards sustainability
PART I – SEA SURFACE TEMPERATURE
by
M.J. Salinger (Coordinator), R.L. Desjardins, H. Janzen, P.H. Karing,
S. Veerasamy and G. Zipoli

(CAgM-XI Joint Rapporteurs on the Effects of Climate Variability and Climate Change on
Agriculture and Forestry — Agrometeorological Aspects of Management Strategies and
Improvement of Sustainability)

WMO-No.
26.928
TP. 8
WMO-No.
Secretariat of the World Meteorological Organization – Geneva – Switzerland

WORLD METEOROLOGICAL ORGANIZATION

TECHNICAL NOTE No. 200

CLIMATE VARIABILITY,
AGRICULTURE AND FORESTRY:
TOWARDS SUSTAINABILITY

by
M.J. Salinger (Coordinator), R.L. Desjardins, R. Janzen, P.R. Karing,
S. Veerasamy and G. Zipoli
(CAgM-XI Joint Rapporteurs on the Effects of Climate Variability and Climate Change on
Agriculture and Forestry - Agrometeorological Aspects of Management
Strategies and Improvement of Sustainability)

WMO-No.928
Secretariat of the World Meteorological Organization - Geneva - Switzerland
2002

\

© 2002, World Meteorological Organization
ISBN: 92-63-10928-1

NOTE
The designations employed and'the presentation of material in this publication do not imply
the expression of any opinion whatsoever on the part of the Secretariat of the World
Meteorological Organization concerning the legal status of any country, territory, city or area,
or orits authorities, or concerning the delimitation of its frontiers or boundaries.

CONTENTS
Page
FOREWORD.............................................................................................................................

v

SUMMARy................................................................................................................................

vii

LIST OF CONTRIBUTORS

xi

CHAPTER I-INTRODUCTION (by M.J. Salinger)

I

References

2

CHAPTER 2 - CAUSES OF CLIMATE VARIABlLITY, INCLUDING THE
SOUTHERN OSCILLATION (by M.J. Salinger)....................................................................

3

2.1

2.2

2.3

External causes of climate variation

3

2.1.1
2.1.2

3
4

Solar output....................................................................................................
Orbital variations

Internal causes of climate variation

4

2.2.1
2.2.1.1
2.2.1.2
2.2.1.3
2.2.2
2.2.3
2.2.4
2.2.5

4
4
5
5
5
5
6
6

Atmospheric composition...................................................
Greenhouse gases............................................................................................
Volcanic aerosols
Clouds.............................................................................................................
Hydrosphere
Cryosphere......................................................................................................
Land surface changes
Internal dynamics of the climate system - the Southern Oscillation

Anthropogenic causes of climate variation

2.3.1
2.3.2
References

Changes in greenhouse gases
Anthropogenic aerosols..................................................................................

CHAPTER 3 - EFFECTS OF CHANGES IN THE ATMOSPHERIC COMPOSlTlON
ON AGRICULTURAL AND FOREST ECOSYSTEMS (by G. Zipoli).................................
3.1

Carbon dioxide (CO z).....................................................
3.1.1
Effects of increasing COz concentration
3.1.2
Physiological background
3.1.3

3.2

Impacts on agricultural and forest ecosystems

7

7
8
8

9
9
9
9
10

Depletion of the stratospheric ozone layer
3.2.1
Implications for Earth's UV irradiance
3.2.2
Effects of increased UV-B radiation on terrestrial ecosystems
3.2.3
Effects ofUV-B radiation on plants
3.2.3.1 Effects on crops...............................................................................................
3.2.3.2 Effects on forest species

II
II
II
12
12
13

3.3
Conclusions and research perspectives...........................................................................
References

14
14

CHAPTER 4 -IMPROVING SUSTAINABlLITY BY REDUCING VULNERABILITY
OF AGRICULTURE AND FORESTRY TO CLIMATE VARIABILITY AND
CLIMATE CHANGE (by S. Veerasamy and P. Karing)

18

4.1

Tropicallatitudes (by S. Veerasamy)
4.1.1
Climate change and agriculture

18
18

IV

CONTENTS

Page
4.1.1.1
4.1.1.2
4.1.2
4.1.2.1
4.1.2.2

Temporal climate change and spatial climate variations...............................
Agriculrure and change of climate according to latitudes.............................
Climate variability and agriculture
Reduction of the impacts of climate variability.............................................
Rainfall variation and agriculture

18
20
20
20
21

4.1.2.3

Temperature variation and agriculture...........................................................

21

4.1.3
Tropical cyclones and agriculture...................................................................
4.1,4
Conclusions
4.2
Higher latitudes (by P. Karing)
4.2.1
Assessment of the agroclimatic potential......................................................
4.2.2
Efficiency of the microclimatic approach
4.2.3
Regional climate change impact on agroclimate resources
4.2,4
Adaptation strategies to climate change........................................................
References................

21
22
23
23
23
27
29
30

CHAPTER 5 - MANAGEMENT STRATEGIES TO MITIGATE GREENHOUSE GAS
EMISSIONS FROM AGROECOSYSTEMS (by R.L. Desjardins and H. Janzen)
5.1
The greenhouse gases..
5.1.1
Carbon dioxide (COz )
5.1.2
Methane (CH4)
5.1.3
Nitrous oxide (NzO)

32
32
32
34
35

5.2

35

Interactions between various greenhouse gases..............................................................

5.3
Summary
References

36
37

CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS (by M.]. Salinger) ........
6.1
Conclusions.....................................................................................................................
6.2
Recommendations

39
39
40

FOREWORD
Climate plays a significant role in sustaining plant and animal life. The agricultural and forestry sectors are among the areas
most vulnerable and sensitive to climate fluctuations. In many places, one already has to deal with the periodic failure of
expected seasonal rains, which might lead to droughts, crop failure and occasional famine. On the other hand, too much
rainfall in a very short time, or even over a season, can result in major floods that cause loss and destruction of property.
Climate variability is referred to as 'the deviation from the long~term meteorological average over a certain period
of time,' e.g. a specific month, season or year. A stronger-than-normal monsoon, a more intense drought period, or a wet
spell in a desert area are examples of climate variation. The impact of climate variability affects not only producers of food
and fibre products, but also the supporting industries, including seed, fertilizer and pesticide industries and their
management and services. The impact is greatest in developing countries, where these sectors do not have the
infrastructural resilience to withstand abnormal fluctuations. The anomalies caused by El Nino in recent years are good
examples of climate variations that have global economic and social implications. If one were able to predict reliably the
gross features of rainfall and temperature anomalies at least a few months ahead, decision~making and planning by farmers
and governments could be facilitated and major famine disasters averted.
The understanding of El Nino and the ability to predict its occurrence and behaviour represent a major
breakthrough in the prediction of long~term climate. This prediction capability has significant sodo~economic benefits in
various parts of the world. Scientists have found that a strong EI Nino event is linked to droughts in south,eastern Africa,
northern Australia, northern Brazil, Indonesia and the Philippines. Wetter~than-normal conditions tend to occur in
tropical east Africa, along the west coast of tropical South America, and subtropical parts of North America and South
America.
Furthermore, there is major concern that climate change, which is a 'change from one climate mode to another
outside the normal range of natural climate variability,' could have a significant impact on agriculture and forestry. The
adaptive capacity of natural ecosystems, including forests, rangelands, deserts and wetlands, would be affected by climate
change. According to the joint WMO/United Nations Environment Progtamme (UNEP) Intergovernmental Panel on
Climate Change (IPCC), global crop production is unlikely to be affected by a doubling of CO 2 concentrations over its
pre,industrial value, but its regional distribution could vary quite significantly.
In recognition of the importance of sustainable management in agriculture and forestry so as to effectively cope
with climate variability and change, the Commission for Agricultural Meteorology (CAgM) invited M.J. Salinger (New
Zealand/Coordinator), R.L. Desjardins (Canada), G. Zipoli (Italy), S. Veerasamy (Mauritius) and PH. Karing (Estonia), as
Joint Rapporteurs, to study the effects of climate variability and climate change on agriculture and forests. This technical
note, which presents the report of the Joint Rapporteurs, addresses problems which are of great concern in all countries,
especially the developing ones. These include the causes of climate variability, including the Southern Oscillation, and
their influence on agriculture and forestrYi the effects on agriculture and forestry caused by changes in atmospheric
composition; management strategies to mitigate the effects of greenhouse gas emissions from agroecosystems; and the
agrometeorological aspects of management adjustments. It contains recommendations on measures to improve
sustainability by reducing the vulnerability of agriculture and forestry to both climate variability and climate change.
It is therefore with much pleasure that I take this opportunity to place on record the deep appreciation of WMO to
the experts for the time and effort devoted to the preparation of this valuable technical note.

(G.O.P. Obasi)
Secretary,General

SUMMARY
WMO has published two previous technical notes on this subject: Climate Variability, Agriculture and Forestry
(WMO-No. 802), published as Technical Note 196 in 1994; and Climate Variability, Agriculture and Forestry: An Update
(WMO-No. 841), published as Technical Note 199 in 1997. The first note concluded that schemes should be developed
to reduce the vulnerability of climate to these activities. 1t also discussed measures by which the vulnerability of agriculture
and forestry to both climate change and variability could be reduced. The second note updated the previous one by
examining physiological and chemical reactions of various plants to stress caused by temperature. Particular attention was
given to the effects oftemperature extremes, droughts and tropical cyclones.
The current technical note is an expansion of earlier materials in the above notes, recognizing the importance of
decreasing the vulnerability to climate with appropriate measures in order to sustain food and fibre production.
Some of the principal causes of global climate variability are a mixture of external and internal factors of the
climate system. The Earth's orbital variations have been important in causing variations in climate over the last
glacial/interglacial cycle. Of changes over the past century, anthropogenic increases in greenhouse gases have probably
been the most important cause of climate change. Volcanic eruptions that inject significant amounts of sulphate aerosols
into the stratosphere can contribute to a cooling of global climate. El Nino/Southern Oscillation (ENSO) is the major
cause of global climate variability on seasonal to interannual timescales.
Changes in atmospheric composition are producing significant effects on agricultural and forestry ecosystems.
Increases in atmospheric COz elevate the photosynthetic rate and consequently stimulate plant growth. Perhaps the most
important response is the increase in water use efficiencies under increased C0 21 reducing crop water requirements.
Increases in UV..B radiation reduce photosynthesis through damage to chloroplasts, even with an increase in leaf thickness.
The strategy of reducing vulnerability of food and fibre production to climate variation has been achieved by crop
breeding programmes. To reduce the impacts of climate variability on tropical agriculture requires knowledge of the
relationship of regional climate to the crop under cultivation. This can be used to modify crop planting and scheduling
operations, such as deciding when a cash crop should be introduced into a region. The development of the agriculture in
high latitudes is largely determined by thermaL resources. Increases in temperature prolong the total growing season,and
also lengthen the sowing and autumn harvesting periods.
Agriculture and forestry are important sources of greenhouse gases, so it is important to employ appropriate
management strategies for emission mitigation. Reduced summer fallow and reduced tillage would reduce CO2 emissions,
whilst improved feed rations and additives would reduce CH4 emissions from animals. However, the interactions between
agricultural processes, climate and greenhouse gas emissions are extremely complex and require detailed analysis,
particularly since greenhouse gas mitigation measures may have unforeseen and undesirable consequences.
The legitimate and effective management of agricultural contributions to global warming depends on
comprehending not only each individual factor but also how the system functions as a whole.

RESUME
L:OMM a deja publie deux notes techniques sur ce theme: Climate Variability, Agriculture and Forestry (WMO-N° 802), et
Climate Variability, Agriculture and Forestry an Update (WMO.N° 841), qui sont pames respectivement en 1994 (Note
technique 196) et 1997 (Note technique 199). La premiere fait valoir qu'il faudrait trouver Ies moyens de reduire l'impact
des activiH~s en question sur Ie climat et evoque aussi les mesures susceptibles de reduice 1a vulnerabilitc de l'agriculture et
de la sylviculture face au changement climatique et a la variabilite du climat. La deuxieme Note technique, qui constitue
une mise a jour, ahorde la question des reactions physiologiques et chimiques de divers vegetaux soumis a un stress
thermique. .raccent est mis en particulier sur les effets des temperatures extremes, des secheresses et des cyclones tropicaux.
La presente Note technique developpe encore la question et insiste sur la necessite. de reduire 1a vulnerabilite face
au climat par des mesures appropriees, afin de sautenir la production de denrees alimentaires et de fibres.
La variabilite du systeme climatique de la planete est regie par une combinaison de facteurs internes et extemes.
Par exemple, les variations de l'orbite terrestre ont largement determine les variations climatiques qui se sont produites
durant Ie demier cycle glaciaire!interglaciaire. En revanche, durant Ie siecle ecoule, l'augmentation anthropique des gaz a
effet de serre a ete sans daute la principale cause de l'evolutian du climat. Quant aux eruptions volcaniques, qui injectent
de grosses quantites d'aerosols sulfates dans la stratosphere, elles peuvent contribuer a un refroidissement du climat
mondial. Enfin, Ie phenomene EI Nino/Oscillation austtale (ENSO) est Ia cause principale de Ia variabilite saisonniere a
interannuelle du climat mondial.
Les changements qui interviennent dans lacomposition de l'atmosphere ont des repercussions considerables sur
les ecosystemes agricoles et forestiers. C'est ainsi que l'accroissement des concentrations de CO 2 dans l'atmosphere fait
augmenter Ie rendement de conversion photosynthetique et stimule par consequent la croissance des vegetaux. Son effet
majeur' est probablement de rendre plus efficace l'utilisation de l'eau par les vegetaux et done de reduire la consommation
d'eau des cultures. Par ailleurs, l'augmentation du rayonnement UV-B entraine une diminution de la photosynthese de par
ses effets nocifs sur les chloroplastes, meme en presence d'un epaississement des feuilles.
C'est grate a des programmes de selecti0n des cultures qu'on a pu reduire la vulnerabilite de la production de
denrees alimentaires et de fibres face aux variations du dimat. Pour limiter les incidences de la variabilite du c1imat sur
l'agriculture tropicale, it faut bien connaitre Ie rapport qui existe entre Ie climat regional et la culture considen~e. Von peut
alors choisir et planifier les cultures en toute connaissance de cause, et notamment decider quand il convient d'introduire
une culture de rapport dans une region donnee. Aux hautes latitudes, Ie developpement de l'agriculture est largement
determine par les' ressources thermiques june hausse des temperatures allonge la duree de la saison vegetative et de la
peiiode des semis et des recoltes.
L'agriculrure et la sylviculture sont des sources majeures de gaza effet de serre; aussi faut-il choisiravec soin les
methodes de gestion de maniere a limiter les emissions. On peut reduire les jacheres d'ete et Ie labourage pour abaisser les
emissions de CO 2 et agir sur les rations fouITageres et les additifs alimentaires pour diminuer les emissions de CH 4 qui
proviennent des animaux. Il n'empeche que les interactions entre l'agriculture, Ie c1imat et les emissions de gaz a effet de
serre sont extremement complexes et doivent etre analysees avec sain, d'autant plus que les strategies de limitation des
emissions de gCiza effet de serre pourraient avoir des consequences imprevues, voire defavorables.
Pour limiter efficacement et a bon escient la contribution de l'agriculture au rechauffement mondial, il faut non
seulement apprehender chaque facteur mais aussi avoir une vision globalede tous les mecanismes en jeu.

RESUMEN
La OMM ha publicado dos notas tecnicas sobre este tema en el pasado: Variabilidad climatica, agricultura y silvicultura
(OMM NQ 802), que aparecio en 1994 como Nota Tecnica 196, y Variabilidad climatica, agricultura y silvicultura:
actualizaci6n (OMM NQ 841), que aparecio en 1997 como Nota Tecnica 199. En la primera de esas publicaciones se llegaba
a la conclusi6n de que era necesario preparar planes destinaclos a reducir la vulnerabilidad de esas actividades al c1ima, y se
examinahan medidas que permitiesen reducir la vulnerabilidad de la agricultura y la silvicultura al cambia climatico y la
variabilidad del clima. En la segunda nota, que era una actualizaci6n de la primera, se examinaron las reacciones fisio16gicas
y qufmicas de varias plantas al estres termico, prestando especial atenci6n a losextremos de temperaturas,a lassequfas y.3
los ciclones tropicales.
La presente nota tecnica es una ampliaci6n de materiales que formaron parte de las notas anteriores, en que se
reconoee la importancia de tomar medidas apropiadas para reducir la vulnerabilidad al clima con el fin de lograr la
produccion sostenible de alimentos y fibras.
Las principales eausas de la variabilidad del clima a nivel mundial son una eombinaci6n de faetores tanto externos
como internos del sistema climatico. Las variaciones orbitales del planeta han sido un factor importante en el origen de las
variaciones climatieas durante el ultimo ciclo glaciarfinterglaciar. Entre los cambios ocurridos durante el ultimo siglo, el
aumento de las emisiones antrop6genas de gases de efeeto invemadero ha sido probablemente la causa mas importante del
cambio climatico. Las erupciones volcanicas que arrojan considerables volumenes de sulfatos en aerosol en la estratosfera
pueden contribuir al enfriamiento del dima en todD el mundo. EI fenomeno de El Nino/Oscilacion Austral (ENOA) es la
principal causa de la variabilidad climatica en todo el muncio a escalas estacionales a interanuales.
Los eambios en la composici6n de la atm6sfera tienen considerables efectos en la agricultura y la silvicultura. Los
aumentos en la concentraci6n atmosferica de CO 2 elevan la tasa de fotoslntesis y, por consiguiente, estimulan el
crecimiento de las plantas. Quizas la mas importante respuesta al aumento de la concentraci6n de CO2 es la mayor
eficiencia en la utilizaci6n del agua, 10 que supone una reducci6n del volumen de agua que requieren los cultivos. Los
aumentos en la radiaci6n UV-B reducen la fotoslntesis debido al dano que sufren los claroplastos, incluso can un aumento
del espesor de las hojas.
Los programas de fitogenetica han sida una estrategia para reducir la vulnerabilidad de la producci6n de alimentos
y fibras a la variaci6n climatica. En el caso de la agricultura tropicat la reducci6n de los efeetos de la variabilidad climatica
requiere canacer la relaci6n que existe entre el clima regional y el eultivo especffieo. Esa informaci6n puede utilizarse para
modificar la siembra de los cultivos y para planificar diversas operaeiones como, por ejemplo, el momento adeeuado para
introducir un cultivo comercial en una region. El desarrollo de la agricultura en latitudes elevadas esta determinado en gran
medida par las condiciones de temperatura. Su elevaci6n prolonga no solo la estaci6n de crecimiento sino tambien los
perfodos de siembra y de siega.
La agricultura y la silvicultura son importantes Fuentes de gases de efeeto invernadero, razon par la eual es
importante emplear estrategias apropiadas que pennitan mitigar las emisiones. La redueci6n del barbeeho en verano y de
la labranza eontribuirfan a la disminuci6n de las emisiones de COlo mientras que el mejoramiento de las raciones de
alimentos y los aditivos permitirfan reducir las emisiones de CH4 de los animales. Sin embargo, las interaeciones entre los
proeesos agrfcolas. el clima y las emisiones de gases de efeeto invemadero son sumamente eomplejas y requieren un analisis
pormenorizado, sobre todo debido a la posibilidad de eonsecueneias imprevistas indeseables de las medidas de mitigaci6n
de los gases de efeeto invemadero.
La gestion apropiada y efieaz de las contribuciones de la agricultura al ealentamiento global exige comprender no
solo cada uno de los faetores, sino tambien el funcionamiento del sistema en su totalidad.

PE3JOME
PaHee BMO ony6nwKoBana ABe TeXHWyeCKWX 3anHCKW no AaHHoMy Bonpocy:
(BMO-NQ

802)

(V13MeHYHBOCTb KflWMaTa, cenbCKoe WnecHoe X03~MCTBO) -

1997 r. TeXHWYeCK~ 3anHCKa NQ 199 -

Climate Variability Agriculture and Forestry

TeXHWYeCKa~ 3anwca NQ 196, BbInYLljeHHa~ e 1994 r., WB

Climate Variability, Agriculture and Forestry:

An Update (BMO-NQ 841) (V13MeHYWBOCTb

KnWMaTa, cenbCKoe WneCHoe X03~MCTBO: nocneAHwe HOBOCTW). B nepBoH 3anHCKe cOAeplKanc~ BblBOA a TOM, YTO cneAyeT
pa3pa60TaTb cxeMbl YMeHbweHW~ y~3BWMOCTW KnHMara An~ 3TH X BHAOB Ae~TenbHOCTH. B HeM TaKlKe 06cyIKAanHcb Mepbl, C
nOMOLljblO KOTOpblX MOlKeT 6blTb CHHlKeHa y~3BHMOCTb cenbCKoro H- necHoro X03~McTBa KaK An~ H3MeHeHH~, TaK H H3MeHYHBocTH
KflHMaTa BTopa~ 3anHCKa CTMa 06HoBneHHeM npeAblAYLljeM 3a CyeT pe3ynbTaTDB HccneAoBaHH~ qm3wOnOrHyeCKHX H XHMHyeCKHX

peaK~HM pa3nHYHbiX paCTeHHM Ha cTpecc, Bbl3blBaeMbiM TeMnepaTypoM. Oc060e BHHMaHwe YAen~nocb B03AeMcTBH~M
3KcTpeMMbHbiX TeMneparyp, 3acyx H TpOnHYeCKHX

~HKflOHOB.

HaCTO~Llja~ TeXHHYeCKa~ 3anHCKa ~Bn~eTC~ pacWHpeHHeM

60nee

paHHHX MaTepHanoB, cOAeplKaBwHxc~ B

BbiweYKa3aHHbiX 3anHcKax, yeM npH3HaeTC~ BalKHOCTb CHHlKeHH~ y~3BHMOCTH An~ B03AeMCTBHM KnHMaTa C nOMOLljblO
COOTBeTcTBylOLljWX Mep no AOCTWlKeHWIO YCTOMYWBOro npOH3BOAcTBa nHLljH H BonoKoH.
HeKOTDpble H3 rnaBHblX npHYHH rn06anbHOM H3MeHYHBOCTH KflHMaTa ~Bn~IOTC~ coyeTaHHeM BHeWHHX H BHyTpeHHHX
<paKTopOB KnHMaTHyeCKOM CHCTeMbl. V13MeHeHW~ Op6HTbi 3eMnw ~Bn~IOTC~ BalKHblMH npHYWHaMH H3MeHeHHM KnHMaTa Ha

npOT~lKeHHH nocneAHero neAHHKOBoro/MelKfleAHHKoBOro ~HKfla. 4TO KacaeTC~ W3MeHeHHM, npOH30weAWHX 3a nocneAHee CToneTwe,
TO aHTponoreHHoe nOBblweHwe COAeplKaHH~ napHHKOBblX ra30B, BepO~THO, CTano caMOM BalKHOM npHYHHOM H3MeHeHW~ KflHMaTa.

V13BeplKeHW~ BynKaHoB, B npo~ecce KOTOpblX B aTMOC<pepy Bbl6paCblBalOTC~ 3HaYHTenbHbie 06beMbi cynb<paTHblX a3p030neM, MoryT
BHeCTH CBOM BKflaA B noxonOAaHHe rn06aflbHOrO KflWMaTa. }lBneHwe 3nb-HHHbo/lOlKHoe Kone6aHHe (3HCO) ~Bn~eTC~ KpynHoM
npHYHHOM rn06MbHOM H3MeHYHBOCTH KflHMaTa B ce30HHblx-MelKroAoBblX BpeMeHHblX Macwra6ax.

V13MeHeHH~ B COCTaBe aTMoc<pePbl OKa3blBalOT 3HaYHTenbHoe BnH~HHe Ha cenbCKOX03~MCTBeHHble H neCHble 3KOCHCTeMbi.
nOBblweHHe COAeplKaHW~ CO 2 B aTMOC<pepe YBenHYHBaeT HHTeHCHBHOCTb <pOTOCHHTe3a H B pe3ynbTaTe cTHMynHpyeT paCT
paCTeHHM. B03MOIKHO, YTO caMOM BalKHOM peaK~HeM ~Bn~eTC~ nOBblweHHe 3<p<peKTHBHOCTH Hcnonb30BaHH~ BOAbl npH YBenHyeHHH
COAeplKaHW~ CO 2, CHHlKalOLljee nOTpe6HOCTH cenbCKOX03~MCTBeHHbIX Kynbryp B BOAe. POCT HHTeHCHBHOCTH Y<D-B paAHa~HH
3aMeAfl~eT <pOTOCHHTe3 H3-3a nOBpeIKAeHW~ xnoponnaCTOB, AalKe npH YBenHyeHHH TonLljHHbl nWCTbeB.

CTpaTerH~ YMeHbweHH~ y~3BWMOCTH npOW3BOACTBa nHLljH H BonOKOH An~ W3MeHeHHM KnHMara 6blna AocTHrHyTa C
nOMOLljblO nporpaMM ceneK~HW cenbCKOX03~MCTBeHHbIXKynbryp. An~ CHHlKeHH~ B03AeMCTBWM H3MeHYHBOCTW KnHMaTa Ha
rpOnHYeCKOe cenbCKoe X03~MCTBO Tpe6YIOTC~ 3HaHH~ a B3aWMOAeMCTBHH perHOHanbHoro KnHMaTa C BbipaLljHBaeMblMW

cenbCKOX03~MCTBeHHbIMH KynbrypaMH. 3TO MOlKeT 6blTb Hcnonb30BaHO An~ H3MeHeHH~ CpOKOB ceBa KynbTyp W rpa<pHKOB HX
o6pa6oTKH, HanpHMep npH npH~THH peweHHM, KorAa KOMMepYeCK~ cenbCKOX03~MCTBeHHa~ Kynbrypa BHeAP~eTC~ e 3TOM perHOHe.
Pa3BHTHe cenbcKoro X03~MCTBa B BblCOKHX WHpOTax B 60nbWOM CTeneHH onpeAen~eTC~ TepMWYeCKHMH pecypcaMH. nOBblweHHe
TeMneparypbl npOAfleBaeT 06LljHM ce30H BblpaLljHBaHH~ Kynbryp, a TaKlKe YBenWYHBaeT nepHOAbl, nOAXoA~LljHe Afl~ ceBa H oceHHero
c60pa ypolKa~.
CenbCKoe WneCHoe X03~MCTBO ~Bn~IOTC~ BalKHblM HCTOYHHKOM napHHKOBblX ra30B, TaK YTO BalKHO npWMeH~Tb
npHeMneMble CTpaTerHH ynpaBneHW~ Afl~ CHHlKeHH~ BbI6poCOB. COKpaLljeHHe nnOLljaAeM nOA napOM H 06beMOB o6pa60TKH nOYBbl
neToM YMeHbWHT Bbl6poCbl CO2, B TO BpeM~ KaK ynyYWeHHe pa~HOHOB nHTaHH~ H npHMeHeHH~ Ao6aBOK YMeHbWHT Bbl6pOCbl CH 4 3a
cyeT IKHBOTHOBOACTBa. OAHaKO B3aHMOAeMCTBHe MelKAY cenbCKOX03HMCTBeHHblMH npo~eccaMH, KnHMaTOM H Bbl6pocaMH
napHHKOBblX rasoB HBnHeTC~ 3KCTpeMMbHO KOMnneKCHblM H Tpe6yeT nOAP06HOro aHaflH3a, B oc06eHHOCTH H3-3a Toro, YTO Mepbl no
COKpaLljeHHIO Bbl6poCOB napHHKOBblX ra30B MoryT HMeTb HenpeABHAeHHbie H HelKenaTenbHble nocneACTBHH.
Pa3YMHoe H 3<p<peKTHBHoe ynpaBneHHe BKflaA0M cenbcKoro X03~MCTBa B rno6MbHoe nOTenneHHe 3aBWCHT aT nOHWMaHH~
He TonbKO KalKAoro OTAenbHoro <paKTopa, HO TaKlKe W<PYHK~HOHHpOBaHHH CHCTeMbl B ~enOM.
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CHAPTER I

INTRODUCTION
by M.J. Salinger

Climatic variability affects all economic sectors, but the agricultural and forestry
sectors are two of the most vulnerable and sensitive to such fluctuations. The
impacr of climaric variability affects not only producers of food and fibre
products, but also the supporting industries including seed, fertilizer and pesticide
industries and their management and services. The impact of climate variability
is largest on agricultural and forestry activities in developing countries in Asia,
Africa and Latin America, where these sectors do not have the infrastructural
resilience to withstand abnormal fluctuations.
Earlier sessions of the Commission for Agricultural Meteorology (CAgM)
recognized the significance of climate variability and agricultural productivity
(Allsopp, 1979), and enumerated some climatic influences on crop production
(CAgM/WMO, 1983, 1986).
Recognizing the growing importance of climate change and variability on
agriculture and forests, CAgM-IX established a Working Group on the Study of
Climate Effects on Agriculture Including Forests, and of the Effects of
Agriculture and Forests on Climate, Climate Variability, Agriculture and
Forestry. The group's study, Climate Variability, Agriculture and Forestry
(WMO-No. 802), was published as Technical Note No. 196. The working group
report (Salinger, 1990) discussed fully the effects of climate and climate
variability on agriculture and forests. It concluded that climate and its variability
had a significant effect on agriculture and forestry, and schemes should be
developed to reduce the vulnerability of climate on these activities. Agriculture
and forestry are well adjusted to mean climatic conditions, but sensitive to
variability, extremes and changes in the mean state. Agriculture, especially crops,
displayed a high sensitivity. Temperature is very important in determining crop
ranges, particularly in cold latitudes. Yields are closely linked to seasonal
temperature anomalies. Outside these zones, rainfall is the most important
regional variable for crop production. Cropping is particularly susceptible to
rainfall variability in the arid and semi;arid subtropics, Mediterranean and
monsoon regions. Soil moisture deficits limit growth, especially in areas of rain~
fed agriculture. For animal production, the most important impacts of climate are
indirect, through effects on both quality and quantity of feed production and pest
and disease incidence. The response of forests to climate and its variability differs.
Forests do not adapt rapidly and changes in the precipitation and thermal regimes
that are different from the optimal regimes impact forest growth. It is the extreme
events (e.g. fire, disease, high winds, etc.), which cause the ecosystem to change.
The Southern Oscillation is a major cause of natural climate variability,
especially in tropical areas.
These technical notes also examined the consequences of global warming as
a result of the enhanced greenhouse effect. The issues facing agriculture in the
various latitude zones differ. Climate warming substantially lengthens and
intensifies the growing season in cold maritime latitudes. One of the most
threatened zones occurs in areas of Mediterranean climates. Should rainfall
decrease in this zone and in other semi~arid and arid areas, there could be major
decreases in crop and livestock productivity. Agriculture and forests are both
sources of greenhouse gases, but forests can act as a significant sink for carbon
dioxide. Forests also create their own local climate, and large areas of tropical
forests in particular comprise a balanced system. Finally, the report discussed
measures by which the vulnerability of agriculture and forestry to both climate
change and variability could be reduced.
Various aspects of the effects of climate and its variability on agriculture and
forests were not included in the terms of reference of the CAgM~IX working
group, for example the impacts of climate extremes and treatment of important
crops. CAgM-X (Florence, 1991) established Joint Rapporteurs on the Effects of
Climate Variability and Climate Change on Agriculture and Forestry. Their
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primary purpose was to update the work of the previous working group. They
published Technical Note 199, Climate Variability, Agrilculture and Forestry: An
Update (WMO-No. 841), which examined physiological and chemical reactions
of various plants to stress caused by low temperature. Particular attention was
given to the effects of temperature extremes, droughts and tropical cyclones.
Examples of the effects of climate variability on tropical crops, and especially rice
production, were addressed, as well as monsoon climates in general. Information
on the significant climate variability caused by the El Nifio/Southern Oscillation
(ENSO) phenomenon was also updated. To sustain food and fibre production, it
is important to decrease the vulnerability to climate with appropriate measures.
The previous reports indicated that agriculture and forestry also impact on
climate through trace gas emissions. New information was provided concerning
these impacts on climate, as well as methods to quantify sources and sinks of
greenhouse gases.
CAgM-XI (Havana, 1995) established Joint Rapporteurs on the Effects of
Climate Variability and Climate Change on Agriculture and Forestry Agrometeorological Aspects of Management Strategies and Improvement of
Sustainability. This time, as well as reviewing the causes of climate variability,
such as the Southern Oscillation, the emphasis was on the effects on agriculture
and forestry caused by changes in atmospheric composition, as well as considering
methods of reducing vulnerability to climate variation. The information given
presents new material not considered in the earlier works.
In this report, particular attention is given to the direct effects of
components of atmospheric composition, namely carbon dioxide and depletion
of the stratospheric ozone layer. Examples of increasing the adaptability of
agriculture are given for a tropical island, as well as higher-latitude agriculture.
Suggestions are made for management strategies to reduce the production of
greenhouse-gases from agriculture. The final secrionaddresses such strategies.
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CHAPTER 2

CAUSES OF CLIMATE VARIABILITY,
INCLUDING THE SOUTHERN OSCILLATION
by M.J. Salinger

The climate in any place over a particular time period is determined by processes
within the climate system, as well as by external components. Those regarded as
external to the climate system include the Sun and its solar output, the Sun~
Earrh geometry and slowly changing orbit around the Sun, and the distribution
of land and ocean. These features determine the mean climate, which may vary
due to natural causes within the climate system. The Earth absorbs radiation from
the Sun, mainly at the surface. This energy is then redistributed by the
circulation of the atmosphere and ocean and radiated to space at longer
wavelengths. On average, for the entire globe, the incoming solar energy is
balanced by outgoing terrestrial radiation. Any factor that alters the radiation
received from the Sun or lost to space, or alters the redistribution of energy
within the climate system, can affect climate. A change in the energy available
to the climate system is called a radiative forcing.
Within the climate system there are varying processes and interactions of
specific sectors. These include the atmosphere, the hydrosphere (oceans, rivers
and lakes), the cryosphere (snow and ice) and the land surface, including the
biosphere. The main variable component within the atmosphere is its gaseous
composition, including the main gases such as oxygen or nitrogen, and the trace
gases such as carbon dioxide and water vapour. Changes in concentrations of
aerosols, minute solid and liquid particles in the atmosphere, are also important.
Finally, variations in cloud amounts also impact on climate. Within the
hydrosphere, the variation of ocean currents is the most important mechanism of
climate variation. The cryosphere has important longer timescale impacts on
climate. The extent of snow or ice cover on the Earth's surface has important
effects on subsequent climate variation. Changes in the land surface can also
influence climate, but normally on a smaller scale. These include changes in land
use, vegetation cover and ecosystems. Finally, climate can vary because of
alterations in the internal exchanges of energy, or in internal dynamics such as
between the atmosphere and oceans. Often a distinction is made between factors
which cause natural variation of the climate system and those due to human
activities. These include agricultural and forestry operations, industrial processes,
urbanization and transport. This section will briefly review the main known
processes that have caused past and present climate variability.
2.1
EXTERNAL CAUSES OF
CLIMATE VARIATION
2.1.1
SOLAR OUTPUT

The main known external causes of climate variability are changes in solar output
and orbital variations. Both affect the amount or seasonal distribution of solar
radiation received by the climate system.
Energy is generated in the Sun by hydrogen being converted into helium by
a complex set of nuclear reactions. Until recently, it was thought that the actual
luminosity of the Sun was constant. Revised models now assume that variations
take place in the Sun's internal structure, giving changes in luminosity. Such
theories tend to postulate a variation in solar luminosity over several million
years. These changes in solar luminosity may explain very long~term changes in
global climate, particularly the very warm climate in the Cretaceous and early
Tertiary periods when the poles were largely ice-free, and the present glacial
climate when the poles are capped with ice.
Much attention has been placed on short-term variations in the solar
constant because of the II-year sunspot cycle. Essentially, the number of sunspots
varies on an ll~year cycle, with the sunspot minimum lasting for a few years, then
the number of sunspots increasing to a maximum roughly three to six years after
the minimum. The whole cycle lasts approximately 11 years. Space~borne
satellite measurements since 1978 have shown that the solar irradiance varies by
0.2 Watts per square metre (W/m2), or about 0.1 per cent of the incoming solar
radiation at the top of the atmosphere OPCC, 1994). Mean annual numbers of
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sunspots have been recorded for many years by astronomers, and these show the
relative absence of sunspots from 1650 to 1700 AD, the 'Maunder Minimum',
with a slight decrease in solar output (Eddy, 1976). This minimum has been
linked by some to explain the Little Ice Age (1430-1850) cold period in Europe.
Estimates place the increase in solar irradiance between the Maunder Minimum
and now at between 0.5 and 1.4 W/m 2 , or an increase of 0.3 per cent of the solar
irradiance (IPCC, 1996).

2.1.2
ORBITAL VARIATIONS

The variation of the Earth's orbit around the Sun affects the seasonal and
geographical distribution of solar radiation received on the Earth's surface, but
integrated annual totals remain constant. This variability of geographic distribution
occurs on timescales of tens of thousands of years, from astronomical variations.
There are three sources. First, the Earth's orbit varies from almost a complete circle
to a marked ellipse, when it is nearer the Sun at one particular season. This is called
the- eccentricity. One complete cycle of the orbit's eccentricity takes between 90 000
and 100 000 years. When the orbit is elliptical the intensity of the solar radiation
reaching the Earth undergoes a seasonal range of about 30 per cent.
The second mechanism is the wobble of the Earth's axis, so the season of the
closest approach to the Sun varies. This is called the precession of the equinox,
and the complete cycle takes 21 000 years. Currently, the Earth is closest to the
Sun in the Southern Hemisphere summer (3 January), so Southern Hemisphere
summers are warmer and winters cooler than they were 10000 years ago, when
the Northern Hemisphere was closest to the Sun in July. Finally, the tilt of the
Earth's axis of rotation, relative to the plane of the orbit, varies between 21.8 0
and 24.4° over a period of 40 000 years. This effect is called the obliquity of the
ecliptic. The greater the tilt of the Earth's axis, the more pronounced is the
difference between summer and winter.
These three long~term mechanisms are called Milankovitch mechanisms,
after the scientist who first described them (Milankovitch, 1930). There is some
evidence that these mechanisms played an important role in controlling. the
variations in climate in the distant past, such as the last glacial/interglacial cycle
(10 000 to 100000 years ago), because of different seasonal and geographical
distribution of incoming solar radiation on the Earth's surface.

2.2
INTERNAL CAUSES OF
CLIMATE VARIATION

Within the climate system there are many mechanisms that can lead to climate
variability, some well understood, some only poorly described. There are also
factors that have yet to be discovered. Of the myriad causes internal to the
climate system, the main emphasis will be placed on those arising from
atmospheric causes which are best understood, and are responsible for climate
variation and change On timescales of decades to centuries. Natural causes of
climate variation will be discussed in this section. Causes arising from human
activities will be treated in the next section.

2.2.1

Within the atmosphere there are naturally~occurring greenhouse gases, which
trap some of the outgoing infrared radiation emitted by the Earth and the
atmosphere. The principal greenhouse gas is water vapour. Others include carbon
dioxide (C0 2), ozone (03)' methane (CH 4 ) and nitrous oxide (N 20). Together
with clouds, they keep the Earth's surface and troposphere 33°C warmer rhan
they would otherwise be. This is the natural greenhouse effect. Changes in the
concentrations of these greenhouse gases will change the efficiency with which
the Earth cools to outer space. More of the outgoing terrestrial radiation from the
surface is absorbed by the atmo~phere when concentrations of greenhouse gases
increase. This results in a positive radiative forcing which tends to warm the
lower atmosphere and Earth's surface. This is the enhanced greenhouse effect an enhancement of a natural effect which has operated in the Earth's atmosphere
for billions of years due to naturally occurring greenhouse gases (IPCC, 1996).
The natural range of concentration is from about 190 parts per million (ppm) to
280 ppm. When CO2 concentrations were low, so too were temperatures; when
CO 2 concentrations were high, temperatures were warmer.

ATMOSPHERIC COMPOSITION

2.2.1.1
Greenhouse gases
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Volcanic aerosols
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Volcanic activity can inject large amounts of sulphur~containing gases primarily sulphur dioxide (SOZ) into the stratosphere. Once reaching the
stratosphere, some gases rapidly oxidize to form sulphuric acid (H zS04) and
condense with water to form an aetosol haze. The volcanic aerosols increase the
planetary albedo, and the dominant radiative effect is an increase in scattering of
solar radiation, which reduces the net radiation available to the surfacej
troposphere, thereby leading to a cooling. This can produce a large but transitory
negative radiative forcing, tending to cool the Earth's surface and lower
atmosphere for periods of up to two to three years. The eruption of Mr. Pinatubo
in the Philippines stands out from the climatic point of view as the most
important eruption of the 20th century, with a radiative forcing of -4 Wm-2
around one year after the eruption, decaying to -1 Wm-Z after two years OPCC,
1996). A cooling of global surface temperature observed following the eruption
reached a maximum of 0.3 to O.soC during 1992, which then diminished over the
following two years. Clearly then, individual volcanic eruptions can produce
large radiative cooling of climate. To have global effects though, the latitude of
eruption must lie between 30 N and 30 S. Eruptions poleward of these latitudes
will only affect the hemisphere in which the eruption occurs. The general effect
of volcanic eruptions is to depress global temperatures up to O.5°C from 12 to 24
months after a major stratospheric aerosol~producing event.
0

0

2.2.1.3
Clouds

Any changes in the radiative balance of the Earth tend to alter atmospheric and
oceanic temperatures and the associated circulation and weather patterns. These
are accompanied by changes in the hydrological cycle, e.g. cloud distributions.
Clouds can both absorb and reflect solar radiation (which cools the surface) and
absorb and emit long-wave radiation (which warms the surface) depending on
cloud height, thickness and cloud radiative properties. The radiative properties of
clouds depend on the evolution of atmospheric water in its vapour, liquid and ice
phases, and upon atmospheric aerosols. The process is complex, and the
sensitivity of climate to changes in cloud types and amounts is yet to be
quantified accurately.

2.2.2

The hydrosphere comprises the liquid water on the Earth's surface. The oceans
have the main capability of determining climate, principally through changes in
oceanic circulation. Although oceanic circulation is slower than that of the
atmosphere, the oceans store a far greater amount of heat. Large and rapid
climate changes occurred in the North Atlantic during the transition to the
present Holocene period 10 000 to 14 000 years ago. There is evidence of rapid
warming about 11 SOD years ago, with increases in temperatures in central
Greenland of up to 7°C, and 5°C in the Norwegian Sea. This warming took place
in a few decades as changes occurred in the path of the Gulf Stream, which
switched its flow from the Bay of Biscay to the Norwegian Sea in the North
Atlantic OPCC, 1996). This is a field of active investigation.

HYDROSPHERE

2.2.3
CRYOSPHERE

Changes in global snow and ice cover, other than from douds, operate on long
timescales, except for seasonal snow cover. The transfer of heat between the
Earth's surface and atmosphere is markedly changed when the surface is covered
by ice or snow. Snow tends to be a very transient part of the Earth's surface, often
lasting only a few days or months. Monitoring of seasonal snow cover since 1972
shows that the extent of Northenl Hemisphere snow cover has been less since
1987, particularly in spring. This will decrease the regional surface albedo with a
consequent temperature increase.
The growth and decay of continental ice sheets is an important part of the
evolution of climate. During the last glaciation, from 90 000 to 15 000 years ago,
the large continental Fenno~Scandinavian and Laurentide ice sheets occupied
large areas of the Northern Hemisphere, increasing the planetary albedo. When
global climate warmed, the disintegration of these continental ice sheets, caused
by radiative forcing of climate, displayed inertia, compared with the rapid
decrease in the area of sea ice in the southern oceans surrounding Antarctica.
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This produced a delay in the warming of parts of the Northern Hemisphere
between 15 000 and 10 000 years ago.

2.2.4
LAND SURFACE CHANGES

2.2.5
INTERNAL DYNAMICS OF THE
CLIMATE SYSTEM - THE SOUTHERN
OSCILLATION

Land surface changes, particularly the afforestation or deforestation of areas,
affect regional albedo. These changes affect the transfer of energy, water and
other materials within the climate system. These effects often are more regional
in their impacts on climate.
Changes in the climate system components described above can cause the
climate to vary or change. Climate can also vary because of the climate system's
internal dynamics. These arise from natural coupled interactions between the
atmosphere and oceans, and lead to important systematic fluctuations of climate
on seasonal and yearly timescales.
Most of the internal variability of climate in the tropics and a substantial
part of middle latitudes is related to the ENSO phenomenon. Internal variations
in short-term climate occur as a consequence of this natural coupling, in which
tropical winds drive ocean currents and determine sea-surface temperatures
(SSTs), affecting the location of tropical convection and ultimately changes in
the global atmospheric circulation. ENSO is a natural phenomenon, and
atmospheric and oceanic conditions in the tropical Pacific vary considerably,
fluctuating somewhat irregularly between the EI Nino phase and the opposite La
N ina phase. In the former, warm waters from the western tropical Pacific migrate
eastwards, and in the latter cooling of the tropical Pacific occurs. This cycle can
last normally from three to six years. Figure 2.1 shows the variations in the
Walker Circulation across the tropical Pacific between the Northern Hemisphere
winter and summer.
As the EINino develops, the trade winds weaken as the waters in the central
and eastern Pacific get warmer, shifting the pattern of tropical rainstorms
eaStward. Higher~than~norrnalair pressures develop over northern Australia and
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Figure 2.1
The Walker Circulation during the
Northern Hemisphere winter (top)
and summer (bottom)
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Indonesia with drier conditions or even drought. At the same time lower~than;
normal air pressures develop in the central and eastern Pacific, with excessive
rains in these areas and along the west coast of South America. Approximately
reverse patterns occur during the La N ina phase of the phenomenon.
The primary source of the ENSO phenomenon is in the tropical Pacific. The
observed global influences occur from teleconnections as the atmosphere
transmits the anomalous heating in the tropics to large~scale convection and thus
to anomalous winds in the atmosphere. Details on the main regional impacts of
climate variability of ENSO are described in WMO Technical Note 199, Climate
Variability, Agriculture and Forestry: An Update (WMO-No. 841). The main
impacts ofEl Nino events are above~average global temperature anomalies. Since
the mid,1970s, EI Nino events have been more frequent, and in each subsequent
event, global temperature anomalies have been higher. Figure 2.2 shows the
Southern Oscillation Index since 1950, the Tahiti minus Darwin normalized
pressure index, which measures whether the climate system is in the EI Nino or
La Nina state. An index of -1 or lower indicates the EI Nino state, and + 1 or
higher the La Nina state.

2.3
ANTHROPOGENIC CAUSES
OF CLIMATE VARIATION

Any human,induced changes in climate are superimposed on a background of
natural climatic variations by different mechanisms, some of which have been
discussed here. Human activities are changing _the concentrations and distributions
of greenhouse gases and aerosols in the atmosphere. These changes can produce a
radiative forcing by changing either the reflection or absorption of solar radiation,
or emission of terrestrial radiation. The main human activities causing these are the
combustion of fossil fuels and deforestation by forest burning. These are projected to
cause global warming of I to 3°C above 1990 levels by 2100 AD (IPCC, 1996).
Further details of the regional impacts are found in WMO Technical Note 196,
Climate Variability, Agriculture and Forestry (WMO-No. 802).

2.3.1

Greenhouse gases have significantly increased in the atmosphere since pre,
industrial times. In 1994, CO 2 concentrations were 358 ppm, compared with
280 ppm; CH4 had increased to I
ppb, compared with 700 ppb; and N 20 to
312 ppb, compared with 275 ppb. New greenhouse gases produced by human
activities are halocarbons. These are carbon compounds containing fluorine (F z ),
chlorine (CI2), bromine (Br2) or iodine (12). Halocarbons that contain chlorine
(chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs» and
bromine (halons) cause ozone depletion. The contribution to direct radiative
forcing due to increases in CFCs and HCFCs since last century is about 0.25 Wm- z.
But these also exert indirect negative radiative forcing due to their depletion of
stratospheric ozone (IPCC, 1994).

CHANGES IN GREENHOUSE GASES
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Ozone (03) is an important greenhouse gas present in both the stratosphere
and troposphere. Changes in ozone cause radiative forcing by influencing both
solar and terrestrial radiation. Changes in tropospheric ozone are spatially
variable. Models and observations suggest ozone in the Northern Hemisphere
troposphere may have doubled since pre~industrial times, increasing radiative
forcing by 0.4 Wm-2 . However, decreases in stratospheric ozone have occurred

since the 1970s because of CFCs and HCFCs, leading to a decrease in radiative
forcing of about -0.1 W m-2 . By integrating changes in greenhouse gas
concentrations since pre~industrial times, estimates of radiative forcings due to
changes in greenhouse gas concentrations are placed at + 2. 75 Wm-2.

2.3.2

Aerosols, or very small droplets in the atmosphere, can be produced by both

ANTHROPOGENIC AEROSOLS

natural and anthropogenic sources. Natural processes include dust storms and
volcanic activity. Anthropogenic sources include fossil fuel and biomass burning.
They contribute to a visible haze and can cause a decrease in the intensity of
sunlight at the ground. Aerosols influence the radiation balance of the Earth by

scattering and absorbing radiation (the direct effect), and by modifying the
optical properties, amount and lifetime of clouds (the indirect effect). The net
effect of anthropogenic aerosols is believed to be negative radiative forcing of
around -0.5 Wm-2 , In some regions the aerosol forcing can be large enough to
more than offset the positive radiative forcing due to more greenhouse gases.
However, in contrast to the long~lived greenhouse gases, anthropogenic aerosols
have short lifetimes in the atmosphere, with radiative forcing adjusting rapidly to

increase or decreases in emissions OPCC, 1994).
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CHAPTER 3

EFFECTS OF CHANGES IN THE ATMOSPHERIC
COMPOSITION ON AGRICULTURAL AND FOREST
ECOSYSTEMS
by O. Zipoli

This section of the report is an update of our understanding about climate change
as a result of the emission of CO 2, CFCs, CH4 and N20 into the atmosphere. In
particular, the problems related to alteration in atmospheric CO2 and stratospheric
ozone concentrations are discussed. Increases in atmospheric CO 2 concentrations
are due primarily to deforestation and the burning of fossil fuels. The consequences
of the increase of CO2 are warming of mean temperaturesj alterations in
precipitation patternsj and increases in plant photosynthesis, growth and primary
production (Rozema, 1995). Increasing levels ofCFCs play an important role in the
depletion of the stratospheric ozone layer, which leads to increases in ultraviolet~B
(UV-B) radiation (280-320 nanometres (nm)) reaching the Earth's surface. There
is thus considerable urgency to develop strategies to reduce greenhouse gas
emissions. The agriculture and forest ecosystems are important sources and sinks of
greenhouse gases, and their role in climate change is the subject of much scientific
debate. Human decisions on agriculture and forestry management could offset a
significant portion of many nations' greenhouse gas emissions.
3.1
CARBON DIOXIDE (C02)
3.1.1
EFFECTS OF INCREASING CO2
CONCEN1RATION

3.1.2
PHYSIOLOGICAL BACKGROUND

As indicated in a report produced by the IPCC (1995), there are two main
greenhouse gases which result from human activities: CO2 and CH4. The
atmospheric CO 2 concentration has increased by about 30 per cent since the pre~
industrial level of 280 ppm largely because human activities release CO 2 from
terrestrial reservoirs such as fossil fuel use, land use change and agriculture. CO2
is responsible for about two thirds of the enhanced greenhouse effect, and will be
responsible for more than half of the anticipated global warming over the next
century. Manabe and Stouffer (1994), using a global general circulating model,
have predicted that a doubling of CO 2 in the atmosphere would increase Earth's
surface temperature by 2.5 to 3.5°C. This increase of temperature is predicted to
be greater at high latitudes than at equatorial regions. These changes in the
atmospheric composition and this increase of the Earth's temperature will also
play an important role in the global hydrological cycle. Emissions of CO2 into the
atmosphere due to human activities currently amount to about 6 billion tonnes
per year. Estimates suggest that if there are no controls, the emissions could rise
to perhaps 20 billion tonnes per year by 2100. Under these circumstances, the
CO 2 in the atmosphere would approximately double from its current level of
about 360 ppm.
CO 2 is essential for life on Earth. Plants, through photosynthetic processes, take
up CO 2 and produce oxygen in the presence of sunlight, thereby synthesizing
organic compounds from inorganic raw materials and becoming food for other
organisms. Ninety~five per cent of higher plant species are C3 and a central role
in the C3 photosynthetic pathway is played by the enzyme ribulose-I,5biphosphate carboxylase-oxygenase (rubisco). In the mesophytt, the carboxylase
function of rubisco catalyzes carboxylation reaction of the photosynthetic
reductive pentose phosphate cycle. The product of this reaction is then
converted into other carbohydrates. Rubisco can also catalyze the reaction of 02
with RuBP (ribulose bisphospate) in a process catted photorespiration to
phosphoglycolic acid (POA) and 2-phosphoglycolic acid. Both CO 2 and 02
compete for RuBP at the site of the enzyme, so that the balance between
carboxylation and oxygenation of RuBP depends on the relative concentration of
CO2 and 02 in the chloroplasts. Assuming no other limitations, higher
atmospheric CO 2 levels will reduce photorespiration and therefore increase the
photosynthetic rate. Long~term exposure to elevated atmosperic CO 2 levels may
cause important alterations in tissue chemical composition, such as an increase
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in total non-structural carbohydrates (TNC) (Wong, 1990; Rowland-Bamford,
et aI., 1990; Poorter, 1993; Korner and Arnone, 1992). Usually, soluble
carbohydrates (e.g. sugars) change much less than insoluble TNCs (e.g. starch
and fructans). A possible reason for this accumulation of carbohydrates is a sink
limitation for structural carbon investment; more assimilates are produced than
those the plant is able to invest in structural growth or reserve (Bazzaz and Fajer,
1992). Another change in tissue composition often observed with increasing
CO 2 is the reduction in leaf nitrogen concentration due to a dilution effect
caused by TNC accumulation.

3.1.3
IMPACTS ON AGRICULTURAL AND
FOREST ECOSYSTEMS

Increasing atmospheric CO 2 levels should elevate the photosynthetic rate and
consequently stimulate plant growth (Bowes, 1993; Dahlman, 1993; Amthor,
1995). In most agricultural situations where the soil is well tilled and nutrient
supply plentiful, many crop plants will continue to respond to increased CO2
over their entire lifespans (Kimball, et aI., 1990). However, growth is not always
stimulated by CO2 (Williams, et at., 1986). Much less information is available on
the long~term response of natural plant communities. It is important to stress that
native plant material (as in the case of forest ecosystems) has a considerably
greater intra~species variability than cultivated species. The long-term responses
of natural plant communities to elevated CO2 cannot necessarily be predicted
from experiments on highly selected crop plants grown under nutrient-rich
conditions. Moreover, since species-specific responses to elevated CO2 in mixedspecies communities are often not predictable from the response of individual
species to CO 2 when grown in monocultures (Bazzaz, 1990), predictions about
changes in productivity of plant community exposed to elevated CO2 levels
require knowledge of species response in competitive situations. While short~
term growth at elevated CO2 levels increases the rate of photosynthetic CO2
assimilation in C3 plants, this increase may not be maintained in the long term,
as a result of negative acclimation of photosynthetic apparatus. It has been
observed that plants grown in small pots (Arp, 1991; Thomas and Strain, 1991)
or under low nutrient availability (TIssue and Oechel, 1987; Pettersson and
McDonald, 1994) may show a downward regulation of photosynthetic capacity at
elevated CO 2 levels.
The increase in photosynthesis, enhancing the amount of non-structural
carbohydrates. can stimulate growth and related activities, likely pulling growth
respiration along at a faster pace (Amthor, 1994). In contrast, many
measurements indicate that the sp.ecific respiration (Le. carbon lost or oxygen
taken up per gram of dry matter) decreases by about 20 per cent for a doubling of
ambient CO 2, A major short-term direct effect and a long-term effect of CO 2 on
respiration can be distinguished. In the former, respiration rapidly slows as the
ambient CO2 increases, as has been observed in both C3 and C4 plants. It seems
to be caused by inhibition of activity in key enzymes of the mitochondrial
electron transport chain. The second effect has been found in C3 but not in C4
species, and can be correlated with tissue nitrogen concentration .as well as with
the activity of respiratory enzymes. A central role in the gas exchange between
plants and the atmosphere is played by the stomatal pores, which control the
balance between water loss and carbon gain, Le. biomass production.
Measurements of the stomatal aperture or of the resistance to CO 2 and water
vapour, transferred between the atmosphere and the internal tissue of the leaf,
imposed by the stomatal resistance, are important in studies on biomass
production. Stomata have been shown to respond to changes in CO2 levels in
more than 50 species, includip.g angiosperms and gymnosperms, dicots and
monocots (Morison, 1987), and species with C3 and C4 pathways (Morison and
Gifford, 1983). Stomatal conductance (gs) has been observed to decrease under
elevated CO2 levels (Morison, 1987; Bunce, 1992; Jackson, et aI., 1994; Field,
et aI., 1995). The general decline in gs and increase in photosynthetic rates with
a short~term increase in CO 2 leads to an increase in water-use efficiency.
However, over the long term, non~stomatal plant responses to elevated COz,
such as increased whole-plant growth, may influence gs (Amthor, 1995).
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Improved water economy of plants growing under elevated CO 2 has been
corroborated by some studies (Morison, 1987; Eamus and Jarvis 1989; Bunce,
1992; Long and Drake, 1992; Pearson, et at., 1995). A positive effect on plant
water relations has also been observed in the long term (Jones, et at., 1995;
Tognetti, et at., 1996).
3.2
DEPLETION OF THE
STRATOSPHERIC OZONE
LAYER

One of the most important responses of the atmosphere to increasing amounts of
trace constituents is a change in the amount and distribution of ozone (03) in
the stratosphere. Ozone is important to the terrestrial environment because it

3.2.1
UV

Attenuation in the stratospheric ozone layer results in progressively increasing
UV radiation of the Earth's surface. UV radiation is defined as the radiation with
a wavelength of between 100 and 400 nm; UV radiation is further subdivided
into three regions: UV-C (l00-280 nm), UV-B (280-320 nm) and UV-A (320400 om). UV-C is the most dangerous radiation, but is not an environmental
problem because it is completely absorbed by the atmosphere. UV-B is also
dangerous and is partially absorbed by the ozone in the atmosphere. UV-A is
poorly absorbed by the atmosphere. Thus, changes in ozone levels will alter the
amounts ofUV~B reaching Earth's surface. UV-B radiation is not uniform over all
parts of the world because of two main factors: the non~uniformity in ozone
distribution (usually thinnest in the tropics and thickest towards the poles) and
the Sun angle, which determines the path length of the Sun's beams through the
atmosphere. These changes in ozone thickness with latitude and the differences
in prevailing Sun angles cause a very large gradient in natural solar Uv.
Generally, the most common existing monitors are not sensitive enough to detect
the small changes in UV-B responsible for the likely significant impact on
biological systems. Monitors are designed to give broad~band readings and they
describe the total UV radiation over a single broad spectral waveband. Actually,
there are insufficient direct measurements of UV~B; however, to assess the real
impact of increasing UV~ B radiation on living systems, an accurate spectral
knowledge of ambient levels ofUV-B around the world is needed.

IMPLICATIONS FOR EARTH'S

IRRADIANCE

EFFECTS OF INCREASED

3.2.2
UV- B

RADIATION ON TERRESTRIAL
ECOSYSTEMS

absorbs all the solar UV radiation in the wavelength region below 320 nm (UVC and UV~B). The connection between increasing atmospheric trace gas
concentrations and stratospheric ozone amounts arises because these trace gases
can break down in the stratosphere into chemically active species which can
catalyze the destruction of ozone. This phenomenon of attenuation of the
stratospheric ozone layer is dominated by chlorine~catalyzed reactions arising
from the breakdown of CFCs in the stratosphere.

Terrestrial ecosystems were the major focus of the studies to assess the possible
impact of an increase in UV-B radiation. In fact, plants are considered the most
vulnerable biological entity because their evolution is characterized by a plant
geometry designed to optimize light interception. Many approaches have been
used to develop these UV-B studies. Some experiments were conducted with
UV-B-emitting lamps both in the field and in controlled environments
(greenhouses and growth chambers)j others were performed by filtering solar
radiation with appropriate plastic films or artificially-produced ozone cuvettes.
According to a recent review of the total amount of UV-B experiments
(Caldwell and Flint, 1994), almost half of them have been conducted on isolated
plants in growth chambers or greenhouses. Another 33 per cent were studies on
the cellular and organelle level, assessments of leaf optical properties, and
theoretical or review papers. Of the few studies conducted in the field, only a few
have involved plants in canopies, and fewer still with mixed species. The
duration of experiments ranges from a few hours to several years, but are generally
very short. In a survey of greenhouse and growth chamber studies and all field
studies in the past several years, it was found that more than 85 per cent lasted
only a few months or less. Simulations in controlled environments were not
realistic. One reason for this is that the effects of UV~B radiation are strongly
dependent on the level of visible (photosynthetically active) light and only in a
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few growth chambers are daylight levels of visible light attained (Teramura, et aL,
1980). When field experiments were compared with experiments in growth
chambers or greenhouse conditions, they often showed less UV;B damage to
plants' photosynthesis and growth. An absence of long.term field studies coupled
with the wide range in plant sensitivity to UY,B radiation makes any
generalizations regarding the consequences of stratospheric ozone depletion quite
speculative.
Even if there is some evidence of an increase in Uy, B radiation over the
surface of the Earth, the majority of studies designed to understand the real
impact of this change on vegetation were performed in only a few countries. The
regions most involved in developing UV~ B studies were the United States,
Europe (Germany, Sweden, the Netherlands, the United Kingdom, Belgium,
Italy, Greece, Portugal) and Asia (India, Japan and the Philippines). In other
parts of the world, activity was limited to a few studies in Chile, Argentina,
Australia, South Africa and Israel.
3.2.3
EFFECTS OF UY·B RADIATION ON
PLANTS

Increases in UV-B radiation could affect terrestrial plants by increasing both the
incidence of direct radiation damage and the incidence of altered growth
responses to UV radiation, with implications at both the plant community and
ecosystem levels.

3.2.3.1

Many possible effects of UV~B on plant photosynthesis, biomass accumulation,
morphology, leaf anatomy and chemical composition were investigated.
One of the most studied effects of an increase in UV-B radiation on plants
was the response in terms of productivity and the processes directly or indirectly
connected with this parameter. This could explain the large number of studies
conducted on crops with respect to natural vegetation. One of the possible
mechanisms of growth or yield reduction could be the direct damage to the
photosynthetic apparatus. However, plant growth could be reduced by Uv. B to a
greater extent than would be expected simply from reduced photosynthesis.
UV-B influence on growth appears to be strictly dependent on phytohormones
and other chromophores such as nucleic acids and pigments.
Uy·B effects could also produce alterations in plant morphology (without an
apparent reduction in biomass). Changes in plant morphology such as decreased
leaf and internode length, increased branching and tillering were observed in
field experiments (Barnes, et aI., 1990; Barnes, et aI., 1993). This modification
could alter the competitive interaction between species for light interception and
modify indirectly the growth of some plant species.
In general, available estimates of effects on yield and plant growth vary
greatly between species and between study sites and approaches.
Differences in light sources, as well as climate and soil quality, could influence
plant sensitivity. In a six-year study conducted on two soybean cultivars,
intraspecific differences in UV- B sensitivity were foundj however, the expression
of these differences in sensitivity was altered by other prevailing microclimatic
factors (Teramuta, et aI., 1990).

Effects on crops

Growth and productivity

Photosynthesis

Generally, there are assessed reductions in net carbon assimilation
(photosynthesis) as a consequence ofUY·B irradiation; photosystem II (PS II) is
the most sensitive site to UV·B radiation (Bornman, 1989). Deleterious effects of
UY·B radiation on PS II are confirmed by changes in chlorophyll fluorescence in
isolated chloroplasts and cell suspensions (Iwanzik, et aI., 1983) and in intact
tissue (Bornman and Vogelman, 1991; Middleton and Teramura, 1993). The
damages observed to PS II could be produced by alterations in the oxydative
capacity of the reaction centre (Renger, et al., 1989). Photosynthesis reduction is
often a consequence of damage to chloroplast ultrastructure (Allen, et aI., 1978;
Brandle, et aI., 1977). Modification in photosynthetic pigment amounts
(chlorophyll and carotenoids) could indirectly affect photosynthesis; however,
both decreases and increases in photosynthetic pigments have been reported in
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response to UV-B radiation (Panagopoulos, et aI., 1992; Lingakumar and
Kulandaivelu, 1993; Middleton and Teramura, 1993).

Non-photosynthetic pigments and
phytoalexins

Of the total incident solar UV-B radiation, the epidermal leaf transmission is
generally below 10 per cent. Epidermal transmission is lowest for plants growing in
regions of high, naturally occurring UV;B flux and increase as UV;B radiation
decreases (Robberecht, et aI., 1980). So the leaf epidermis is considered to playa
major role in attenuating UV;B radiation and reducing potential UV;B damage in

the mesophyll (De Lucia, et aI., 1992; Day, 1993; Day, et aI., 1993). An important
role in absorbing UV-B radiation in epidermis has been attributed to absorption by
flavonoids and other phenolic compounds (Beggs and Wellman, 1994). These
biochemical modifications could play an important part in altering plant sensitivity
to pathogen infections; in fact, resistance to pathogens is found to be correlated to

the presence in the plant of substances called phytoalexins; phytoalexin synthesis
can be induced by UV irradiation (Langcake and Pryce, 1977).

Leaf anatomical modification

UV;B radiation induces in a wide range of crop species an increase in leaf
thickness (Cen and Bornman, 1990, 1993; Johanson, et aI., 1995) and a
modification in leaf epicuticular waxes (Steinmuller and Tevini, 1985).

3.2.3.2

In respect to crops, few studies have been performed on woody plants, especially
trees. Studies conducted on perennial woody plants could provide the
opportunity to evaluate cumulative UV~B effects and the possible adaptive plant
responses to UV~B radiation, which are impossible to investigate in annual
plants. Extrapolation between annual and perennial plants may not be possible.
The adaptation to UV~B radiation may cause changes in primary and secondary
metabolism. Only a few experiments were conducted under field conditions
(Bogenrieder and Klein, 1982; Kaufmann, 1978; Sullivan and Teramura, 1992;
Petropoulou, et aI., 1995; Newsham, et aI., 1996).
In these studies, various UV~ B effects were observed on plants in dependence
of the species and probably of methodology used to study the problem.
Bogenrieder and Klein (1982), who excluded solar UV-B, observed an increase of
the growth of four broadleaf species, while Kaufmann (1978), who supplied UV-B
radiation by means of UV~ B fluorescent lamps, did not observe the effect on
lodgepole pine. Sullivan and Teramura (1992) performed a three-year UV-B
supplementation field study and observed a cumulative effect over that time.
Petropoulou, et al. (1995) found that UV-B radiation alleviates the adverse
effects of summer drought in two Mediterranean pines under field conditions.
Also in woody species, the observed reduction in photosynthetic rates and
biomass accumulation (Teramura and Sullivan, 1991) can be caused by stomatal
closure, decreases in photosynthetic pigments and altered ruhisco activity, as well
as PS II impairment. Recently, many experiments have been developed to assess
the effects of UV~B supplementation on secondary metabolism. Newsham, et al.
(1996), in a preliminary analysis of an experiment of UV~B supplementation in
the field conducted on Quercus robur, observed an increase in mean leaf thickness
of UV~B treated plants compared with the control ones. As in crop plants,
reduction in UV-B at a mesophyll level has been attributed to absorption of
flavonoid and other phenolic compounds, located in the vacuoles of the
epidermal cells.
Schnitzler, et al. (1996) determined the localization of UV-B screening
pigments in needles of Scots pine seedlings. The UV-B inducible acylated
flavonol glucosides were almost exclusively found within the epidermal layer of
the needles, which included cuticle as well as epidermal cells. The accumulation
of UV- B-absorbing compounds in the ieaf's epidermal layer reduces UV-B
radiation in the mesophyll; e.g. conifer needles attenuated almost all of the
incident UV-B radiation (Day, et aI., 1993). UV-B penetration into the
mesophyll is also dependent on the needle age (De Lucia, et at., 1992). In
addition, epicuticular waxes (xeromorphic features) can protect conifers from
high UV- B radiation levels. In fact, they are produced by plants as an adaptive
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response to enhanced UY-B radiation. Despite the effective absorption of UY-B
in their leaves, several conifers were found to be sensitive to UV-B radiation

(Sullivan and Teramura, 1992). Biochemical modification, together with the
qualitative aspect of biomass allocation (carbon to nitrogen ratio and nitrogen
allocation) in the leaves, may be reflected by changes in litter quality.
Lignification is another important process in plants which can affect litter quality
and its decomposition by fungi. Another possible effect of these biochemical
alterations could be a different plant response to plant pathogens and insects

(Newsham, et aI., 1996).

3.3
CONCLUSIONS AND
RESEARCH PERSPECTIYES
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CHAPTER 4

IMPROVING SUSTAINABILITY BY REDUCING
VULNERABILITY OF AGRICULTURE AND FORESTRY
TO CLIMATE VARIABILITY AND CLIMATE CHANGE
by S. Veerasamy and P. Karing

The increase in atmospheric concentrations of CO2 and other greenhouse gases
(IPCC, 1994) is leading to an enhanced greenhouse effect. As a result, the
natural warming trend. that has been noted since the second half of the 19th
century will he accentuated. This will lead to a more rapid climate change than
the variability that occurs naturally. It is feared that, in response to this change,
the natural year~to~year fluctuations in world climate (climate variability) will
become more pronounced, with more frequent droughts, floods, tropical cyclones
and other weather~related calamities.
In response to these changes, the agricultural systems of the world will have to
adapt to a new climatic environment. On a regional scale, crops will have to adapt
to modified rainfall patterns, soil moisture and temperature. On a global scale, crops
will have to move polewards or equatorwards to satisfy their thermal requirements;
but in so doing, they will face the problem of variation in day length.
This adaptation has two aspects: first, appropriate strategies will have to be
developed to cope with climate changej second, measures will have to be taken
to reduce the impacts of climate variability.
General ecological principles of plant communities' adaptation to
environmental conditions serve as a strategic basis for agrometeorological
assessment of global climate changes. The aim of these principles is to maximize
the use of solar energy in the production process in different years and in varying
growing sites.
The relationship between agricultural crop growth rates and climatic
conditions reflects the variable agroclimatic characteristics under different
geographical conditions. From the point of view of climate change research,
agroclimatic characteristics can be divided into two groups: simple and complex.
The characteristics that can be immediately calculated on the basis of
meteorological observations are regarded as simple (the length in days of the
vegetation period, the sums of air temperatures and precipitation during the
vegetation period, the moment when air temperature passes continually a certain
temperature level, etc.). These characteristics serve as a basis for general
assessment of the impact of climate on agriculture. Complex agroclimatic
characteristics (potential yield, water requirements, norm of fertilizers, etc.) are
usually calculated according to crop~weather models, and reflect relations
between concrete agricultural objects and the weather. Both types of agroclimatic
characteristics serve as a basis for assessment of the impact of climate change on
agricultural activity.
4.1

4.1.1
CLIMATE CHANGE AND
AGRICULTURE

4.1.1.1
Temporal climate change and
spatial climate variations

TROPICAL LATITUDES
by S. Veerasamy
Climate change will result in changes in mean temperature, precipitation
patterns and evaporation. These changes, occurring over a period of time
(temporal change), are quite. similar to those arising from variation in
geographical locations (spatial variations). By studying the adaptation of
agriculture to spatial climate variations, valuable information can he obtained to
help adapt to temporal change.
Temporal climate change comprises two components. The first is caused by
natural cycles. The second results from global temperature changes caused by
human activities (e.g. the release of gre~nhouse gases through industrial
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Table 4.1
Monthly mean values of rainfall (RR)
and Class A pan evaporation (E).
measured in millimetres together with
maximum temperatures (MxT) and
minimum temperatures (MnT) for
three climatic zones of Mauritius
I

Sept.

Od.

Noy.
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activities) and by natural phenomena (such as the input of large amounts of dust
into the atmosphere by volcanoes). Spatial climate variation is a function of
topography, prevailing winds, latitudinal variation and uneven distribution of
land and water. But, as shown in Table 4.1, the end results are similar because
both are characterized by changes in temperature, rainfall and evaporation,
except that spatial climate variation includes an additional parameter which is
the change in day length.
Mauritius is a small island situated near latitude 20 0 S and longitude 57.5°E
in the south-west Indian Ocean. It is about 65 kilometres long and 50 kilometres
wide, but its topography is such that there is a large spatial climatic variability.
Table 4.1 shows the monthly mean values of rainfall (RR) and Class A pan
evaporation (E) measured in rnillimetres and values of maximum temperatures
(MxT) and minimum temperatures (MnT) for three different climatic zones.
These are the West, situated on the leeward side of the island and lying not more
than 125 metres above sea leveli the Centre, situated in the central part and lying
higher than 275 metres above sea level; and the South-East, situated on the
windward side at less than 125 metres above sea level.
The climate of the West can be classified as hot and sub-humid; rainfall is
always less than the evaporation, and the lowest mean daily temperature is
21.5°C. The Centre has a totally different climatej it is warm and super~humid,
with the rainfall exceeding evaporation for eight months of the year, with a
lowest mean temperature of 15.5°C. The South-East has a hot and humid
climate, with fairly good rainfall and a mean temperature of 20.5°C. In moving
from one climatic zone to another, there is a well marked spatial variation. If
there were a temporal climate change, a station situated in the Centre, for
example, may end up with a climate similar to one in the West or to one in the
South;East. Thus, spatial climatic variation can be taken to represent temporal
climate change; in so doing, useful infonnation can be obtained by studying the
adaptation of any particular crop to such variation.
In Mauritius, sugar cane is the cash crop and is grown quite efficiently over
almost the whole island. Here is an example of a crop that has been made to
adapt successfully to different climatic conditions by the breeding of different
varieties, each of them having their own characteristics. Two such varieties are
the M3035166 and the M555160, bred by the Mauritius Sugar Industry Research
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Institute (MSIRI). The M3035166 is cultivated widely in the Centre, where it is
cooler and more humid than anywhere else. On the other hand, the M555160, a
drought-resistant variety, is grown in the hot and suh-humid West. During the
selection of suitable varieties for a given climatic zone. the plant scientists must
also consider the ability of these cultivars to resist diseases existing in that area.
For example, the M3035166 cannot be grown in the West because it is
susceptible to certain diseases to which the M555160 is resistant; for the same
reason M555160 cannot be grown in the Centre (MSIRI, 1989; 1991).

4.1.1.2
Agriculture and change of climate
according to latitudes

4.1.2
CLIMATE VARIABILITY AND
AGRICULTURE

4.1.2.1
Reduction of the impacts of
climate variability

As one moves from the equator towards the poles, changes in mean temperature
and day length are observed. Many crops have been limited by these factors, but
gradually, through plant breeding, these constraints are being overcome.
Crops such as rice and soybean are grown over a wide geographical area with
different climatic conditions and day length. This has been made possible
through the development of various cultivars. In Japan (Yoshino, et aL, 1988),
rice is grown in the southern part of the country as well as the north, where mean
temperature is lower. This has been achieved by the breeding of early;maturing
rice varieties with lower thermal requirements. Soybean, which originated in
north;east China, is a short;day crop and could not be grown everywhere. Today,
this crop is grown over a wide range of latitudinal locations. Recently, the
cultivar Piskeby 'iv' (Roberts, 1993) was successfully developed by Swedish plant
breeders by removing the photoperiod gene so as to cause the flowering of the
cultivar to depend on temperature rather than on the length of the night. Thus,
the crop can be grown earlier so as to allow sufficient time for the pods to mature.
The above examples show that there are solutions available to the problem
of adaptability of crops to climate change. Plant scientists and agrometeorologists
will have to work hand in hand to develop cultivars capable of adapting to the
various new climatic scenarios.

One of the earliest accounts of the effects of climate variability on people, and of
ways to reduce its impacts, is found in the Bible. Chapter 41 of Genesis describes
the occurrence of seven years of good climatic conditions, followed by seven years
of drought in Egypt and surrounding areas. The Egyptians were able to reduce the
impacts of such severe climate variability on their agriculture because they had
the ability to predict the drought and had a good planning and management
system. During the years when climatic conditions were good, corn was stored as
a food reserve, which was used during the seven drought years that followed.
Climate variability is a part of the general circulation of the atmosphere; it
occurs on a yearly basis on a global scale, irrespective of any climate change, and
has a profound impact on the peoples of the world. The floods that occurred
during summer 1993 in the United States and summer 1996 in China give an
insight into the suffering that such variability can cause. In 1965 and 1966, weak
south;west monsoons were responsible for severe drought in India, and the result
was large food shortages due to crop failure. One cannot forget the tragedy that
struck the Sahel during the period of 1968 to 1974, when severe drought led to
the loss of human life, together with the virtual extinction of crops and the loss
of between 60 and 70 per cent of the cattle.
As mentioned above, corrective measures can be taken toreduce the impacts
of climate variability on agriculture. In India, after the droughts of 1965 and
1966, measures were taken to reduce the dependence of agriculture on the
monsoon. By the mid; 1970s, India, once one of the world's largest recipients of
food aid, was able to eliminate the problem of food shortage resulting from bad
weather (Janick, et aI., 1981).
The three most important meteorological factors whose variations have
significant impacts on agriculture are rainfall, temperature and wind (in the form
of tropical cyclones). To achieve reasonable success in reducing the impact of
climate variability on agriculture requires an understanding of the relation
between the climate of a given region and the crop under cultivation, close
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collaboration among different bodies involved directly or indirectly with crop
production, and the availability of long~range weather forecasts.

4.1.2.2
Rainfall variation and agriculture

Both excessive rainfall and drought are harmful to agriculture. Flooding resulting
from reasonable excesses of rainfall is manageable by having proper drainage
systems and by the use of flood~mitigationreservoirs. But when the flooding is on
the scale that occurred in the Mid·west of the United States during the summer
of 1993 and in China during the summer of 1996, the situations become difficult
to handle.
The problem of lack of rainfall is manageable to a certain extent by the
building of dams and reservoirs, and

by developing appropriate cultivars. In India,

after the failure of the 1965 and 1966 summer monsoons, which caused famine
(Boatie, 1967), the country embarked on a new agricultural strategy; additional
dams and reservoirs were built and new high,yielding, fertilizer,responsive
varieties of wheat and rice were developed. In addition, research work in
meteorology was intensified, leading to the development of models for lang.-range
forecasting. By the mid·1980s, Indian meteorologists were able to forecasr rhe
activities of the summer monsoon by the end of May. The results were
encouraging, and by 1987, when one of the worst droughts on record affected the
country (Global Climate System, 1989), the problem of food shortages did nor
arise. The availability of a reliable long-range forecast was an essential factor in
the avoidance of any significant food shortages, as it allowed for grain reserves to
be constituted to meet the deficit in food production resulting from the drought.
Rainfall variation can play an important role in deciding on the start of the
harvest of certain crops. The sugar cane harvest in Mauritius is an example of
this. The sucrose content at the start of the harvest in June depends on climatic
conditions during the pre·harvest period (end of April through May). Above·
normal rainfall is commonly accompanied by above-normal night temperaturesj
if these conditions exist during the pre-harvest period, then sugar cane growth
will continue at a rate which is conducive to below~normal accumulation of
sucrose. On the other hand, below-normal rainfall (usually accompanied by
relatively cool nights) during that period triggers an early start of maturation, and
this results in a relatively high sucrose content. Knowledge of the close
relationship that exists between weather parameters and sucrose content can be
used to decide when to start rhe harvest. Veerasamy (l995) showed that in 1993,
when conditions in April and May were humid and warm, an increase of 4.5 per
cent in sugar yield could have been obtained by delaying harvest until the second
pentad ofjuly.

4.1.2.3
Temperature variation and
agriculture

4.1.3
TROPICAL CYCLONES AND
AGRICULTURE

The effects of temperature and its variation on agriculture are well known (Salisbury
and Ross, 1986; Leopold, 1964) and are fully discussed in CAgM, 1990. In general,
it is only in limited cases that steps can be taken to reduce the impact of temperature
variation on crops.
One of the instances when such measures can be taken is when radiational
frost occurs. This phenomenon exists when the wind is light and the sky is clear,
favouring a rapid loss of long-wave radiation at night and the establishment of a
temperature inversion near the ground. There are two ways to combat this type
of frost: by mixing the air above the ground with a wind machine, thus bringing
the warmer air at the top of the inversion to ground level; and by heating the air
near the ground with burners. In Florida, for example, where such frost occurs
occasionally, wind machines and heaters are used successfully to reduce the
impact of frost on the citrus crop (Janick, et a/., 1981). The same procedures,
together with helicopters to mix the air, are used in France to protect vineyards
(Crespy, 1992).
Tropical cyclone incidence around the world is part of global climate variability. In
the Central South Pacific Ocean, tropical cyclone activity is closely linked to ENSO
episodes. During December 1991 (warm ENSO episode), three tropical cyclones
(Climate System Monitoring, 1991) were observed east of the dateline. One of
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them, tropical cyclone Arthur, formed near 20 S and 1400E, well east of the usual
breeding ground. Indeed, it has been observed that there is significant variation in
the yearly activity of tropical cyclones in all the oceans where they exist.
At present, nothing can be done to change either the trajectory or the
intensity of tropical cyclones. (In fact, the trajectory of a tropical cyclone is
interlinked with its intensity.) Project Stormfury, carried out in the 19605 to
modify the intensity of tropical cyclones, showed that hurricane modification is
not feasible (Gentry, 1969; 1970). This is not a surprising result, given the
tremendous amount of energy associated with a tropical cyclone, the very close
relation between its intensity and movement, and the pattern of the atmosphere
over a large surrounding area. It is a problem that seems for the present beyond
human capabilities.
In certain cases, however, measures can be taken to reduce the impacts of
tropical cyclones on crops. This is done by choosing cash crops that are less
affected by hurricane winds. One such crop is sugar cane, which the following
example clearly shows has the ability to withstand hurricane winds- and
recuperate from them afterwards.
As mentioned earlier, the cash crop of Mauritius is sugar cane. The growth
period starts in November with the beginning of the rainy season, and harvest
is in June. Between 1960 and 1964, the island was hit by a series of strong
hurricanes, yet the sugar cane crop was able to recuperate. Above~normal
rainfall from November 1959 to the first half ofjanuary 1960 brought the sugar
cane crop to above~normal height, making it more susceptible to damage
caused by hurricane-force winds. On 19 January 1960, hurrIcane Alix passed
about 75 kilometres west of the island, generating gusts of 150 to 200 km/hr.
This was followed by hurricane Carol (the most intense to affect Mauritius),
which crossed the island on 28 February 1960, five weeks after Alix. Gusts of
275 to 300 km/hr were experienced over the entire island, and the sugar cane
crop was badly damaged. Matters were aggravated by the fact that the
remainder of the growth period was relatively dry, thus unfavourable to proper
recuperation. In spite of these severe climatic conditions, the island was able to
produce 45 per cent of its normal sugar output. In 1961, the sugar cane crop was
affected by a severe drought, and production was reduced by about 15 per cent.
In the 1961-1962 growing season, the island was again struck by two
hurricanes, the first in December 1961 and the other in February 1962. In both
cases, gusts exceeding 155 km/hr were recorded and sugar production was
reduced by 20 per cent. But in 1963, because of favourable climatic conditions,
sugar production was above normal. In 1964, the island was once again hit by
two hurricanes. The first, in January, produced gusts of 200 km/hr; the second,
in February, produced gusts of about 150 km/hr. As a result, sugar production
was reduced by 25 per cent. But in 1965, because of good climatic conditions,
sugar production was normal.
It is clear from these events that small islands lying in the paths of tropical
cyclones should favour the growth of crops which have the ability to withstand
cyclonic winds and to recuperate after the passage of these storms. Sugar cane is
one such crop, compared with bananas, which cannot stand strong winds. In the
early 1960s, Guadeloupe Island in the Caribbean was hit by a series of hurricanes.
Its banana crop was completely destroyed and had to be replanted.

4.1.4
CoNCLUSIONS

The solution proposed to alleviate the effects of climate change on agriculture
involves a close collaboration between agrometeorologists and plant scientists.
Together, they are in a position to develop crops capable of adapting to the
modified climatic conditions which are expected to prevail during the next
century because of global warming.
The solutions to climate variability are complex. First, the yield per unit area
must be improved so that a surplus of crop is available during years of favourable
climatic conditions to compensate for adverse yields during years of unfavourable
conditions. Second, a long~range forecast is needed so that defensive measures
can be taken in cases where poor climatic conditions are expected. Third, the
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starting date of operations such as planting and harvesting should be linked to
climatic conditions. Finally, climatic conditions should be taken into
consideration when establishing a cash crop in a given area.

4.2
4.2.1
ASSESSMENT GF THE AGROCLIMATIC
POTENTIAL

HIGHER LATITUDES
by P. Karing
An important characteristic of plant breeding potential on a given territory is the
crop maximum productivity (Parry, et aI., 1988; Penning de Vries, T., 1984;
Roostalu, et aI., 1996, etc.). The maximum potential level of productivity is
achieved by optimizing the varieties' growth and development factors. The
maximum possible yield of agricultural varieties depends on the amount of
photosynthetically active solar energy (PAR, Q<I» in a given place during the
vegetation period, and also biological peculiarities of studied varieties. During the
vegetation period, the crops are able to use only a modest part of the Q<I> that is
characterized by the efficiency of PAR energy conversion. To calculate the
potential yield (Yp) of the studied variety, Tooming (1977) introduced the notion
of crop potential efficiency (11). The approximate Yp can be found according to
the following formula (Tooming, 1977; 1988):

Yp ~ 11Q<I>/q
Where q

~

(I)

the calorific content of plants.

To enhance the applicability of potential productivity, it is advisable to
perform assessment by using coefficient Kx, characterizing an economically
valuable part of the yield:

Yp ~ 11Q<I>/q·Kx

(2)

In reality, it is impossible to optimize all climatic factors affecting yield.
Maximum potential yield in existing climatic conditions - climatically granted
Ydj - is found according to the formula:

Ydj

~

Yp1tFj(Ki)

(3)

where Fj(Ki) ~ the yield-limiting function that depends on the climatic factor K.
Of all agrometeorological factors, only the moisturizing conditions can be
practically optimized by human activities. According to the formula, the climatic
index for regulating water regime (i\E) (Karing, 1980) is balanced as follows:

(4)
Thus, the efficiency of regulating water regime (.6. Ye) (Tooming and Karing,
1977) is:

i\Ye

~

Yp(l- Kw)

(5)

While the efficiency of regarding all affecting factors as a whole is:
i\Yj

~

Yp - Ydj

~

Yp {1-1tFjKi}

(6)

The analysis of formulae (I) to (6) shows that the present approach is
applicable for varying levels of differentiating the global climate system.

4.2.2
EFFICIENCY OF THE MICROCLIMATIC
APPROACH

To characterize microclimatic variability of smaller areas, the classification of
geo~complexes according to their influence on microclimate has been developed
(Karing, 1992). Table 4.2 and Figure 4.1 provide information about such
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Table 4.2. Classification of
geo;complexes according to
their influences on
the microclimate

Relief

Top

Incline

variability in the south~eastern part of Estonia. Using this classification, values
for direct solar radiation, radiation balance, air and soil temperature, soil
moisture, wind velocity and ptecipitation might be found (Kating, 1995).
It has been discovered that the microclimatic variations of water resources in
south~east Estonia are significant, and the best microcIimatic conditions for
grassland production are the rops of hills and the valleys between them. In the
case of barley cultivation, favourable moisture conditions prevail on the lower
parts of south-facing slopes and in flat areas with loamy soils. The yield
differences between the feet of north-facing slopes and the lower parts of southfacing slopes are as high as 50 per cent.

Part ofslopes
i

over 12°

Slopes

2

sand
sandy loam
sandy clay
sand
sandy loam
sandy clay

slope
below
2_12"
slope

2_12"

Properties ofsoil

upper
middle
lower
foot
upper
middle
lower
foot
upper
middle
lower
foot
upper
middle

sand

sandy
loam

sandy
clay

sand

lower

over

foot
upper
middle

sandy

12"

lower

loam

foot
upper
middle
lower
foot

Plain
between
hills

sandy
clay
sand
sandy loam
sandy clay
Icams

peat and
excessively

Code
4

3

1
2
3
4
5
6
Northern
7
8
9
10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
103
104
105
106
107

5

Southern
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Eastern

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

Western
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

moist
mineral soil

The calculations were carried out for three levels of barley crop production (Y.):
1. Y. = 9.3 tfha, mesoclimatic potential of barley crop yield;
2. Ye = 3.8 t/ha, serving as the indicator of barley yields in the conditions where socia-economic factors are predominant; and
3. Y. = 1.0 tfha, barley crop yield with the naturally available nutrients (without mineral fertilizers).
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Figure 4.1 . Microclimatic map of
territorial distribution of elementary
areas of microclimate. Conventional
signs are in Table 4.2

As a detailed example. calculations using a simple model were made to
estimate the efficiency of soils under different microclimatic conditions on a state
farm situated in a hilly landscape area in one mesoclimatic district in Estonia
(Karing, 1995). The results are presented in Table 4.3.
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The efficiency of manipulating microclimate varies greatly in different
localities (Table 4.3). Under the average level of barley yields, optimization of the
water regime of the soil raises the barley yield by \.4 t/ha. Both irrigation and
drainage are needed. With the rising level of land cultivation, the efficiency of
microclimate manipulation increases. In the case of mesoclimatic potential,
9.3 t/ha under average yearly climatic conditions, the efficiency of regulating the

water regime can be expressed in increase of the yield surpassing 3 t/ha (Table 4.3).
It is advisable to arrange all plots into various groups based on the relative
variability of barley yields due to microclimate and soil climate. Group I might
include lower parts of the southern slopes, drained loams in lowlands and old
arable lands in flat places. Group 11 would then include upper and middle parts of
northern slopes and sandy loams in flat areas. Group III would include the feet of
southern slopes and temporarily excessively wet and drained sandy barns in
lowlands. Group IV might include hilltops, lower parts of northern slopes and
middle parts of southern slopes.
It is found that the efficiency of fertilizers depends to a large extent on the
level of yields (Figure 4.2). If the yield level is 3.8 t/ha or below, the growth of
yields due to additional kilograms of nitrogen is not dependent

On

variation of

microclimate up to 60 kg/ha, and up to 100 kg/ha for the level of the maximum
yield of 9.3 t/ha. If fertilizer doses are increased beyond the amount demanded by
plants, it will have a negative effect on yields.
Thus, we conclude that the efficiency of microclimate manipulation depends

significantly on the level of land cultivation of a particular farm, as well as the
doses of mineral fertilizers applied. The higher the production level, the higher
also the efficiency of microclimate management. Measures of microclimate
manipulation should always be planned together with improving production
conditions on the farm.
YB = 3,8 t/ha

Position

YB

= 9.3 t/ha

YB

= 1.0 t/ha

.dE

Yo

Yb

LlY

Ya

Yb

LlY

Ya

Yb

LlY

59

3,8

2.5

1.3

9.3

6.0

3.3

1.0

0.6

0.4

upper part
middle part
lower part
foot

0
0
-46
-71

3.4
3.3
3.3
3.2

3.4
3.3
2.4
L8

0
0
0.9
1.4

8.7
8.2
8.2
8.0

8.7
8.2
6.0
4.6

0
0
2.2
3.4

1.0
1.0
LO
1.0

1.0
1.0
0.6
0.5

0
0
0.4
0.5

3. Southern slope
upper part
middle part
lower part
foot

57
49
0
-39

3.8
3.8
3.8
3.7

2.5
2.7
3.8
2.8

1.3

L1
0
0.9

9.5
9.4
9.4
9.2

6.3
6.7
9.4
7.1

3.2
1.7
0
2.1

1.0
1.0
1.0
1.0

0.7
0.7
1.0
0.8

0.3
0.3
0
0.2

excessive
moisture

-30

3.5

2.9

0.6

8.6

7.0

L6

0.9

0.8

0.1

drained loams
drained sandy
loams

25

3.5

3.0

0.5

8.6

7.3

1.6

0.9

0.8

0.1

0

3.5

0

0

B.6

8.6

0

0.9

0.9

0

17
0

3.7
3.7

3.3

3.7

0.4
0

9.0
9.9

8.1
9.0

0.9
0

1.0
1.0

0.9
0.9

0.1
0

1. Hilltop
2. Northern slope

4. Lowland
temporary

Table 4.3
Agroclimate indicators of the water
regime regulation efficiency of
barley crops under different
microclimate conditions. AE is the
change in soil moisture (mm) irrigation or drainage; Ya and Yb are
yield levels after and befare the
water regime regulation; AY is the
yield growth rate

5. Flat
area loams

sandy loams
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Figure 4.2
Dependence of barley yields (Yo) on
the quantity of nitrogen fertilizers
under various conditions of
microclimate and soil climate in case
of maximum yields of 9.3 tlha (a)
and3.8tlha(b) 1,2,3,4 = numbers
of locational groups;
5 = background indicator
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The perspective of the study methods presented here lies in the actual
utilization of potential and real opportunities in crop cultivation. More radical
measures open up for utilization of climatic resources (from mesoclimatic to
microclimatic) by optimization of agricultural techniques: amelioration,
fertilization, introduction of new varieties, etc. The utilization of the methods
discussed renders more objectively the use of the weather data, also under the
changing climatic conditions.
4.2.3
REGIONAL CLIMATE CHANGE
IMPACT ON AGROCLIMATE
RESOURCES

The development of agriculture in northern high latitude regions is largely
determined by thermal resources (Carter, 1966).
Estonian territory is quite small, and in global climate research only average
indicators are found. On the bases of literature, it can be determined that the
supposable change in average Estonian air temperature over the years lies within
the range of 1_3°e.
The analysis of time series of temperature shows that the lowest annual
average air temperatures were in 1915, 1942 and 1943 - 3°C or below. The
warmest years were 1934, 1938, 1949, 1951 and 1975, when the annual average
temperature rose to 7°C. There were no remarkable changes discovered in time
series. Annual average temperature changes are more or less occasional
(Karing, 1992).
Comparing the predicted air temperature changes with Estonian local
observational time series shows that they stay within the limits of air temperature
changes of earlier years. From this it can be concluded that the supposed global
climate changes have not brought about any catastrophic changes in
temperatures. Therefore, in the framework of expected climate warming, the
change in the Estonian meteorological regime will be observable on the basis of
climate element indices determined for the earlier years by using the method of
climate time analogues.
Agricultural production is closely related to annual or seasonal rhythms. In
every season, a certain job must be done. Therefore, changes at the beginning,
duration and end of the season are important in connection with global climate
warming tendencies.
The annual deviation in seasons can be determined by many different
criteria, but the best known is their differentiation according to astronomical
characteristics. In Estonia, where the development of agriculture is limited by
thermal resources, it is more important to connect climate seasons to the

28

CLIMATE VARIABILITY, AGRICULTURE AND FORESTRY, TOWARDS SUSTAINABILITY

calendar of natural phenomena. To define those seasons according to their
beginning, duration, end and, one uses the moment when air temperature passes
continually a certain level. Arrival of winter is related to the mean air
temperatures being consistently below DoC; spring comes with the mean
temperature rising above DoC; summer with temperatures over 13°Cj and autumn
when the temperature goes below 12°C.
On the basis of these criteria, the year~groups have been defined in
accordance with the dates of the beginnings and ends of seasons, and their
durations in days.
The night frost starts in autumn. on average on 10 October, and ends in
spring, on average on 10 May. The earliest night frost has arrived is 15
September. and the latest 8 November. During the spring, on average the night
frost does not end before 12 April or after 5 June.
In different years, the time course of air temperatures can differ greatly from
the average. To characterize these climate analogues during the period 1866 to
1995, years are grouped into warm and cold on the basis of average temperature.
The average temperature regime has been characterized by the years with annual
average air temperature (Tk) within the range of 4.0 to 4.9°C. The years have
been evaluated to be cold when Tk is 3.0 to 3.9°C, and very cold when Tk is
equal to 2.9°C or lower. Warm years are the years when Tk is equal to 5.0 to
5.9°C,_ and very warm when Tk is 6.0°C and higher. Variations of air- temperature
by years is counted in groups. As can be seen, regardless of large differences of
annual mean air temperature, the graphics are- quite similar.
It is worth mentioning that differences in air temperatures from average
values is most noticeable during winter months. The higher the average annual
air temperature,. the warmer the winter. During spring, monthly differences
decline. In summer, air temperature depends very little on the annual average
temperature. In autumn, the air temperature is higher in warm years.
To estimate quantitatively the heat accumulation near the surface, the terms
of warmth indices are widely used in agriculture, agricultural meteorology,
phenology and climatology. The warmth index or degree days may be defined as
the sum of daily mean ai:r temperatures above O°C, 5°C, 10°C or 15°C. In
EStonian territory, the average sum of temperatures above O°C is 2JJ5°j the sums
of temperatures above 5°C, 10°C and 15°C are 2194°, 1794° and 939°,
respectively. Similarly to the positive temperature sum in the warm period, the
winter conditions are_ characterized by the negative sum of temperature.
Calculations show that in the period when air temperature is below O_oC, the
average sum of negative temperature is -534°, and the sum of air- temperature
below _5° is-3Sr.
The relationship between annual minimum temperature (Tmin) and annual
mean temperature has been established (Figure 4.3). The lower the minimum
temperature, the lower the annual mean temperature.
Degree days serve as good indicatofs of climate change. According to P.H.
Karing (1992), the degree days are calculated as an average for all Estonian
meteorological stations over the time span of lS07 to 1990. It is found that the
degree days above DoC and 5°C have a noticeably positive trend (about 1 degree
per year) during almost two centuries in Estonia (Figure 4.5), and this follows an
important conclusion that heat accumulation has increased in early spring in the
Estonian area.
The numbers of days with air temperatures above DoC and 5°C have also
increased noticeably during the observed period (Figure 4.6). The noticed trends
are statistically significant at· 1 per cent significance level. Corresponding
positive trends for the degree days and numbers of days with air temperature
above 10°C and 15°C are not significant. As a consequence from the findings
presented above, we can conclude that the beginning of spring and the
development of nature have shifted to the earlier time.
In conclusion, it can be said that the rise of average temperatures brings
about the change in the course of annual temperatures in Estonia, prolonging the
total growing season, thus also lengthening sowing and harvest periods.
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Figure 4.3
Relationship between annual
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Greater amounts of the necessary warmth needed for plant growth and
development accumulate during the vegetation period. The development of
agricultural varieties becomes quicker and the growing period shortens.

4.2.4
ADAPTATION STRATEGIES TO
CLIMATE CHANGE

Adaptation strategies to climate change are related to restructuring agriculture
according to the changed conditions and resources of agroclimate. The extent of
the need for restructuring is determined by the efficiency of using solar energy for
plant cultivation. The most essential aspects for achieving this goal are as follows:
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Figure 4.5
Degree days above DOC in Estonia
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Assessment of potential of agricultural production under changing climatic
conditions;
Classification of the regarded territory into agroclimatic regions according to
changed climatic conditions, and determining the best growing location for every
field crop, taking into consideration microc1imatej
Adaptation of local field crop requirements to weather conditions by means of
crop breedingj
Improvement ofmicroclimate in agricultural lands by ameliorative devicesj and
-Finding new cultures and varieties on the basis of agroclimatic analogues.
The criteria for application and purposes of-the -above~mentioned measures
are economical indicators of agriculture as well as experimental data collected in
agricultural research. In order to work out recommendations for different field
types, the soil and microclimate must also be taken into consideration.
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CHAPTERS

MANAGEMENT STRATEGIES TO MITIGATE
GREENHOUSE GAS EMISSIONS FROM
AGROECOSYSTEMS
by R.L. Desjardins and H. Janzen

Greenhouse gases are natural components of the atmosphere that trap heat
radiated from the Earth. Normally, natural emissions and removal processes
maintain the global concentrations of these gases at a relatively constant level.
In recent years, however, concern has been generated regarding the alteration of
these concentrations by human~induced activities over the past century. Carbon
dioxide (CO z ), methane (CH 4) and nitrous oxide (NzO) are gteenhouse gases
that have attracted some attention, since they are responsible for about 50 to 60
per cent, 15 per cent and 5 percent, respectively, of the total global warming
potential. Moreover, the increase in concentration of these gases is considered to
be largely anthropogenic OPCC, 1996c).
At the 1992 United Nations Conference on Environment and Development
(UNCED) in Rio de Janeiro, more than 150 countties signed the United Nations
Framework Convention on Climate Change (UNFCCC). This marked each
signatory's pledge to minimize global climate change by reducing its national
gteenhouse gas emissions to 1990 levels by the year 2000. As a result of this
signing, a series of workshops was organized all over the world to develop
strategies to meet this objective. The workshops focused on either increasing the
terrestrial storage of carbon or adopting measures to decrease greenhouse gas
emissions. -Many of the .strategies identified are summarized in various reports:
Sathaye and Meyets (1995), Gay, et al. (1995), Braatz, et al. (1995), Marland,
et al. (1995) and Beijing, The People's Republic of China (1996). The IPCC has
also published numerous reports regatding this topic OPCC, 1996a; IPCC, 1996b;
IPCC, 1996c). Despite such a well-publicized commitment, however, the
emissions objectives of many countries were not met. In Canada, for example, it
has been estimated that 2000 greenhouse gas emissions were approximately 12
per cent higher than 1990 levels.
This section will focus specifically on the contribution that agroecosystems
make to current anthropogenic emissions of these three greenhouse gases. On a
global scale, agricultural practices have been estimated to contribute about 21 to
25 per cent, 57 per cent, and 65 to 80 per cent of total anthropogenic emissions
of CO 2, CH 4 and N 20. respectively. A brief review is presented of management
strategies that can be used to mitigate agricultural emissions of these gases into
the atmosphere, and the potential of each of these strategies will be examined.
Although most mitigation measures carry with them certain advantages and
disadvantages, practices that reduce greenhouse gas emissions from agricultural
systems generally tend to increase rather than decrease crop and animal
production. Both the collective and individual implications for these three gases
regarding climate change will be examined. These considerations are included
because each gteenhouse gas has a different global warming potential (GWP),
and because a management practice that reduces the emissions of one greenhouse
gas may have a detrimental effect by increasing the emissions of another. Also
briefly discussed is an example of a comprehensive model that looks, in a national
context, at the implications of various management options on greenhouse gas
emissions.
5.1
THE GREENHOUSE GASES
5.1.1
CARBON DIOXIDE (CO

z)

Large quantities of COz are exchanged annually between the atmosphete and the
Earth's surface, but only a small portion (about 3 per cent) of total COZ emissions
are from anthropogenic activities (Duxbury, et aI., 1993). A slight change in the
net carbon (C) exchange could have a significant impact on the balance that
exists between such sources and sinks for the whole terrestrial biosphere. This is,
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however, not very important for agroecosystems because the above~ground
portion of agricultural crops that is harvested is eventually returned to the soil.
Presently, emissions from fossil fuels account for the majority of anthropogenic
emissions, contributing 4800 teragtams (where I Tg ~ 1012 g) of the 6500 Tg of
anthropogenic carbon released into the atmosphere every year. Agricultural
activities and land use changes, such as deforestation, are responsible for most of
the remainder of anthropogenic CO 2 emissions.
In Canada, it has been estimated that 1680 Tg of carbon have been lost
from agricultural soils since cultivation began. This is equivalent to about 25 per
cent of the original carbon level (Dumanski, et 01., 1997). Globally, the historic
loss for all agricultural soils is estimated to be 30 000 Tg of carbon since 1860
(Cole, et a!., 1996). Strategies that promote carbon storage in agricultural soils
are the only management practices that can remove CO 2 from the atmosphere.
It is estimated that better management of agricultural soils could increase global
net carbon storage by 20 to 30 T g of carbon per year over a 50-year period
(Cole, et at., 1996).
There are many management practices that exist to aid the regeneration of
carbon in agricultural soils through atmospheric uptake. Practices that increase
soil organic matter, such as increasing the use of forages and grasslands, and
implementing conservation tillage, can all turn agricultural land from a net
carbon source into a net carbon sink (Figure S.l). Soil erosion control, which
minimizes soil erosion due to either wind l water or tillage practices, is another
method of conserving soil organic matter. This reduces the depletion of soil
organic matter and contributes to carbon storage in the soil. A number of soil
erosion control measures are outlined in Figure 5.2.
It is important to note that the effectiveness of these practices is region~
sensitive. For example, the practice of summerfallow is used extensively in semi~
arid areas to offset rainfall variability and increase water storage. This is the
ptactice of leaving land idle and uncropped for at least one year. Weeds are
controlled through tillage, with herbicides, or both. Reducing summerfallow
through better water management could greatly increase the carbon in croplands
and decrease soil erosion. Farmers in the Canadian prairies reduced
summerfallowing by 21 per cent between 1983 and 1993 (Dumanski, et 01.,1997).
However, Canada still has the potential to decrease this practice by another 3.1
million hectares (Mha) ovet the next 10 years. This potential reduction would
result in the storage of about 10 Tg of carbon in the soil over a 20~year period if
the area were continuously planted with well~managed wheat.
A model~based approach was recently used to estimate changes in carbon
stocks in agricultural soils in the United States (Donigan, et al., 1994) and in
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Canada (Smith, et aI., 1997). In both cases it was shown that agricultural soils
were close to an equilibrium with respect to the emission and uptake of carbon-.
It is clear that a. substantial amount of carbon has already been lost from
agriculturaL soils, but over a long period it is possible to, store some of this. carbon
back in the soil. A more direct and effective method of reducing COz emissions,
however, is by decreasing fossil fuel use on farms. Agricultural fossil fuel use
constitutes 3· to 4 per cent of total consumption in developed countries (l'PCC,
1996c}. It can be reduced through practices such as minimum tillage" irrigation
scheduling, solar drying of crops and improved fertilizer management. There is
also potential for reducing COz produced from fossil fuel use by increasing the
amount of plant biomass used for energy production (biofuels).

METHANE

5.1.Z
(CH4)

Globally, total annual emissions of CH4 are estimated to be 500 Tg, with a rate
of increase of about 40 T g of carbon CH4 per year. Despite rhe comparably lower
concentration and rate of increase of CH4 (l/80 that of the increase in COZ), its
GWP is 21 times that of COz (TPCC, 1996d), so the actual CH4 contribution to
global warming is estimated', over a 100~year time span, to be one quarter that of
CO 2 (Duxbury; et at., 1993).
Flooded rice paddies are the largest worldwide agricultural source of CH4
emissions,_ and are estimated to emit. 60 Tg annually (Warson, et at., 1992).
Mitigation efforts appear to be possible, however. Sass, er at. (l992) showed that
a single draining of rhe flood water at the end of the veg~tative stage allowed the
soil to reoxidize and reduced CH4 emissions by nearly 50 per cent. Repeated
draining every three to four weeks throughout the growing season reduced CH4
emissions by about 88 per cent without significantly affecting the yield. Several
studies have also shown that the choice of cultivar can significantly affect CH4
emissions. However, since such <1 large portion of the world's population depends
on rice, mitigation considerations must include maintaining high yields.
The second largest agricultural source of CH4 is livestock. This source is
difficult to quantify because there exists much variation depending on factors
such as ambient temperature, quality and' quantity of feed, as well as variations
between individual animals. Management strategies using feed additives appear
promising but are not fully demonstrated. For example, recent feed trials carried
out using rumensin on about 100 cows in a tie~stall barn in Canada showed that
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a significant decrease in CH4 emissions by dairy cattle can be achieved
(Kinsman, et aI., 1995). There was an immediate decrease in CH4 emissions from
673 L to 482 L CH4 /cow/day, and a corresponding increase in milk production
and decrease in feed production. The rumensin feeding effects lasted a few
months after cessation of rumensin feeding. There was, however, indication that
rumen bacteria were becoming resistant to rumensin when a second feeding trial
was conducted five months later. Other feed additives such as antibiotics,
ionophores and steroids were shown to increase both the growth rates and feed
efficiency of beef cattle, which resulted in CH4 emission reductions of five to 15
per cent (US EPA, 1992).
Animal wastes are also an important source of CH 4. Systems that promote
anaerobic conditions such as liquid/slurry storage facilities and lagoons produce
the most CH4. While a relatively small percentage of livestock manure is
managed in this manner, these systems are responsible for about 60 per cent of
global CH 4 emissions from livestock (US EPA, 1994). Management techniques
such as composting, which has a limited CH4 production potential, would be an
excellent alternative to liquid/slurry storage (Sathaye and Meyers, 1995).

5.1.3
NITROUS OXIDE (NZO)

5.2
INTERACTIONS BETWEEN
VARIOUS GREENHOUSE
GASES

The atmospheric concentration ofNzO is estimated to be 312 parts per billion by
volume (ppbv) and is increasing at a rate of about 0.5 per cent annually OPCC,
1996d). About 60 to 70 per cent ofNzO emissions originate from soils, primarily
due to the microbial processes of nitrification and denitrification. Tropical forest
soils, for example, are probably the most significant source of N 20. Agricultural
emissions from sources such as mineral fertilizers, legume cropping and animal
wastes are second only to emissions from tropical forests. Newly pastured land
(less than 10 years old), for example, can emit three to 10 times more NzO than
tropical forests. Globally, nitrogen fertilizers produce about 80 Tg of nitrogen
annually. The application of animal wastes emits about 100 Tg of nitrogen per
year (Cole, et aI., 1996). Following the 1996 IPCC methodology, it is now
feasible to obtain a reasonable estimate of N 20 emissions on a national scale, as
was recently demonstrated by Monteverde, et aL (1997) in Canada.
There are many variables which control the rate of nitrification and
denitrification, including soil water content, temperature, nitrate or ammonium
concentrations and pH. Because of these many variables, N 20 fluxes from
agricultural systems are episodic and variable in space. Although the NzO budget
is presently poorly understood, research is substantial enough to permit the
formulation of defensible mitigation strategies.
Agricultural sources of N 20 consist primarily of direct emissions from soils
and grazing animals, and indirect emissions from nitrogen leaching. These losses
are often accelerated by poor physical soil conditions. Improvements such as the
use of controlled~releasedfertilizers, nitrification inhibitors, and better timing of
nitrogen application and water management should lead to the more efficient
usage of nitrogen. The application of such improvements has the potential to
reduce N 20 emissions significantly. A list of management practices for mitigating
N 20 emissions from agricultural sources is given in Figure 5.3.
In evaluating the impact of various management practices on greenhouse gas
emissions, it is important to consider the whole system. This is particularly true
because all greenhouse gases have very different GWPs. It is thus essential to
consider all possible interactions associated with various agricultural practices
before making a decision on the ultimate impact of mitigation measures.
Table 5.1 presents a non~exhaustive list of agricultural practices and the
approximate magnitude of their impacts on the emission and absorption of CO v
CH 4 and NzO. For example, reduced tillage can be extremely effective (+++) in
increasing carbon storage in soils. However, it has a small negative impact (~) on
NzO emissions, and no effect (0) on CH4 emissions.
Following the publication of reports by Smith, er aL (1997), Monteverde,
et aL (1997) and Desjardins and Mathur (1997), the methodology to estimate the
total level of agricultural emissions of greenhouse gases is now reasonably well in
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Figure 5.3
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place in Canada. However, more effort is still required to merge these techniques
to take into account the interactions between greenhouse gases (Table 5.l). An
example of such an effort is a report prepared by Kulshreshtha, et al. (1997), in
which a model was used to estimate total greenhouse gas emissions from
Canadian agricultural practices. Analyses of the possible impacts of both the
Carbon Tax and Permanent Cover Program policies on agricultural greenhouse
gas emissions were included in the report. The increasingly holistic scope of
studies such as this one illustrate the importance of understanding the impact not
only of agricultural practices but of the policies that underlie them. According to
Kulshreshtha, et al. (1997), 'policies need to be prioritized not only on the basis
of their short~term economic returns, but also in teIms of the long~term damage
to the environment, and the long~run returns from agricultural production'.

5.3
SUMMARY

Table 5.1
List of agricultural practices and their
impacts on CO2 , CH4 and N 20
exchange (e.g., +++ indicates a VITJ
strong positive effect)
+ beneficial

- detrimental
o no effect

Agricultural processes are responsible for a significant amount of anthropogenic
greenhouse gas emissions. Fossil fuel use and certain cultivation practices result
in the release of atmospheric carbon (and to a lesser extent CH 4), fertilizer use
results in N 20 emissions, and animal husbandry and rice production account for

Agricultural Practices

CO2

Np

Reduced summerfallow
Reduced tillage

+/-

Legumes in crop rotation

+++
+++
++
++
+
+
+
++

Improved feeding rations
Feed additives

0
0

0
0

Improved crop nutrition
More efficient N fertilization
Improved crop varieties
More efficient water use

Land application of manures

CH4
+

0
++

+

0
+

+

0
+++
+++
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a large portion of anthropogenic CH 4 emissions. The interactions between
agricultural processes, climate and greenhouse gas emissions are extremely
complex and warrant detailed analysis, particularly since greenhouse gas
mitigation measures may have unforeseen and undesirable consequences. It is
clear, therefore, that legitimate and effective management of agricultural
contributions to global warming depends on comprehending not only each
individual factor but also how the system functions as a whole.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
by M. J. Salinger

6.1
CONCLUSIONS

This expansion of the marerial in WMO Technical Notes 196 and 199 has shown
that there are numerous causes of climate variability and change, which have
operated from seasonal to century timescales. Human activities, however, have
been modifying the global atmosphere, whose changing components, such as
higher carhon dioxide concentration and UY,B radiation, are producing direct
effects on agriculture and forestry. The challenge then for the future is for these
activities to adapt to these new conditions. Agriculture and forestry are
important sources of greenhouse gases, so it is important that management
strategies that mitigate these emissions are employed.
Some of the principal causes of global climate variability are a mixture of
factors external and internal to the climate system. On the 1 OOOiyear timescale,
the Earth's orbital variations have been important in causing variations in climate
over the last glacial/interglacial cycle. Prehistoric food and fibre production
evolved through these changes. Of changes over the past century. anthropogenic
increases in greenhouse gases have probably been the most important cause of
climate variation, with these effects producing as a likely consequence the global
warming of 0.6°C that has been observed to 1990. Although anthropogenic air
pollution, which produces sulphate aerosols, scatters and absorbs solar radiation,
global warming was prevalent throughout the 20th century, accelerating in the
1990s. Continued warming of global climate is expected to occur if atmospheric
greenhouse gases keep increasing, with global climate models projecting an
increase of 1 to 3°C in mean temperature by 2100 AD.
Interannual climate variability has operated upon these general background
trends. Volcanic eruptions that inject significant amounts of sulphate aerosols
into the stratosphere cause a cooling of global climate of around O.soC for a
period of 12 to 24 months. Furthermore, ENSO is the major cause of global
climate variability on seasonal to interannual timescales. The El Nino phase of
the Southern Oscillation produces warmer~than~normal global temperature
anomalies. However, regional temperature anomalies can differ. The La Nina
phase causes opposite global temperature anomalies. However, there is a warming
trend as with each successive El N ina event, and global temperatures have
increased. Since 1976, EI Nino episodes of the Southern Oscillation have
increased in frequency. Six moderate or strong El Nino events have occurred
since 1976, with only one La Nina event. Regional climate impacts have been
described in WMO Technical Note 199.
Changes in atmospheric composition are producing significant effects on
agricultural and forestry ecosystems. Increases in atmospheric CO 2 should elevate
the photosynthetic rate and consequently stimulate plant growth. The mean
response value from recent experiments for C3 crops is an increase in yield of
30 per cent for a doubling of CO 2, but the variation in response is wide (-10 to
+80 per cent), which makes it difficult to extrapolate to field conditions. Perhaps
the most important response is the increase in water use efficiencies under
elevated CO 2 levels, reducing crop water requirements. Increases in UV-B
radiation are influenced by microclimatic factors. Reductions in photosynthesis
occur with damage to chloroplasts and an increase in leaf thickness. Studies of
woody plants demonstrated a reduction in photosynthetic rates and biomass
accumulation.
The strategy of reducing vulnerability of food and fibre production to climate
variation improves the system's sustainability. Historically, this has been achieved
by crop breeding programmes that produce varieties, such as rice and soybeans
that can be grown over a wide geographical area. Genetic engineering provides
new opportunities, but this area is currently highly experimental. To reduce the
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impacts of climate variability on tropical agriculture requires knowledge of the
relationship of regional climate with the crop under cultivation. This requires
cooperation between organizations involved with crop production, in
conjunction with monthly and seasonal climate projections. These can be used
to modify crop planting and scheduling operatiorn, and to help decide when a
cash crop should be introduced into a region.
In higher latitudes. selecting climates to maximize the potential level of
productivity is achieved by optimizing crop growth and development factors.
Microclimate variations are significant, and the variations in water resources can
be manipulated so that the best microc1imatic conditions for crops and pasture
can be optimized. The efficiency of microclimatic manipulation depends largely
on the level of cultivation and the mineral fertilizers applied. The higher the
production level, the higher is the efficiency of microclimate management. The
development of agriculture in high northern latitudes is largely determined by
thermal resources, and degree day sums serve as good indicators of climate trends.
Increases in high latitude temperature prolong the total growing season, and also
lengthen the sowing and autumn harvesting periods. Thus, crop development
occurs more rapidly as the growing period shortens. Adaptation and management
adjustments in agriculture must be related to reorganizing this activity to suit the
changing conditions. In all of these considerations, soil and microclimate aspects
are paramount.
Agricultural processes are responsible for 21 to 25 per cent, 57 per cent and
65 to 80 per cent of total emissions of COl> CH4 and NzO, respectively. Fossil
fuel use and certain cultivation practices result in the release of atmospheric
carbon (and to a lesser extent CH4), fertilizer use results in nitrous oxide
emissions, and livestock farming and rice production release a large portion of
CH4 . Reduced summerfallow and reduced tillage would reduce COz emissions,
whilst improved feed rations and additives would reduce CH 4 emissions.
However, the interactions between agricultural processes, climate and
greenhouse gas emissions are extremely complex and. require detailed analysis,
particularly since greenhouse gas mitigation measures may have unforeseen and
undesirable consequences. The legitimate and effective management of
agricultural contributions to global warming depends on comprehending not only
each individual factor but also how the system functions as a whole.

6.2
RECOMMENDATIONS

1. In view of the improved ability of weather and climate prediction services to
forecast climate variability on seasonal to interannual timescales from
seasonal climate models, especially for subtropical and tropical areas, impact
studies should concentrate on these vulnerable regions. Research should
include the identification of climate/crop and climate/forest sensitivities as
well as crop/climate and climate/forest models.
2. Continued close coordination and cooperation is recommended between
CAgM and !PCC, IGBP, WCRP and the CLIPS project of the WCP.
3. Food and fibre production is perhaps the sector most sensitive and vulnerable
to climatic fluctuations. There is a clear requirement to identify the priority
agricultural meteorology adaptation strategies for regions that are most
vulnerable to climate variability and climate change. In consideration of the
Third Scientific Assessment Report of !PCC, it is recommended that CAgM
study this subject by appointing a Working Group on Agrometeorological
Adaptation Strategies to Climate Variability and Climate Change with
renewed terms of reference as follows:
(a) Detailed studies of regions identified as being most vulnerable to
current climate variabilityj
(b) Updated information on the science of climate change from the latest
TPCC assessments and identification of those regions where significant
changes in the next few decades are likely to disrupt food and fibre
productionj
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Survey adaptation strategies required for reducing vulnerability of
agriculture to climate variability in cold, temperate, subtropical,
tropical, arid and monsoon climate zoneSj and
Review of adaptation strategies required to reduce vulnerability of
agriculture and forestry to changes in climate extremes.

4. Funding should be sought to organize an international seminar/symposium on
increasing the adaptability of agriculture and forestry to climate variability
through the application of seasonal climate forecasting, plant breeding
programmes and matching appropriate crops and crop operations to both
current and forecast climate variability.

5. Roving seminars should be organized to disseminate the results of the
conference in (4) and earlier Working Group reports to agrometeorologists,
particularly in developing countries.

