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1.0 Assignment 

The specific tasks to be completed during my March 4 - 10, 1986 trip to Sri Lanka 
were as follows: 

1. Consult with Professor Don Senanayake about the progress of the project. 

2. Visit the Tea Research station at Hantana. 

3. Conduct the following three seminars: 

a. Using Meterological Data 

b. Agrometeorological Studies 

c. Measuring the Environment 

2.0 Recommendations for Upgrading Meterological Studies 

There is a need for two Agrometerological courses to acquaint the postgraduate
students with the atmospheric role in the wide field of agriculture. Each course consists 
of 45 hours of lectures and could be taught sequentially or concurrently. Following is an 
outline of the two courses: 

Course One: Agrometeorology 

Topic: Number of hours 

Introduction - historical I 

Environmental factors - axioms of research 2 

Weather and climate controls 2 

Climatic patterns and classification 2 

Regional climates 2 

Climate, soil and vegetation 2 

Types of agrometeorological studies I 

Radiation patterns and their effects on plants 4 

Temperature and its effect on plants 4 

Water budget - gain and loss 2 

Soil conditions I 



Drought 

Plant response to moisture 
Air flow and its effect on plants 

Small scale climates 

Atmospheric modification 

Climatic variability 

Agrotneteorological surveys 

Study to be directed specifically to the problems of Sri Lanka: 

Climate and crops 
Climate and domestic animals 
Climate and insects 
Climate and diseases 

Course Two: Obtaining and Analyzing Agrometeorology Data 

Obtaining: 

Making relevant meteorological observations 

Limitations of the measurements 

Instrument problems 

Processing and storing data 

Remote sensing techniques 

Empirical and physical estimates 

Analyzing: 

General principles 

Frequency distribution of the data 

Spatial distributions of the data 

Time series 

I
 

2 
2 

2 

3 

3 

2 

7 

Number of hours 

6 

2 

2 

2 

2 

3 

3 

4 

3 

3 
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Single variables - patterns of the climatic 
elements 3 

Multiple variables - interrelationships among 

climatic elements 3 

Indices 2 

Preparing an agrometeorological survey 3 

Crop models 4 
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3.0 Recommendations for Library Materials on Agricultural Meteorology 

While surveying the libraries at the Postgraduate Institute and the University, I 
was struck by the almost complete lack of material in the field of agricultural
meteorology. With this in mind, I am enclosing a list of suggested publications to be 
obtained for student use. These are divided into five sections as follows: 

I. Books 

2. Technical publications and monographs 

3. Journals 

4. Relevant journal articles 

5. Conference proceedings and bibliographies 

Bibliography appears in Appendix 1. 

4.0 Proposed Agroclimatology Survey 

Sri Lanka offers an ideal and rare opportunity for the making of a detailed 
agroclimatology survey of the type given in W.M.O. publication No. 210. In detail the Sri 
Lanka survey would differ considerably from that given in the W.M.O. survey of the 
Sahelian region of West Africa. It seems advisable to develop the survey under the 
supervision of the Postgraduate Institute of Agriculture in conjunction with the Sri 
Lankan Department of Agriculture. Such a survey would be of great benefit in the 
decision-making process and for economic planning. 

Details needed in such a survey would have to be determined by a committee of 
specialists from Sri Lanka, together with the services of a consultant. However, the 
outline in Appendix 2 is submitted in order to suggest the type of material to be covered. 

See Appendix 3 for a copy of the contents of the W.M.O. survey. 

-4­



5.0 Proposed Agrometeorological Station 

It is desirable that Sri Lanka set up an agrometeorological station in order to 
accomplish the completion of the survey. This recommendation assumes that funds will 
be limited and that the station would be used for educational and not research purposes.
If move funding was available, a list of more sophisticated equipment can be prepared. 

The following equipment is required: 

I. 	 Instrument shelter (can be made locally) to house: 

a. 	 maximum and minimum thermometers 

b. 	 wet and dry bulb thermometers 

c. 	 hair hygrograph 

2. 	 Soil thermometers - a minimum of three, at 10cm, 20cm, but ideally two 
others at 5cm and 50 cm 

3. 	 Anemometers - run-of-wind (note1 miles of wind) at two heights, 2m and 
10m with attached wind vane 

4. 	 Solar Radiation 

a. 	 a pyranograph for global radiation 

b. 	 a Campbell-Stokes sunshine recorder 

c. 	 a photometer with filter for visible spectrum 

5. 	 Evaporimeter 

a. 	 two types, ideally 2' and 3' diameter style (can be made locally) 

b. 	 lysimeter of floating type (can be made locally) 

6. 	 Soil moisture 

a. 	 gravimetric apparatus 

b. 	 tensiometers 

c. 	 neutron probe (if funds available) 

-5­
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CONFERENCE PROCEEDINGS AND BIBLIOGRAPHIES
 

Amer. Meteor. Soc., 1977: Weather-Climate Modeling, Purdue Univ.,
 
W. Lafayette, IN.
 

Can. 	Dept. Agric., 1977: Climatic Variability in Relation to Agri­
cultural Productivity and Practices; Can. Common Agromet.,
 
Winnipeg, Manitoba.
 

Griffiths, John F. and M. Joan Griffiths, 1966: A Bibliography of
 
Meso- and Micro- Environmental Instrumentation, U.S. Dept.
 
Commerce, E.S.S.A., Tech. Note 43, EDS 2, Washington, D.C.
 

N.O.A.A., 1977: Proc. of Nat. Weather Service Agric. Meteor. Symposium,
 
July, College Station, TX (J. Yates, Ed.).
 

Palmer, Wayne C. and Lyle M. Denny, 1971: Drought Bibliography, U.S.
 
Dept. Commerce, N.O.A.A. Tech. Mem. EDS 20, Washington, D.C.
 

U.N.E.S.C.O., 1968: Agroclimatological Methods, Proc. of Reading
 
Symposium, England, Publ. Paris, France.
 

U.N.E.S.C.O., 1973: Plant Response to Climatic Factors, Proc. of
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Weiss, A. (Ed.), 1981: Computer Techniques and Meteorological Data
 
Applied to Problems of Agriculture and Forestry: A Workshop.
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Anaheim, CA.
 

*Note - Many of these are difficult to obtain; we could supply
 
photocopies at cost plus mailing if required.
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FOREWORD 

Early in 1960, representatives of 
 three specialized agencies 
of the United
Nations met to organize an inter-agency project in agroclimatology. The agencies were the
Food and Agriculture Organization (FAO), 
 the United Nations Educational,
Cultural Organization (UNESCO), Scientific and 
ject was 

and the World Meteorological Organization (WNIO). The pro­a study of agroclimatology in semiarid and arid zuines of the Near East. WMO Tech­nical Note No. 56 (WMG - No. 141.TP.66) is a repcrt of that project. 

In 1962, 
 the same three agencies agreed 
to make a similar study in
area in a tropicalAfrica south of the Sahara, with a semiarid climate of summer rains.Technical Note constitutes the general report of this second study. 
The present
 

It is my pleasure to take this opportunity to thank the authors, Mr. J. Cochem6
and Mr. P. Franquin, for their efforts. In their introduction, the authors acknowledge the
valuable assistance of a number of individuals and agencies to whom I also extend grateful
appreciation. Finally, I wish to thank the Directors -General of FAO and UNESCO for theircontinued collaboration in this series of most useful studies.
 

(D. A. Davies)
 
Secretary-General
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SUMMARY
 

An area with a L-emiarid .climatc of sum'nlir r.Iiv: in Africa -,outh of the CEhL:'z i: 
delineated and its soils aid vegtatirn briefly described. A simple model of the atmosplcric 
circulation illustrates the origins of its tropical climate with a long dry northcrn winteor 
and summer rains. Annual crops are cultivated extensivuly during the rains with graded sys­
tems of cultivation adapted to an increase from north to south of the single annual growing 
season which is never long enough to permit consecutive cultivation of' main crops. 

Die seasonal patterr. 2f rainfall shows a ma:i mL1Min Auguot. Itc variabilities
 
and intensities are somewhat above world 
 average values and, on an annual basis, rainfall
 
per day of rain is about 14 r-im thrc,ughout the area. Mean annual rainfall increases from
 
250 mm in the north to 1100 mm in the south, whilst potential evapotranspiration decreases
 
from 2200 mm to 1400 mm. By comparing the seasonal variation of these two quantities the
 
duration of availability-of-water periods is estimated. The mean annual "humid" period,
 
during which rainfall exceeds potential evapotranspiration, increases from nil in the north
 
to 
140 days in the south, and the "moist plus storage" period, correspondint to the season
 
during which arnual crops can be grown, increases similarly from 55 to 200 days. The supply
 
of solar energy is sustained throughout the year, but in summer it is not very much higher
 
than in temperate countries. During the growing season of summer rains, air dryness, tem­
peratures and rates of evaporation are reduced to amounts less likely to impose severe stress
 
on annual crops than those prevailing immediately before and after the rains. The night
 
temperatures, however, tend to remain high and reduce dry matter production.
 

The cereals sorghum and millet, which are subsistence crops in the area, need,
 
for maximum production, close matching of the growth cycle length of varieties to the local
 
length of availability-of-water periods. Another adaptation to local climate is the timing
 
of heading to coincide with the end of the humid period; this timing is also regulated by
 
photoperiodism, especially with late varieties which are short day. Such adaptations have
 
ueen achieved by traditional agriculture, but careful consideration is required when intro­
ducing new varieties. Groundnut and cotton, both cash crops which flower axially, also
 
require matching of growth cycle length and of the timing of useful flowering to the dura­
tion of the availability-of-water periods. Whilst millet, sorghum and groundnut show a wide
 
:.pectrun of varieties able to cover most of the area, the cotton form grown there at present
 
',:an ecotype of fairly narrow ra!'ge. Closer analysis of its agroclimatic needs and tole­
rar.ces was therefore possible. Restitution of fertility to the soils is by long fallows 
whi-ch also provide pastures. Various measures to intensify pastures and fodder production 
.n-he area are technically possible and all involve careful consideration of the climatic 
'eeds and tolerances of the varieties of grasses and legumes involved. 

Comparisons of yield with climatic factors cf rainfall and availability of water 
;. r 'ds showed that, where there was a marked relation, the regression tended to be urvi­
m:.ear, with yield dropping off whenever values of the climatic variables exceeded an optimum 

r as well as when they fell short of it. Information on yields and the timing of bio­
- r:al events needed for comparisons of agronomic and climatic variables is even scarcer than 

:.-rological information. The type of data required is described in the report. 



Xii SUMMARY
 

A consideration of the information gathered by the survey and its scale suggestthat, once agroclimatic characterization of places from which sufficient data are availablehas been worked out, great caution must be exercised in extrapolating this information to
delineate agroclimatic sub-regions for agricultural planning and development. 
Regions with
climates similar to that of the area surveyed are found on both sides of the Equator and inall continents, but none 
are as wide. 
 Outside Africa, the most important homologous areas
are in the northwest of the Indian sub-continent and in the north of Australia. Follow-upaction recommended includes the periodical publication of agrocllmatic information enlarged
and reviewed up to date and the holding of a technical meeting Jointly by the internationalagencies concerned and agronomists and meteorologists from the survey area, in addition tothe initiation of more detailed studies of smaller areas and the building of energy andwater-balance models more specific to selected crops and localities.
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RESUME
 

La pr6sente Note Indique les limites de la zone semi-arldc et d~crit bri~vement
ses sols et sa v~g@tation. 
Un mod~le simple de la circulation atmosph~rique illustre les
origines de son 
climat tropical caract~ris6 par un long hiver sec Les
et des pluies d'kt6.
plantes annuelles sont cultiv~es de fagon extensive pendant la saison des pluies h ilaide
de systbmes progressifs de culture adapt6s h un accroissement, du nord au sud, de l'unique
saison v~g~tative annuelle, qui n'est Jamais suffisamment longue pour perTnettre la culture
 
cons~cutive des principales plantes agricoles.
 

Le r6gime saisonnier des plue- a Ln maxim= 
en aoot. Ses fluctuations et inten­sites sont lgbrement supdrieures aux valeurs moyennes mondiales et, calcul~e sur une p6riode
d'une ann~e, la quantit6 de pluie quotidienne est d'environ 14 mm dans toute la r6gion. 
La
pluie annuelle moyenne augmente de 250 mm, dans le nord, h 1100 mm, dans le sud, tandis que

l'6vapotranspiration potentielle ddcrolt de 2200 mm A 1400 mm. En comparant les variations
saisonnibres de ces deux quantitds, on 
 peut dvaluer la durde des p~riodes "d'eau disponible".
La p~riode "humide" annuelle moyenne, au cours de laquelle la pluie d~passe l'6vapotranspira­tion potentielle, augmente de zdro, au nord, h 140 Jours, au sud, et la p~riode d'exc~dent
hydrique ("moist plus storage" period), qui correspond h la saison au 
cours de laquelle on
peut faire pou ,ser les cultures annuelles, augmente de fagon analogue de 55 h 200 Jours.
L'apport d1energie solalre reste le mgme toute l'ann~e, mais en 6t6 il n'est que l~gbrement

suprieur A celui des pays h climat tempdrd. 
Durant la saison des pluies d'6t6 propice h
la croissance, la s~cheresse de l'air, les tempdratures et les taux d'4vaporation sont r~dults
& des quantit~s qui risquent moins d'endommager les r~coltes annuelles que celles qui sont
observ~es imm~diatement avant et apr~s les pluies. 
Toutefois, les tempdratures nocturnes

tendent A rester 6lev6es et A freiner l'laboration de matibres s~ches.
 

Pour pouvoir obtenir une production maximale de sorgho et de millet, qui 
sont les

cultures de subsistance de cette r~gion, il faut que la dur~e du cycle de croissance de ces
vari6t~s coIncide 6troitement avec la durde locale des pdriodes "d'eau disponible". Il faut
6galement s'ad3pter au climat local en faisant coIncider l'6piaison avec la fin de la pdriode
hu'mide; 
 cette synchronisation est dgalement command~e par le photop6riodisme, particulibre­ment en ce qul concerne les vari~t~s tardives, qui sont des plantes A Jours courts. L'agri­culture traditionnelle a perrnis de r~aliser ces adaptations, mais de grandes pr~cautionsdovent etre observdes lorsque l'on introduit de nouvelles vari6t~s. 
 Pour l'arachide et le
c,:ton, qui sont tous deux 
des cultures commerciales fleurissant de fagon axiale, il faut
6galement accorder la longueur du cycle de croissance et la synchronisation de la floraison
utile avec la dur~e des 
pdriodes "d'eau disponible". 
Tandis que le millet, le sorgho et
i'arachide pr~sentent une large gamme de vari~t~s pouvant couvrir la plus grande partie de
-'tte r~gion, la vari6t6 de coton qui y est actuellement cultiv~e est un dcotype dont l'airec'ex.ension est assez limit~e. 
C'est pourquoi il a dt6 possible d'effectuer une analyse
plus approfondie de ses besoins et de ses 
toldrances agroclimatiques. 
Les sols peuvent tre
'!fe-t"lis4s par de longues Jach~res qui 
servent 6galement de paturage. I1 est techniquement

V :zible d'appliquer divers proc~ds destinds A intensifier la production des paturages et
fourrages dans la r6gion, mais il faut dans tous les 
cas 6tudier avec soin les besoins
" les tol 6
 rances climatiques des vari6t~s de gramines et de l~gumineuses en cause.
 

En comparant les rendements avec des facteurs climatiques tels que la pluie et
4'"L p.:'ioies 'dl'eau disponible", on a constatd que,lorsqu'il y avait une corr~lation nette
e-:.
r, lesdits facteurs, la r6gression tendait A 6tre curvilin~aire avec une baisse de rende­chaque fois que les valeurs des variables climatiques d~passaient un intervalle optimal
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et lorsqu'elles n'atteignaient pas la limite inf'rieure dudit intervalle. 
Les renseignements

relatifs aux rendements et h la synchronisation des 6v~nements biologiques sont encore plus
rares que les renseignements m~tdorologiques. Le present rapport d4crit le type de donn~es
 
dont on a besoin en la mati~re.
 

Si l'on examine les renseignements rassemblds par cette enqu~te, on constate que,
dbs que l'on a pu 6tablir une carac.trisation agroclimatique des lieux o4i iron peut obtenir
 un nombre suffisant de donndes, il faut procdder avec beaucoup de prudence h 
l'extrapolation

de ces informations pour ddterrniner les sous-rdgions agroclimatiques A des fins de planifica­
tion et de ddveloppement agricole. On trouve des rdgions dont le climat est analogue & celuide la rdgion 6tudie, de part et d'autre de I'6quateur et sur tous les continents, mals aucune
niest aussi vaste. 
 En dehors de l'Afrique, les rdgions homologues les plus importantes se
situent au nord-ouest du sous-continent indien 
et dans le nord de ltAustralie. Outre la
mise en route d'dtudes plus approfondies, portant sur des rdgions plus limit4es, 
et l'61a­
boration de modules du bilan 6nergdtique et hydrique spdcialement pour les rdcoltes et les
localitds choisies, la Note recommande notanmnent de publier pdriodiquement des renseignements

agroclimatiques plus complets et mis & Jour, et d'organiser une r6union technique h laquelleparticiperaient les institutions internationales compktentes, ainsi que les agronomes et les 
mdtdorologistes de la rdgion considdrde.
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PE31ME
 

B OTlieTe AaeTCR o6wo-9 xapaRTCpvcTvxa nCny3acylwivBok 3olibi c ee noti­
13CHIMMIX 11 PaCTIlTejibHbimki YCJIOBIIRMII. Ynpouieimm voAcim aTL'OCTepliO 1111picyap"llm
o6lrcH.qeT cyLaeCTBoBanze B 3TOO 3ome Tponm4ecKoro mmmaTa, AJIR XOTOT)OrO xapm-
Tepma rPOAOJIWI'TeJILHM CYXM 3mma c ceBepHblh',Il BeTPU.111 Il JIMime AwfAm. E:i:ErOA-JJOL 17POI13paCTaHme XYJILTYP ocyLLteCTBjiReTC.R B OCIiOBI!OY. 3a w4eT AMY.4e ., Taj qTO
ZHTeHCMBROCTL npom3paCTamm cejiLci-oxO3RrCTPeHRbix HYALTYP 3303paCTaeT c ceBepa
Ila 10r; B 3TOii 3OHe HLL ripOTSr :eiimm mka mmceTCSi TOJILHO oADiH BereTaLtvojiirL::; T:% pv-
OA, XOTOPLP.. PvxorAa iic 6LILaeT AOCTaTOilibl. ;-,JIF. I3i,:j)wzIballzji OAHOro ypo:i.a-q oc-
I:CBULX CeJILCKOXO3J9i-CTBCIIIIL:.X RYJILTYP. 

Eav6ojiLwee xojim,4eCTBO ocaAxoB B roAy BbinaaaeT B aBr)'CTe. ll'ojie6a-
CYMI, OCaAKOB Z 14HTenc.il3HOCTH ZX OT.,IZ'qaJ0CSI OT cpeAliVX 3matieHz i nO 3emHo­

mr., wapy; a AJIR Bcero roAa B cpeAmem xojimxieCTBO OCaAXOD, Bb:naAajoL:xee B AeJIL c
 
AoN qem COCTaBjiReT OKOJIO 14 rm Aii.9 Bce TePPVTOr)'.,V B L;CJIOZ,,. CpeAHVe eweroAlime
 
Cyl,!IUl OCaAl-COB yBejivqzBWOTCq OT 25C Y.M. iia ceBepe AO 1100 wA Ha jore, a nOTEh-

LXilaJILHDR. Bejiz'qZHa 3BanOTpaHcnzpagi4z ymeHLwaeTCR 
 OT 2200 MM AO 1400 Mm.. Hia
 
ocnoDaHmi cpaBHeumn ce30HHbLX xone6amv 
 3TIIX ABYX BEJIZxIZH, onpeAejlsleTcsi npo-

AOJZ-ZTeJILI:OCTL nepzOAOB, 
 xorAa paCTeHzn MOrYT nojiy,-iaTL Mary. B CPCAHemIIB.n&KHbd'I'l nepzoA, i3o npem,.q I-COToporo xojizqeCTBO OCcIAKOB npeBbmaeT Bejiz-4zliy no-
TeHgzajiLHo9 oBanOTpaHcnzpaumz, yBenzMVBaeTCJq OT 
0 Ha ceBepe Ao 140 AHe Ha
 
iore, a nepzoA "Bjiaroo6ecneqeHHOCTZ" COOTBeTCTBYIOUUI.,i Bpeueiia roAa, xorga na­
6jaoAaeTCSI BereTaLwR I-CYJILTYP, 
 allaJlOrK'4HO yBejiz,4zBaeTCH OT 55 AO 200 Alie .
 
FPZTOX cojiHeMHO paAzagzx ROnTA nOCTosmem 
 Ha npOTsi)?.eHzz Bcero roAa, HO iieTOhf
 
oB He HamEoro 6ojibwe, liel.1 B CTpaFiax c ymepeimbrm FimmaTOM. BO Bpellq BereTa-

LzvonHoro ce3oua c 
iieTHIIMV AQBARMZ CYXOCTL Bo3Ayxa, Teh-nepaTypa m CTeneub zc­
napemi yveHLWalOTCs' AO Bejizq.iH, ROTophie oxa3blBal0T 6ojiee 5jiaroI3pZqTHoe BJIZR­
nme Ra cejiLcxoxO3R -CTBeHRBie XYJILT Pbl, me?.l 
 Te meTeopoijorxqecxve YCJIOBH.9, XO­
Topb:e Ha6jnoAai0TCJq AO 14 .ociie BblriaAellmR AowAe . QAHaHo HOMLIO TevriepaTypa oc-

TaeTCR BLICONOii, '4TO npZBOART x cHmxepmo BbixoAa cyxo maccbi.
 

Aim i:ojiymeuvsi uazBbicwmx ypo)i:aeB Ta.KZX 3jiaj-.oB, xal-c copro ii i7poco, 
.nB-UML.D*XC.q OCFOBHLMl uejrBcxoxC3Jq CTBeiiHbmi4 HYJILTYPC-WZ B 3TO9 3oHe, Tpe6yeT-
CR, 'qTO6b1 i-cojie6amzq npOAOJMZTejiLHOCTM nepvoAa BereTagxz COOT-_CTCTBOZ2_nM Be-
TzmzHe nepzoAoB, xorAa paCTeHZSI moryT nojiytiaTL BOAY B meCTRbIX YCJIOBH.HX. 4py­
rzm npzmepoy. npzcnoco6iieHmsi K meCTNOmy mzhaTy SlBjisieTCq TO, i-o Bpemsi xojio-
IZCI:ZR 3JIaROB npZXOAZTCH Ha moHeil BjiaxEoro nePZOAa; Bbi5op Bpei,.eum i3ereTaLXZ14 
Twci:e orpeAejineTCSI tOTonepZOAZ3'.:OM, B oco6ePHOCTM AJM n03AHZX KYJILTYP XOPOT­
i:oro rHq. Ta.Roe nomcnoco6nemie x meCTHL2.' KjizmaTmxieci-.zm ycjioBLIRM, AOCT14rHYTO 
nVTem pa3pa6OTKV TpaAll9DIOHHbDC Y.eTOAOB BeAeHzq cejiLcHoro X03A CTBa, a Bbipa=­
nai:.-e HOBbIX XYJILTYP Tpe6yeT 60JILLUO OCTOPWEEOCTZ. 3e,.-jisipov opex (apaxzc) v 
X.rOr-OX - HYJILTYPLI, XOTophie xapaRTepz3ylOTCq oceBbl?4 pa-nojio7:euzem gBeTOB, Tax-
X*C Tpe6,qOT COBnaAeHzji nepzoAa DereTauvm m Haz5ojiee 6JIarOnpl',.qTliOrO SpemeHv 
I'X .:iCTeFzsi C Tev ner)zo-o,.,., icorAa paCTeiizsi i.,oryT I!OJIYIILTL Bjiary. B TO Bpemn,

):a 6o::Lwe iaCTII Teppl'TOPIIZ BE,:P=VBaICTCJI pa3.nznHL!e COPTa npoca, copro v. 
-):-:Ca, COPTa xiionxa. nL.pau -naez.:me 3AeCL B HaCTo=ee Bpel'-R, npegCTaBJISMT CO­

.O . o;:ojiorzqeCXZ TZn, XOTOpb-l4i FacZTb!BaeT me6o.aL:uoe xojizieCTBO COPTOB. B 
C OT11M MCOKFO 6bijio 5b: mooBeCTm ahaXI13 arpo!-=i.,aTl'xleCH','X YCJIOBII V CeJIL­

Cl-.0MO.3.R':CT3eHHblX xapWTU:DI'CT14F. 3TO.! HYJILTypbl. BOCCTaHOBj7eHze njio4opoAzq noxi-
L': O : '_'-CTBjiHeTCR npz:.:eHenzem i.iiorojieTliY.X rapo]3, -.OTOP:,IC ZCnOJIL3ylOTCSI rCA 

5;. 4a. 

http:KjizmaTmxieci-.zm
http:YCJIOBH.HX
http:3jiaj-.oB
http:Bejizq.iH


TexHzm~cL1Ii,, B3OOrHO nrZ~HqITb ?epbi rim yBenH,'iHizq c~erie~II LICr1OAI30­
nanzai rnaCT6Zlu Zi poc~a FrpCHiAsoCT~a loJy'{aembEX C HRiX V.Op:OB AJ1A CICOTa, HO npHi 
DTOM Heo6XOL:O T=aTeJimoe Zy'meHze arpotcmmaT~i'ecxzix xapaRTepZiCTHl pa3JIZMtI 
F!:LX BLAOB TpaB Zi 5o6OBbLX, Bi:paU Maeh~bX 3Ac 

ConocTaB~ae-ize BeJIL1~WH noiym.aemoro y'poWa C Ta~<Lm~zizmaL!'ecCv?.!Z 
ITaicTopamzL, Kcam ncoAitieCTI3O ocazxiOB Zi nPOAoJmIcWieJILIiOCTL repZ~OAOB BHiaroo~ecnetme-
l.'HOCTU. r:o:.a3ajIi, '4TO Tall, gt~e .OXHO BbIBeCTXi ofpe~ejieHHoe COOTHoweHuie NMeMx4y
HM1I1, ta, Ilozy'ael4 ypaBHeixte perpeoccl4, K-OTOpoe fl,01MZHF TCR i.:pziaAie AHbl,, 3a­
!CI-iHFA, T.e.emlqv.Ha yoomaq yw eiiwaeTCJ[ B Tex ciytaimx, i-or,~a icn.naTllmecjK.:". ne­
pemeim~ie npeBbw~lcEUT On IT.:n.J~~ie BenjiztlV~bI, a 'raj,;,ce, i.orga oflmi meii~bue OTLIX BeJIi-
U.~iH. iCojiiw'eC'rBO AaiWiX 0 3anLcibOcTZi m.ey BeAJIMM1HOi yp-o~ai z lPOAOJDMLTeAv6-
IIOCTb1O paaAizi'HmLx 5oAiorzv-ec~cmx nepKiOAIOB, NIcopbie Hiy: Hbi AjLsi cpa.Beiiz{ arpoHo­
,.DlI'leCXXX~ Xi KJIAMaTLiec~vC iXepeveii~bx ewe MieMLUe, 1em horJX'iCTBO meTeopoflorzi­
'IcCICix Aai:Hix. B Aamiom O'r'e're oflZCbnaeTCI, 1<aKie A~aHHLie HyxH~i Aim~ 3TO2i Lqeji. 

PacCM.o'rpeHmie LiHc opm/aLgLi, co~paRoi BO BpemR LicciieOBaHmiz ai Aana­
30H ee roOPXT 0 TOM, %T'O nociie oupe~eneHzas arpo~jLvaTztiecxzix xaPa(TePI4CTIIX
yxiaCT1COB 3T0Li 30HblI, nio HOTOpbIM LimeeTCJI AOCTaTOuI~oe 1(ojizm'eCTBO AaHHbtx, Heo6­
xCoL1mo c 6oJibuIoP OCTOPOXHOCTL10 nOAXOALiTL XC 3ICTpar1oAAjiL 3TZX AaHHLIX ,ZIJIA On­
peeAeHi arpoKAji?.arvm.ecxicx xapalCTePZiCTHIC flO~pa.OHOB H uejAAx flulaH~ipoBaiizR Li 

%J3L~T!ZceALcxoro iOAiTa c aualorz'(HbaA KiJiHL!Ty paccmaT­aoHbi xiimaTOM, 
pviBaemO - 30H{LI, pacrlojiaralOTCA cio o6e CTOPOHbl OT 3Xcaa'opa Ha Bcex 1COHTzHeL.ax, 
HO He flpOCTUiPaJOTCql T&X~ LwpoRo, icaX B Aj-Dpzie. HTocne i'4pziic, Hamojee BaxHi~he 
30Th1 HaXOATCSI Ha ceBePO-3ana~e nlLLc~oo~OJIYOCTPOBa Zi B ceaep~{oz 'aCTX 

B CBq3 C 3TLIM pexomeHyerCq !IpZHZTL mepy.: no ripowex ny6Ai-
Icaqzz~ arpoKJ1LiaTwi!ecmo9 zwH'op.auLz pacuz~peti{oro xapaXTepa, l'OTOpBa niOnOjiHeHa 
ROBeiw1L: AaHHLDmi, a Taicce C03BaTb coBmeCTHIO TeXHD~icC1-yO P.O~epeHLxvao c ym-ac­
Tze.m m~ea-yHapo4HLV opraHzi3aLiui, 3aHmv-LUOaiomxcR OTL'z1 BOriPOCa?,-i, zi cfleLg4aJICTOB 
no meTeopor'oi-Liz, oa6o'raouaiX B CTpaHax o~jeyeo, 3o11bl; icpome Toro, veo6xogaL-
1.O' fICZCTYrIITTB R 6o~ee TtgaTeaLIIomy ,icc.aeAoau=~ ezge hiepLUiLx pa OHOB 3OHE ;I COC­
TaBjieHv/Jo r.O,~Aei'i BejVA'4LAH riJy{ae..oli oueprzz~ ax 3oriioro 63Ja1ica, :,O'ropbie 5oniee 
xapalHTepub[ Am onpeAeHieijbLx Bl1,AOB ICYJILTYP Li Paii:oBo. 

http:1COHTzHeL.ax
http:T.e.emlqv.Ha
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RESUMEN 

En ecte informe re delimita la zona cemiArida y se describe. brovementc 'u vu, 1:' 
y su vegetaci6n. 
Pur medio de un modelo sencillo de la circulaci6n atmosf~ric, se explica
el origen del clima tropIcal de esta zona, caracterizado por la existencia de un large y 
seco invierno y lluvzI7 esivales. Durante Ia 6poca de las Iluvias se practican extenisos
 
cultivos anuales segln sistemas escalonados, adaptados a una progresi6n de norte a Sur de
 
la nica estaci6n anual de cultivo, 
que nunca tiene la duraci6n suficiente para permitir
 
que se haga una serie consecutiva de cesechas dc primera importancia. 

La pluviometria dE la ze:;a registra zu punto m-xime en el mes de agosto. 5uz 
variaciones y su intensidad son EUg:) superiores a! promedlo mundial un ao con lasy, otro, 
precipitaciones por dia de lluvia son de unos 14 nu en toda la zona. Las precipitaciones

medias anuales aumentan de 250 mm en el norte a l.lCU mm en el sur, 
 y la evapotranspirace6n
potencial anual disminuye de 2.200 nm a 1.400 mm en 
los mismos lugares. Los perfodos en que
 
se 
dispone de agua pueden calcularse comparando las variaciones estacionales de esas dos

cantidades. 
El perlodo medio anual llamado "h medo", durante el cual las precipitaciones

exceden de la evapotranspiraci6n potencial, aumenta de 0 en el norte a 140 dias en el sur,
 
y el periodo de "hurnedad aL'nacenada", que corresponde a la estaci6n de crecimiento de las
 
cosechas anuales, aumenta igualmente de 55 a 200 dlas. 
 La energia solar se mantiene cons­
tante durante el afio, pero en '.erano no es muy superior a la de los palses templados. Du­
rante la estaci6n de crecimiento en que se producen las lluvias estivales, la sequedad de 
la atm6sfera, las temperaturas y los porcentajes de evaporaci6n se reducen de tal modo que
cometen a los cultivos anuales a influencias menos severas que las eJercidas antes y despu~s
de las lluvias. Sin embargo, las temperaturas nocturnas tienden a mantenerse elevadas, con 
Io que se reduce la producci6n de secano. 

El sorgo y el mijo -alimentos fundamentales en la zona- precisan, para dar un
 
rendimiento mAximo, que la duraci6n de las variaciones del ciclo de crecimiento se adapte a
 
la de los periodos en que se dispone de agua en la regi6n. 
Otra adaptaci6n al clima local
 
censiste en hacer que el momento de la granaz6n coincida con el final del perfodo hdmedo. El 
tiempo de granaz6n se regula tambi~n mediante la periodicidad luminica, especialmente con 
laz variedades tardlas que cuando ya cortos. Talesgranan los dias son adaptaciones se han 
Icgrado siguiendo los m6todos tradicionales de la agricultura, pero es indispensable estudiar 
c-uidadosamente la introducci6n de nuevas variedades. El cacahuete y el algod6n-cultivos
c-merciales ambos que florecen axialmente- tambidn requieren la sincronizaci6n de la dura­

del ciclo de desarrollo y de la 6poca de florecimiento dtil con la duraci6n de los
 
Tcr!sdcs en que se dispone de agua. 
Mientras que el mijo, el sorgo y el cacahuete tienen
 

gama muy amplia de variedades que permite cubrir la mayor parte de !a zona, e 
algod6n 
. e cultiva allf actualmente constituye un tipo ecol6gico que tiene pocas variedades, y

io tanto ha sido posible realizar un anAlisis mAs estricto de sus necesidades y tolera.n­
agroclimAticas. La restituci6n de la fertilidad a los suelos se realiza por medio de
 

*'e-.chosZprolongados que tambidn sirven para pastos. 
Hay varlas medidas t~cnicamente po­
' -z para intensificar lcs pastos y la producc!6n de forrajes en la zona y todas requieren

fc:tuuio detenido de las necesidades y tolerancias climaticas de las variedades de hierbas
 
g. zres correspondientes. 

Las comparaciones de la ptoducci6rn obtenidas con los factores climAticos de las 
* -:,'tacionesacuosas y con los perlodos de disponibilidad de agua indicaron que, cuando
 

.z,.a
relaci6n marcada, la regresi6n tendia a ser curvilfnea, reduci6ndose la producci6n

• r q-.e lus valores de las variables climAticas excedlan del punto 6ptimo de la gama, 



XVIII RESUMEN 

lo mismo que cuando no alcanzaban el punto inferior de la misma. La informaci6n sobre el
rendimiento de las cosechas y las 4pocas de los cambios biol6gicos necesarias para comparar
las variables agron6micas y climAticas todavia es m.s e scasa que la informaci6n meteorol6­
gica. En el informe se describen los tipos de datos requeridos.
 

El examen de la informaci6n reunida por medio de la encuesta y el de su escala

sugiere que, una vez se han determinado las caracterlsticas agroclimAticas 
 de los lugares
respecto a los cuales se dispone de datos suficientes, deben tomarse grandes precauciones
 
en la extrapolaci6n de esta informaci6n, con el objeto de delimitar las subregiones agro­
climAticas para la planificaci6n y desarrollo agricolas. 
 En anbos lados del Ecuador y en
todos los continentes existen regiones 
con climas similares al de la zona estudiada pero no

hay ninguna tan extensa. Fuera de Africa, las zonas hom6logas mAs importantes se hallan en
el noroeste de la India y en el norte de Australia. Entre las medidas que se recomienda se­guir estA la de la publicaci6n peri6dica de informaci6n agroclimAtica ampliada y revisada, 
para que est6 al dla, y la celebraci6n de una reuni6n t~cnica mixta con los organismos inter­nacionales interesados y con agr6nomos y meteor6logos de la zona que se estudia, ademAs de
la iniciaci6n de estudios mAs detallados de zonas mAs pequefias y la construccl6n de modelosde distribuci6n de la energia y del balance hidrol6gico flAs especificos, con el fin de selec­
cic'nar los cultivos y las localidades. 
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INTRODUCTION
 

The FAO/UNESCO/WMO Agroclimatology Project originated from the desire of FAO and
 
WMO to investigate the basic climatic' potentials of agriculture 
 in those parts of the world 
where an intensification of agricultural practices and an extension of cultivated lands
 
showed most promise of an increase in agricultural production. It was soon realized that
 
this co-operation between the two organizations could profitably be related to the Arid Zone
 
and 	 similar programmes of UNESCO. 

In April 1960, an inter-agency study group representing the three organizations
 
met in Rome to discuss the scope of an initial survey, and to decide upon 
a region for it.
 
The region chosen consisted of the arid and semiarid zones of Jordan, Lebanon, Syria, Iraq

and Iran with dry summers and winter rains. 
 An agronomist from FAO (G. Perrin de Brichambaut)

and a meteorologist selected by WMO (C.C. Wall6n) were appointed to make the survey from FAO
 
headquarters in Rome. They published a technical report* and a shorter, general report.**
 

In October 1962, the study group met again, and selected for the second survey a
 
tropical area in Africa south of the Sahara, with a semiarid climate of summer rains. 
 This
 
area, bounded to the west by the Atlantic Ocean and to the east by the frontier of Chad with
 
the Sudan, consists of parts of the following countries: Senegal, Mauritania, Mali, Upper

Volta, Ghana, Togo, Dahomey, Niger, Nigeria, Cameroon and Chad. (Its northern and southern
 
boundaries are not sharply defined.) 
 An agronomist, P. Franquin, and a meteorologist,

J. Cochemg, were recruited at the end of 1-63 to make the second survey, FAQ being once more
 
the 	executing agency of this inter-agency project.
 

The Institut des Recherches Agronomiques Tropicales (IRAT) was commissioned to
 
collect agronomic information from the area surveyed; it delegated Mr. L. Castaing to do
 
this work.
 

Again a technical and a general report were prepared, the latter being this pu­
blication.
 

Contributions to the Technical Report were also made by three pedologists from 
the Office de la Recherche Scientifique et Technique Outre-Mer (ORSTC(M), B. Dabin, R. Fauck 
and J. Pias, and by an FAQ expert botanist in Senegal, A. F. Naegel4. 

The 	necessary information could not have been collected without the help of the

national and agricultural services of the countries of the Area. Much assistance was also 
F!ven by research stations, amongst which will be mentioned the Centre de Recherches Agro­

.ques at Bambey in Senegal and the Regional Research Station in Samaru in Northern Nigeria.
 

The meteorological sections of the Agence pour la S~curit4 de la Navigation

A':'~r~e (ASECNA) in Senegal and other French-speaking countries of the Area provided very. climatic 	 ORSTaM,• 	 :1 data and, besides IRAT and several similar technical agencies in


cDuntries were of assistance.
 

.ech~nical report on a study of agroclimatology in semiarid and arid zones of the 
.a-rEast. Rome, FAO: 23061/2, 1962.
 

A :tujy of agroclimatology in semiarid and arid zones if the Near East.
 
.. , M40: Technical Note No. 56, WMO - No. 141.TP.66, 1963.
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INTRODUCTION 

Le Projet d'agroclimatologie FAO/UNESCO/CMM est dQ au d4sir de la FAO et de l'CMd'4tudier les conditions climatiques de base de l'agriculture dans les parties du globe oii,en intensifiant les m~thodes de culture et en 6tendant la superficie des terres cultiv4es,
on est le plus en droit d'espdrer un accroissement de la production agricole. 
On s'est
rapidement rendu compte que cette coop~ration entre les deux organisations pourrait avanta­geusement se 
rattacher au Programme de recherches sur la zone 
aride et A d'autres projets
 
analogues de 1'UNESCO.
 

En avril 1960, un groupe d'etude mixte reprdsentant les trois organisations s'estruni & Rome afin de ddfinir la port~e de l'dtude initiale et de choisir la r4gion qui devait en faire l'objet. La r~gion choisie comprenait des 
zones arides et semi-arides de Jordanie,
du Liban, de Syrie, d'Irak et d'Iran ayant des dt~s 
secs et des pluies en hiver. Un agronome
de la FAO (G. Perrin de Brichambaut) et un m4t4orologiste d~sign6 par l'Ct (C.C. Walldn)
furent chargds de procdder & cette enqute au sibge de la FAO h Rome. Ils ont publid un
 
rapport technique* et un rapport g~ndral, plus bref**.
 

En octobre 1962, le groupe d'6tude s'est de nouveau r~uni et a choisi pour la
seconde enqu~te une r~gion tropicale d'Afrique, situ4e au sud du Sahara et ayant un climat
semi-aride A pluies d'6t4. 
 Cette r~gion, limitde h l'ouest par l'oc4an Atlantique et &'est par la frontibre sdparant le Tchad du Soudan, comprend des parties des pays suivants:
S4ndgal, Mauritanie, Mali, Haute-Volta, Ghana, Togo, Dahomey, Niger, Nig4ria, Cameroun et
Tchad (ses limites septentrionales et m~ridionales ne sont pas nettement d~finies).
agronome, 
 P. Franquin, et un mtdorologiste, J. Cochemd, 
Un 

furent d4signds & la fin de 1963 pour effectuer la seconde enqute, la FAO 6
tant une fois de plus l'agent ex6cutif de ce 
projet interinstitutions.
 

L'tInstitut des Recherches AgionomiquesTropicales(IRAT)a 6t6 charg6 de rassemb, 
-rles donn4es agronomiques de la r~gion considdr6e et a confi6 ce 
travail h M. L. Castaing. 

Deux nouveaux rapports, l'un technique et l'autre gdn~ral, ont dt6 pr~par6s, ce

dernier constituant la pr~sente publication.
 

Trois p
 6dologues de l'Office de la Recherche Scientifique et Technique Outre-
Mer (ORSTCM) -- B. Dabin, R. Fauck, et J. Pias - et tun sp4cialiste de la botanique envoy6par la FAO au S~n~gal, A.F. Naegeld, ont 6galement contribu6 h 1l61aboration du Rapport 
technique. 

Les renseignements ndcessaires X cette 4tude n'auraient pas pu 9tre rassembl~s
 sans l'aide des services m4 tdorologiques et agricoles des pays de la r4gion. 
 Des stations
de recherches, parmi lesquelles il y a lieu de mentionner le Centre de Recherches Agrono­miques de Bambey (Sn~gal) et la Regional Research Station de Samaru (Nig6ria du Nord), onL

elles aussi largement prgtd leur concours 4 cette 6tude.
 

Rapport technique sur une 4tude d'agroclimatologie dans les zones ardes et semi-ardes 
du Proche-Orient, Rome, FAO : 23061/2, 1962. 

** Une 4tude d'agroclimatologie dans les zones arides et semi-ardes du Proche-Orient,
Gen~ve, CI M : 
Note technique N' 56, CMM - NI 141.TP.66, 1963. 
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Les sections mgt~orologiques de l'Agence pour la SVcurit4 de la Navigation
 
A~rienne (ASECNA) au Sn~gal et dans d'autres pays d'expression fr'angaise de la r~gion

ont fourni des donn~es climatiques trbs pr~cieuses. Outre 1'T]AT et 1'ORSTCM, plusieurs

organismes techniques analogues de ces pays ont 6galement 6t6 d'une grande aide.
 



XcII 

CoBmeCTHLb6 InpoelxT zA,~H3{B'MO ro arpoitmiaojioritz 6Euz pa3pa­
a c-5OTaH UA0 BMO LqeAI,1o 143yteHmR OCHOBHbIX 110TeHLqwaALHbix B03MOXCHOCTeii ceJihc~co­

ro X03RACTaa z4 miunaT14'leci-4x YCJIOBZSX Tex CTpaH, i-ge RHTemHc414!auzsi cedaBcxo­
-0 Xo3HL CT~a z pacinzpe~xe 1I0ceBHb1x najoL1We-,i zL:o:eT AaTT- HamAyL1Ulle pea ~lAbTaTbl 
C TOxUC1 3peH1zs poC~a cejiLclXOX03S'1CTBeHH0oi npo icix. 3 A-a He-ie-A 5h!.fl0 YCTa-
HOBjieHO, 'ITO 3TOT flpoeIT, pa3pa5OTaHHbdi COBmeCTHO 3T14N1 ABYWIS op1'a13auzmiz1,
Ltejiecoo~pa3Ho yBsi3aTL C flporpaym)o-, acciAO0aH4iR B 3acyIBbLX pau:o~ax K4Apyrz1­
ma1 aHlajorz'iHbim1 aporpammaz iUhECi0.
 

B aripeiie 1%60 ro~a B Pomie COCTOS1IIOCL COBetaHe rpyrnu~ npeACTaB14-
TereiR 3TZX Tpex opraHZan14g c Lxezwo1 06CYATB nporpammy nepBoHataLHoro o~ciie­
90BaHz4A m4onpe~eA4TL PaioH, B H-OTOPOM AtojreH 6blTB npOBe~eH rnpoelCT. RbUI 1435pamH 
pa.AoH 3acyLn1BEzX X flo.,yaacyum4BbiLX 3em~eJib B ItiopgaNH14, JIMBaHe, C14pvn, Z'pajce,
~AJq 1OTOpLX xapaXTepHLI 3acynA1Boe AieTO NI3Kma4 c 6oAmU14I X0A'AmeCTBOM 0CaAROcB, 
LaneLxzajizCTy nio arpo1l14H, npeACTai14Tejrn AO E . rfleppepy Ac Bpiuuam6o ) a e 
TeopoJIory, Ha3HatqeHHomy EMO ( X{.i. BaiuleHy ) rIopy'dHo flpoBeCTK COOTBeT­bL1io 
CTsyiowee kicciiAoBaHze, pa6Oraq B w=a6-m<apTitpe - AO B Pzm.e. 0H14 no~roT0BZA14 
Tcxiiwecm4~ Aoa*,. 6ojee I-OPOTK149 05=U, ~AJaA**. 

E~OxT.5pe 1962 r'o~a COCTosa~c! BTOpaq ceccz 14cc"iAoBaTej:Lch0rl 
I'pyrimiL, Ha 1C0TOPOil B xaqeCTBe paoaa AgJUI flpoBegeH14 BToporo mccaeOBauj4J 5bi-
Jna Hame'ieua Tp~onii.eci-cR 3CHa B Atpvxe H: iory OT Caxapbi, Aj XoTOPO5ixpa~ 
peH nO~lyaacywn14nbrrl icJuaT C AOAS1 B AieTMwI riepsioA. O~a a3oHa, flPOCT~pamoaan-
CSI Ha 3ana~e Ao ATJzaHTV'iecuoro oxeaHa, a iua DOCToxe g~o rpaiubiL mezEgy 'iagoy, 
it Cy~aHom, Bl-Jfl0'aeT 13 ce6zq OT~geALHbie pa.IoHbi cjie~ymotWx CTpaH: CeHerana, ,,aBpli-
TaHLIL, 1:ajzl, i3epxxeii Bo0nLTL, Fa~bi, Toro, 71arov:eii, LzIrepmnI, iEai:epyxa z uiaqza 

ceBepHbie z4xmH(Lie rpamIIi jGHbl He ZhwelOT 'IeTFxAX o'{epTaHKzr). 

3 I(OHLke 1963 ro~a zAm ripO~e~ei BToporo 1CC ,leOBaH4jl5t!AL r'p1Bjie­
tICHBI CHC~lZ4JIICT it0 apoHommm1 Fl~tpalixeH z ve~eopoiior 4.±Eoweme; OTBeTCTBeHHOCTb 
3a ocyigeCTBJ~eH1e OToro npoeR~a BHOBB B3niia Ha ce~a DAO. 

C60p 14Hq)Oph!aLtmK1 n10 COCTORH4IO ~ce1mcioro X03Rri CTBa B O5CAI.YKlaemo~i 
3oue 6bilA n-opyxieH E~ay4Ito-14ciegohaTeALcltoiiy ZHCT14TYTY rIo -po~jievam ceJiLchoro 
Xo3ZI4CTBa B TporI1miax, XOTOPNlL BbtgeAL1A Jag 3TOik L~eji14 caoero COTpYAHmia J.~c 
TOHa. 

Ha 3TOT pa3 BHOEP, 5binmL no~rOTOBlACHLI TexHzI'ecxu91 ii o6=iV' 2AomIAbi; 
o6L= 2AOIJIMA BoCnpoH3Bo4LITCH B HaCToJ1igem Aoxyv.eHTes 

'exH 

Aly3acyjiHlBbLx Z4 3acyWJMLbx pa ouax EjuiZcNer'o LOCTo~a. Piy DAO, 23 C61/2,1962r.
 
T iecI.mi AA o~IPPC3yAlETaTax arpoicAizl.,.aTOA~or144ecX;&x uccjAoBa-Iz14 B no­

"*ArpomrnmaToor4tmecuite kIccaALBaH14R 3 noJy3acyUIVBbLX a43acytflJI1BLIX paLo0HaX.
 
.. cueBa, i314, TexHm'Iecuma 3anica i'56, 9M~.C141, TP. 66, 1,- r
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13 coci-aij::elTIIII TCXFI:I-IL'Clt0r*O joi jlr.Za Yti-ICT130lia-71ii TP11 cneLU:aJI;.CTF rO 

noxwoneAelIZIO 03 I;ay'LlIIO-'I-L.vPt!4tCNOrO YI;P:IBJILIIVJi 3W-'CPC:hI:X TCPPI.TOPZV: E., a5oji,
P.1-oic v i.jlma, a TL.LlCVC oicnepT DAG B Ceiierane, cneumajimCT no 6oi-alimike A.t.Fa­
oreiie. 

.-:c.q .co5xoAz?. a-q iiiijop,.-aumsi lie ?.-orna j-(: 6LIT16 C06PLIlia 6C3 noi.ouw mi-
LI-,ovLLJILlIh:y cjIT.5 11 CC.'ILCI..oX03.Fi CTFEl;HbA YtIF)C.-i ,ICIIIIii CTpav, pacrio.io.vej--m,:x l3 OTO'*
 
3oHe. Eojibu m nor.;ouLL 6LIJIa oEa3a-va TWO+ c tiayqiio-;-,cciiegOBaTf-JILCI ;'Y,
 
cpeAII 1--OTOPLLX ciieryeT OTveTIiTL .ayxiio-i-,cciieAoDlTejibcKm i arpoliommqecxI-,rI LxellTp
 
B Eam6ee ( Ceveraii x Pert-,oii a-'ILHYIO Ha '%ii]O-I*CCJIfAOBaTCJILCICYFJ CTai;um 13 Camapy
 
(CeBepjian Ezreptia) 

Becm.!a noile3HLie Kivr,,aTojiormqectc;ie Aamwe 6bijim nPCACTaB.71tlib: r,,eTeO­
I-ojiorm,4ecKaN:z OTAeJlFU%'z AreRCTEa no 5e30naCHOCTz aoponamiraumi (ASECNA) B CC­
i:uraXe v APYrIIx ' Pall X0- F OD OPR Ullx CTpaiiax o5cjie-,-yevoii 3olibi. rm,.Ilvo l.ay,4j!o­
.. CCJlE,3.OBaTt.'IbCJ,.OrO ZHCTIITYTa no npo6jievw., CeJIbCROrO X03.qi.c.Ba B Tponiihax 
( IRAT) v, I:ap.FO-Tr--VI,'leCXOrO Yrl)@LB.IICHZR 3,11-:OPC;RVIX Tf-ppkiTOPIIII"I ( ORSTOM), 
(joilbuipo ro:.:o:;Lb oimMll Taloce PeNOTOPhle Apymie allajioriixiiibie ylipex gemm. 
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INTRODUCCION
 

El proyecto FAQ/UNESCO/aMM de agroclimatologia tuvo su origen en el desec de laFAO y de la CMM de investigar las condiciones climAticas bAsicas para la agricultura en laspartes del mundo donde hay mayores posibilidades de incrementar la producci6n agrlcola pormedio de la intensific.aci6n de los cultivos y la ampliaci6n de tierraslas cultivadas.Pronto se lleg6 a la conclusi6n de que esta colaboraci6n entre ambas organizaciones podrfa
vincularse provechosamente a los programas de la UNESCO sobre zonas iridas y cuestiones 
anA.logas. 

En abril de 1960, un grupo de estudio mixto compuesto de representantes de las tresorganizaciones se reuni6 en Roma para examinar el alcance que debia darse al estudio inicialde esta cuesti6n y escoger la regi6n en que debera efectuarse. Por fin fueron elegidas laszonas Aridas y sem!iridas de Jordania, Libano, Siria, Irak, Ir&n, caracterizadas por veranossecos e inviernos lluviosos. Un agr6nomo de la FAO (G. Perrin de Brichambaut) y un meteor6­logo escogido por la CIM (C.C. Walldn) fueron designados para efectuar la encuesta en lasede de la FAO en Roma. Publicaron un informe t4cnico* y un informe general, mts breve**. 

En octubre de 196 2,volvi6 a reunirse el grupo de estudio y seleccion6 para su
segunda encuesta una zona tropical de Africa situada al sur del Sahara caracterizada por unclima semiirido de liuvias estivales. Esta zona, que limita al oeste con el Oc4ano Atlin­tico y al este con la frontera del Tchad y el SudAn, abarca partes de los siguientes pafses:Senegal, Mauritania, Mall, Alto Volta, Ghana, Togo, Dahomey, Niger, Nigeria, Camerdn y Tchad.
(Ni al Norte ni al Sur estA esa zona delimitada con precisi6n).
 

A fines de 1963,se contrat6 
a un agr6nomo, P. Franquin, y a un meteor6logo,
J. Cochem4, para realizar la segunda encuesta; 
 una vez mAs, la FAO se encarg6 de la eje­
cuci6n del proyecto.
 

Se encomend6 al Instituto de Investigaciones Agron6micas Tropicales (mRAT) que
reuniera informaci/n de caricter agrfcola de la regi6n objeto de estudio y se design6 al
sefor L. Castaing ara realizar ese trabajo.
 

Tambign en este caso se prepar6 un informe t6cnlco y un informe de carictergeneral. La presente publicaci6n constituye Irforneel de caricter general que acabamos 
de menclonar.
 

Contribuyeron tambi4n a la redacci6n del informe tdcnico tres edaf6logos de laOficina de Investigaciones Cientificas y Tecnol6gicas de Ultramar (ORSTcM) : el Sr. B. Dabin,el Sr. R. Fauck y el Sr. J. Piaz y un experto en botinica de la FAO destacado en el Senegal,
el Sr. A.F. Naegel4. 

Informe tdcnico sobre un 
estudio de agroclimatologla en las 
zonas Aridas y semiAridas
 
del Cercado Oriente. Roma, FAO : 23061/2, 1962.
 

* Un estudio de agroelimatb)togfa en las 
zonas Aridas y semilridas del Cercano Oriente.
 
Ginebra, CM : Nota Tcnica N' 56, Ct4M - NI 141.TP.66, 1963.
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Hubiera sido iniposible rounir la infor-naci6n neceivarla rin in aiyudal d(. 10- :-1. 
vicios agrfcolas naclonale.,: de los palse!; de la regi6n. i'a'bl~n sc recibI6 mucha ay-wiz uf,
los centros de Investigaci6n, entre los que merecen menc16n:el Centro de Invettigacione -
Agron 6rnicas de Bamnbey, Senogal y el Centro de Ivestigacione5 Regionales de Samaru en 
Nigeria del Norte.
 

!w-eoerol6CicacLac :'i del Orgwiir-nc) para 1l- Seguridad de la NavcFgacirin 
roa (ASECNA) n! tuacda- en Se~tegal y.atros p:-Iscz: de habla frwice'ca do la rcgi6 i, c :n.' 'o:,

dat~s climatcil6gicos rnuy titiles y adem6~z del IRAT y de la OR5TV otroz diversc.- organi-moz
t':.cnicos de varioFm palser, prestaror, su valioza y'Lt 



PART I 

TIE EACKGRGUIND 

ADIS AND METHODS OF SURVEY 

1. NATURE 

This survey is basically al inventory of the climatic resources of an 
area, these
 
resources 
being looked upon as potentials for agricultural development.
 

2. GENERAL METHODS
 

In order to be able to make such an inventory of resources, it had to be decided
 
which climatic factors were the most relevant; it was then necessary to ottain as detailed 
a picture as possible of the distribution of these factors over the area, and at all times 
of the year, and, even more important, of the likelihood of a particular pattern of climate 
being repeated in a particular place in future years. At the same time, the individual cli­
matic needs and tolerances of the main crops of the area had to be studied, in order to de­
-lde how they could best fit into this detailed picture, when and where they could most pro­
fitably be grown, and what new areas could be exploited.
 

USES
 

Any plan for inoreasing agricultural production can benefit from such a survey:

w:,c.:her the plan involves intensifying existing cultivations, extending them, introducing 

orops 

p.-rasites -- whatever the plan may be, the influence of climate cannot be ignored.
 

c.; or techniques (such as mechanization), or improving protection against pests and
 

USEFULNESS IN TDMES OF CHANGE 

Traditional cultivation has learned by trial and error how to cupt with limited 
:als and existing conditions. It is when some radical step forward is contemplated,
2."apital is to be invested in new agricultural schemnes, that tradition can no longer be
 

upon,. and reliable climatclogical data can save years of trial and expensive error.
 

PRESENTATION OF INFORMATICN
 

it is not intended. as a result of this study, to evolve a new systemn of agro­
• .*'!cclassification nor is It intendej to subdivide the survey area into a rigid syste!:i

cimatic regions within which certain crops should be grown.S.' To push conclusions as 
.'hiswould, if anything, reduce the usefulness of this type of survey. (This point
 

discussed again at the end of the report.)
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6. EXPLORATORY NATURE OF THE SURVEY 

The study is not only a survey of an area, but a surnvey of ;rethods -- of -he best ways of producing serviceable agroclimatic inf'rmati:n. It is therefore to a large extent
 
explorative and tentative in its approach.
 

7. SCALE 

The scale of the study rust necessarily be broad, since the Area is vast, and
time limited. 
However, a number of more detailed studies of various items were carried out,
in the hope that they might serve as pilot studies for local investigations on a scale appro­
priate to direct local application.
 

8. LE4ITATIGNS 

The survey is limited to dry farming at 
the time of the summer rains. Cultivation

under irrigation and on flood plains, and c..,oinalions of such systems with dry fanning, areonly discussed incidentally. 
This is not to say that irrigated and flood-plain cultivation
 are unimportant--indeed,increased production in the future will partly be dependent on increas­ing the length of the growing season by methods such as these. But the agroclimatology of
flood plains and crops under irrigation is a complete study in itself, and is quite distinct
 
from dry farming, which forms the subject of this survey.
 

9. PHYSICAL ENVEROhMENTAL CONDITIONS 

Crop production is affected by soil compositions and by the presence of other
living organisms, as 
well as by climate. This survey is concerned only with climatic influ­ences. 
The physical characteristics of soils are however taken into account, in so 
far as
they control the amount of water the soil can store for later use. 
 The amount of available

plant nutrients they contain-- which of 
course largely determines -he extent to 
which climate
potentials can be realized-is not iiscussed, though it is nentioned in the pedologists' con­t
tribution o the technical report.
 

10. MULTIDISCIPLINE APPROACH
 

The problems are approached simultaneously from the climatic and agronomic pointsof view. Subdivisions of 
the area suggested by these two disciplines have many similarities,
without ever being completely the same. Where the differences are pronounced it 
 neans that
either soils or man and animals have intervened. An example of this intervention will be
 
found later when millet is discussed.
 

11. REPORTS OF THE SURVEY 

Two reports have been prepared, both with the 
same general outline: a technical
report, containing the individual contributions of the co-workers, a contribution by a team
of pedologists from ORSTO1M on the soils of the Area, and another by a botanist-ecologist on
the vegetation In Senegal -- and the general report: 
a shorter, integrated version of the
 
technical report, written by one of 
the co-workers.
 

12. PLAN OF THE REPORTS 

The reports are in four parts: 
In the first a brief account of the aims and rlethodsof the survey is followed by general considerations o: the characteristics of the Area.
second part is an analysis of 

The 
the climatic factors involved: their physiological and aro­nomical import and their occurrence d z:eazoria± vrariatl.n In -he Area. In the third Pit't, 



the neds and tolerances of thi min crop:- of tlit Aru.s al% di: 'u::s,,l in terms o1 tht aFro­
climatic factor: defined in the analysis. The crop.s slecteJ are millet, sorghum, ground­
nut, cotton, maize, and cowpea. 
 In each case the occurrence an dictribution of Specific
 
climatic needs are re-examined.
 

Finally, the 
fourth part contains conclusions, ard recommendation., wh'rc recom­
mendationc seemed called for. 

GENERAL CHARACTERISTICS OF THE SURVEY AREA 

1. BOUNDARIES
 

The actual limits of the Area* investigated cannot be drawn with precision. From
 
the point of view of the climatic analysis this Area exists primarily as a collection of'
 
points from which information is available and which serve 
as a basis to define zones** and
 
gradients by interpolation. 
From the point of view of the agronomic analysis, certain sta­
tions, regions and subregions -- all too few --
provided yield and production data comparable
 
with meteorological data.
 

Figure 1 shows the basic map used 
in this study. On it, the dots representing
 
the 35 meteorological observing stations which provided the data for the main climatic 
ana­
lysis are surrounded by a dotted line. 
 Squares represent agricultural research stations.
 

A semiarid zone, which forms the main object of this study, has been sketched out
 
on the map. (The climatic characteristics and corresponding agricultural and cultivation
 
potentials of such a zone are given later in the text.) 
 It will be seen that some of the
 
main climatic reference stations are outside it. 
 Agad~s and Gao, which are clearly outside,
 
have been included to 
represent desert and subdesert conditions for the sake of comparison.
 
Tahoua and N'Guigmi are borderline 
cases on the subarid side, whilst Fort Archambault,
 
Moundou and possibly Kaduna are 
in a similar position on the sermihumid side.
 

The semiarid zone sketched out is 
a strip of land about 4,000 km long, extending
 
from the Atlantic Ocean to the frontier between the Republic of Chad and the Sudan. Its width
 
varies between 300 and 800 km. 
 Parts of eight countries constitute this zone, none being
 
ntirely inside it, although Upper Volta very nearly is. The count,'ies are, from west to
 

east: 
 Senegal, Mali, Upper Volta, Ghana, Niger, Nigeria, Cameroon and Chad. 
Thus slices
 
of the extreme north of Togo and Dahomey are probably also in the zone, although no basic
 
uhta from these territories were included in the analysis. 
This applies also to the southern
 
:.crtion of Mauritania.
 

Very approximately, the semiarid zone extends over two million square kilometres,
 
population exceeds 30 million.
 

When in the text reference 
is made to the Area (Capital "A"), the semiarid area, or the
 
area of investigation, it is primarily the semiarid 
zone of cultivation systems (which

corresponds to the briefing of the study group) which is 
meant -- although, to define the
 
Area itself better, adjacent climates and cultivations are sometimes taken into conside­
ratioi,.
 

In this reprt the words "zone", "zonally", and "zonal" are 
used to imply not simply a
 
:-rface of land some of whose characteristics are uniform, but, specifically, an elon­
F;,tej strip lying parallel with the Equator.
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Figure 1 -- The dotted lines show the approximate boundaries of the semiarid zone, which
 
is the area primarily investigated. Meteorological synoptic stations 
(black

dots) and agricultural research stations (squares) are shown together with
 

2. HYDROGRAPHY AND RELIEF 

The hydrography of the Area is dominated by three great river basins. From westo east they are the basins of the Senegal, of the Niger and of the rivers which feed Lake 
Chad. 

The River Senegal springs from the mountains of Guinea, being formed by the con­fluence of three great rivers running northwards. it then slows down, running from east 
 to 
west and ending in a delta stretching from Podor to the sea. 

The Niger dominates a large part of the Area. It also :prings from the mountainsof Guinea, running north-east at first. In Mali it branches into many channels forming 
a
vast flood plain including large lakes. Then, running on a narrower bed, it describes animmense loop, finally flowing in a south-easterly direction through Nigeria. 
 In the east
 
of the Area the Niger comes 
to flood in winter and early spring.
 

Lake Chad is fed from the south by two great rivers, the Logone and the Chari,
flooding from September to January. It spreads over 25,000 kmn2
 with a depth of 3 to 5 metres. 
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political boundaries. The 35 stations which provided sufficient information for the main
 
climatic analysis are surrounded by a line. The position of the most important rivers and
 
of Lake Chad is also shown. 

T.- water level shows an annual variation of about 85 cm with a maximum in January and a 
rl.m-m,in July. (See Figure 1.) 

Relief is slight, both with respect to height and extent, and nay be separated
ir~to four types: First, sand dunes which rarely exceed 20 m and are mostly found north of
 
UL. 500 mn mean annual isohyet and away from alluvial plains. Second, banks emerging 
 from 
:'. tlood plains. Third, a system of low plateaux, extensive and poorly drained, found mostly~:. t'.,. central zones. Lastly, dispersed rennants of old mountain chains, a few hundred metres 
::.I.'..ght, and mostly on the northern boundaries of the Area. To the south of the Area, more 
1.-; o-tant high ground is found, mainly in Chad, Cameroon and Nigeria. 

, ,-TEROGY AND CLIATE 

Climate is accumulated weather, and the study of both is included in meteorology.
;:.uner-zanding of the main mechanisms which control the weather of the Area will add to 
I: a:;reziation of the essential nature and seasonal unfolding of its climate. These mecha­

. will be briefly described here, beginning with a simplified account of the features of 
'" . :.cr'al circulation of the atmosphere which are directly involved. 
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3.1 General circulation
 

Probably the most permanent and static features in the general circulation affect­
ing our Area, and, for that matter, the whole globe, are the tropical anticyclones which furm
 
two belts encircling the earth on either side of the Equator (Figure 2).
 

In these anticyclones, air is settling down slowly -- subsiding -- and it arrives
 
at the surface hot and dry. There *the atmospheric pressure is relatively high, and the air
 
tends to move outwards, part of it northwards and part towards the Equator, to compensate
 
this excess pressure.
 

It should be mentioned that the anticyclonic belts are not continuous, but broken
 
up into individual anticyclones, which have preferred positions: there is a large, intense
 
one usually centred over the Azores and there are others in North Africa, 
as shown in
 
Figures 3 (a) and (b). 

The direction in which anticyclones rotate is determined by a general law: all
 
fluids in motion along the surface of the earth tend to be deflected by the earth's rota­
tion --
 to the right of the direction of motion in the northern hemisphere, and to the left
 
in the southern hemisphere. Consequently, the wind circulation round the anticyclones of
 
the northern hemisphere is clockwise, while in the southern hemisphere it is anticlockwise.
 
The winds on the Equator side of both anticyclonic belts will therefore blow from east to
 
west. They are commonly called the "trade winds".
 

The trade winds, issuing from the high-pressure zones of the two hemispheres, tend
 
to converge towards each other. The intertropical zone (ITCZ) where this convergence takes
 
place receives much heat from the sun; so that the air, as 
it converges and grows warmer,
 
begins to rise. As it rises over the ITCZ, decreasing pressure causes it to expand and grow

cooler, its moisture condenses, clouds are formed, and rain begins to fall. Freed of its
 
moisture, and heated by the release of its latent heat of condensation, this current of rising

air is eventually deflected polewards. Part of it feeds the descending air masses over the

anticyclonic belts, wh.ih are relatively dry and hot. 
Thus ..
:ehave complete circulation cells
 
in the vertical plane, resulting in zones of different weather at the surface: 
 the warm and
 
moist ITCZ and the hot and dry anticyclones (Figure 2).
 

The ITCZ and the tropical anticyclones move north and south with the seasons. The

displacement of the ITCZ over the Area tends 
to follow the zenithal position of the sun with
 
a time lag of four to six weeks.
 

3.2 The seasons
 

In the suner, the relatively low pressure of the ITCZ is sufficiently far north

of the Equator to develop anticlockwise circulations. The oceanic trade winds of the southern
 
hemisphere cross the Equator, moving towards this low pressure. 
They are laden with readily

precipitated moisture evaporated from the ocean and are 
commonly called monsoons.
 

The monsoon is opposed by the dry north-easterly trade winds issuing from the
anticyclones over the north of Africa, generally called the harmattan. 
The meeting line of
 
these two winds is the Intertropical licontinuity (ITD), or front (ITF). The ITCZ, where
 
these opposing winds meet, is also Lometimes called the intertropical discontinuity (ITD) and
 
the intertropical front (ITF), according to 
the form it takes. A typical summer meteorologi­
cal surface chart is shown in Figure 3 (a).
 

In the winter, the harmattan dominates the whole of the Area. A typical winter 
situation is shown in Figure 3 (b). 
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Fig-jre 2 -- The general circulation, showing a cross-section of the atmosphere to the right
and the surface of the earth to the left. 
 Descending arrows, surface isobars
 
and "HIGH" mark the position of the northern belt of anticyclones. Ascent of

air and resultant weather are 
shown over the ITCZ. Arrows converging towards
 
the Equator represent the trade winds.
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H, anticyclone; and L, low pressure. 
 The double line shows the position of
the ITF (intertropical front). """ " k i-i!
ii! ILines of equal pressure in mnillibars are shown.
 
Arrows indicate wind direction and the number of barbs, wind strength. (a)
 
shows the monsoon crossing the Equator and (b) the harrnattan blowing across 
the
 
Area.
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Figure 4 -- Diagrammatic vertical cross-section through Area from north to south
 
in early summer. 
From left to right: dry, hazy harmattan; surface 
boundary between harmattan and monso-n, or ITF which, shown as a dot­ted line, slopes upwards and southwards; small cumulus; scattered
 
showers; disturbance line shown head-on; 
more continuous cloud layers
 
with lighter rain.
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Figure 5 -- Diagram showing the r.orth-south movement of monsoonthe weather zones
during the twelve months of Thethe year. semiarid area lies between
the two dotted lines. An arbitrary distinction is made between zones
of scattered showers ( 1 ) and thunderstorms (ll ), of disturbance 
lines ( 1), and of more continuous rain with overcast (-.-). The

time lag relative to 
the zenithal po.;ition or the ;un cau.:es maximum
 
northward displacement to o 
ccur in AU uLut.
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It' i s- impor tant to~re iizf that rain ro, not F ray fall orn an':'i'r 4 until the 
has north ,IT,sufficiently for an pattern of convection to occur"'''mov ed .t.bli.rhe 

(see Figure 4).' As shown in Figure 5,the,whole of the Area receives rainfall during the 
.summeIr, but'during the rest of the" year it is dry., '. . . 

,Nature; of the ou mfr rainfall . 

Three zoner which are s Iow ri in Figurt, J4 andJ Figure 5 mnay b(: diLtinjgui:hed in thc 
.rneoon north to southA zone ' ,;howerL;, zonprecipitation 'area, gingfromh d Zatite a 

cfr disturbance lines (which ic by far the most imp;.ortant) and'a zon'e where the cloua' cover 
imore extensive and the rain more steady.. The boundaries between' these zoneu; are neither 
harpInor always to be' found. 

'...Disturbance lines are re.:ponible for the larger part of the rain received by
 
, .ea. Their origin is not yet properly undertood but sce to' Le. a: ociated with high
 

.... "Variations in the moisture and strength of the monooon current may play 'apart in
 
tr"rformation.
 

Structurally, they are composed of bands of active cumulonimbus clouds, aligned 
Snorth to south, and oft,en m~ore than 200_km in length, moving from east to west at the 

. :.e 'of the middle layers of the harmattan; that is, about 25 knots. 

* They are self-regenerating and can last for several days, bringing rain to hundreds
 
of thousands of'square kilometres. The high-intensity downpour, which lasts for a few hours,
 
i':preceded by a sharp transition from the usual south-westerly monsoon wind to easterly gusts
 
'of air cooled by evaporation of the rain. . ­

:t .This heavy rain may be' followed by severalhours of less intense precipitation
 
when an extensive layer of medium clouds Juts back from the main body of the storm clouds
 
(Figure 6 ). In the section on rainfall intensity'in part II, The Analysis, a recording of
 
-tLI rainfall from a-disturbance line, Figure 29,.shows the main showers followed by much
 
le, intense rain.
 

4' Other sources of rain
 

In the most southerly rainfall zone, air is sometimes lifted over relatively' larger 
ar a", causing more continuous precipitation of lesser intensity. This type of precipitation ' 

,:Ki, co..-.only found 'in'the south of the survey area only, although it is understood"that, at "
 
air will rise simultaneously over wide areas further north giving rise to widespread
 

l!!intensive precipitation. 

Besides these there are other phenomena of rarer occurrence which bring rain to
 
't .r*, in summer, and in winter as well. On the Atlantic coast the northerly winds asso-
 5.
 

with the vast and quasi-permanent Azores anticyclone sometimes bring iniwinter, at ' ' '
 

ii ~height, relatively cold air which may give rise to' instability: at' those heights, with .
 

.- *'* ive4.55 S '-: cloud, and sometimes rain, this weather being known as Heug.. -

S''.+ " ' Areas of bad weather may also arise in the west-moving stream of the trade winds ' 

. orthc rn hemisphere when the ITCZ is. sufficiently far south to make this stream broad. 
diFturbances moving west across the Atlantic sometimes give rise to hurricanes affecting 

.-iif-tern seaboard of the American continent. " ' ' ' 

'55' The .rain belt of the monsoon may sometimes completely cross the south of the Area,

drier weather'in the middle of 'the sumer rains. This is known as "the'little dry
 

rilits occurrehce is in fact' one of the criteria which delimit the southern:bcun­
h, i' re, 

S , 
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Figure 6 -- Diagrammatic vertical cross-section through disturbancea line
along its direction of displacement. The shorter arrow near the 
surface, ahead of the rain, indicates where gusts of cool easterly
winds are felt. These are followed by heavy rain and, later, by
lighter rain falling from a sheet of medium cloud trailing behind.
 
Meteorological symbols indicate 
occurrence of heavy rain, thunder, 
lightning and turbulence. (After Tschirhart.) 

It will be plain that the rains of the Area are 
mainly due to one general circu­lation feature, namely, the summer northward movement of the intertropical convergence zone,
and that the ultimate mechanism bringing down this rain is largely the disturbance line. 
 As
a result of this, and of the lack of geographical diversity, the rainfall r4gime 
is of pro­nounced regularity at the broad scale at which it 
is being discussed here, especially in a

central zone which will be defined later.
 

3.5 Other agroclimatological factors
 

This sketch of the meteorology of Areathe also throws some light on the distribu­
tion and seasonal variation of other factors of importance to agriculture besides rainfall.
 

3.5.1 Winds
 

The wind r~gime reflects the zeasonal alternation of dry north-easterlies and more
humid south-westerlies. 
This is well 4hown by Figure 7, two 'oharts of vector mean winds at
500 m with their constancy. (Wind constancy is defined as 
the rate of the vector mean speed
to 
the mean speed of the wind, irrespective of direction.) At the beginning of the rains, the
change is not irreversible, and temporary returns 
to harmattan conditions may seriously affect
 
young crops.
 

North of the TTF the most com 
non positions of the anticyclonic cell.3 
cause differ­ences 
in mean wind strength, direction and humidity which are not distributed zonally. 
These
 
significantly affect ,roo 
production.
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Figure 7 --	 Monthly mean vector winds expressed as 10-hour displacement vectors, 
together with constancy. The lengths of the arrows minus the head 
represent the displacements. The upper map shows the situation in 
August and the lower shows the same area in January, illustrating 
the change from monsoon to harmattan. 
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From north to south: The dotted area is desert virtually devoid of
:.- i;l';'n~ff1

vegetation. 	 The horizontal dashes represent subdesert steppes with
 
some Aacia and Comirphora. Vertical dashes represent wooded steppe 
with abundant Acacia and Commiphora. Vertical lines represent rela­
tively dry woo~dlands and 'savannas, and closer vertical lines more 
humid woodlands and savannas with abundant Isoberlinia.
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3.5.2 Temperatures and humidities
 .. -----------------.....
 

Like rainfall, these important factors are discussed in detail in Part II (The
Analysis). 
 In the Area, over which the initial radiation input is fairly constant, the tem­peratures of the atmosphere near the surface are largely controlled by the position of the
 
ITF and attendant weather phenomena.
 

Temperatures are in the first place representative of the air masses advected; they
are lower in monsoon air and high in the harmattan. This difference is increased by the cloudi­ness 
of the monsoon cutting out sunshine, and by the rainwater on the ground evaporating and
 
absorbing latent heat.
 

Similarly, monsoon air is initially more humid and, at the surface, this humidity
 

is increased by evaporation.
 

3.6 Conclusions
 

3.6.1 Zonation of Area 

Because of the zonal alignment of the ITF during its annual northward movement and
retreat, which controls the time during which the monsoon acts, the gradients of the main
climatic parameters, such as the amount and duration of the rains, the nebulosity and the
humidity and temperature of the air, are aligned from north to south. 
These meridional gra­
dients are smooth. The transition along them does not proceed in steps.
 

Generally, there are no geographical features of coast or relief to disturb these
gradients. Exceptions are the coast of Senegal, where the general meridional alignment is
nevertheless preserved, and the main rivers, which introduce confined discontinuities.
 

Where it is convenient to break up the Area into subdivisions according to some
climatic parameter, these subdivisions will have the shape of long strips, arranged zonally

across the gradients. 
 It is well to bear in mind that these zones represent surfaces covered
 
by a given segment of climatic gradients -- not by uniform conditions.
 

3.6.2 
 Climate and its classification
 
------------... -- ---­.... 


The amount of solar energy incident outside the atmosphere over the Area is high
throughout the year, though showing some winter reduction in the north. 
Together with the
atmospheric circulation features already described, this results in a consistently warm cli­
mate, dry in winter, and with summer rains.
 

This is a clearly recognizable type which can be described as tropical, semiarid,
with summer rains. 
 It is defined in the various systems of classification evolved by geogra­phers. 
According to Kbppen, it is a transition from BShw to Aw -- hot steppe with dry winterto tropical savanna with dry winter. According to Thornthwaite, it is a transition from DA1
 to ClA1 -- semiarid megathermal to dry subhumid megathermal -- these expressions being defined
quantitatively in terms of rainfall and potential evapotranspiration. Or, using Landsberg's
dynamic scheme, which subordinates geography to meteorology, it ranges from (AE)S to 
(AE) Tc,
both climates of which the major circulation patterns 
are a combination of quasi-stationary

anticyclones and the Equatorial convergence, and the secondary features are respectively:

typical monsoon, and predominating trade winds with continental influence.
 

Auberville has used the expressions "saharian", "sahelian", soudanian", and"guinean" to describe climatic zones as reflected in the vegetation south of the Sahara. Afurther subdivision is brought in by the use of compound expressions like "Thei.-.aha.i.n" 
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,.-an annual rainfall provides the nearetst Eiproxim:.tionl to n( di finitiorn of these descriptive 

terms, which are in current use in the French-opeaking part:s of the Area. The "sahelio­

saharian" zone may be taken as falling between 200 and 500 m. and the "sahelio-soudanian" 

between 500 and 900 mm, whilst the "soudano-guinean" goes from 900 to 1200 mm. 

The utility ani drawback, of .yctem: of clasz:ifiration in studies such as this are 

dl:-.cursed at the eni of thi" report. 

4. VEGETATION
 

The general distribution of the vegetation of the Area in its present state is
 

zonal, in unison with the climate, and from north to south, passes from wooded and grass
 
.ftep€to woods and savanna, relatively dry at fi:%xt.
 

In this context, according to the definition; given :.y h, nge 

,A.frica (UWIECO, 1958) savanras have perennial grasses, at leart 80 cm high and with some flat 
leaves, and are usually burnt annually, whilst steppes have mainly annual plants, shorter and 
le.s liable to burning. 

Figure 8, extracted from the Vegetation Map of Africa, illustrates this generally
 

zonal distribution. Particularly noticeable amongst the departures from it is the southward
 

er.croachment of steppe on savanna along the meridian of Lake Chad, which corresponds to a
 

r&.Iatively more abrupt and more variable rainfall season.
 

Men have greatly decreased the number of trees in the Area, especially in cultivated
 

ac opposed to pastoral regions.
 

A sample survey of the vegetation found in the Area was provided by an FAO expert. 

in the field with the help of two cross-sections at right-angles in Senegal, meeting at the 

Ferlo fossil valley. The position of these two cross-sections is given in Figure 9, a map 

of Senegal which also shows the position of different vegetation subregions.
 

A north-to-south section, at about 15 W, from the river Senegal to the frontier of
 
Senegal with Gambia shows (Figure i0(a)) that once the flood plain has been left, the vegetation
 

i: a herbaceous cover, mostly of short-lived annuals with some trees, small and widely
 

:paced. This vegetation is commonly associated with the descriptive name "sahelio-saharian".
 

Southwards there is a gradual transition to taller grasses with a higher proportion of peren­
:.ialr which habitually burn during tne dry season, and to a more arboriferous type of savanna
 

ar'-ociated with the name "soudano-sahelian".
 

Land use is mainly pastoral. The relatively small cultivated areas carry mille-: n 
rn!.iy soils and sorghum on soils with more clay. To these essentially subsistence culriva­

ton r.may water melon, ana gr:'unsut, a cash cr.-p in favouredbe added cowpea, red s-rre. 
lo-atitons. 

A west-to-east cross-section along the 1510 parallel, penetrating about 70 km
 
.h.r.: (FigureO(b',, shows first a rapid transition from the littoral savana to that of the 
, UInental dunes. The vegetation of the latter is considerably modified in the west by the 
:'ivation of groundnut, fields of which alternate with fallows. Trees have been eliminated
 

:' the exception of the larger Acacia raddiara. The fallows are invaded by post-cultural
 
r. : les. 

Further east, beyond the groundnut sector, the number of trees increases as a 
:1.: c:al area is entered. Prominent amongst them is a small spiny Balanites, often hacked 

." shepherds, and sometimes to death, to feed their animals during the dry season. 

yj)
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Figure 9 -- Vegetation regions of Senegal. Diagonal hatching denotes groundnut 
cultivation area. Apat from a narrow coastal belt, 4, the vege­
tation is differentiated into zones following fairly closely the 
(nean anrnual Is.hyets: 1(a), teppe, 3andl(b), 2(), Lma 2(b), avana 
and w,), dland of increasing density. The posit',,n X the two crozs­
aect,,Lns i. Lniicatei. 3(a) is ,utside r. :.:niari' ar.a. (After 
J. Trc;chain.) 
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Figure lO(a) --	 Diagrammatic Cross-section of the vegetation in Senegal from Podor onthe flood plain of the river Senegal in the north to the frontier, with
 
Gambia in the south. The herbaceous cover increases gradually in
 

5.5 Water absorption
 

A comparison of 	the rates at which rainwater falls and water 
is absorbed by thetop layer of the soil determines the extent of water storage in the soil and surface runoff.
 

Of the five rates of water absorption by the top-layer 
soil samples given in
the report of the pedologists, four vary between 8 and 16 nm.h -1
 .
 

Rainfall intensities are dicussed in detail in Part II. An average figure for
 
the Area is 4 mm.h-l.
 

In the case of a vertisol, which is a ,layey soil with ieep cracks when dry (soils
of this type are unevenly distributed all over 
the soil mosaic 	of the Area), an initial per­1
meability of 40 	rr.h " is quoted, typical of the reaction of such soils to the first rains,when they are cracked and dry. Thiz permeability zoon drops to 2 mm.h"1 when the soil has
 
swollen and thz cracks have closed.
 

5.6 3torage 

The amount of water stored 
in the ground and .._bs!qi.tri[ly available to crops
is generally taken to be the difference between field capacity and wilting point.(Field capa­city is 
the amount held against gravity after excess has drained away, and wilting point is
reached when plants 
can no 
longer draw moisture from the soil.) 
 Borh these values ind theresultant storage vary , onsiderably. In this .faly.;iz, in r:g. , -'/lui-lent to a
depth of been100 mm has 	 chosen when asessi.ng water bud!et2. 
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height and perennial species predominate in the south as opposed to annuals in the
 
north. Different scales are used for ground and vegetation heights. The change
 
in the spacing of the trees, which are much closer in the south, is not represented.
 

6. AGRICULTURE AND CULTIVATION
 

The principal characteristics of the agriculture of the area surveyed are that
 
it is very extensive (extd;nsive, as opposed to intensive cultivation implies the temporary
 
exploitation of large areas at a low technical level), that soil fertility is restored by
 
fallows, that cultivation and animal husbandry are separate, and that little or no use is
 
mAle of intensification techniques such as fertilizers, plant protection, plant introduction,
 
or mechanization.
 

These characteristics, largely imposed by the climate, become more pronounced and
 
unavoidable the further north one goes. The importance of animal husbandry also increases
 
northwards, until a zone is reached, peopled by nomads, where it is virtually the only agri­
cultural activity.
 

',i Cultivation systems
 

Within this single agricultural system, different cultivation systems can be recog­
:.!z. J, also dictated by the climate and also zonally located. Their boundaries are diffuse
 

t(-:., to fluctuate with the weather and no sharp and continuous line of demarcation should 
z.g.t 	between them. Also, these systems have been defined in terms of climate only, and 

t be realized that soils and people may intervene. 

South of the desert or arid zone, where no crops can be grown without irrigation, 
!.o ,,a zone, which here will be called subarid, characterized by mono-cultivation of 
.- ". Its boundary with the desert is particularly irregular, as privileged drainage 

/
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Figure 10(b)-- Diagrammatic west-to-east cross-section of the vegetation in Senegal

starting from the Atlantic coast. 
 It crosses relatively dry woodlands

and savannas, cleared for groundnut cultivation in the west. The scale

of thE vegetation, though not indicated, is larger than that of-the
 
height of the ground above mean sea-level. The short grass cover i.
 
mainly annual.
 

basins with good soils form enclaves in the arid zone, penetrating far to the north.
to the subarid zone is a wider zone, 
Next
 

here called semiarid, which is the primary object of
this study. Its subsistence crops are 
primarily graminae and leguminous grains, its main
cash crops are cotton and groundnut, and the duration of the growing season precludes 
con­secutive cultivation of main crops. 
 In the increasingly humid zones 
to the south,consecutive

cultivation of main crops within a single year becomes more 
and more widespread. Eventually,
roots, subsistence crops and typical humid-zone cash crops like cocoa characterize zones out­side the survey area. The zonation of possible cultivations in the Area is shown in Table 1;this table also shows characteristic values of rainfall, effective rainfall and of theThornthwaite-Penman index of aridity (discussed in Part II, under the heading 
Availability

of Water, section 2.3).
 

7. CONCLUSIONS
 

The influence of present-day climate with its meridional gradients appears to be
paramount in Area is
the and reflected in It, .;,ii., in its v.:ge:atiin .d, c nsequently.
.in its agriculture and cultivation systems. 
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TABLE 1 

ZONATIOU OF POCSIBLE CULTIVATION. IN TERI', OF CLIMATE 

C O L T I V A T I 0 N S 	 .'ean aniual Effective Index 

rainfall rainfall of
 

.ain Secondary (=I) (n.) ari~ity 
S U B A R I D Z 0 N E - Millet S 250 200 -50 

REGION A
 

350 250 -45
Millet S Cowpea 


Cowpea
 

REGION B
 

S 
E 	 Millet M Millet S 550 475 -40 

Sorghum S - M S.rghum S 
Groundnut S - M Cowpea 

A 
REGION C
R 


I 
D Millet M - L Millet 800 600 -30 

Sorghum M - L Sorghum 

Z Cotton Co-.%,pea 
0 ,aize S 

E 	 REGION D
 

Sorghum L *Zil~et S 
Maize L Sorghum S 
Millet L Cowpea 1 000 750 -10 
Groundnut L Maize S 
Cotton ubers 0-SUBHU MI D Z 0 E) 

_ 

N 0 T E : North is at the top. S, Mand L refer to short, medium and 
long growing cycles. The term "effective rainfall" and "index of aridity" are
 
defined 	in Part II.
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P A R T II
 

VU. 'N.LYSTS
 

Part II, which discusses the nature and occurrence of the climatic factors which
 

are thought to be of importance, is subdivided into three main chapters dealing successively
 
with rainfall characteristics, the avdilability of water, and the supply of heat and liFht.
 

RAINFALL
 

i. ANNUAL RAINFALL
 

In the Area, owing to the fact that other climatic factors do not vary much, arnual
 

rainfall is probably the most important simple climatic index of productivity: it is certainly
 
the one most commonly used by agriculturists.
 

Distribution
 

Mean annual Isohyets (lines of equal rainfall) display the zonal alignment and the
 

meridional gradients discussed in the first part of this report. They are shown on Figure 12
 
with an amount of detail commensurate with the scale of the chart.
 

Two departures from the zonal pattern are discernible. First, on the coast of
 

Senegal, the rainfall gradient, 300 mm per 100 km approximately, is about twice as steep as
 
1,500 km further inland, to the east. This steeper gradient in Senegal offers increased
 
r.ozsibilities for diversification of cultivation. On the other hand, it seems to be asso­
riated with higher variability of rainfall.
 

A spreading of the isohyets, rapid at first, with a maximum in eastern Mali, can
 
t°:zeen in Figure 12, and Figure 13 gives cross-sections of the actual mean annual rainfall 
Fradl4 ents. 

Secondly, the isohyets dip southwards from the Atlantic coast to the longitude
 
o: Lake Chad, beyond which the dipping is reversed as far as the Sudan borders. The maximum
 
;r;litude of the distortion is about 30 of latitude. 

This means that the same amount of mean annual rainfall will be associated with 
:!::::ving latitudes, and therefore differing variation in length of day. The differences, 
c,.:, small (as will be seen later in Table 18) may be significant, especially in associa­
*.with the delay in the timing of the rains which occurs in the west of the Area. This 

* .!.cazsed again in Part III. 

AlJIAL RAINFALL VARIAILITY AND F.OBARBITY 

No consideration of mean anr.ual rainfall can be complete without taking into account
 
' r'ation from year to year, and attempting to deduce from it the probabilities of obtain­

''. amounts. 

yid 
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Figure 12 Mean annual isohyets of the Area 
(After Mdt4orologie Nationale (1958) and national sources) 

N N 
0 400 800 1200mm. 0 400 600 1200ram. 

1_ 14 

12. 12 L-

Long 16'56W 
S Iot 

1200- J Long 0* 

1000- S 

Boo. '' 

400 

200 I 
13' N 

mmO ,,, , , 

16" 12' 8 4* 0 4 8 12 16* 20* 

W E 

Figure 13 -- Mean annual rainfall gradients. Above, meridional,(left) near the 
coast of Senegal and (right) about 1,600 km inland. Below, zonal, 
across the Area. 
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This problem, which is specially important when change in agricultural production
 

is contemplated, was approached both empirically and theoretically. A thirty-year series,
 
1931-1960, was analysed.
 

2.1 Empirical method. Quintiles
 

It is assumed in this apprcaeh that past frequencies of occurrence of annual rain­

fall amounts can be directly projected on to the future.
 

The thirty values are arrayed in order of magnitude and separated into five groups 
of six values each. The values separating the groups, known as "quintiles" and here repre­

rented by the highest values of the first four groups taken in increasing order, represent 

amounts expected to be exceeded 4, 3, 2,and 1 years out of 5 (or likely to be exceeded with 
a probability of 80, 60, 40 and 20 per cent respectively) (Brooks and Carruthers, 1953; 

Grisollet, Guilmet and Arl~ry, 1962). In addition, the 15th value, in so far as it repre­

sents the median, will probably be exceeded one year in two or with a probability of 50 per 

cent. 

Quintile and extreme values for places in the Area which broadcast "CLIMAT" reports
 

are published by WMO in their Climatological Normals (CLINO) publication (WMO, CLINO, 1962).
 

The tabular form used in this survey for arraying and quintile determination is shown on the
 

left of Figure 14.
 

2.2 Theoretical method. Normal distribution
 

In the theoretical approach, the 30-year sets, each looked upon as a sample of an 

infinitely large number of values, were fitted to a theoretical function representing their
 

frequency distribution.
 

The function used was the Gaussian or normal distribution of which the parameters, 

the standard deviation and the mean,provide a way of estimating the probability of occurrence 
of any given value. 

The fit to the Gaussian distribution of the 30-year sample was simply tested by
 

comparing the values of the median with the mean and checking the position in the array of 

the values, mean plus and mean minus one standard deviation, which correspond approximately 
to values expected to be. exceeded with a probability of 16 per cent and 84 per cent respec­

tively. In a normal distribution, the interval between these two values would include rain­

fall amounts to be expected two years out of three; and the interval between the mean plus 
an the mean minus two standard deviations would include rainfall amounts to be expected 

ij years out of 20. 

The working of this theoretical approach and its comparison with the array may
 
nl:o be seen on the form illustrated in Figure 14. On the other side of this figure there
 

1. an alternative form used for estimating graphically the standard deviation and fit of the
 

:aiple. In practice, this graphical method was found sufficiently accurate and more rapid
 

t!.a:. numerical computation.
 

The fit to the Gaussian distribution was generally good. A modification of the
 
la.;ie as suggested by Griffiths (1960).
sometimes needed was to disregard the highest value, 


Annual variability distribution in the Area
 

The extent of variability is expressed by the size of the departures from the mean,. 
v.ieh standard deviation is a measure. The standard deviation divided by the mean yields 
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a coefficient of variabillty which makes it possrible to compare the interannual variability
 
of places with different mean annual rainfalls.
 

The coefficient of variability was calculated for 36 places in the Area for the
 
period 1931-1960. Its spatial distribution is seen in Figure 15. As is generally the case,
 
variability increases with decreasing rainfall and therefore from south to north in the Area.
 
This increase accelerates beyond the northern limits of the subarid zone.
 

There are, however, two regions where interannual variability of rainfall is rela­
tively high. The first is in West Senegal, where it might be attributed to additional general
 
circulation features, of which one result, the higher rainfall gradient, has already been
 
quoted. The second is in the east, in Chad, and particularly to the north of the Lake where,
 
unfortunately, a complete series of annual rainfall is available froin only one station,
 
:'Gui gmi. 

By contrast, there is a region, central with espect to longitude, with an annual
 

rainfall of more than 500 mm, where the coefficient of variability is everywhere less than
 
20 per cent, uniformly low for such a wide area. In Figure 15 this area is partly bounded by
 
% orjken line. 

2.11 Probability diagram
 

Rainfall expectations within this central region were described by means of a
 

diagram (Figure 16), based on the following assumptions: mean annual rainfall between 500
 
and 1,000 mm, coefficient of variability 22.5 per cent at 500 mm and 15 per cent at 1,000 mm,
 
no skewness or shifting of the mean on the high values side of the median. This diagram can
 
be used to evaluate probabilities for places within the region whose mean annual rainfall is
 

estimated from incomplete records.
 

3. MONTHLY RAINFALL AND RAINFALL FOR SHORTER PERIODS 

3.1 Seasonal variation of monthly mean rainfall 

Monthly mean rainfall is probably the best index of the average variation of rain
 
during the year. The unsatisfactory nature of averages for shorter periods will be discussed
 
later in this section.
 

The monthly mean rainfall figures for every station analysed in the Area show a
 
maximum in August. This is in agreement with the general picture given in Part I. Figure 17, 
which shows monthly mean rainfall for two stations in the Area -- one in the north and the 
.,*her in the south -- illustrates thiAs, and also shows that, though the amounts involved are 
ilfferent, the pattern remains the same. 

The surface distributions of the monthly rainfall amounts show this same seasonal
 
variation superimposed on a zonal arrangement of increasing amounts. This is illustrated in 
Figure 18 where monthly mean isohyets for the beginning, the peak and the end of the rainy 
..caon are shown. Figure 18 also shows the lag in the onset and, to some extent, in the ter­
r-iation of the rains in Senegal, in the extreme west of the Area.
 

The actual duration of the rains, which varies with annual rainfall amounts, will 
he discussed under the heading Availability of Water,
 

It should be pointed out at this stage, however, that once the ground is saturated, 
'.y rainfall in excess of potential evaporation would tend to run off. In August this occurs 
at the monthly scale everywhere in the survey area. For a given annual rainfall a sharing 
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of the rain more evenly between the summer months and an avoidance of a very high August

amount would appear to be desirable characteristics from the point of view of utilization
 
of water by dry farming crops. But for cultivation in drainage basins or perennial pastures,
 
rainfall concentration may be an advantage.
 

The relation between August and annual rainfall gives an idea of the degree of

concentration of annual rain in the middle of the season. 
In Figure 19, August and annual
 
rainfall have been plotted, and it is seen that, 
 as annual rainfall increases, there is
 
a gradual falling off in the relative importance of August rainfall, which approaches a 
maximum whilst rainfall for other months is still increasing. This implies that rain is in 
general better spread in the south of the Area. 

The surface distribution of the ratio between August and annual rainfall, illus­
trated in Figure 20, shows, apart from an increase with decreasing rainfall, two maxima, in
 
north-west Senegal and the Lake Chad area.
 

Where the annual rainfall is small and the vegetation can thrive only in privileged

drainage basins, this more abrupt distribution of the annual rainfall might, in fact, be an
 
advantage.
 

3.2 Mean rainfall for periods shorter than a month
 

For the purposes of planning agricultural operations, a month is too long an anal­
ysis period, particularly when the growing season can be as short as 80 days. The rainfall
 
during ten-day periods, weeks, or even pentads should also be analysed.
 

However, with periods approaching more and more to the average duration of one

rainstorm (which is relatively very short in our zone, comonly a few hours), an increasingly
large number of years are needed to yield an average which settles to a truly representative
value. This is demonstrated in Figure 21, which shows mean rainfall variation during

the year 
for a period of 36 years at Samaru, in northern Nigeria, in terms of averages for 
three periods of decreasing duration.
 

The monthly mean amounts form a pattern similar to that of Figure 17. The ten­
day mean amounts show irregularities (such as a low in the first ten days of June, too early

to represent the "little dry season") which are not thought to indicate a systematic annual 
variation, but are probably the results of a few heavy falls.
 

The daily amounts show a pattern much obscured by "noise", and it is clear that,
owing to the occurrence of falls within a day of as much as 15 times the daily mean, 30 years
is insufficient to allow the averages to settle down to a nearly constant value. 

The means over 30 years of shorter and shorter intervals are therefore less and less
 
informative, whilst the numbers to be calculated (and thus 
the work involved) increase in pro­
portion. It is not thought that representative means for periods shorter than a month are ob­
tainable from 30-year series. 
 (It will be seen later that graphical interpolation was used to
 
obtain representative daily means.) 
 This is not to jay that the frequency of occurrence of
 
given amounts, in other words the variability, for these shorter periods is not worth consider­
ing. Indeed, this is the type of rainfall information of most direct U_-e fjr :lgricultural 
operations. 

4. VARIABILITY OF MONTHLY RAINFALL
 

The empirical and theoretical methods for calculating variability and deriving

probabilities of yearly rainfall are generally applicable to monthly amounts, subject to some
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Figure 20 -- Surface distribution of ratio between August and annual mean rainfall.
 

reservations. The volume of work involved tends to prohibit a comprehensive treatment of all
 
the data available in the Area, and only a few examples can be given, in the hope that they
 
may be useful in further studies of local conditions.
 

Concerning the empirical approach, WMO's CLINO gives monthly quintiles for a num­
ber of stations in the Area. Monthly quintiles for May and August at a place with moderate 
rainfall and at another in the subarid zone are shown in Table 2. It is that in August,seen 
when it invariably rains, the distribution is similar to that of the annual values, although 
the variability is greater. In May null values occur, especially at the drier place. The 
distribution is truncated on the dry side. Such a series can still be arrayed and limits and 
quintiles determined but their meaning, especially within the zeros sector, is less clear. 
At N'Guigni the probability of dry Mays is two years in five, but the amount exceeded one and 
two years out of five is, in both cases, nothing.
 

It is not possible to fit truncated series directly to a normal distribution.
 
Preliminary modifications of the sample or other distributions may be used. This will be
 
dlzcussed further in the next paragraph, instances of the use of appropriate function oeing
 
given.
 

5. VARIABILITY OF RAINFALL FOR PERIODS SHORTER THAN A MONTH 

In this survey of a wide area, it would be hard to obtain meaningful information 
cn seasonal rainfall for shorter periods by working out averages for these periods. (This 
;,:int was discussed in paragraph 3.2.) Graphical interpolation from monthly means was found 
Tr("erable. This makes an analysis of the variability of the amounts obtained during these 
!-Drter periods all the more important, although this analysis is affected by certain limi­
tU'lons, and may demand special treatment.* 

* Itnother words, when the periods considered are shorter than a fortnight, a preliminary
 
armlysis should completely discard the use of averages and proceed directly to arraying. 
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TABLE 2
 

MONTHLY RAINFALL CHARACTERISTICS AT TWO STATIONS IN NIGER AT THE 
BEGINNING AND FOR THE WETTEST MONTH OF THE SUMMER RAINS 

a b 1 11 Il IV V VI c d e 

:Narey August 195 201 75 136 170 210 247 434 73 36% 3%64J mm Nay 30 37.7 0 12 21 34 57 124 29.4 78 ' 26% 

::'u gri Aueu t 130 141 5 71 99 191 318 72166 51"' 8% 
235 r.m ay 0.3 6.5 0 0 0 2 6 90 - - ­

(a) median; (b) mean; II to V quintiles; I and VI extremes; (c) standfrrd 
deviation; (d) coefficient of variability: UT/F; (e) skewness index: m-r/F. 

TABLE 3 

FL:;:D RAINFALL QUINTI=ES AND EXTRZIES AT THE SAME TWO STATIONS AS TABLE 2 DURING AUGUST 

NIAYEY 640 mm N'GUIGMI 235 mm 

1 2 3 4 5 6 1 2 3 4 5 t 

VI 
V 

120.8 
54.0 

130.7 
63.7 

85.7 
54.5 

130.2 
52.8 

102.4 210.9 
52.6 38.7 

Vi 
V 

96.1 
39.2 

120.3 
33.7 

143.6 
68.1 

117.9 
39.1 

81.6 
25.1 

60.2 
34.0 

IV 
1 
Ii 

29.1 
20.0 
7.8 

24.0 
16.9 
11.5 

33.5 
19.8 
10.9 

31.0 
19.3 
8.I 

28.9 
20.0 
17.4 

30.1 IV 
22.0 111 
10.1 Il 

8.3 
4.5 
0 

23.5 
14.4 
1.8 

38.0 
29.2 
11.0 

22.3 
5.7 
0 

6.4 
1.5 
0 

15.4 
3.0 
0.7 

1 1.5 0 1.4 0 0 1.5 I 0 0 0.6 0 0 0 

1 to 6, number of pentad; II to V, quintiles; I and VI, extremes.
 

STATION I j NX NNX ADAM NA BETA PCP LVL PROS 

959999 11 01 so 036 1609*67 Lo86112 '8009 0 OR T '11765
 
00.20 ,77304
 
00,40 695274
 
0060 '94380
 
00,80 *4494
 
01900 .3*955
 
01.20 030263
Fiyure 22 - kaanl precipitationprobabilitiesfor .bmaru, 01,40 24710
Nigeria, calculatea with an electronic computer b, the 02.60 .20126 

U-" Aeather Bureau at t,,ier National A'eather Record Cnter, 01.30 016362 
Asaaville, N.C. 
 02.00 e13282
 
I. Cli'atological weekc n;aber beginning I January. 02#20 108761
 
J. Nu-.ber of weeks in the period. 0200 ,07O9 
AX. Nunder of jeara with 0.01 inch or more. 02.30 ,0560
/..A. Total n mber of bears. 03000 ,04600
 
.-. - ra ais:ributiznmean. 03s20 .03719
 
i.i.LVL. Specified prectpitation levelz in inches. 03s00 '0293 
7.: 5. Probabili t for s;ecified level or more. 03,60 '0219 
. A anr BETfA parapr.eters of the function. 03,.0 ,00951 
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In Table 3 arraying of five-day amounts recorded during the month of August for 
the same two stations as in Table 2, Niamey and N'Guigui, shows that null values appear at 
both places during the wettest month of the year.
 

Although these pentad data series are truncated, it is thought that the empirical 
approach -- arraying -- is sufficient to meet most practical requirements, especially if
 
water balance estimates and the frequency of wet and dry spells of given lengths have been
 
worked out as well.
 

However, if operational considerations require fitting to a distribution law, the 
sample may be modified to fit a log normal function.
 

Another useful function for analysing short-period averages which require smoothing
 
and consideration of null values is the incomplete gamma function. 
It involves resorting
 
to approximation methods and therefore, for practical use, an electronic computer is required.
 
Figure 22 is a photograph of a sample of such an analysis, yielding weekly probabilities, at 
Samaru, in Northern Nigeria. It was done for this survey by the Climatology Department of
 
the U.S. Weather Bureau.
 

6. RAINFALL INTENSITY 

Intensity, or the rate at which rain falls, affects the amount of water made avail­
able to crops.
 

6.1 Mean amounts in 24 hours 

In the semiarid Area the average amount of rain per rainy day does not seem to 
depart very far from 14 mm, as shown in Table 4.
 

This is also illustrated in Figure 23, where it can be seen that the proportion
 
between number of rainy days and mean annual rainfall is fairly consistent. This would
 
suggest that most of the rain is due to disturbance lines of approximately equal intensity
 
everywhere.
 

There is, however, a seasonal variation in the monthly mean amounts of rain per

rainy day at any given place with smaller amounts at the beginning and at the end of the
 
rainy season.
 

6.2 Maximum amounts in 24 hours 

Som.e specific works of analysis are available for the Area concerning the maximum 
amounts likely to fall in 24 hours. In an outstanding analysis, Brunet-Moret of ORSTOM (1963)
fitted data of daily rainfall amounts from 71 stations in the Area to a truncated log normal 
distribution. The parameters of this distribution are the mean and the standard deviation of 
the logs of the daily amount and, thirdly,the probability of occurrence of a rainy day, esti­
mated graphically by trial and error. 

The values of the highest fall in 24 hours to be expected during a given number 
of years obtained with this theoretical approach compare well with the amounts observed in 
the past. 

In the central area, where variability is low, there is also good agreement between 
lines of equal rainfall and lines showing equal 24-hour maxima expected to occur once a year. 
This is shown in Figure 24, where it is also shown that agreement is less good on either 
side of the central area.
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TABLE 4
 
ANNUAL MEANS 
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/ I m d mm 
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ZI'N)[Q 

6 700 
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T M StAMACOUNDA 873 1 61 14 2 

G",ROUA 985 74 33
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,
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I
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Figure 23 -- Number of days of

0 ,0 40d so 40 so 0.1 mm of rain or more v. mean 

annual rainfall. 
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Figure 24 -- The broken lines indicate mean annual rainfall and the plain lineshighest amount theexpecied to fall1 in 24 hours once a year. 
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7. DIURNAL VARIATION OF RAINFALL 

The times of the day and night at which most rain falls affect crop productivity

since they control the rate of evaporation and of photosynthesis by altering temperatures and
 
sunshine. 

Available data show that maximum intensity occurs at diff.erent times of the day at 
different places. This 
is illustrated in Figure 25, where three stations of approximately

the same annual rainfall are compared. This difference in timing agrees with what was said 
in Part I: precipitation is mainly due to disturbance lines, not diurnal heating. 
These dis­
turbance lines move across the country, sometimes for several days; so that the time of pre­
cipitation depends on the distance of a place from the source areas of these disturbance 
lines, whose occurrence would presumably be controlled by diurnal heating of the source
 
areas. 

Supporting evidence is provided by the diurnal intensity r4gime of Kano and Zinder 
which, situated approximately on the same meridian, across the path of disturbance lines,
 
shows maxima at the same hours (Figure 26).
 

8. HOURLY INTENSITIES 

A study by Delorme (1963) shows that retn, which is almost exclusively of a showery 
nature, falls everywhere in the Area at a mean intensity of 4 -1mm.h , except at the beginning

and end of the season. Table 5 shows monthly mean intensities extracted from Delorme's study. 

4 ,rm.h- 1 is at least twice as high as in western Europe. This relatively high
 
rate 
is not the result of exceptionally heavy rains, but of the preponderance of medium to
 
high intensities, and the rarity of low intensities such as are associated with drizzle.
 

A rainfall intensity of 4 mm.h " 1 is two or three times less than the permeability 
of most soils in the Area. This means that until field capacity is reached rain is, on the
 
average, within the absorbing powers of soil.
 

The relatively high mean intensities also imply that for an equal amount of rain­
fall there probably is more sunshine during the rainy season than in 
areas of lesser intensi­
ties.
 

9. INTENSITY-DURATION 

From data obtained from rainfall recorders, the probability of occurrence of
 
various amounts of rainfall during specified, relatively short intervals can be estimated.
 
Some studies of this problem in the Area are available.
 

Intensity-duration curves for Kano, in northern Nigeria, shown in Figure 27, were
 
extracted from a study by the British West African Meteorological Service, Nigeria (195?).
 

The curves were obtained from autographic records for a period or elgnt years oy
fitting the data to a logarithmic function involving fou; constants specific to the station. 
They give the highest amounts expected during specified intervals for periods of up to 10 
years. 

Intensity-duration characteristics for the Area were also evaluated by Brunet 
Moret (1963), who used all available tilting-bucket-pluviograph data, but discarded records 
from siphoning apparatus.
 

The amount of data available was 
not thought to justify fitting to a theoretical
 
function, and only empirical distribution was assessed.
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Figure 25 -- (left) Diurnal rainfall variation at three places in the Area
 
with approximately the same mean annual rainfall and showing
 
maxima at 0300, 0800 and 1900 hours respectively. The percen­
tages denote occurrence of rain at hourly observation.
 

Figure 26 -- (right) Diurnal rainfall variation at two places on approxi­
mately the same meridian, and both showing maxima in the middle 
of the night. 

TABLE 5 

MEAN INTENSITIES IN MM/HOUR DURING MONTHS WHEN IT RAINS
 
FOR MORE THAN W,HOURS. (ATE DELORME (1963).)
 

OUAGADOUGOU 1S 5 3 5 34 4 6SI 5I 41 3 9 

S000-DIOULASSO 4 2 6 2 6 0 4 4 .5.4 5 4 3 0 4-9 

BAMAKO - 3.1 4 7 41 46 5-0 3 9 4 2 

GAO -- 3334 4 553 2 - 4'1 

KAYES - 4-0 4-2 468 4 1 3 2 4 1 

NIAMEY - 32 4-0 4-0 36 j 31 336 
ZINDEN -4 1 3 9 4 4 5243 - 4 4 

DAKAR - - 3 13252 34 3 7 

TIES - 12 0 3 7 _43_ 6 32 3 5 1 
2_9_4_3_1_4_ 4-0 4 5 4 4 3 5 4 041 
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1 0 KANO[ 

948 -955 

0-- Figure 27 -- Maximum intensities to be 
--\\ 
 expected during specified intervals in 

a given number of years. The diagonal 
\- - - lines indicate the number of years con­

sidered. The ordinate gives the inten­

sities in inches per hour and the abscissa
 
the intervals in hours and fractions of 

hours. In one hour a little less than 
two inches can be expected once a year. 

N P, B H 8Own NIGERIA 

Mean intensity-duration, plotted on double logarithmic paper, yielded curves 
similar
 
to those for Kano with, however, a definite break in the alignment of the points (Figure 28).

These reflect the change from the intense precipitation of the main body of a disturbance line 
to precipitation of less intensity often coming from trailing medium cloud in its wake (as

shown in Figure 6 in the 
first part of this report).
 

In Figure 29 a recording of the successive rainfall amounts collected during the
 
passage of one of these storms illustrates well this sharp change in intensity.
 

Combining the probabilities of maximum amounts in 24 hours discussed in section 6
above, with these intensity-duration characteristics, Brunet Moret constructed diagrams indi­
cating the maximum amounts to be expected during specified intervals of time once in a speci­
fied number of years. These diagrams are discussed in greater detail in the Technical Report.
 

10. SPATIAL VARIABILITY 

Two sample studies of the differences between rainfall amounts 
falling during the
 
same periods on different parts of the Area were carried out, 
the scales involved being very
 
dissimilar.
 

10.1 Mesoscale (medium scale): Niamey Ville and Niamey Aero
 

Daily rainfall at Niamey and at its airfield, a few kilometres away, during the
 
year 1953 showed an average difference amounting to 62 per cent of 
their combined daily mean,
 
whilst for annual rainfall the difference was 11 per cent.
 

This shows clearly that for day-to-day comparison of rainfall with biological varia­
bles at a given spot, rainfall at a meteorological station a few kilometres away cannot be
 
assumed to be representative.
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As the period for which rainfall amounts are considered increases from days to
 
pentads, weeks, ten-day intervals and so on, records from places some distances apart become
 
increasingly more acceptable as representations of local-conditions.
 

10.2 General circulation scale: Senegal and Chad
 

On a broad geographical scale, and for periods such as a growing season, spatial

variability can have important economic implications, since it affects the extent of the
 
occurrence of famine in marginal areas.
 

Mean annual rainfall averaged from three stations in Senegal ard rhad respectively, 
at both zonal ends of the Area, showed a negative correlation coefficient of -0.51 over a
 
period of 10 years. This coefficient, though not statistically significant, indicates that
 
there is a 
 tendency for drought or excessive rainfall not to occur everywhere along the savanna 
belt simultaneously. Famine resulting from drought in marginal areas might therefore not be
 
felt in all the countries of the Area in the same year.
 

On the other hand, correlation between each of the groups and one of its stations,

Dakar and Fort-Lamy respectively, was in both cases positive, and statistically significant
 
in the case of Fort-Lamy.
 

11. SPELL ANALYSIS
 

The grouping of wet days and dry days has an important effect on actual crop water
 
balance and photosynthetic activity. Sample studies were carried out using daily rainfall
 
data from Niger collected by ASECNA (undated, 196?).
 

11.1 Wet spells at Zinder
 

The monthly mean number of spells of different number of days of rain were estimated
 
for the period 1931-1960.
 

A large proportion of the rainy days occur singly (33-70 per cent), or in groups of
 
two days (17-28 per cent). The occurrence of single wet days is least in August and greatest
 
at the beginning and end of the season. The monthly mean occurrence of three-day spells is
 
less than one 
for all months, and spells longer than three days have not been recorded out­
side July, August and September.
 

The occurrence of wet spells was also expressed as a percentage of all the days of 
the month, wet or dry, as shown in Table 6. It is seen that in August nearly half of the days 
are wet and about one quarter of these days are grouped in spells of two or more days. 

Table 6 also gives the probabilities of a day of rain being followed by a dry day

in terms of the number of consecutive wet days which have already occurred. Such local stu­
dies of wet-spell occurr'ence have many practical applications in terms of agricultural opera­
tions. Later in the analysis, figures for sunshine amounts will also be given in connexion 
with evapotranspiration estimates.
 

11.2 Interannual variability of wet spell occurrence
 

The frequency distribution of the annual occurrence of wet spells in May was also
 
determined. Results are tabulated in Table 7. 
It is seen, for instance, that there are 3 
chances in 30 of no spells of one day occurring, and 2 chances in 30 of 6 such spells, al­
rh.'jUek the mean occurrence 1z 2j times. 
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TABLE 6 

ZINDLR 1931-1960 


Length of spell - days 


1 2 3 4-5 6-8 8 

M4 8.0 2.9 1.0 
11.9 3.9 1.0 


J 14.1 4.7 2.3 

21.1 7.0 2.3 


J 16.9 7.1 4.2 3.1 1.9 

33.2 16.3 9.2 5.0 1.9 

A 14.8 9.2 7.9 9.4 1.9 0'1
 
43.3 28.5 19.3 11.4 2.0 0.1
 

S 14.0 7.4 2.8 2.0 

26.2 12.2 4.8 2.0 

0 1.7 0.4 0.3 
2.4 0.7 0.3
 

- -BAMBEY 

TABLE 7 

OCCURRENCE OF WET SPELLS IN 

MAY, AT ZINDER, 1931-1960 


Spells of one day *an 

Number of spells 0 1 2 3 4 5 6 2.5 
Number of year@ 3 6 9 5 3 2 2 

_________________________TABLE 

Spells of two dOCCURRENCE 

0.50 J 1 2Number of @pells 
Number of year. 19 1 9 1 

Spells of three days 

Mumber of spells 0 1 1 0.1 
Number of years 28 0 2 

I _1_2 

Note to Table 6:
 

Top rows, monthly mean percentage occur­
rence of wet days forming part of spells
 

of' given lengths. Below, monthly mean 
percentage occurrence of one day of rain
 

following a wet spell of a length indicat­

ed in the column to the left. For percent­
ages in column 1 this length isO. In May,
 
for instance, the occurrence of a wet day
 
at the beginning of a wet spell of any
 
length is 11.9 per cent. The occurrence
 

of a wet day following another is 3.9 per
 
cent. The probability of two wet days
 
being followed by a third is 1 per cent.
 

TABLE 8 

QUINTILES AND EXTREMES OF ANNUAL 
RAINFALL AND SLIDING TWO-YEAR MEANS 

Senegal 1931-1960 682 mm
 

Sliding means
 

Quinl. 2 year Years 

I 1123 1267 
11 762 784 

II] 
IV 

713 
629 

726 
565 

VVI 548
453 

493410 
V_ 455_410 

9 

OF GROUPS OF CONSECUTIVE 

YVEARS BELO SEL IE ANNUJAL RAI1'AL 

BAMBEY Senegal 1931-1960
 

500 mm 600 mm Upper limits 
1 

Number of years 
3 2 3 4 in group 

means a spell shared 2 0 1 1 2 Occurrence 

with an adjacent month. 
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11.3 	 Dry spells at Zinder
 

Analysis of the dry spells at the same place and during the same period was con­
fined to a calculation of the monthly mean number of dry spells of different lengths.
 

Generally, dry spells are longer than wet spells, as could be expected. In August, 
dry spells of more than 10 days did .not occur, but dry days were grouped in spells of all the 
intervening lengths up to 10. 

Dry spells of more than 30 days did occur after the first rains but not during the
 
end of the wet season. Analysis of such long spells cannot be expressed as monthly means.
 

Dry spell consideration is probably more effective in conjunction with water bal­
ance estimates. A sample analysis will be given later.
 

12. 	 CONSECUTIVE DRY YEARS
 

A sample analysis of the occurrence of groups of dry years at Bambey in Senegal 
started with the arraying of sliding two-year means. The distribution, shown in Table 8, 
appears similar to that of the annual amounts with a reduced variability. 

The occurrence of spells of years with less than selected annual rainfall amounts
 
was also tabulated (Table 9). Twice, two years with less than 500 mm followed each other,
 
presumably causing food shortage. On two occasions four consecutive years had less than 
600 mm, presumably altering the boundaries of cultivation of marginal areas. 

It would be informative to assess the actual effect of these consecutive dry years
 
on regional production and crop distribution. At the same time, it is realized that the grad­
ual improvement in cultivation techniques and storage facilities will steadily decrease the
 
adverse effect of droughts.
 

13. 	 SUMMARY AND CONCLUSIONS
 

Rainfall, the most important single climatic parameter in the Area, is distributed 
zonally in all respects, with some irregularities which, though slight, are significant from 
an agronomic point of view. 

(i) 	 A central zone comprising parts of Niger, Mali, Upper Volta and Nigeria shows a 
variability coefficient for annual amounts of less than 0.02. In this central 
region days of rain are mostly isolated except in August, when spells of two days 
are about as frequent.
 

(ii) 	 On average, rain falls fairly uniformly at an over-all intensity of 14 m per rainy
 

day and 4 mm per hour of rainfall. Typical maximum falls once a year are 50 mm in
 

24 hours and 35 mm in one hour for a mean annual rainfall of 600 mm in the centre 

of the Area.
 

(iii) 	 The time of day when most rain falls varies from place to place. Two places close 

to each other may have very different daily rainfall amounts, although their annual 

amounts are closely similar. 
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w,.r. vuclri Zpilln more two 
years and two-year sliding means appear to bc normally distributed. 

(iv) 	 No evidence was found that very dry years r in of than 

(v) 	 Some evidence was found that annual droughts tended not to occur simultaneously
 
along the whole semiarid belt. This may be of economic importance.
 

(vi) 	 Finally, it is thought that the very typical monsoon summer rainfall of the Area
 
shows fairly uniform characteristics. These are sufficiently repetitive to be
 
assessed with the accuracy needed for application to agricultural problems when­
ever the rainfall requirements are sufficiently well defined.
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AVAILABILITY OF WATER
 

1. POTENTIAL EVAPOTRANSPIRATION ESTIMATES 

1.1 General considerations 

In the Area, even more so than in that of the previous inter-agency survey, the
 
availability of water, with regard both to timing and quantity, is by far the most important
 
factor controlling crop production.
 

This availability does not depend on rainfall alone. Rainfall must be balanced
 
against the amounts which can be evaporated (potential evaporation) from the soil or vegeta­

tion, or lost by runoff or deep drainage. 

Potential evaporation, the maximum amount of water which can be evaporated, depends
 

on the amount of energy supplied by the sun to provide the necessary latent heat.
 

The actual amount of water rising through a plant to be evaporated by the leaves,
 
thus making various processes of metabolism possible, depends in the first place on the quanti­
ties available to the roots. However, even if water is plentiful, the amount evaporated 

by the plants may actually decrease, when potential transpiration increases beyond certain 
limits, because wilting of leaves occurs.
 

In this case, potential evapotranspiration is no longer the maximum amount of 
water which the crops can use, but a demand for water from the atmospheric environment to 
which the crops cannot respond (Geslin, 1964). 

Evaporation, actual or potential, can be estimated at various scales in space
 

and time. Here, because of the size of the Area and the nature of the survey, it is the
 

properties of the atmospheric climate, over periods basically no shorter than a month,that
 

are being considered. (Atmospheric climate means that observed from properly sited thermo­

meter screens, raingauges and other standard instruments.) No attempt is made to consider
 

the intricacies of microclimate, whose diversities are due to differe ces in relief and ex­

posure and also to the mosaic of soils with different physical properties such as texture
 

and thermal capacity.
 

1.2 Method
 

Potential evaporation can be measured directly by meant of special instruments -­
evapotranspirometers or lysimeters -- deduced from the readings of evaporimeters, or estimated 

from measurements of meteorological elements. 

Very few direct measurements were available from the ,rea, and the only evapora­

tion data available in sufficient numbers for a survey were those obtained from Piche evapo­

rimeters in screens. These were not considered approprilate for our purposes and recourse
 

had to be made to the third method.
 

Amongst the formulae available, that of Penman was selected (this was also used
 

in the first survey) because of its soundness and general applicability (Penman, 1963). It 
involved a relatively large number of meteorological elements, and the calculations are rel­

atively long but all the intermediate estimates came to be of use in this study. The tech­

nical report contains practical details of its working and tables.
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The formula used was that originally evolved by Penman to compute evaporation
 
from a free water surface, Eo, but with a rtflection coefficient of radiation by the surface
 
of 25 per cent instead of 5 per cent, allowance also being made for the extra roughness of
 
a crop compared with open water. This gives ET, which Penman defines as "a measure of the
 
transpiration rate from an extensive short green cover completely shading the ground and
 
adequately supplied with water." It should be noted that hfre, because of the high values
 
involved, ET may sometimes have, as explained above, a somewhat different biological meaning,
 
whilst its physical integrity remains unaltered. Here it is with ET that we are concerned,
 
which will hereafter be called evapotranspiration for the sake of international usage.
 

There are two main terms in the formula, representing the advected drying power
 
of the air and the net energy available. The terms are weighted according to their relative
 
importance by a factor which, itself, varies with temperature and pressure.
 

There are also six variables, two of which vary with latitude and time and may
 
be called geographic, and four meteorological variables: temperature, vapour pressure, sun­
shine and wind speed.
 

1.3 Data
 

Ten years was considered to be the minimum period for the estimation of monthly
 
mean potential evapotranspiration in the Area. The decade 1953-1962 was chosen, in preference
 
to 1951-60, because of the relative abundance of data in 1961-1962.
 

From the various available sources, sufficient data on the four meteorological
 
variables were collected from the following 35 stations:
 

Senegal Dakar Yoff 
Ma tam 
Saint-Louis 

140404N 
15 38N 
16 03N 

17°3OW 
13 13W 
16 27W 

(ctd. 
N'Guigmi 
Niamey 
Tahoua 

14 15N 
13 29N 
14 54N 

13 07E 
02 1OE 
05 15E 

Thins 14 48N 16 57W Zinder 13 48N 09 OOE 
Tainbacounda 13 46N 13 41W 

Nigeria Kaduna 10 36N 07 27E 

Mali Bamako 12 38N u8 02W 
Kano 
Maiduguri 

12 03N 
11 51N 

08 32E 
13 05E 

Gao 16 16N 00 03W Sokoto 13 01N 05 15E 
Kayes 14 ?6N 11 26W 
Mopti 14 31N 04 06W Cameroon Maroua 10 28N 14 16E 
Segou 13 4N 06 09W Kald 10 05N 14 27E 

Garoua 09 20N 13 23E 
Upper Bobo-Dioulasso 11 ION 04 18W 
Volta Ouagadougou 12 21N 01 31W Chad Am-TimanAb~chd 1302N13 511N 20 17E20 51E 

Ghana Navrongo 10 53N 01 05W 
Bousso 
F. Archambault 

10 29N 
09 08N 

16 43E 
18 23E 

Niger Agad~s 
Birni N'Yonni 

16 59N 
13 48N 

07 59E 
05 15E 

Fort Lamy 
Mongo 
Moundou 

12 081 
12 11N 
08 37N 

15 02E 
18 41E 
16 04E 

Maradi 13 28NJ 07 05E Pala 09 2214 14 55E 

Distribution of the variables
 

The values and the spatial and seasonal variation of the meteorological variables
 
are of interest, not only in so far as they affect the estimates of potential evapotranspira­
tion, but also because they are part of the descriptive climatology of the Area.
 

1.4 
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Here these characteristics are described mainly by a series of maps, whose scale 
and lack of detail were chosen to correspond approximately to the accuracy expected from 
observations and calculations. A more striking presentation would confer on the estimates 
a degree of reality which they do not possess.
 

The periods chosen, besides the whole year, are April to October, which represents
 
an average growing season for the Area; August, which is its climax; and November to March,
 
representing the dry northern winter season.
 

It will be seen (Figure 30) that temperatures, humidity and sunshine are distri­
buted zonally. The north-south temperature gradient, which is slack in any case, is reversed 
in winter, but not sufficiently to even out the slightly warmer temperatures of the north, 
280Ct 2 being an annual mean applicable to the whole Area. 

Vapour pressure shows important seasonal and spatial variations, extremes being

28 mb in the south in August and 7 mb in the north in winter (Figure 31).
 

The saturation deficit shows similar humidity gradients but in winter the lower
 
temperatures of the north, as they decrease the saturation values, even out the gradient
 
(Figure 32).
 

The duration of sunshine expressed in relation to maximum possible amount is con­
sistently high. Even in August, in the south, the percentage is 40 (Figure 33). 

The wind speed, here considered as a purely scalar quantity, is the only variable 
which is not distributed zonally. Besides a maximum on the coast of Senegal, it consistently 
shows a maximum in north Mali and a minimum in south Chad (Figure 34). 

A sample calculation of the relative influence of the four meteorological factors 
on the ET estimates under given conditions was carried out using mean values at Fort Lamy 
(Table 10). This shows that, with the possible exception of sunshine, the increase is not
 
linear and the elements are interdependent.
 

It is of interest to note that (in theory) when the vapour pressure is very low,
 
as occurs before the rains, further reduction does actually reduce ET , as losp of energy to
 
outer space more than compensates for the increased drying power of the air.
 

1.5 The estimates
 

The annual, .easonal, and monthly potential evapotranspiration estimates for the
 
35 reference stations in the Area are given in Tables I (a) and (b). 

The seasonal variation is very characteristic of a summer-rains tropical climate 
and, within the Area, only varies in degree.
 

It is illustrated in Figure 35. Both the amounts due to the advected drying power
of the air (A) and the net energy (EAT) are seen to increase at the beginning of the year. 
Later, increased cloudiness and humidity and, eventually, a drop in temperature brought about
 
by the monsoon rains depress both terms, but the aerodynamic term earlier, longer and to a 
greater extent. Both terms are again reduced by the oncoming of the northern winter. 

In fact, there are two maxima and two minima, the summer rains minimum being lower
 
than that of the dry winter even in the north of the Area. 

Figure 36 shows that the pattern remains the same from north to south with, however, 
a decrease in iprtng and lutL.-..n maxima inri -Ln lncr a:;e in "he duration .,f the :L.imier minimum. 
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TABLE 10 

CHANGES IN POTENTIAL EVAPOTRANSPIRATION EXPRESSED IN MM OF 

WATER PER DAY BROUGHT ABOUT BY SMALL DEPARTURES FROM APRIL 

AND AUGUST AVERAGE VALUES OF THE METEOROLOGICAL VARIABLES 

FORT LAMY Chod 1953 - 62 
Ey TEMP. VAPOUR PRESSURE INSOLATION WIND 

?025 0C mb X/N M/6 X 

INCREMENT +1 +2 -2 -4 -4 +00. +0 5 

APRIL AVERAGE 1952.3 7 22 32+6 12 7 071 II 

DIFFERENCE I +0 IS -006 0 -0.01 -003 +0.12 +01 

AUG. AVERAGE 1952-63 374 260 47 .40.461 

OIFFERENCE y +015 -019 +0 20+01 +0 17 +0.11 +003 

In April, the driest month, further reduction in vapour pressure actually results 
in a slight decrease in ET . 

In space, the distribution of ET reflects that of the variables and it is illus­
trated in Figure 37 (a) to (c) for the same periods. 

It will be seen that the annual amounts vary from 1,500 to 2,200 mm. 

The amounts which can be evaporated during the seven months of the wet period
 
give some idea of the amount of water which can circulate through the crops. This notion
 
will be approached with more precision later on in this section.
 

The August amounts, shown in Figure 37 (c), are seen to be much smaller than the 
rainfall shown in Figure 18 (c) except in the extreme north and, in fact, outside the semi­
arid Area. 

In the winter ET is irregularly distributed, and fairly uniform over the Area.
 

The interannual variabilities of ET during the decade 1953-1962 at Fort Lamy, as 
well as that of rainfall and of the meteorological variables, were calculated and are shown 
In Table 12. 

Potential evapotranspiration is seen to be four times less variable than rainfall.
 
Or the meteorological elements, temperature is the least variable and wind speed the most.
 

The same calculations for Fort Archambault, in the south, with much higher and less
 
variable rainfall show comparable disparities in interannual variability between ET , R and the
 
r-rteorological variables. For the month of May, at the beginning of the rains, at the same
 
;- interannual variabilities are greatly increased but, again, show similar disparities.
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TABLE 11 (a)
 

MONTHLY, ANNUAL AND SEASONAL MEAN POTENTIAL EVAPOTRAN;PIRATION, IN 'TLLWr.ETiF. 

J F M A I J A S 0 N ID 
Senegal 
 ..
Dakar Yoff 
 142.3 133.8 154.8 172.8 166.2 165.3 159.31141.1 142.5 149.1 148.8 151.3 

Natam 
 94.9 104.7 141.7 156.0 177.6 186.0 155.61135.5 136.0 137.0 104.4 91.5
St. Louis 
 1308 128.5 170.2 155.1 147.3 141.01145.41140.1 138.01140.- 127.? 125.9
Tambacounda 124.6 133.3 171.7 175.8 193.1 146.1 113.7 106.3,106.2 1119.C 11.6 113.7Thies 131.6 146.? 191.01I91.7 179.5 1 6.1 - 11.1i_1176... I.1 	 -3._ 
Mal1 

Bamako 150.4 I 3
162.4 204.3 1',8.6 184.8 151.5 124.0 III.C|I13.5j135.2 123.7 134.9Oao 
 141.4 164.6 213.C 219.6 L-45.8 228.9 210.8 177.0 183.3 1I1.6 147.3 14C.7Kayes 134.5 139.2 185.4 196.8 216.1 177.91 144.5 118 1 124.5 133.6 122.1
Hapti 	 121.2
146.3 163.0 210.2 222.9 210.8 188.0 154.7 
138.9 135.9 147.6 135.C 129.3 

SeRou 
 137-6 148.4 18L.i1.5 195. 6 171.01140.4_122.8 27.5 14z.3 3I2.6 i.t3I3 
Maiduguri 144.5 159.0 200.9 208.5 207.7 172.2 134.5 112.8 12;.6 156.2 148.8 132.4
Sokoto 129.3 134.7 
168.3 10.9 182.9 162.31129.6 112.2 132.61 4.2 145.7 12C.9Kaduna 
 195.3 185.9 192.8 174.0 156.6 121.8 106.0 
 94.6 112.8 133.6 143.1 172.1

Kano 129.1 138.9 175.8 196.5 204.6 164.11135.8 I14.7 
133.2 151.1 122.1


Cameroon 
Maroua 130.5 151.5 184.8 179.1 179.8 141.3 122.1 104.8 111.3 114C.41134.1 129.0
Oaroua 
 147.3 159.0 213.0 211.8 186.6 140.7 127.7 118.7 119.4'152.81158.4 146.6
Kaele 151.6 162.7 193. 1189.9Ghana 	 185.1 147. 125.2 110.4 114.o 136.11 6 145.7 

eNavr°ng° (141.7 145.0 177.6 1. 6_4. 138.2 120.0 114.19 117.9 145.1lj8.126-5 
Agad~a 138.0 161.0 191.0 202.5 217.9 204.3 202.4 177.9 169.8 169.0 145.2 123.9
Birni N'Konni 142.0 152.6 181.4 167.2 199.0 182.7 146.9 130.8 135.9 149.7 133.8 131.7 

Maradi 116.9 122.4 
153.1 166.5 186.6 176.1 144.2 121.21130.5 134.2 114.9 107.3
N'0uigmi 118.7 128.5 
161.2 171.6 184.4 179.4168.3 146.0 146.4 149.7 126.31110.7
Niamey 
 161.2 167.4 207.1 208.8 219.5 202.81156.2 131.1 137.4 171.1 157.51142.9

Tahoua 
 182.9 186.2 211.7 -24.1 239.3 227.41186.0 151.61164.1 I89.4 185.7 15.CZinder 137.6 13. 184.51. 198.1 1 54,L1T7.51127.L 146.1 167.1 144.3[ 12.9
Am Timan 
 118.4 117.6 148.5 159.0 159.7 128.4 108.2 99.5 108. 123.1 I .. 
Abichi 141.1 152.3 189.4 205.8 202.9 175.2 151.9 118.7 137.7 163.7 155.7 131.8 


Bousso 115.9 128.7 150.7 157.8 142.0 123.3 107.6 94.9 105.9 122. 115.2 1C4.5

F.Archambault 113.21123.2 149.7 
151.2 142.9 108.6 91.5 92.7 
98.7 117.2 118.2 112.8
F.Lamy 
 145.7 161.6 205.8 216.3 212.4 175.2 137.3 115.9 133.2 
159.2 157.2 14r.4
Mongo 111.6 126.8 146.9 149.7 160.6 133.5 116.9 
 94.6 108.0 124.9 IC9." I7.3
Moundou 
 121.8 131.6 151.6 149.4 142.3 113.7 102.6 97.3 99.0 117.81 28	 12C.6 115.9
Pala o 
 7 134.7 169. 0164.4 147.2 125.1 111.9 103.5,106.2 132.1 1.13.5 


Upper Vola 
 .0.16643.'
Ouagadouo 114 149.5 188.81	 7 .117 138.5 147.61 133-C 111.6j 1113.J 147.91133.5 131.1 

~~ ~188.21170.7 163.1 0. 117616413.12..11. 

Annual A ,0 N/ I 
Total Total Total 
1827.3 1C)6.3 731.0 
1620.9 1083.7 537.2 
169C.2 1C07.6 682.6 
1615.1 i96.2 654-9 
1724-9 1C5. 69 

1774.31 iC23. 75C.7 
2254.C; 1447.0 8C7.c
 
119.91 1116.5 7C2.4

1933.3 11?9.5 783.e
 

"111.3 1(81.1 730.7 

19C7 - 1 1121.5 755.6 
17 3.6 1:3).8 685.8 
1783.6 	 93).4 J89.2 
1Cl.C 11CC.2 7CC.5 

1708.7 Q78.9 729.9
 
1882.0 1(57.7 824.3
 
_18C7.2[c.c79Q.2


I 

1701.6' )72.5 728.f 

21C3.9 1343.8 761.1 
1873.7 1-132.2 741.5 
1673.9 1059.3 614.6 
1791.2 1145.p 645.4 
2057.3 1226.9 33C.,i 
23C7.4 12 .9 .5 
102,'4 1172.7 74.7 

65 6C2.1
 
126. C 1155.7 77C.3 

1469.3 854.3 615.C 
141-).9 9C2.8 617.1 
196(.2 1149.5 -10.7 
149C.6 ;49.21 6C2.4 
1463.6 #. 6. 
1627 . ,. 21.
 

. 1 'J .l 71.7
13.:f1 174 
l1
 

http:117616413.12..11
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TABLE 11 (b) 

M0ORMY MAN POTE~rIAL EVA POANPIATION 
EXPRESSED IN MILLIMETRES PER DAY 

Senegal 
J 

-
F 

---
M A M J J A S 0 N D 

Dakar Yoff 4.59 4.78 5.16 5.76 5.36 5.51 5.14 4.55 4.75 4.81 4.96 4.88 
Matam 3.06 3.74 4.57 5.20 5.73 6.20 5.02 4.37 4.56 4.42 3.48 2.95 
St. Louis 4.22 4.59 5.49 5.17 4.75 4.70 4.69 4.52 4.60 4.54 4.24 4.06 
Tambacounda 4.02 4.76 5.54 5.86 6.23 4.87 3.67 3.43 3.54 3.84 3.72 3.67 
Thies 4.31 5.22 6.16 6.39 5.79 5.14 4.39 3.371 3.99 4.416 3.92 3.59 
Mali 
Bamako 4.85 5.00 6.59 6.62 5.96 5.05 4.00 3.58 3.95 4.36 4.29 4.35 
Gao 4.56 5.88 6.87 7.32 7.93 7.63 6.80 5.71 6.11 5.86 4.91 4.54 
Kayes 4.34 4.97 5.98 6.56 6.97 5.93 4.66 3.81 4.15 4.47 4.07 3.91 
Mopti 4.72 5.82 6.78 7.43 6.80 6.29 4.99 4.48 4.53 4.76 4.50 4.17 
Segou 40 530 5.9 6.05 6.31 5.70 4.53 3.96 4.25 4.59 4.42 4.14 

Nigeria 
Maiduguri 4.66 5.68 6.48 6.95 6.70 5.74 4.34 3.64 4.32 5.04 4.96 4.27 
Sokoto 4.17 4.81 5.43 6.03 5.90 5.41 4.18 3.62 4.14 4.70 4.42 3.90 
Kaduna 6.30 6.64 6.22 5.80 5.05 4.06 3.42 3.05 3.76 4.31 4.77 5.55 
Kano 4.17 4.96 5.67 6.55 6.60 5.47 4.38 3.70 4.44 4.88 4.49 3.94 
Cameroon 
Maroua 4.21 5.41 5.96 5.97 5.80 4.71 3.94 3.38 3.71 4.53 4.47 4.16 
Garoua 4.75 5.68 6.87 7.06 6.02 4.69 4.12 3.83 3.98 4.93 5.28 4.73 
Kaele 4.89 5.81 6.23 6.33 4.91 4.04 3.56 3.80 4.39 4.87 .70 
Ghana 
Navrongo 4.57 5.18 5.73 5.73 5..2 4.63 3.87 3.68 . 4.68 4.60 4.08 

.1i. er 
Agad s 4.45 5.75 6.16 6.75 7.03 6.81 6.53 5.74 5.66 5.45 4.84 4.19 
Birni N'Konn, 4.58 5.45 5.85 6.24 6.42 6.09 4.74 4.22 4.53 4.83 4.46 4.25 
Maradi 3.77 4.37 4.94 5.55 6.02 5.87 4.65 3.91 4.35 4.33 3.83 3.46 
N'Guigmi 3.83 4.59 5.2C 5.72 5.95 5.98 5.43 4.71 4.38 4.83 4.21 3.57 
Niamey 5.20 5..8 6.68 6.96 7.C8 6.76 5.04 4.23 4.58 5.52 5.c6 4.61 
Tahoua 
Zinder 

j.90
4.44 

6.65 
5.48 

6.83 
5.95 

7.47 
6.3 9 

7.72 
6.39 

7.58 
6.15 

6.CO 
5.c8 

4.89 
4.12 

5.47 
4.87 

6.11 
5.39 

6.19 
14.81 

5.13 
4.19 

Chad 
Am Timan 3.82 4.20 4.79 5.30 5.15 4.28 3.49 3.21 3.62 3.97 3.76 3.38 
Ab4ch6 4-55 5.44 6.11 6.86 6.54 5.84 4.90 3.83 4.59 5.28 5.19 4.25 
Bousso 3.74 
F.Archambault 3.65 

4.47 
4.40 

4.86 
4.83 

5.26 
5104 

4.58 
4.61 

4.11 
3.62 

3.47 
2.95 

3.06 
2.99 

3.53 
3.29 

3.96 
3.78 

3.84 
3.94 

3.37 
3.64 

F.Lamy 4.70 5.77 6.64 7.21 6.85 5.84 4.43 3.74 4.44 5.14 5.24 4.53 
Yoneo 3.60 4.53 4.74 4.99 5.18 4.45 3.77 3.05 3.60 4.03 3.66 3.46 
Moundou 3.93 4.70 4.89 4. 8 4.59 3.79 3.31 3.14 3.30 3.80 4.02 3.74 
Pala _ 4.15 4.81 5.48 5.47 5.07 4.17 3.61 . .26 4.54 4.21 

U jp e r Volta 
Cuagadougou 
Bobo Dioulasso 

4.56 
.7 

5.34 
5.62 

6.09 
6.07 

6.39 
.69 

6.08 
5.26 

4.92 4.29 
453.94 

3.60 
9 

3.96 
3.38 

4.77 
4.43 

4.45 
4.28 

4.23 
4.419 
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FORT LAMY Chad 
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Figure 35 -- Seasonal variation of month- Figure 36 -- ET at three stations in Chad, 
ly mean potential evapo- increasing in latitude from
 
transpiration. A, advected top to bottom.
 
energy, and EAT, net energy
 
terms.
 

2. THE WATER BJDGET
 

2.1 Method
 

The ten-year monthly mean evapotranspiration estimates were compared with monthly
 
mean rainfall estimated from a 30-year period, to assess how rainwater is apportioned on the
 
average. This apportioning was done numerically and with the. help of histograms such as
 
Figure 38.
 

Graphical smoothing made it possible to reduce the intervals of the time scale 
from months to as little as a day. The usefulness of this graphical estimation is reinforced 
by the difficulty in obtaining averages for short periods, as discussed in the section on 
rainfall. 

The following availability-of-water parameters were obtained from this comparison:
 

Water deficit, WD, or excess of potential evapotranspiration over rainfall.
 

Water surplus, WS, or excess of rainfall over evapotranspiration.
 

Evaporation loss, EL, or the amount of rain falling early in the season on relatively dry
 
soil and returned to the atmosphere without circulating through crops. It consists in fact
 
of rain that has fallen before-the beginning of the moist period (defined below). Monthly
 
..een evapotranspirati.n loss was summed from estimates for shorter periods ootained from 
"rhe graphical interpolaticn. 
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TABLE 12
 

VARIABILITY OF RAINFALL AND EVAPOTRANSPIRATION AND ITS COMPONENTS FOR 1953-1962
 

Fort Archambault P ET T Ed S W 

Annual mean 1071 mm 1295 mm 27.60C 21.8 nb 2630.7 h 2.9 m's 

Mean deviation 95.2 50.1 0.35 0.64 69.7 1.06 
hel i tive v-iriability 8. xf 9 9 2 r.' 65 

:.'oximum devi ition 17.7 10.5r 3.4 5.? f 4.91 49.? 

Fort Archambault 
Vonth of May 

P ET T 
I 

Ed S W 

Annual mean 100 mm 126 mm 29.4 C 25.6 mb 231.1 h 4.4 n, s 

Mean deviation 42 8 0.63 1.16 7.98 2.1 

Relative vuri~bility 42,, 6.3 2.(0/ 4.5% 3.4:; 47.7-' 

M'aximum deviation 1 73% 13.5% 4.4% 18.3:5 8.3, 65-9% 

Fort Lamy P ET T Ed S W 

Annual mean 683 mm 1789 mm 27.90C 16.6 mb 3106 h 2.6 Ta 

M:ean deviation 121 72 0.31 1.17 122 0.37 

Relative vari:,bility 17.7e 4% 1.15 7.1% 3.9 11.3. 

Maximum deviation 45.0% 9% 3.6% 17.0; 9.1h 32.(Y 

Interannual variabilities of rainfall (P), evapotranspiration (ET), temperature
(T), vapour pressure (Ed), hours of sunshine (S), and wind speed (W). 

It was assumed that the maximum amount of water which could be stored in the ground,

to be made available later to the crops, was 100 mm. It is realized that this storage capacity
varies with the texture and structure of the soil, as already discussed in Part I. Specific 
storage capacity can only be taken into account in a local study. 

Ground charge (the amount of water entering the ground to be stcred) and ground storage (the
 
amount stored up to the assumed maximum) wpre both estimated. 

Runoff, RO, is the water surplus left over after the ground has been fully charged. As calcu­
lated, it also includes deep drainage for which no assumptions were made. 

Effective precipitation, EP, is water surplus minus evaporation loss and runoff; in other 
words, the mean amount of water deemed to have been made available to crops. 

02 
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Mean annual and monthly amounts for these parameters for each station were tabu­
lated as shown in Table 13. 

2.2 	 Availability-of-water periods
 

Using the 	graphical interpolation of monthly mean evapotranspiration and rainfall,together with lines for the values ET/2 and ET/10, the number of days during which rainfall
 
equalled or exceeded ET, ET/2 and ET/la was 
estimated. These availability-of-water periods
 
were designated as follows:
 

Humid, when 	rainfall exceeds potential evapotranspiration.
 

Moist, when rainfall exceeds half potential evapotranspiration.
 

Intermediate, pre-humid and post-humid. 
The transition between moist and humid.
 

Taking water stored in the ground into consideration gave:
 

Moist plus reserve, and intermediate post-humid plus reserve.
 

Finally, the period extending between the points ET/10 and ET/2 at the beginning
 
of the season was called preparatory.
 

2.3 	 Ratios and indices
 

Several ratios and indices were also considered:
 

P/M or annual rainfall divided by the length of the moist period in days.
 

EP/M, mean daily effective use of the rainfall during the moist period.
 

WS/P, RO/P 	and EP/p, which may be looked upon as an index of rainfall efficiency.
 

The index of aridity devised by Thornthwaite, 60WD- 00 WS, was also estimated,
 
but using Penman's ET. ET
 

In Table 14 (b) the mean values of thesevarious parameters and indices at the
 
35 reference stations are given.
 

2.4 	 Agronomic meaning and range in the Area of these parameters and indices
 

It will be as well to 
bear in mind initially that here it is the atmospheric

climate, applicable to fairly wide regions, which is being discussed so that the water budget

involved is not only an average budget but a theoretical one.
 

Actual or 	real water budgets need to be 3tudl)d in conjunction with a particular
crop, on a 	;,articular soil, during a given year, and in terms of shorter intervals. 
 This
 
type of Study is more agrometeorology than agroclimatology.
 

Between these two extremes, models may be constructed simulating water budgets

for typical crops and soils. 
This work belongs to more detailed studies in agroclimatology.
 

The general aim should be 
to obtaLn models gradually closer to actual crop produc­
tion. The general, theoretical approach must come first.
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Monthly mean histograms of rainfall (plain line) and potential evapo­
transpiration (broken line) with smoothing for interpolation and com­
parison. Storage is indicated by a diagonally hatched histogram.
 

The point P = ET/lO defines the beginning of the preparatory period 
which ends with the beginning of the first intermediate period. The
 
two P = ET po'its limit the humid period. The first P = ET/2 and the 
first P = ET points limit the first intermediate period. The second 
intermediate period without storage extends from the end of the humid
 
period (second P ET point) to the second P = ET/2, and with storage 
to a point P + st = ET/2 determined by the rainfall plus storage line 
(dashes with dots). The first and second intermediate and the humid
 
periods together form the moist period, which can be considered with
 
or without storage.
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TAbULATION OF rONTHLY MEAN WATER BUDGET 

Water Budget MARADI Niger 123Prep Moist M*S:

[r25 P e w 54 e--Ecn.vddeficit ,Evp sur chay I Run 62 2ndI-2oSoff Effect- ofM .8BofH EofH EofM18our= Coefficientsmfall . HoP oM 

January 117 0 117 

February 112 0 112 
, I P

M - 5.4 
March 153 0 153 EP
 
April 167 4 163 4 .
 30th 

May 187 32 155 32 P = 38 
May 17 32ET

June 176 60 116 30 30 22nd 
u e5W 
July 144 164 S

20 20 20 144 11 th:~ pP;
August 121 260 139 80 100 59 121 = .81 

PSeptember 131 110 21 -21 79 131 10th 27th RO)
 

October 134 12 122 I -79 1 0 91 
 20th p
November 115 i 0 115 ThornthwtePenmn
 

index
 

December '07 0 107
 
I ~HU +0+.09 


Year 11674!6421181 66 159 59 51743
 
, I ,Moisture 


- 34 

N 0 T E: ET is potential evapotranspiration. and P rainfall. All depths are given in millimetres.Ti.e lengths of the availability-of-water periods are given in days. 
The numbers in the columns
corresponding to the periods are the days of the months for beginning or end of these periods. Bottomright, WS/ET (HU) and WD,/ET (AR) are multiplied by 100 and 60 respectively and added to yield the 
moisture index. 
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L.4.1 Water deficit
 

Water deficit is the amount of water which would need to be brought to a locality
 
annually for continuous food production (in fact the maximum amount, since anything in excess 
would be wasted). This deficit occurs everywhere in the Area. It is greater reckoned month
 
by month, as it is here, because of the occurrence, during the humid months, of a surplus,
 
r;:,ich swell. yearly figures.
 

Over shorter periods, the deficit would be greater still -- particularly, for in­
:'-j,ce,in the case of a daily budget. It would be possible to obtain maximum values for this
 
deficit by considering rainfall intensities actually recorded - from which maximum runoff
 
could be calculated, but local topography and permeability of the soil would have to be taken
 
into account.
 

At the monthly scale, water deficit ranges from 1,500 nn in the north to 900 mm
 
ir,the south, although there the difference between annual rainfall and ET may be as little
 
as 300 mm.
 

2.4.2 Water surplus
 

Although rainfall nowhere exceeds ET on a yearly basis, water surplus also occurs
 
everywhere in the Area on a monthly basis. In fact its absence may be taken to 
coincide with
 
the northern limits, the range being from 0 to about 500 nn in the south.
 

The agronomic meaning of water surplus is connected with that of runoff. The
 
spatial distribution of these two quantities is illustrated in Figure 39.
 

2.4.3 Runoff
 

Runoff, as far as dry farming is concerned, may be looked upon as a water loss.
 
It is a quantity which goes to reduce effective rainfall. On the other hand it may have
 
beneficial effects either in the extreme north of the Area where the scanty rainfall is
 
accumulated in drainage basins, or where, in conjunction with deep soils and long-rooted
 
crops, it makes possible the establishment of perennial pastures.
 

Runoff, as estimated in this climatic analysis, begins to occur where mean annual
 
rainfall exceeds 500 mm.- It reaches a maximum of %50 mm in the south of the Area (enough to
 
ensure continuous crop production at an acceptable rate of actual evapotranspiration if stored
 
and spread appropriately over the year.
 

It is realized that actual runoff depends on rainfall intensities for very short
 
intervals of time. Nevertheless, it is thought that the monthly estimates of this study have
 
a basic and practical meaning.
 

Evaporation loss varies between 25 and 90 mm in the Area, being highest in the
 
north where the rain is least.
 

2.4.4 Ratios and indices
 

The spatial distribution of effective rainfall and rainfall efficiency index
 
EP/p are shown together in Figure 40.
 

Effective rainfall may be looked upon as 
a form of cumulative evapotranspiration.

It is nearer to actual evapotranspiration values than sums of potential evapotranspiration
 
accumulated for the duration of the growing season. 
During the humid period, the actual
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evapotranspiration from a dense crop, the potential evapotranspiration ET, and the effective
 
rainfall will be the same. 
During the pre-humid period, rainfall is practically all used up

by a fast developing and well-tended crop. It 
 may also be argued that the rainfall occur­
ring during the post-humid period, plus the amount stored in the ground, approximate to ac­
tual use during that period, and therefore to effective rainfall.
 

Annual effective rainfall is about 800 mm in the south of the Area, and 200 mm at
 
the northern limit.
 

It is interesting to note that the rainfall efficiency index is highest, 80 per
 
cent, along a central zone of about 600 nm rainfall. To the north it is reduced by evapo­
ration loss, and to the south by excessive rainfall.
 

Of the other ratios, P/ET, which varies from 0.2 in the north to 0.8 in the south,
 
is discussed again in conjunction with pastures. A Thornthwaite index of aridity computed

using Penman's ET, partly out of historical interest, gives a range of -50 to zero for the
 
Area.
 

P/M is fairly constantly equal to 5.5 mm per day in the Area. 
This provides an
 
easy way of estimating the length of the moist period from annual rainfall, a better-known
 
parameter. EP/M is slightly more variable than P/M' since EP/p varies, but does not depart
 
very far from 4 nu per day. 

2.5 Agronomic meaning of the availability-of-water periods
 

The availability-of-water periods appear to be the water budget parameters of
 
greatest agronomic interest in the Area.
 

The dates of their beginning and end at the 35 reference stations, and their dura­
tion in days, are all obtained by the graphical interpolation method, and given in
are 

Table 14 (a).
 

2.5.1 The preparatory period 

During the preparatory period, the ground is prepared for sowing. It is in gener­
al too soon to sow without undue risk of 
 long dry spells which the seedlings could not sur­
vive. 

Exceptions occur, in the north of the Area, where the growing season is very

short; with crops which are particularly resistant to early drought; 
 and with crops which
 
have fine seeds, like millet or cotton, sowing at a rate of about 30 kg/ha, when the cost
 
of resowing is relatively small. 
 It will be noticed that all these three considerations
 
apply to millet.
 

The duration of the preparatory period varies considerably in the Area, and the

variations are neither zonal nor regular (Figure 41). 
 It may last between more than 50 and
 
less than 20 days. 
The longest periods are found around the 600 mm isohyet in a central
 
zone in the eastern half of the Area. Generally, it decreases northwards with the length

of the rains, and southwards, where more frequent rains soon take rainfall beyond the point

ET/29 The period is seen to be very much shortened in Senegal. This implies that a larger

pool of labour and machinery would be needed there to prepare the same area of ground as 
in
 
Niger. Moreover, where it is intended to 
lengthen the growing season by pre-humid irriga­
tion, the possibilities are more favourable in Niger.
 

The timing of the onset is distributed zonally but retarded in the west (Figure al).
 

\.'
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TABLE 14 (a) 

Date Number of days 

PLACE 

P B of Pr B of 9 B of H E of H E ofM of M+S Pr I H1 12 9 S H+S 

Agadis 164 - -0 0 0 0 0 0 
N', uigmi 
Oao 
St.-Louis 

235 20.VI 
261 27.V 
346 21.VI 

23.VI 
2.VIII 

22.VII 

-
-

7.VIII 

-
-

25.VIII 

3.IX 
25.VIII 
28.IX 

3.IX 
25.VIII 
2.X 

33 
67 
31 

-
-

16 

0 
O 

18 

-
-

34 

42 
2 
68 

-

4 

(42
(23)
72 

Tahoua 
Abdchd 

406 
505 

26.V 
9.V 

6.VII 
29.VI 

-
18.VII 

-
4.IX 

8.IX 
15.IX 

8.1K 
1.X 

41 
51 

-
19 

0 
48 

-
11 

64 
78 

-
16 

(64) 
94 

Matam 
!Iopt± 

535 
552 

4.VI 
16.V 

30.VI 
25.VI 

22. VII 
15.VII 

9.IX 
7.IX 

30.IX 
27.IX 

17.X 
8.X 

26 
40 

23 
20 

49 
54 

21 
20 

93 
94 

17 
11 

110 
105 

Zinder 548 5,V 25.VI 16.VII 4.IX 15.1X 3.X 50 21 50 11 82 18 100 
Dakar Toff 578 15.VI 9.VII 25.VII 20.IX 9.X 29,X 24 16 57 19 92 20 112 

Birni N'Konni 600 4.V 23.VI 19.VII 8.IX 23.IX 22.X 50 26 51 15 92 29 121 
Niamey 638 28.IV 20.VI 10.VII 6.IX 24.IX 16.X 53 20 58 18 96 22 118 
Maradi 642 30.IV 22.VI ii.VII 1O.IX 27.IX 20.X 53 19 61 17 97 23 120 
Fort-Lamy 
Kaidu.uri 

648 
659 

I.V 
3-V 

20.VI 
17.VI 

10.VII 
5.VII 

1O.IX 
11.I 

26.IX 
29-.IX 

18.X 
17.X 

50 
45 

20 
18 

62 
68 

16 
18 

98 
104 

22 
18 

120 
122 

Thii. 694 6.VI 30.VI 18.VII 1.X 13.X 8.xi 24 18 74 13 105 25 130 
Segou 724 15.V 13.VI 2.VII 17.IX 30.1Z 20.X 29 19 77 13 109 20 129 
Sokoto 734 19oIV 10.VI 5.VII 21.IX 3.X 20.X 52 25 78 12 115 15 130 

KVes 821 15.V II.VI 3.VII 21.IX ii.X l.XI 27 22 80 20 122 21 143 
Maroua 841 19.IV 25.V 22.VI 25.IX 6-X 24.X 36 28 95 11 134 18 152 

ongo 558 18.IV 16.VI 28.VI 25,1X 8.x 29.X 59 12 89 13 114 21 135 
Kano 871 23.IV 28.V 25.VI 16.IX 30.IX 19.X 35 27 83 14 124 19 143 
Ka61 878 6.IV 24.V 21.VI 26.IX 8.X 20.X 48 27 97 12 136 12 148 
Ouagadougou 882 15.IV 22.V 24.VI 22.IX 6.X 28.X 37 33 90 14 137 22 159 
Am-Timan 919 10.1V 17.V 20.VI 24.IX 9.x 29.X 37 34 96 15 145 20 165 
Bousso 931 14.1V 25.V 18.VI 28.1X 10.X 2.XI 41 24 102 12 138 23 161 
Tambacounda 941 15.V 2.VI 19.VI 6.x 20.X 12.XI 18 17 109 14 140 23 163 

Garoua 1013 I.IV 6.V 9.VI 1.X 14.X I.XI 36 34 114 13 161 18 179 
Pala 1044 28.111 8.V 5.VI 4.X 20.X 9.XI 41 28 121 16 165 20 185 
Narrongo 1095 17.111 2.V 13.VI 3.X 14.X 2.XI 46 42 112 11 165 19 184 
Bamako 1099 19.1V 26.V 17.VI 2.X 14.X 6.XI 37 22 107 12 141 23 164 
F.-Archv.bault 1141 23.111 2.V i.VI 8.x 23.X 17.XI 43 27 129 15 171 11 196 
Bobo Dioulasso 1185 14.Ill 1.V 15.VI 3.X 17.X 6.XI 48 45 110 14 169 20 189 
Moundou 1228 27.111 27.IV 74.V 11.X 27.X 21.XI 31 27 140 16 183 25 08 
Kadun- 1298 19.111 22.1V 20.V 9.X ?1.X 10.XI 34 28 142 12 182 20 202 

To the left, mean dates of beginning and end of the availability-of-water periods at the 

35 reference stations. The stations are arrayed in order of increasing mean annual rainfall 

listed in column P. Listed under B of Pr are the dates of the beginning of the preparatory 

period, and under E of M+S those of the end of the moist period with storage. M stands for 

moist period and H for humid period. To the right, mean number of days of those periods. 

is the pre-humid intermediate period and 12 the post-hunid. S is the number of days whichr1 


can be added to M or T2 owing to storage. Where there was no humid period M+S is in brackets.
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TABLE 14 (b) 

Pot. 
Prinsp. Rain-

ater 
efi- Evai. 

Water 
.ur- Hun-

Effect. 
rai n-

'.oi t 
plus 

Mole. 
ture 

r-.).5) 
ET 

fall 
P 

cIt 
in 

Loss-
EL 

plus 
WS 

off 
RO 

fall 
Ei 

storage P 
7-S 

EP P 
TT--

2 S 
P 

EP 
P 

2O 
P 

Ind 

mmm mm mm ram In mm Day. II 

Agad&s 1832 164 1669 164 0 0 0 0 - - 0.09 - - - -54 
N'Ouigmi 1808 235 1573 42 0 0 193 42) 5.6 4.6 0.13 - 0.73 - -52 
Gao 2255 261 1994 151 0 O 1i O ) 10.4 4.4 0.12 - 0.42 - -53
 
St.-Louia 1686 346 1361 88 21 0 258 72 4.8 3.6 0.21 0.06 0.74 - -48
 

Tahoua 2307 406 1901 112 0 0 ?94 (64) 6.3 4.6 0.18 - 0.7 - -49 
Abdch6 1927 505 1535 51 113 13 441 94 5.4 4.6 0.26 0.22 0.86 0.03 -42 
M-1tam 1619 535 1150 90 6. 0 445 110 4.9 4.1 0.33 0.12 0.83 - -39 
mopti 1984 552 1488 49 5r, 0 503 105 5.3 4.8 0.28 0.10 0.87 - -42 
Zinder 1924 548 1480 62 104 4 482 100 5.5 4.8 0.28 0.19 0.88 0.01 -41 
Dakar Yoff 1825 578 1375 51 128 28 499 112 5.2 4.5 0.32 0.22 0.83 0.05 -38 

Birni N'Konni 1875 600 1376 71 101 1 528 121 5.0 4.4 0.32 0.17 0.88 - -39
 
Niamey 2057 638 1519 93 100 0 545 118 5.4 4.6 0.31 0.16 0.85 - -39
 
Maradi 1674 642 1191 66 159 59 517 120 5.4 4.3 0.38 0.25 0.81 0.09 -34
 
Fort-Lamy 1958 648 1470 78 160 60 510 120 5.4 4.3 0.33 0.25 0.79 0.09 -37
 
Maiduguri 1910 659 1410 62 159 59 538 122 5.4 4.4 0.35 0.24 0.81 0.07 -36
 
Thila 1726 694 1276 33 244 144 517 130 5.3 4.0 0.40 0.35 0.74 0.21 -30 
Segou 1823 724 1277 57 178 78 589 129 5.6 4.6 0.40 0.25 0.81 0.11 -33 
Sokoto 1724 734 1188 91 198 98 545 130 5.6 4.2 0.43 0.27 0.74 0.13 -30 

Kayos 1820 821 1252 53 253 153 615 143 5.7 4.3 0.45 0.31 0.75 0.19 -27 
Naroua 1709 841 1145 50 277 177 614 152 5.5 4.0 0.49 0.33 0.73 0.21 -24
 
Mongo 1491 858 1000 75 367 267 516 135 6.4 3.8 0.57 0.43 0.60 0.31 -15 
Kano 1802 871 1204 51 273 173 647 143 6.1 4.5 0.48 0.31 0.74 0.20 -25 
Kadl 1807 878 1193 72 264 164 642 148 5.9 4.3 0.49 0.30 0.73 0.19 -25 
Ouagadougou 1786 882 1151 82 247 147 653 159 5.6 4.1 0.49 0.28 0.74 0.17 -25 
Am-Timan 1514 919 913 92 318 218 609 165 5.6 3.7 0.61 0.35 0.66 0.24 -15 
Boumeo 1472 931 940 48 399 299 534 160 5.8 3.6 0.63 0.43 0.63 0.31 -11 
Tombaoounda 1616 941 1065 22 390 290 629 163 5.8 3.9 0.58 0.41 0.67 0.31 -15 

Oaroua 1882 1012 1132 74 264 164 775 179 5.7 4.3 0.54 0.26 0.800.16 -22
 
Pala 1598 1044 930 72 376 276 696 185 5.6 3.8 0.65 0.36 0.67 0.26 -11 
Navrongo 1703 1095 954 72 346 246 777 184 6.0 4.2 0.64 0.32 0.71 0.22 -14 
Bamako 1804 1099 1156 49 451 351 699 164 6.7 4.3 0.61 0.41 0.64 0.32 -13
 
F. Arohambault 1421 1141 793 23 312 412 706 198 5.8 3.6 0.80 0.45 0.62 0.29 + 2 
Bobo Dioulamao 1712 1185 956 73 429 329 783 189 6.3 4.8 0.69 0.36 0.66 0.28 - 9 
Moundou 1465 1228 793 42 555 455 731 208 5.9 3.5 0.84 0.45 0.60 0.37 + 6 
Kadux= 1793 1298 1037 52 542 442 804 202 6.4 4.0 0.72 0.42 0.6" 0.34 - 5 

Mean annual water budget parameters and coefficients of the 35 reference stations arrayed
 
in increasing order of mean annual rainfall. All the amounts listed on the right are in 
millimetres of water. WD, WS, EL, RO and EP are worked out on a monthly basis. From 
amongst the coefficients on the left, it is seen that P/~r+S and EP/M+S are fairly con­
stant. EP/P, the rainfall efficiency index, is highest around 600 mm mean annual rain­
fall. The moisture index is derived from Thornthwaite's formula, 60WD+100WS/E T , hut 
using ET values obtained by Penman's method. 

http:0.800.16
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days.
 

2.5.2 The humid period
 

The humid period is one of active growth and development, when actual evapotrans­
pration matches potential values. It 
is worth noting that during the period T has dropped

to 
amounts around 4 mm a day, well within the water conduction means of the crops.
 

It is also the be time for crops to flower. Those with terminal inflorescenices,
such as cereals, give the best yields when flowering occurs shortly before the end of the
period, and for those 
with axial flowering, . uch as gruundnut, useful flowering - that is
 
pr,,duction of flowers of which the fruits 
will be gathered - shouid take place entirely 
during it.
 

rn the Area, the humit period vari~es in length from zero in the north to 140 days
in the south. The spatial diutribution of nis length is shown in Figure 42 
(c) where it is
seen to? be zonal, in"unison with rainfall. In the same diagram9 the distribution of thebeginning and end of the period is also illustrated by means of fortnightly Isochrones. It 
is equally zonal in both cases, with slight retardation in Senegal, but not as important asthat affecting the preparatory period. 

it 2i o5 .ourse during the hunid period that surplus and runoff occur at the monthly
scale, and absence of actual drainage away from the surface might be an adverse climatic rac­
tor, adwng waterlonsfng. 
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Isochrones of the beginning and end of the humid period are shown in Figure 42 (a) 
and (b), stretching from first of June in the south and first of August In the north, to first 
of October in the south and first of September in the north. 

2.5.3 The intermediate periods 

Both intermediate periodz are, on the average, of fairly constant duration through­
out the Area: 25 days fur the pre-huimid and 15 for the post-humid. They are the periods 
during which rainfall Is most variable and critical, for vegetative growth in the Itrst case 
and ripening of fruit in the second. 

The beginning of the first intermediate period appears to be the best time for
 
sowing (with the reservation made about sowing during the preparatory period) and, tradi­
tidally, it is the time when sowing most commonly takes place. The first intermediate and
 
the humid period taken together therefore represent approximately the time from sowing to
 
heading of cereals.
 

2.5.4 The moist period
 

The moist period, compounded of the humid and the intermediates, will therefore
 
have a range of 40 to 180 days, which is extended to 55 to 200 if reserve is taken into
 
accouit.
 

Isochrones of its beginning and end, without and with reserves, are shown in
 
Figure 43, together with the surface distribution of its duration in ten-day periods. It is
 
the climatic parameter most directly comparable with the growing cycle of crops from seed
 
to seed when the extra days for water stcred in the ground are included. Examples of this 
close relationship will be given in Part III.
 

2.5.5 Conclusions
 

In the semiarid Areas the main adaRtation of crops to their environment seems to
 
be a matching of the growing cycle and its main biological events to the moist period with
 
reserve and its main climatic events. The unfolding of the various periods over the Area is 
summarized diagrammatically in Figure 44, where the 35 reference stations are arrayed in order
 
of magnitude of mean annual rainfall. The relative symmetry of the availability-of-water 
periods throughout tae Area is well illustrated: the constancy of the intermediate periods 
and the gradual increase in the humid. The main departure from this position is the lag shown 
by stations in the extreme west.
 

2.6 Variability
 

A sample study of the departures from the average length of availability-of-water 
periods at Zinder, in Niger, for the period 1931-1960, was carried out. Rainfall for ten-day
 
periods was compared with mean potential evaporation which, being the more conservative ele­
ment, was taken to be constant. An example of the thirty-yearly diagrams is shown in 
Figure 45. 

The frequency of occurrence of' the beginning of the moist and humid period esti­
mated to the nearest ten days is shown in Table 15. The beginning of the moist season is
 
spread over two months and fairly normally distributed around a mean date of 6 July. This
 
date is brought forward, close to 25 June, obtained with the smoothed monthly mean histograms, 
if the false starts (presently to be discussed) are taken into account.
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Figure 44 --	 Diagrammatic summary of availability of water periods in the Area. From left 
to right: preparatory, intermediate, humid (darkest), intermediate, inter­
mediate with storage. Notice the lag of Thies and other stations in the west. 
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The beginnings'of the humid period. are more closely and normally distributed and
their mean date, 15 July, is practically the same as 
that obtained with the smoothed monthly

histograms. Empirically, it may be stated the humid period will begin in July three years
 
out of four.
 

2.6.1 False starts 

A falre start wac deemed to have occurred when the water balance reverted to less 
than preparatory values.
 

Such false c-tartr 
to the moist period occurred 14 years out of 30. However, there
 were only four in June and one during its last decade. This suggests that false starts to

the moist period are mainly the rccult of an early beginning of the rains. Indeed, since no
false starts occurred after the meai, date of beginning of the moist season, it 
can be naid
 
empirically that, when the roi.t sea.-on begins after its mean date, it is totally safe for 
sowing. There were 
no false starts to the hunid period.
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HEAT AND LIGHT
 

1. RADIATION
 

1.1 General considerations
 

Solar radiation is of interest to us 
since it is the source of the different forms
 
of energy used by crops for their metabolic processes and, eventually, dry matter production.
 

The various transformations of the energy radiated by the sun and, in its turn,

by the earth, have been discussed in detail by physicists of many disciplines, and diagram­
matic representations of the energy apportioning may be found in the works of Geiger (1965,

4th ed. tr.) and, more recently, of Angus (1959).
 

Here we are more particularly interested in the global radiation at crop level, of
which a small part (2-4 per cent) controls photosynthesis, and in the net energy available at
 
the surface of the earth to warm it and the air near it, 
and also to evaporate water.
 

1.2 Incoming radiation at the top of the atmosphere
 

Incoming radiation may be looked upon as 
the gross energy input and will be dis­cussed first. Its supply to the Area is consistently high. Figures tabulated in Table 16
 were taken from the Smithsonian Tables (1951). 
 Annual amounts, which increase slightly from

north to south over the Area, are 1/6 higher than thrse over the Mediterranean, and 1/3 higher
 
than for north-west Europe.
 

/Nj 



70 

160 

THE ANALYSIS 

TABLE 15 

FREQUENCY OF TEN-DAY PERIOD OF FIRST INTERMEDIATE OR MOIST, AND HUMID PERIOD 
IN TERMS OF TEN-DAY RAINFALL AND TEN-YEAR AVERAGE POTENTIAL EVAPOTRANSPIRATION 

Z I N D E R, Niger, 1931-1960 

Monta ~.ay June July Au gust ,..ean iates 

Ten-lay pericd 1 2 3 1 2 3 1 2 3 1 cf bezinning 

nte.-reiiate 3 5 3 1c 8 1 21 June 

Intcermeiiate 
false start 2 5 3 1 2 1 

"-__'__ 4 9 5 22 12July
 

TABLE 16 

SOLAR RADIATION AT THE TOP
 

OF THE ATMOSPHERE
 

kcal. cm-2 Ugte to Table 16: 

Lat. ON 50 10 150 400 500 400 may be taken as representing 
the Mediterranean area and 500
 

Year 311.6 307.3 301.9 246.1 213.0 temperate latitudes. Note uni­

formity in summer and differences
Summer 

167.7 164.6 156.C in winter.half- 160.9 164.9 

year 

Winter
 
half- 149.6 142.4 134.2 81.5 57.0
 
year
 

&.. we .... 70 .. 

Pijjure 46 -- Mean anniual global radiatiorn in kcal.cm-2 . 
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The summer half-year amounts, which characterize the growing seasons in the Area 
(and also, to a large extent, in the other two areas) are about the same for the threc areas. 

Indeed, during the longest days of suv;-ier, about one-tenth more energy is received 
-at the top of the atmosphere daily in western Europe than over the Area.
 

In the winter, however, whereas the supply to the Area is only decreared by about 
15 per cent, the reduction is about 50 per cent in the Meditcrranean basin and 70 per cent 
in southern England. 

1.3 Global radiation
 

Global radiation is taken as meaning the solar energy, direct or scattered, reach­
ing a horizontal surface at ground level, and consequently affecting the crops.
 

Hardly any direct measurements of global radiation were available from the Area.
 
Recourse had to be made to an empirical formula based on the radiation incident outside the
 
atmosphere and the proportion between observed and maximum possible sunshine.
 

The actual formula used is part of Penman's ET formula, the estimates thus serving
 
a dual purpose. They are based on ten years' data. Where sunshine duration was not available
 
for the whole period, its relation with cloud amounts in octas observed simultaneously was
 
worked out and used.
 

The annual amounts thus estimated vary between 160 and 180 kcal.cm "2 corresponding
 
to mean daily values of 440 and 500 cal.cm-2 approximately, and are distributed zonally as
 
shown in Figure 46, with the higher values in the north, unlike the gross input, owing to
 
the more prolonged monsoon cloudiness in the south.
 

Departures thought to be significant were a minimum along the coast of Senegal,
 
another in south Chad, the latter adjacent to a maximum in northern Cameroon. Besides these,
 
it was difficult to decide how much importance to ascribe to two anomalies in the estimates:
 
high values at Navrongo in Ghana and a reversed meridional gradient between Mopti and Segou
 
in Mali, both on the Niger river.
 

The seasonal variation is relatively small in the Area. For monthly averages the
 
-2
 range is 550 to 390 cal.cm . day-1 at Kayes in Mali as opposed to 450 and less than 100 for
 

Paris, France. Like ET, global radiation shows two maxima, one before and one after the rains
 
and one in winter.
 

1.4 Net radiation
 

The net radiation or energy balance at the surface of the earth was also determined
 
by using the empirical formula incorporated in Penman's ET formula.
 

The s atial variation of annual amounts shows only small variations between 100
2
 -
and 110 kcal.cm , except on the coast of Senegal, when values in excess of 120 kcal.cm
­

were catculated. There is a marked meridional gradient in August, at the height of the rainy
 
season, with the highest values in the north. This gradient is reversed in winter.
 

Net radiation everywhere in the Area also showns two maxima and two minima, but 
the reduction during the rains is less marked, as the increased cloudiness and humidity reduce 
loss of energy radiated by the earth to outer space. 
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Figure 47 	-- Seasonal variation in monthly mean radiations in the Area expressed in mm of
evaporable 	water: 
(A) incident outside the atmosphere; (B) global; (C) nat.
 

The relative seasonal variation at a place in the Area of the three forms of energy
discussed 	is illustrated in Figure 47. Bamako is at Lat.13O N and the gross input shows
two 
 slight maxima as the earth position of the sun at its zenith crosses it. 

2. 	 TEMPERATURES 

2.1 	 General considerations 

Temperatures have been considered with respect to their effects on crops, bothqualitatively and quantitatively: Qualitatively, for the occurrence of temperature thresholds
likely to affect growth and development. (Development here means the succession of qualita­tive stfges from seed to seed.) Quantitatively, as representing sums of energy to which total
growth and 	also the occurrence of development stages may be related.
 

2.2 
 Surface distribution and seasonal variation of temperatures
 

As 
a result of the radiation r4gime which has been described, temperatures are
consistently high in the At-ea. 
 Some indications of the surface and seasonal distribution of
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monthly mean temperatures have already been given, when the variables in the ET 
formula were
 
discussed. 
To these may be added monthly mean curves at two stations in Chad, in the north

and south of the area (Figure 48) which show the familiar pattern, with two maxima and two
 
minima, already met in cornexion with radiation and evapctranspiration estimates.
 

These curves are contrasted with a similar representation of monthly mean tempera­
tures for a station on the north side of the subtropical anticyclone in North Africa. There
 
the northern winter is felt, all the more so since the rainy season coincides with it; where­
as, during 
the dry sunmner, under the influence of the subtropical anticyclone, the tempera­
tures rise to the level of those of the Area, depressed at the time by the summer rains.
 

The monthly mean extremes for the same two stations in the Area plotted in Fig­ure 49 show the characteristic double-wave curve, but the summer 
 reduction of the minima is 
comparatively small, because of the reduction in night cooling. Consequently, the daily 
range of temperatures, which is about 20 0 C in winter, with intensive night cooling, drops to 
less than 10 0 C in summer, as shown in Figure 50, for the same two stations. 

Temperature characteristics for Faya Largeau, in the desert, in north Chad, werealso plotted in Figures 49 and 50 to show the contrast with an arid and more northerly sta­
tion with no depression of the temperatures by the rains in summer, a cooler winter, and
 
little variation in temperature range.
 

In general, the lower the latitude in the Area, the longer the interruption of
 
summer heating by the monsoon and, in consequence, the earlier the occurrence of the hottest
 
temperatures of the year before the rains, and the lower these temperatures are.
 

2.3 ualitative effect of temperatures on the crops
 

In the Area, the duration of the growing season is not 
likely to be controlled by
the occurrence of temperatures below the vegetative zero of crops. 
 150 C may be looked upon
 
as the highest of these growth-limiting temperatures, and even this is characteristic only
 
of certain tropical crops such as cotton.
 

From Table 17, where some possible thresholds have been tabulated, together with
 
information on their occurrence during availibility-of-water periods, it will be seen that
 
minimum temperatures of less than 150C do occur in the north of the Area, but only during

the 
three winter months, and they would not therefore affect dry farming, with which we are
 
concerned in this survey.
 

The effect of these lower winter temperatures on summer rains crops grown outside
 
their usual tolerances may be considerable, as 
will be seen in the section on sorghum.
 

High temperatures, on the other hand, may have a controlling effect, but available

biological and agronomic information did not make 
 this clear. Maximum temperatures well 
above 400C do occur. Table 17 shows their occurrence as monthly means. The table also shows
 
that no monthly mean maximum temperatures in excess of 400 C are reported from the Area during
 
the humid or even the moist period.
 

Variability of temperatures, discussed in a later paragraph, shows that departures

from the mean in the Area are of the order of a few degrees only; +50 C from the monthly mean
 
extremes would cover most occasions.
 

i'aximum and minimum temperatures affect plants for only a short time. 
 Mbnthly

mean temperatures representative of the hours of daylight and darkness were also considered.
 
Temperatures situated betweenhalf-way effective day and night temperatures respectively were 
computed for the 55 reference stations, and published as isotherms elsewhere (Cochem4, 1966). 
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FAYA LAROEAU
 

FORT LAMY
 

0 FORT ARCMAMEAULT Figure 50 

Seasonal variation of monthly
 
mean diurnal temperature range


154 c in the Area and in the desert
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Effective day temperatures in excess of 370C, tabulated in Table 17, occur only

during the preparatory period in May and June at a small number of stations.
 

High night temperatures are more likely to be a hazard. The mechanisms which lead 
to their occurrence during the summer rains are increased cloud cover and atmospheric humid­
ity, which prevent loss of energy by radiation from the earth at night. 

From Table 17 it will be seen that effective night temperatures of 260C (suggested
 
as a threshold) occur commonly in the Area during the moist, and sometimes during the humid,
 
periods. Effective night temperatures as high as 280C also occur during the moist period,

although none are reported to occur during the humid period. During the pre-humid inter­
mediate period, high temperatures would be expected during reversals to harmattan conditions,
 
especially after early or false starts of the period. 

Sums of temperatures
 

It is suggested that, for some of the crops in the Area at least, and at certain
 
times of the year, specific sums of accumulated temperatures in degree-days are necessary
 
for the achievement of certain stages of development, such as flower initiation. This will
 
be discussed again in Part III in connexion with specific crops. To establish the occurrence
 
and surface distribution of these sums in the Area presupposes a knowledge of the dates of
 
biological events, such as sowing and heading, which is 
not directly available. However, it
 
has be;n shown that these biological events can be associated with climatological events such
 
as the beginning and end of availability-of-water periods, of which the mean dates are known.
 

Consequently, temperatures above selected levels were accumulated for these periods.
 
In Figure 51 are shown the surface distributions of two such sums: one corresponding to the
 
growing season and the other to the season up to flowering. Again, the distribution is zonal,
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TABLE 17 

OCCURRENCE OF POSSIBLE THRESHOLD TEMPERATURES IN THE AREA
 
(Nuobers 1-12 in heau:3 represent months of the year) 
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Figure 51 --	 Sums of accumulated temperatures in degree-days during (a) moist period
 
with reserve starting from 150C; (b) first intermediate and humid periods
 
starting from 0C.
 

the smaller sums corresponding to the shorter periods, but not in an exactly inverse manner
 
since, during the growing season, the temperatures are higher in the north, thus compensating
 
to a limited extent for the shorter seasons. In some cases, as will be seen in Part III,
 
when sorghum is discussed, it was found that the sums of night temperatures played a signifi­
cant part in development.
 

2.5 Variability of temperatures
 

Sample studies of the interannual variability of maximum temperatures at Fort Lamy
 
in Chad for periods of five days in June and August yielded coefficients of variability of
 
0.07 and 0.08, suggesting that temperatures 50C warmer than the mean would only be expected
 
to occur once in more than 20 years approximately.
 

For daily mean temperatures, a coefficient of 0.05 was calculated, putting 96 per
 
cent of occasions within a range of a little more than 50 C.
 

3. LIGHT
 

3.1 General considerations
 

Two main aspects of the characteristics of light supply to the Area were studied:
 
the duration of daylight or photoperiod, and the effect of light intensity in association with
 
temperatures on net photosynthesis or dry matter production.
 

/
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TABLE 18
 

MONTHLY -EANLENGTH OF DAY IN HOURS AND HUNDREDTHS IN TERMS OF LATITUDE
 

LtI T F m A m J A S 0 N D 

6°111.82 11.93 12.o9 12.25 12.39 12.43 12.1512.46 12.31 11.99 11.86 11.79 
7 111.76 11.9 12.o8 12.28 1.- 4 12.52 12.48 12.34 12.16 11.97 11.81 11.73
 
80111.72 11.87 12.o8 
 12.30 12.49 12.78 12.5 12.48 12.17 11.95 11.77 11.6
 
1°11.66 11.84 12.o8 12:38 12.53 12.6 
 12.5
0I 12.38 12.17 11.95 11.77 11.67 

10 11.61 11.8o 12.o8 12.35 12.58 12.7o 12.65 12.45 12.18 11.91 11.68 11.56
 
0 

11.77 12.38
11 11.56 12.0 12.63 12.76 12.7o 12.48 112.19 11.88 11.63 11.50
 

0 

1311.45 11.71 12.o6 12.43 
 12.73 12.88 12.81 12.55 12.2o 11.84 11.54 11.38
 

14 11.40 11.67 12.o6 12.45 12.78 12.94 12.87 
 12.59 12.21 11.82 11.49 11.32
 

150 11.35 11.64 12.05 
 12.48 12.83 13-ol 12.93 12.62 12.22 11.8o 11.44 11.26
 

160 11.29 11.61 12,o5 12.51 12.88 13.7 12.98 12.66 12.22 11.78 11.39 11.2o
 

17 11.24 11.58 12.05 12.53 12.93 .13.13 13.04 12.69 12.23 
 11.76 11.35 11.141
 

jT.,,.... ....... O 0
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Figure 52 -- Seasonal variation of ratio Rg/C. The plain lines indicate the 
r~r,, i g 3 1. " d1oua !. /i;UAiiy ut.Ide -h,. Area. 
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3.2 Photoperiodism
 

Little seasonal variation in duratio- of daylight occurs in the Area, the annual
 
range being 1 hours in the north and I hour in the south. Actual monthly mean values tabu­
lated in terms of latitude are given in Table 18. Although the differences are small, they
 
affect significantly the occurrence of flowering in many of the cultivated varieties grown.
 

Since, at all latitudes in the Area, the 6ry farming growing season is spread over
 
the longest days of the year, plants adapted to it flower in days of decreasing length and,
 
photoperiodically, must be short-day varieties (or neutral, if they are early varieties
 
confined to short growing cycles), and this is actually what is observed.
 

Between the two extremes, varieties showing varying degrees of short-day photo­
periodism are found.
 

Thus the necessity for a cereal to make the most of the growing season, and to
 
flower shortly before the end of the humid period, in order to produce optimum yields, appears
 
to be met by two different adaptations:
 

(1) 	A growth adaptation which, it is suggested, causes flower initiation to occur
 
at an optimum interval from germination. It is also suggested that this
 
period may in certain cases be more accurately expressed in degree-days than
 
in days;
 

(2) 	A photoperiodic adaptation which will cause flower induction to occur when
 
increasing nights reach a certain length.
 

For a cereal well adapted to a given region, with characteristic length of the
 
growing season and its components, these two adaptations are in phase. But this synchroniza­
tion may not obtain at other places of apparently similar climate within the Area. Although
 
the annual rainfall may be the same, its timing may be different: we have already seen that
 
the march of the monsoon is retarded in the extreme west of the Area. This would cause the
 
end of the humid period to occur at a later date relative to length of day.
 

Furthermore, the dipping southwards of the isohyets would also cause small changes
 
in the relation of the end of the humid period of a given duration to length of day.
 

A cereal sown in a location or at a time such that there is maladjustment will
 
react diversely with respect to length of cycle and time of flowering according to its innate
 
characteristics, but almost invariably the yield will suffer. Concrete examples of these
 
relations will be given in Part III.
 

3.3 Dry matter production
 

It is known that, other things being equal, dry matter production or net photo­
synthesis reflects a balance between day and night temperatures. Temperature affects the rate
 
both of photosynthesis and of the breaking down of its product by respiration. At night, the
 
breaking down goes on uninterrupted, and thus relatively high night temperature will adversely
 
affect productivity.
 

In the Area, the daily range of temperatures of 200C drops by about half during the
 
rains, because, as already explained, the reduction in maximum temperatures is not matched by
 
a similar drop in the minima.
 

Consequently, there is a possibility of excessive reduction in dry matter production. 
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Figure 53 Mean surface distribution of coefficient R&/C in August. 

It is also known that the rate and the total extent of photosynthesis depend on 
the intensity and amount of light available, not only by itself, but also relative to the 
ambient temperatures regulating general metabolic rates. For a given set of such conditions, 
there appears, moreover, to be an optimum leaf area index, or ratio of leaf to soil area,
 
for maximum production by a given crop.
 

A simple way of comparing accumulated temperatures and light proposed by Geslin 
(1944) is the ratio of the daily global radiation in cal.cm-2 to the daily mean temperature
 

in degrees Celsius. In France, this heliothermic index varies between 40 in late spring and
20 in the autumn. In the Area, this index is lower during the growing season since, as has 
been shown, the temperatures are higher but the global radiation is about the same as in
 
western Europe. Values between 13 and 18 were obtained, with a reduction in the middle of
 

the season, as shown in Figure 52.
 

Figure 53 shows the surface distribution of this parameter in yugust. It is again 
zonally distributed, with the higher values in the north. 

From these figures and considerations it may be deduced that light intensity and
 
duration characteristics in the Area, in association with prevailing high temperatures, may 
be limiting dry matter production by dense crops, especially in the south. 

3.4 Summary and conclusions 

The high temperatures of the Area, consequent on the radiation rgime, are reduced
 
to values more acbuptable to crops during the umer rains.
 

Crops in the Area are photoperiodcally short-day or neutral. The physical charac­
teristics of the pre-flowering growth duration, and the photoperiodlic characteristics of
 

flowering, do not vary in. unison over the Area. 

Dry matter production may be lnmted by relatively high night temperatures and
 
relatively insufficient light, especially in the south of the Area.
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PART III
 

THE CROPS 

GENERAL CONSIDERATIONS 

In Part III, the adaptation of selected annual crops to the climate of the Area is
 
discussed in an attempt to define their climatic needs and tolerances.
 

The importance of these climatic requisites will vary according to whether the
 
crops are subsistence or cash crops. The tolerances of plants grown for essential food may,

in marginal areas, be pushed to 
the limit, whilst to produce economic yields an approximation
 
to optimum climatic needs is required. It is realized that a crop such as groundnut can be
 
grown for subsistence in one location and for export in another. 
However, in general, sub­
sistence cultivations in the Area tend to be more extensive and parcelled, whilst cash crops

tend to be more concentrated over the ground; which may give rise to differences in climatic
 
requirements for light and water.
 

In the Area, subsistence crops are mainly grains of gramineous or leguminous origin.

South of the Area, roots and tubers predominate, while north of it the population is increas­
ingly dependent on animal products.
 

The subsistence crops of the Area selected for discussion are millet, sorghum,
 
maize and cowpea.
 

The cash crops selected are groundnut and cotton.
 

Dry farming alone will be taken into account, flood plain and irrigation cultiva­
tions being mentioned only incidentally. 
 Pasture and fodder crops will, however, be discussed.
 

The reactions of domestic animals to 
the physical conditions of the atmospheric

environment is also an important part of agroclimatolugy.
 

Whilst this is recognized, the almost complete absence of biological and physiologi­
*'i data 
from the Area made it impossible to include a discussion of this specialized branch
 
of agroclimatology in this report. Nevertheless, it is thought that some of the parameters

tabulated in Part II in connexion with radiation, temperature, humidity and wind speed are of
 
potential use for comparison with biological data such as heat load.
 

A preliminary consideration suggests that animals have greater plasticity, with
 
productivity the price of adaptation. More easily 
perhaps than with plants, an economic
 
balance may be found between this reduction of productivity and the cost of such localized
 
"climate modifications" as air-conditioned .-heds. The first step in any study of these prob­
lems, the working out of the spatial and seasonal distribution of specific climate parameters,

has already, to a large extent, been taken; 
but the necessary complement of biological data
 
is still lagging behind.
 

To determine the limits of tolerance of a crop, the actual geographical distribu­
tion of its cultivation must be known, for comparison with the distribution of climatic fac­
tors, independently estimated, due account being taken of 
interannual variability. To assess
 
needs for optimum production, yield and production data must be available for comparison with
 
concurrent weather and climate.
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A consideration of the growth and development processes of crops is also required,

and this must be based on observational data of the timing of biological events, such as flow­
ering, in order that, by comparison with climatic data, phenological information may be ob­
tained.
 

Neither yield nor production data nor phenological information is plentiful in the
 
Area. However, examples of the different t~pes of analysis enumerated above will be given.
 

In brief, the most important adaptations seem to be a matching of the length of
 
growing cycle, a biological characteristic, to the duration of availability-of-water periods,
 
which is a climatic characteristic.
 

Crops in the Area, and more particularly those which are indigenous to it, show a
 
multitude of forms adapted severally to the whole range of its climatic conditions. A com­
prehensive agroclimatic analysis must subdivide these crops into ecotypes with a narrower
 
range of climatic requirements which can then be defined with sufficient accuracy for the
 
needs of planning. An example of this more detailed agroclimatic analysis will be given in
 
the case of the cotton variety almost exclusively grown in the Area.
 

MAIN CROPS OF THE AREA
 

SORGHUM
 

1. DISTRIBUTION
 

Sorghum cultivated in the Area belongs to several species of the genus Sorghum.
 
It is an extremely plastic crop and, using the possibilities offered by flood plains, separ­
ately from the rains or in combination with them, sorghum is grown somewhere in the Area at
 
all times of the year.
 

Under dry farming conditions alone, sorghum is found over most of the Area, with
 
the exception of the extreme north.
 

Rain-fed sorghum is in fact found in localities where mean annual rainfall is as
 
little as 400 mm. This is partly explained by the fact that sorghum grows well on very fine­
textured soils, able to store more than 100 mm of water and thus to 
prolong the moist season.
 

2. CYCLES AND AVAIIABILITY-OF-WATER PERIODS
 

The extensive distribution of sorghum in the Area covers a wide range of growth

cycles. Tentative tabulations of the lengths observed within the main cultural group show
 
great diversity within the groups themselves (Table 19).
 

The very late cycles given in Table 19 can be extended to 250 days. The mean rain­
fall amounts corresponding to moist periods of 80 and 250 days, according to the general rela­
tion, P = M x 5.5 (where P is mean annual rainfall in mm, and M is moist period in days) pro­
posed ip Part II, are 
440 mm and 1,075 mm, covering the Area, with the exception of the ex­
treme north, and extending well beyond its southern limits.
 

Since the length of the moist period is distributed zonally, the longer its cycle
 
is, the further south will sorghum need to be grown. In practice, mixtures covering a range
 
of cycle lengths are sown to ward against interannual variation. A knowledge of rainfall
 
probabilities can help in deciding the range of cycles to be sown at 
a given place.
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TABLE 19 

OCCURRENCE OF GROWTH CYCLES OF VARIOUS LENGTHS 
WITHIN THE VARIOUS GROUPS OF SORGHUM
 

Number of days Early Semi-early Semi-late Late Very late
 
80-110 110-130 130-150 150-180 Cver 180
 

Caudatum + 
 + + ++ 
Guineense + + + +
 
Margaritiferum + + +
 
Gambicum 
 + + 
 +
 
Notabile 

Elegan. 

+ + 
+
 

Membranaceum +
 
Exsertum 
 +Cernuum 
 +
 

Short-cycle, or early varieties, are also grown in the south, using part of the

growing season only, as catch crops, for subsistence, in combination with a cash crop such
 
as cotton.
 

3. HEAT AND LIGHT
 

3.1 Temperatures
 

Qualitatively, the fact that sorghum can be grown at all times of the year implies

an ability to withstand the high temperatures and also, incidentally, the high evapotran­
spiration rates which prevail in late spring, before the rains.
 

There are indications that some of the varieties of the Area, at least, are ad­
versely affected by the low temperatuves of the winter in the north.
 

The quantitative effect of heat or accumulated temperatures on growth and develop­ment is thought to be important, even in the relatively uniform r4gime of the Area, and is
 
discussed at length in a subsequent section.
 

3.2 Light
 

The late varieties of sorghum are photoperiodically sensitive, heading time being
accurately controlled by shortening days. This is also discussed at length in the following
 
section.
 

4. FHENOLOGICAL ANALYSIS
 

An analysis by Bezot (1963) of detailed phenological observations on varieties of

sorghum of different growth 
 cycles, sown at monthly intervals at Deli, near Moundou, in

Chad, substantiates remarks made in Part II, Heat and Light ,3.2, on the interaction of helio­
thermic and availability-of-water characteristics in the adaptation of cereals to 
the climate
 
of the Area.
 



TABLE 20
 
PHENOLOGICAL DATA ON STAGGERED MO1THLY SOWINGS OF SORGHUM AT DELI, 

1962/63, TAKEN IN PART FROM BEZOT (1963) 

April 
 May June July Aug. Sept. Oct. Nov Dec. 
 Jan. Feb. Mar.
 

I *.. 69 71 64 60 58 54 53 (59) 67 96 92 71 
2... 7/6 10/7 2/8 
 29/8 26/9 23/10 22/11 2,-/12 5/2
3 . 2020 1960 1695 1530 1455 1395 

5/4 2/5 10/5
1445 1580 1700 2685 2710 2105A. 4o. . 2425 2340 2010 1800 1705 1660
5... 1615 1530 1380 1260 1205 1130 
1765 2050 2350 3565 )44, 23 O
1125 1110 
 l0O0
6... 12.43 12.54 12.59 12.48 1805 1975 1860
12.30 12.09 11.86 11.70 11.69
7... 11.90 12.08 12.23
9.5 8.6 9.0 7.2 5.6 5.5 5.8 ­8. . . 6.6 6.2 6.2 4.6 2.5 

- 9.9 10.5 ,1.62.0 1.8 3.0
9 ... 324 336 - 5.1 4.9 5.8348 284 244 
 166 155 96 
 - 224 277 327 

.. . 189 163 136 110 
 92 78 82 
 94
 
2 5,'10 10/10 13/10 1&/10 30/10 16/11 21/12 1/23.. 5095 4295 3515 
 2815 -2355 2070 2205 245
4 ... 6055 5085 4150 3220 2790 2485 
 27,0 3285
B. 5... 4140 3505 2875 2305 1925 1645 
 1635 1630
6... 12.42 12.42 12.39 
 12.31 12.17 12.00 
 11.80 11.69
7... 25.1 21.3 18.0 14.5 10.6 8.2 7.6 6.58... 8.0 6.4 4.9 4.1 3.3 - 3.2 4.0 4.9 5.8
9.. . 475 400 350 345 270 - 145 105

in... 915 840 680 385 60
 

... 191 I,1I 131 108 
 84 67 (68) 77 (93) 113
 
2... 7/10 8.10 8/10 16/10 22/10 5/11 7/12 1 "'1 3/3 2214
 
3. .. 5145 4240 3380
C. 2770 2135 1755 1850
4.. . 6115 5020 3990 3150 2J5,.,6o 3195
2525 2100 2300
5... 4180 3465 2770 2265 ;-.65 33'o .11,40
1750 1415 1400 
 I,60 I570 2200
6... 12.42 12.42 12.40 12.31 12.19 
 12.04 11.63 11.60, 117 12.38
 
9... 460 415 310 
 - - - 110 30 " 255 320
 

NOTE: 
 Sowings took place at the beginning of the months indicated. Data are given for A, an early
variety, No. 528; 
 B, a batch of nine late varieties; and C, a late variety, V0 . 956. The r'Lmbersin the second column from the left correspond to the following measurements (where available): 
1. Number of days from sowing to heading. 2. Heading date. 3,4,5. Sums of accumulatel mean,
maximum and minimum temperatures from sowing to heading. 
6. Mean duration of daylight in hoursand hundredths. 
7. Number of internodes. 8. 2Number of functional leaves. 9). Leaf area in cm . 
10. Number of grains per panicle. 

Cf 
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Data obtained from Bezot's paper, to which have been added sums of mean, maximum
 
and minimum temperatures, accumulated from sowing to heading, and mean daylight dur'ation
 
during that period, are listed in Table 20.
 

The table shows three varietal entries: an early variety, No. 528; averages for
 
nine late varieties; and a late variety, No. 956.
 

4.1 Photoperiodic control of heading time
 

Considering the batch of nine late or long-cycle varieties, it will be seen that
 
sowings from April to August all headed in October in shortening days, so that the length of
 
the growth cycle was progressively reduced. This demonstrates photoperiodic control of flow­
ering. Shorter cycles, however, slightly delayed heading, and Bezot obtained an accurate rela­
tion to determine the date of heading in terms of the interval between 30 March and actual
 

sowing date.
 

For sowings in September, October and November, the length of sowing-to-heading
 
cycle increased rapidly, but the growth was stunted and unproductive. For sowings between
 
December and February the results did not appear to have warranted comprehensive recording,
 
and it can only be concluded that the resultant growth was even more negligible.
 

4.2 Cycle-length control of growth and yield
 

Using the length of the stem and the number of internodes and leaves as criteria,
 
Bezot showed that vegetative growth is positively related with the length of the sowing-to­
heading interval for the April to September sowings. This sowing-to-heading interval was also
 
shown to be related positively to the number of grains per panicle. For sowings in September
 
onwards, the yield is negligible or non-existent.
 

4.3 Neutral varieties
 

Bezot also found that the short-cycle variety was little affected by photoperiodism
 
and managed to flower after a fairly constant interval, whatever time of the year it was sown.
 

5. FURTHER ANALYSIS 

In the present study an attempt was made to estimate more specifically and quanti­
tatively the part played by heat and light in these processes.
 

5.1 Effect of mean length of photoperiod
 

The cycles of the late variety sowings which led to heading in October and an appre­
ciable production of grain had a mean photoperiod of more than 12 hours.
 

5.2 Sums of temperature of sowing-to-heading cycle
 

The sum of accumulated temperatures was well related to mean photoperiod subdivided
 

into three classes: (i) more than 12 hours; (ii) about 12 hours; (iii) less than 12 hours. This
 
is illustrated in Figure 54 (a). Within these three classes, the sums of temperatures were
 
also-well related to the number of nodes (particularly the product of minimum temperatures by 
the number of days, here called by analogy "sums of minimum temperatures"). 

The sums of daily mean temperatures in degree-days, from date of sowing to heading, 
were found to be related to the number of grains per panicle in the late varieties (section B, 
Table 20). This relationship takes the form of a parabola (Figure 55). The crops planted in 
April (with an accumulation at heading of 5,095 degree-days) had the highest average number of 
grains (915). 



88 THE CROFS
 

TABLE 21
 

DWARF AMERICAN VARIETIES 
G -0 000104 X2 

+ 05110 X ­ 1744
 
900 A
 1 2 3 4 

M­

21/9 9/11 49 10300 
6/10 22/11 47 10100

22/10 13/12 52 1030 
6/11 1/1 56 10150 

600 

500 	 1. Sowing date. 2. Heading date.
 
3. Number of days 	sowing to heading. 

400 	 j./ 4. Product of minimal temperatures by
 
number of days.
 

TABLE 

22
 

100 1 2 3 4
 

0 ET 30/8 - 23/10 54 1138 1271
0 30 400 U 	 30/9 - 23/11 53 1096 1282 
30/10- 23/12 59 1096 1336 

Figure 55 - Number of grains per panicle, 30/11- 5/2 67 1054 1376
 
G, v. sums of accumulated temperatures,
 
IT, from sowing to heading. The rela-
 1. Sowing and heading dates. 2. Number
tion takes the form of a parabola with a o days. 3. Products of minima by number
maximum. The letters A, M, J, J, A, are of days. 4. Sum of night effective temper­
the initials of months of the year, atures in half degree-days.

from April to August, in which the crop
 
was planted.
 

TABLE 23
 
COMPARISON 
 OF AVERAGE AVAILABILITY-OF-WATER AND HEAT PARAMETERS 

AT MOUNDOU WITH BEZOT'S OBSERVATIONS AT DELI 

MO UNDO U DELI 

Agrcclimatic 
 Earliest sowing Next 
parameters giving high yield monthly sowing
 

Beginning of moist 	 period 27 April Sowing 30 March 30 AprilEnd of humid period 11 October Heading 5 October 10 October
 

Length of prehumid 
 Sowing to

and humid 
 167 days heading 189 days 163 	days
 

Degree-days above 0 0 C Degree-days

for period 
 4400 for cycle 5095 4295
 

Mean number
 
of grains 915 840
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Constant sums of sowing-to-heading minimum temperatures
 

For the late varieties sown in September, October and November, it was found that
 
the product of the minimum temperatures by the number of days remained constant, as shown in
 
Table 20 and Figure 54 (b).
 

It was suggested that during such short-day cycles the photoperiodic requisites
 
for flower induction are available early in the life of the plant and theft accumulated tempe­
ratures then determine flower initiation.
 

A similarly constant sum of minimum temperatures was obtained in the case of the
 
early variety, 528, for sowings at the beginning of September to December, and also for the
 
dwarf American varieties reputed to be photoperiodically neutral (Table 21). These constant
 
sums appear to be a varietal characteristic.
 

Although these products do not represent degree-days, they must be looked upon as
 
the number of times a certain daily cycle of temperatures is repeated.
 

However, if the control action involved is of the kind associated with sums of
 
temperatures, the minima may be taken to represent night temperatures and an expression in
 
half degree-days or degree-hours could be calculated using mean night temperatures.
 

Sums of effective night temperatures in half degree-days at Moundou were calculated
 
in the case of the variety No. 328 and compared with the minima-days product for the same
 
period. 
Both were calculated carefully on the basis of short intervals. The values obtained
 
are shown in Table 22. Both estimates are fairly constant but the minima-days product shows
 
the narrower range.
 

In conclusion, it can be said that Bezotts data, and similar information obtained
 
from other sources, demonstrate the importance of the photoperiodic control of the cycle of
 
late varieties of sorghum in the Area and the dependence of yield on the length of cycle ex­
pressed in time or in amounts of energy.
 

6. ADAPTATION 	OF THE NINE LATE VARIETIES TO MOUNDOU CLIMATE
 

Agroclimatic parameters for Moundou (see Part II) were compared with those derived
 
from Bezot's experiment. Both sets are shown in Table 23.
 

This would imply that these late varieties were reasonably well adapted to the
 
rainfall r~gime of Moundou and yet able to react favourably to a somewhat more ample water
 
supply.
 

It is seen that the characteristics for a sowing at the end of April agree well
 
with the average agroclimatic parameters. However, sowing a month earlier appears to be a 
little more productive. Characteristics corresponding to this earlier sowing would be ob­
tained on years of more than average rainfall expected to occur once in three or four years. 

The question of the effect of length of cycle on yield is discussed further in
 
connexion with millet.
 

REFERENCE
 

Bezot, P. (1963). 	 L'amdlioration des cultures c~r~alibres au Tchad. Agron. Trop. 18 (1),
 
1963.
 



90 THE CROPS
 

M14ILLET
 

1. DISTRIBUTION
 

Millet, another gramineous subsistence crop showing great plasticity, occupies an
 
even larger portion of the Area than sorghum.
 

It is grown as far north as the northern boundary of the Area and as far south as
 
the southern one. 
 This wide coverage is due mcstly to adaptation to climatic restrictions.
 

It is realized that factors other than climate also control the distribution of
 
crops and, for millet, information was available to demonstrate this: the northern limit of 
millet cultivation in West Africa was obtained from an official French map of cultivations 
(1954) and has been plotted on the map of Figure 56 together with mean annual isohyets. It 
can be seen that, although there is broad agreement between rainfall and limits of cultiva­
tion, these are also some important departures; but these can all be explained, though they
 
are due to factors other than climate.
 

Cultivation follows the course of the rivers Senegal and Niger into areas of poor
 
mean annual rainfall. The bulge into Mauritania at Moudjeria is due to a vast depression
 
into which water drains. It would be more accurate to surround this region by a circle, and
 
have another boundary further south. In the instances mentioned above, flooding rivers and 
drainage basins can provide more water than is implied by the isohyets and can influence the 
distribution of cultivation.
 

The limit drops to nearly 500 mm along the Mali-Mauritania border where the soils 
are heavy, and the populations nomadic. Demographic factors intervene again further east, 
where two bulges in the limits of cultivation, one to the south and one to the north, occur 
side by side. The first, reaching down to the 500 mm isohyet, is within the territory of 
pastoral people, the Fulani and the even more nomadic Touareg; the second, extending towards 
the 200 mm line, is occupied by an agrarian people, the Hausa. 

Thus modified by these extraneous factors, the northern limit of cultivation os­
cillates between 500 and 220 mm mean annual rainfall approximately.
 

" ''  
h .. .-- _' " ,. -.. ____ - _ _ ___-_ , _._ .--,__ 

T I M - - " .1 .G.. . . .. -. , 

Figure 56 -- Mean annual iaohyets (broken lines) and northern limit of millet cultiva­_ 25j
tion (plain line).
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2. CYCLE LENGTHS AND AVAILABILITY OF WATER
 

The length of growth cycle of millet varies in the Area between approximately 60
 
and 200 days. Resistance of the seedlings to drought permits early sowing, thus lengthening
 
the effective moist period. Thus 10 days may be subtracted from the 60 to obtain the corres­
ponding minimum availability-of-water period. Using the 5.5 mn. approximation already mentioned,
 
this would make the lower limits correspond to 275 mm mean annual rainfall and the upper one 
to 1,100 mm.
 

The 75 mm difference between the lower limit and the information given by the map

is explained by the fact that in the extreme north cultivation will only take place in privi­
leged positions where rain-water has accumulated by drainage.
 

Furthermore, profuse tillering allows millet to survive the dry spells of the pre­

humid period, which are all the more likely to 
occur when sowing io brought forward.
 

3. SOIL TEXTURE
 

Millet, especially the early varieties, will also grow on soils of coarser texture
 
than sorghum.
 

In most of the territories of the Area a zone is reached, around 700 mm mean annual
 
rainfall, when millet replaces sorghum as the predominant cereal crop. This transition may

also be due to 
a change in the texture of the soil, that is in the proportions of sand and
 
clay, itself to some extent dependent on the climate.
 

Nevertheless, millet and sorghum can be found grow!.ng on the same soils, sometimes
 
simultaneously.
 

Lastly, it may be mentioned that millet, unlike sorghum, does not lend itself to
 
extensive flood plain cultivation, due to the fact that it does not readily accommodate fine­
textured soils.
 

4. HEAT AND LIGHT
 

It can be deduced from its distribution in the Area, its ability to withstand
 
drought and the fact that it can be sown in advance of the rains that millet can resist high
 
temperatures.
 

Although no phenological data were available for millet, comparable with those for
 
sorghum analysed in the previous section, there is every reason to believe that its reactions
 
to photoperiod and sums of temperatures are the same as those of sorghum.
 

5. ANALYSIS OF EFFECT ON YIELD OF CLIMATIC FACTORS
 

No phenology data comparable to those discussed in connexion with sorghum were
 
available for millet. However, an eleven-year yield series of all the millet grown at the
 
research station at Bambey in Senegal had been published in a paper by Vidal (1963), in a
 
detailed investigation of the respective importance of water and nitrogen supplies on yield.
 

His assessment of the water requirements of millet at various stages of growth and
 
development is a model of the type of consideration which needs to be given to specific crop

requirements in terms of biological events, when passing from a survey of the characteristics
 
of atmospheric .climate to more localized studies.
 

0 

http:grow!.ng
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He recognizes eight distinct requisites for a high yield, which are listed here:
 

(i) 	 As early a start as possible;
 

(ii) 	 For the first 20 days: abundant rains to promote early tillering;
 

(iii) 
 During the next 10 days: xater supply reduced to the needs of existing plants and
 
tillers, to stop further tillering;
 

(iv) 	 Until stem extension: water supply plentiful to promote stem growth in width;
 

(v) 	 During stem extension: water supply limited to the needs of the crops and ground
 
charging;
 

(vi) 	 During heading: 
water supply limited to the needs of the plants but sufficient to
 
achieve ground charge;
 

(vii) 
 From heading to harvest: water supply not exceeding evaporation losses in order
 
to avoid loss of nutrients by deep drainage;
 

(viii) 	 Altogether, for the duration of the growing cycle, rainfall should correspond to

the sum of optimum evapotranspiration and maximum capacity ground charge. 

It will be seen that although early and abundant rains are thought desirable atfirst, thereafter excessive amounts are considered to have an adverse effect at almost every 
stage in the growth cycle.
 

Expressing 	 these ideas by means of indices and grouping them into a compoundedindex, he obtains between the latter and yield a correlation coefficient of 0.93. However,

his conception of the optimum rainfall r~gime does not accommodate the fact that, at the
rainfall level in Bambey, surplus generally occurs in amounts exceeding ground recharge.
 

Vidal's climatic requisites are based on biological events for which no dates of
 occurrence are available. This makes it impossible to define quantitatively corresponding
 
climatic parameters.
 

6. 	 FURTHER ANALYSIS
 

The variables
 

In the following analysis, the climatic variables compared with yield were based
 on the parameters described in Part I, 
but chosen 	to correspond as much as possible to
Vidal's specifications. The budget used was 
a combination of ET values obtained at Thies with
 
Bambey rainfall figures. They are as follows:
 

X1 Duration of the humid period
 

X2 Rainfall luring October 

X5 Rainfall during poot-humid intermediate period
 

X4 Water surplus
 

X5 Interval between heading and the end of the humid period
 
X6 Rainfall during prv-humid intermediate period.
 

These climatic variables are shown, together with the figures for yield, in Table 24.
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TABLE 24 

VALUES OF YIELD, RAINFALL, AND THE CLIMATIC VARIABLES 

kg/ha mm X2 X_4 X6
X " X3 X5 

1950 670 1270 9.5 148 - 1 896 30 40 
1951 790 940 10.0 227 10 I 470 40 107 
1952 1440 885 9.C 101 24 413 25 95 
1953 1330 755 9.0 62 I 5 3C5 20 82
 
1954 1230 745 7.5 
 2 55 I 36C 0 51 
1955 1770 8.5 16 380 1 58780 15 i0 

1-956 1060 64C 6.0 47 54 170 I 15 155 
1957 1100 670 7.0 77 6 1 284 20 124 
1958 1220 820 6.5 39 46 492 ' 5 61 
1959 910 460 5.5 - 13 15C 5 101
 
1960 1040 790 8.0 14 14 380 73
15 


1141.8 796 7.8 66.5 21.5 390.9 16.8 86.1 

TABLE 25
 

b b2 b 3 b b b6 r r2 I R R2 

0,00015 0.003
 
-0.109 '-0.48 10.23 

0.027 1 0.38 0.14 
-0.208 1-0.32 0.10 

- 0.016. '-0.41 0.17 
,-0.017 1-0.15 0.02
 

131.908 -4.057 0.66 0.44
 
137.755 I_23.332 0.61 0.37
 
131.016 :-3.673 3.383 , 0.70 0.49
170.955 1-3.687 -0.605 
 I0.73 0.53 
138.148 1-3.289 5.234 0.66 0.44 
200:325 -5.268 17 3.317 0.520.72
130.066 1 1.874 -2C.937 I, .2 o3 
28.762 I 5.593 1 1.C34 C.37 0.14 

169.694 -3.310 3.350 -0.600 0.76 0.58 
121.880 -4.364 4.004 5.730 
 0.70 0.49 
1,07.353 -4.513 2.073 I 2.711 : 0.73 0.54 

"
120.614 -1.131 4.053-1.236 -4 452 0.78 
 0.60
 

NOTE: ­bI b6 , regression coefficients; r, R, correlation coefficients.
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6.2 Regression and correlation coefficients
 

First, linear regressions and correlation coefficients, simple and multiple,were
worked out. The results are shown in Table 25. 
 None of the correlations are statistically
 
significant. The short length of the series 
 makes it difficult to form a firm opinion, butit is thought that these indifferent coefficients are due to the curvilinear nature of the
relation between yield and climate in this semiarid environment, discussed in the following
 
paragraphs.
 

Some of the simple coefficients, though not significant, give indications, notably

an adverse effect of rainfall during October on yield,which agreed with Vidal's requisite

(vii); no excess water from heading to harvest.
 

To Vidal's explanation that water surplus in October leaches away useful nitrogen

compounds may be added the increased risk of washing away pollen, and parasitic action.
 

6.3 Curvilinear nature of the regressions
 

Further consideration of X5, the interval between heading and the end of the humid
 
period-- a parameter of which the importance has already been discussed extensively-- suggests

that there is an optimum date for heading and therefore that the relation between yield and
 

is curvilinear. This is illustratedX5 in Figure 57 where a curve drawn freehand represents
a curvilinear relation with yield, with an optimum value for yield corresponding to an inter­
val of 10 days between heading and the end of the humid period, a method explained by Ezekiel 
&nd Fox (1959). 

It is, in fact, logical to 
think that if the millet grown in these trials is well

adapted in terms of its cycle and main biological events to the climate of the Bambey region,

it will react adversely to an excess 
as well as a deficit of most of the availability-of­
water parameters characteristic of the region. 
Wherever this is the case, linear regressions
 
cannot give significant results since low yields occur at both extremes of the climatic vari­
ables.
 

Figure 58 shows dot 
diagrams of four climatic variables plotted versus yield,

namely: precipitation P, duration of the humid period XI, water surplus X4
 , and rainfall in
 
October X2.
 

The values of each variable, arrayed in order of magnitude, have been separated

into three classes and averaged, and the mean values plotted, together with corresponding
 
mean yields. 
 Inspection of these diagrams strongly suggests curvilinear regressions with
 
optimum values close to 
the over-all means of which the positions are given by dotted lines.
 
This is least obvious in the case of X2, rainfall in October, which gave the highest linear
 
correlation with yield, partly because of the very high yield figure of 1955.
 

To test this further, correlations were worked out between yields and departures

from the mean values of the same climatic variables -- mean values being provisionally looked
 
upon as optimum values. 
 In all cases, even with X2 , higner coefficients were obtained than
 
with direct comparisons of yield with climatic 
factors. The correlation was highly signifi­
cant in the case of water surplus, in agreement with Vidal's work. Results are shown in
 
Table 26.
 

Determination of correlation ratios and working out of curvilinear regressions

would give more formal expression to these relations and lead to estimates of optimum values.
 
However, further elaboration was considered unnecessary for the purpose of this survey. It
 
was thought that enough had already been done to 
confirm that the regressions between the
 

_\%A1%
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zoi Figure 57 -- Scatter diagram of yield In 

kg.ha- 1 and length of inter­
val in days between heading
 

and the end of the humid1000 . 1 
period. The thin line is a 

0 linear regression. The 
thick line is a first appro­

-... ximation to a curvilinear 

0 -- - regression. 
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Figure 58 -- Scatter diagrams of yield versus rainfall P, duration of the humid 
period X1, rainfall in October X2 , and water surplus X4 . The large
 
ringed dots show the mean position of classes of the independent
 
variables. A curvilinear regression &iithmaximum close to the mean 
is indicated in the case of P, X1 and X4 .
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TABLE 26 

CORRELATION BETWEEN YIELD AND DEPARTURE FROM '.EAN VALUES OF CLIMATIC VARIABLES 

r Significance 

Mean annual 
rainfall - 0.80 4.0 Significant 
796 mm 

Mean humid Probably
 
period, X1 - 0.67 2.8 significant
 
78 days
 

Mean rainfall 
during Oct., X2 - 0.58 2.0 significant 
66 mm 

Mean water Highly
 
surplus, X4 - 0.99 5.3 significant
 
391 mm
 

NOTE: "r" is correlation coefficient; "t" is Student's significance parameter. 

yield and the climatic parameters discussed were curvilinear in nature, showing that, even
 
in a semiarid environment, adapted crops can have 
too much water, or water for too long, to
 
give best yields.
 

In conclusion, it is suggested that in the case of millet at Bambey 
-- and pro­
bably of all the cereals in the Area -- a year with more abundant rainfall than average is
 
not necessarily a more productive year than average. 
 It is realized, however, that good

agricultural practice and measures such as mixed sowings will extend the range of optimum
 
climatic conditions.
 

7. DESYNCHRONIZATION OF ADAPTATION MECHANISKS
 

It has already been suggested that the main climatic needs of millet, and also of
sorghum varieties, are an optimum moist period to match their inherent cycle length limited
 
on the long as well as on the short side, and, with late varieties, an optimum date of the
 
end of the humid period to match a photoperiodically controlled date of heading. The analyses

of t~e last two sections have supported these views.
 

It has also been stated that these two conditions do not necessarily vary in uni­son from one prt of the Area to another. This disparity may now be discussed in 
more detail.

At Thies, near Bambey, the mean humid period lasts 72 -lays and *-niz on I O,-tober. From 
amongst the 35 reference stations thone with humid periods mo.t o!Iprti-ble in length are 

Id. 



Tin: ci~o[r 

Maiduguri, 	 66 days, and Segou, 75 days. However, they end on 11 and 1- Se' t;'ber rec ective­
ly, 3 and 2 weeks earlier than at Thief;, 
 because of the lag inltl, arrival of thU monooen,
 
characteristic of west Senegal. 
Thus, a late variety successfully adapted to the climate of
 
Bambey would find at these other two places the right length of growing season, but the humid
 
period would end too soon relative to its photoperiodically fixed date of flowering. This
 
dizcordance would be aggravated by a few more days because theze 
two placer are on lower l;t­
itudes than Thies. It might therefore be mistaken to predict that this variety would do
 
equally well at Segou and Maiduguri. The desyncixonization of the two climatic adaptation
 
mechanisms might cause disappointing yields.
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COTTON
 

1. 	 SINGLE COTTON VARIETY GROWN IN THE AREA
 

Although different varieties and different cultivation systems for cotton fibre
 
production are in common use 
south of the semiarid Area, within the Area itself commercial
 
production is exclusively due to a Gossypum hirsutum var. Allen, which is 
thought to have
 
originated in Uganda and reached the Area via the U.S.A. 
 It is this variety which will be
 
discussed here.
 

2. 	 DISTRIBUTION AND YIELD
 

Rain-fed cotton is found throughout the Area, south of the 600 mm isohyets, wher­
ever other controlling factors,such as 
soil and organized production,permit it to grow.
 

Amongst the main producing regions the following may be mentioned:
 

(i) 	 The north-east of northern Nigeria (Sokoto, Katsina, and north Zaria, mainly along
 
the Zaria-Gusau railway . The research station at Samaru is on the eastern edge
 
of this region, which produces a mean yield of 500 kg.ha-1.)
 

(ii) 	 The south of Chad: mean yield 300 kg.ha' 

(ii) 	 North Cameroon, which has the best mean yield: 600 kg.ha-1
 

(iv) 	 Smaller amounts are produced in southern Mali, southern Niger, Upper Volta and
 
Senegal (where cotton has to compete with groundnut).
 

/ 
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3. PRODUCTION
 

Lint production figures from the Area (taken from the FAO Production Yearbook and
 
other sources) for 1965 are as follows:
 

,Metric tons Amt. exported 
produced value, US$ 

Mali 7 000 1 390 000 
Upper Volta 5 000 320 000 
Niger 6 0OO 24 000 
Nigeria 44 000 26 640 000 
Chad 36 0OO 17 470 000 
N. Cameroon 16 000 9 280 000 

To these may be added small quantities from Senegal and northern Ghana, Togo and Dahomey. 

4. CLIMATIC NEEDS AND TOLERAMES 

Unlike sorghum and millet, forms cotton in anthe of grown the Area constitute 
ecotype with a fairly narrow range of climatic needs. 

4.1 Availability of water
 

4.1.1 Growing cycle
 

Average length of cycle is about 165 days made up as follows: 55 to 65 days from 
sowing to the beginning of flowering, 60 days for flowering and 55 to 45 for the boll maturing 
and opening.
 

4.1.2 Flowering
 

With cotton there is no terminal inflorescence to the main stem as in the case of
the cereals discussed so far. The flowers are produced on side branches for a period which 
should end with the humid period. A short humid period tends to curtail production by reduc­
ing the number of flowers which will give rise to bolls. An unduly long humid period might

affect fertility by washing away the pollen.
 

4.1.3 Boll maturing and opening
 

Forty-five days appear necessary for proper maturing of a boll or capsule and less
 
than 30 days will not yield fibres worth picking. During maturing too much moisture has an
 
adverse effect, partly through parasitism.
 

4.2 Heliothermic complex
 

4.2.1 Qualitative effect of temperatures
 

A temperature of 150 Celsius is suggested as the vegetative zero below which the 
growth of cotton is hindered. Such temperatuL'es would only be felt in the winter in the ex­
treme north of the Area. -n the rest of it, cotton production is assumed to be free from 
this climatic control. No other direct qualitative etfects of temperature have come to light 
during this survey.
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4.2.2 Quantitative effects of temperature
 

The length of the vegetative period, from sowing to the appearance of the first
 
flower, appears to be controlled by a sum of temperatures of 1,650 degree-days above OC in
 
the case of the variety discussed. This means 55 days at a mean temperature of 300C, or 65
 
at 25'C.
 

From the maps in Figure 30 (Part II) it will be seen that average temperatures of 
300 C in the north of the cotton-growing area and 280 in the south are expected to prevail 
during the vegetative period. Temperatures will also affect the rate at which flowers are 
produced and their ultimate number. This is discussed in detail in the technical report. 
Typical temperatures during flowering would be those of the month of August in Figure 30. 

4.2.3 Photoperiodism
 

The date of appearance of the first flower does not seem to be photoperiodically
 
controlled. The cotton cultivated in the Area is probably neutral in this respect.
 

5. GROWING CYCLES AND CLIMATIC ZONES
 

5.1 Typical cycles
 

In Figure 59, above a time scale in days, is represented an idealized sequence
 
of the three main stages in cotton production in the Area.
 

Above it, and at the same time scale, the availability-of-water periods at three
 
places in the Area have been shown. Maroua appears to give the best approximation to the
 
suggested optimum cycle, especially with respect to tL.e timing of the end of the humid period.
 
It also returns the best yields of the three places. At Garoua a large proportion of the
 
bolls would open during the humid period, making them more susceptible to parasitic action.
 
At Maradi, on the other hand, the shortness of the humid period would curtail flower produc­
tion.
 

5.2 Cotton climatic zones
 

On the assumption that the climatic needs for optimum production of G. hirsutum
 
var. Allen at present grown in the Area are those represented in Figure 59, climatic zones
 
for this rain-fed cotton can be sketched as shown in Figure 60. These zones indicate climate
 
resources only, and it is realized that other environmental factors may intervene to prevent
 
the realization of the climatic potentials. It is also assumed that in the central and north­
ern zones sowing takes place as early as possible, that is, at the beginning of the moist
 
period.
 

5.2.1 Optimal zone
 

The central zone where, on the score of climate alone, optimum yields would be 
expected, is bounded by the 170- and 150-day isolines of duration of the moist period, with 
reserve. It should probably be stopped short of the coastal district of Senegal where, in 
any case, cotton cannot compete with groundnut. 

5.202 Northern zone
 

To the north, extending as far as the 600 mm isohyet, is a zone where careful
 
cultivation allied with soils capable of storing much water would raise the amount of effec­
tive rainfall sufficiently to produce economically interesting yields. These were the finj­
ings of an investigation of the potentialities of cotton production in the Republic of the
 
Niger (unpublished).
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Figure 59 --
165-day growing period of cotton in Area and availability-of-water
 
periods at three localities. Maroua is only slightly shorter and re­
presents the central zone of optimum production. Garoua is longer,
and sowing there might be delayed. Maradi is shorter and requires 
sowing as early as possible and good water storage to lengthen
 
2nd I + R period. 

... " _. . . .. '-5 

,Fig re . ... .C z. . var - . o.-. .... f 

fiue6-Cimtcznso ran-e G.hirutmar Ale . Boudaie -om 

north to south correspond to 600 mm annual rainfall and to 150 days

and 170 -Jays moist period with reserve.
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Figure 61 -- Cotton production in kg. ha 1 in the Fort Archambault district, and
 
long-trend correction to 
isolate climatic fluctuation.
 

5.2.3 Southern zone
 

To the south of the optimal zone 
lies another to which no southern boundary has
been allocated, where the availability-of-water periods appear too long for this particular
ecotype. 
 It is, of course, realized that breeding is in progress to produce forms able to
react satisfactorily to a greater range of conditions; and that 
constant progress in culti­
vation techniques tends to minimize the adverse effects of climate.
 

6. AN ANALYSIS OF ThE CLIMATIC CONTROL OF FLUCTUATIONS IN PRODUCTION
 

Annual production data from the Fort Archanbault district, in Chad, for the period
1951 to 1963, were selected for an analysis of the effects of climate.
 

6.1 Long-trend correction
 

These data were first of all corrected by subtracting a long-term improvement

obtained by fitting a straight line through plots of the production values, as shown in
Figure 61. This improvement is due mainly to an increase in cultivation areas and a general
development of cultivation techniques. 
 It is thought that a better correction would be ob­taied by using five-year sliding means (represented by a broken line in Figure 61). This
would have the disadvantage of shortening at both ends an already very short series of annual
 
data.
 

0\1C
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6.2 Climatic variables
 

The climatic variables analysed were derived from a comparison of ten-day rainfall
amounts and monthly ET estimates at Fort Archambault itself, taken to be representative of thewhole district. Mean dates to the 
nearest ten days for the availability-of-water periods
 
were estimated as follows:
 

beginning df moist, 1 May; 
beginning of humid, 1 June; 
end of humid, 10 October. 

Sowing was assumed to take place on 1 July -- a consequence of the relatively

long duration of the availab!lity-of-water periods on the southern border of the Area.
 

Fourteen climatic variables, listed below, were selected. 
Their yearly values
 are tabulated in Table 27 together with real (Pr) and corrected (Pa) production figures.
 

Xl Rainfall in April and May
 

X2 Rainfall in June
 

X3 Rainfall in July 

X4 Rainfall in August 

X5 Rainfall in September
 

X6 Rainfall in October and November
 

Duration of humid period in decades 
X8 Number of decades from the end of August to the end of the humid period 
X9 

X7 

Number of decades from the beginning of the humid period to the 
beginning of August 

XIO Rainfall during the humid period 

Xll Rainfall per decade of the humid period, Xl4X
 

X12 Rainfall during post-humid period
 

X13 Rainfall during pre-humid period
 

X14 Total rainfall
 

6.3 Regressions and correlations
 

Regression coefficients (b) and correlation coefficients, simple (r) and multiple

(R), for the first seven variables are shown in Table 28.
 

6.3.1 Simple correlations 

None of the simple coefficients were statistically significant. This may be due 
to the curvilinear nature of the regressions -- as was demonstrated in the case of millet. 
However* adaptations of the crop to the rainfall r~gime appear to be much looser in the FortArchambault district in the south of the Area, since sowing takes place during the moist
period and all the available water is not used. 
This poor correlation may also be due to the
 
difficulty in assessing corrected production data, as discussed above. 
 The best simple coef­
ficient, 0.45, was obtained with X7, length of the humid period. 



TABLE 27
 

REAL (Pr) AND CORRECTED (Pc) 
PRODUCTION FIGURES IN THE FORT ARCHAMBAULT DISTRICT
 

Year P P 
 X1 X2 5 X4 X5 
 X6 X7 X8 X9 X10 X11 X13 X 14 

1951 203 205 137 110 25i 318 178 163 14 
 6 5 957 68 62 152 1171
 
1952 162 142 37 106 150 389 315 125 11 
 3 5 935 85 44 145 1128
 
1953 166 123 112 155 
 104 241 175 69 13 6 4 
 675 52 70 136 881
 
1954 275 209 107 168 285 423 
 103 107 14 
 6 5 1075 77 
 11 1C7 1193
 

1955 3cO 211 256 125 196 234 
 266 121 17 
 9 5 1112 65 
 3 82 1197
 
1956 254 142 65 135 185 312 253 19 
 11 5 3 811 68 19 152 993
 
1957 402 267 250 116 215 328 116 65 14 9 
 2 911 65 99 80 1091 o
 
1958 290 133 140 110 189 
 257 308 28 12 5 4 BI 67 28 2C5 1034
 
1959 223 43 219 131 316 250 
 118 67 14 
 8 3 978 7C 
 67 148 1101
 

1960 575 373 157 146 199 325 156 
 135 14 6 5 
 886 63 78 
 159 1124
 
1961 226 - 170 229 347 251 106 
 72 12 6 3 
 933 78 72 
 190 1194
 

1962 414 165 124 95 140 240 226 
 59 12 5 4 736 61 23 137 898
 
1963 515 244 285 169 249 277 134 53 16 10 
 3 1078 67 
 53 36 1181
 

308 174 158 138 217 296 
 189 83.5 13.4 
 6.5 3.9 914 68.2 48.4 133 1116
 

NOTE: X1 to X14 
are climatic parameters, defined in the text. 
X1 to X6 are calendar parameters in terms of monthly
rainfall, and X7 to X14 are related to availability-of-water estimates. 

0 
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TABLE 	28
 

REGRESSION (b) AND CORRELATION COEFFICIENTS SIMPLE (r) AND MULTIPLE (R) 
OF YIELD ON VARIABLES X1 TO X6 , BASED 	ON MEAN RAINFALL DURING
 

CALENDAR MONTHS OR GROUPS OF MONTHS; ALSO X7 , 

DURATION OF THE HUMID PERIOD IN DECADES 

2
bl 	 R2
b2 b3 b4 b5 b6 b7 r r R 

0.39 
 0.22 0.05

-0.75 
 -0,28 0.08
 

-0.40 
 -0.29 0.08
 
0.59 
 0.38 C.4
 

-0.06 
 -0.05
 
0.90 0.40 C.16
 

25.31 0.45 0.20
 
0.35 	 -0.88 
 0.39 0.15
0.50 -0.61 
 0,46 0,22
0.59 	 0.91 
 0.56 0,31
0.31 
 0.07 
 C,23 0,05
C,31 
 0,93 
 0,46 0.22
-0#47 
 41.27 	 0,51 0.26


-0.45 -0.27 
 0,33 c.io
-0.70 0.57 
 C,45 C.20

-1.35 
 -0.46 
 0.40 0,16
-0.65 
 0.84 C,46 0.22
 
-0.87 2701 059 0,35


-0.44 0.63 
 0.49 0.24-0.76 -0.52 
 0.43 C,18
-0.45 0.95 	 0,52 0.27
-0.57 	 30,65 0,61 
 0.37
 

0.60 	-0.10 
 0,38 0,14
0,40 0.67 
 0.46 C.21

0.72 	 29,21 0.63 0,40
 

-0,03 0.89 
 0.40 0.16
 
-0,05 27,23 
 0.46 0.22
 

0.66 20,65 	 0.54 0,29
 
0.49 	 -0.37 -0.49 
 0,48 0.23
0,67 	-0,92 0.92 
 0.65 0.43
-0.37 -0-79 
 39.40 	 0,59 035
1,03 -0.91 1.23 
 c.81 0.65
-0,20 -0,03 
 37.11 0.62 0.38
 -. 01 0,72 29.41 0.64 C.41
-0.30 -0,35 o.61 
 0.50 0,25
-0.36 -0.46 
 30,31 	 0,62 0.39
-0.83 0.70 
 3C77 	 0.71 c.50


-0.66 0,81 	 35,85 0,79 
 0.62
 

1.03 0,02 -0.92 1,23 
 0.81 0.65
o.67 -0.84 1.10 	 16,44 0.83
0.99 -0.91 1.05 0.53 	
0.68
 

0.84 0,7C

0,94 -1.17 1.24 -0.43 
 0.85 0.72
 

0.91 -1.15 1.08 -0.40 0.48 
 0.87 0.76
0,60 -1.10 1.12 -0,41 
 12,26 	 0.86 
 0.74

0.81 -0.87 1.02 0.43 
 8.21 
 0.84 0.70
 

NOTE: From top to bottom: simple ooet't'icients, and multiple -oeffticents with
 
two, three, four and five variables.
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6.3.2 Multiple correlation
 

However, some 
of the multiple correlation coefficients were significant, notably:
X1-X3 +X4 , Xl-X3+X4-X5 , where X5 
 is rainfall at the height of the flowering period when excess
 
might cause washing away of the pollen, and XI-X3+X4 -X5 +X6 , where X6 
represents the rains of
the post-humid period. All these multiple coefficients have a chance occurrence 
level 	of less
than 	1 in 100, and the last combination of five variables accounts 
for 76 per cent of the

fluctuation in corrected production assumed to be due to 
climate.
 

6.3.3 Factors.X7 to Xl4
 

Table 29 shows the coefficients obtained by comparing production with variables
 
X7 to X1 4 which take into consideration availability-of-water periods.
 

TABLE 29 

REGRESSION (b) AND CORRELATION COEFFICIENTS SIMPLE (r) AND 
MULTIPLE (R) OP YIELD ON THE VARIABLES X7 TO X1 4 BASED ON 

CONSIDERATIONS OF THE AVAILABILITY-OF-WATER PERIODS 
b7 b8 b9 bl0 bll b13 b14 2 2
b12  	 r r R R


25.31 
 0.45 0.2012.45 0.26 0.07 
27.00 0.29 0.08 

0.14 0.19 0.03 
-3.36 -0.29 0.08 

0.27 	 0.08 ­
-0.96 -0.46 0.21 

0.14 o.16 0.03 

22.48 45.15 0.51 0.2641.89 	 -19.20 3.76 0.51 0.26
21.81 45.17 0.51 0.2631.42 56.02 -0.18 0.55 0.30 
19.97 44.99 -2,65 
 0.56 0.31
21.89 54.48 
 0.79 
 0.56 o.31

4.65 	 37.50 -0.95 0.60 0.36 

41.17 86.15 -0.70 6.30 0.78 -1.24 0.67 0.45 

Again, none of the coefficients of simple correlation were significant, but highervalues were yielded by multiple correlations, although none reacn a 1 in 20 	chance occurrence
level. The highest, 0.67, is obtained with X8, X9 , X10 , XII, X1 2 
and X1 3 , and accounts for
nearly 45 per cent of the assumed climatic fluctuation. The weaknesses inherent in coeffi­
cients of multiple correlation are realized.
 

6.3.4 Position-of.humid -period
 

Since cotton is photopheriodically neutral, the position of the humid period with
respect to flowering does not have the same 
importance as 
in the case of sorghum. However,
the fluctuations of the extensions of this period preceding and following August, its central 

http:Factors.X7
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month, (X8 and Xg) were 
found to account for a greater part of the production variation than
 
the fluctuations of the mere length of the period (X7).
 

7. YIELD VARIATION IN SPACE
 

7.1 The data
 

Data for the period 1952-1963 from eight cotton-producing districts from north
 
Cameroon obtained from the Compagnie Franaise pour le D4veloppement des Textiles (CFDT) made 
it possible to carry out an analysis of the yield variation in space due mainly to climate,
 
but also to soils and the technical level of cultivation.
 

7.2 Factors considered
 

The factors considered were mean annual rainfall for the 12 years (X1), 
mean yield

for the first 3 years (X2 ), and latitude (X3 ). The values of these factors in each district
 
are listed in Table 30, together with mean yield for the 12 years (RI) and mean rate of im­
provement in yield during the period (z).
 

The yield at the beginning of the period, X2 , was considered to be an index of
 
soil fertility.
 

TABLE 30
 

DATA ON DISTRICT COTTON PRODUCTION IN NORTH CAMEROON 

REGION Ri 
 X1 X2 X3 X4 z
 

REY-BOUBA 260 1160 280 806 1005 3
 
GAROUA 330 955 355 903 925 6
 
GUIDER 495 
 985 505 909 1125 14
 
KAELE 430 440
895 1001 975 8 
YAGOUA 250 880 245 1003 1085 7
 
MAROUA 500 790 385 1005 790 30
 
MOKOLO 560 920 370 
 1007 1000 44
 
MORA 
 675 840 420 1100 790 67 

Average 437 )28 375 lOO )62 22.4 

-1
NOTE: R, mean yield in kg.ha . XI, mean annual rainfall in mm. X2, mean
 
yield during the first three years. X3 , latitude of district headquarters.
 
X4 , mean annual rainfall during the first three years. z, mean slope of 

-1
yield improvement in kg.ha-1 . Year .
 

7.3 Regressions and correlations 

Coefficients of regressions and correlations, simple and multiple, between yield

and the factor considered were calculated, and are listed in Table 31. They show that mean
 
yield increases with decreasing rainfall, and with latitude. 
 The correlation coefficient of
 
mean yield with latitude itself, significant at the 0.05 level, is not completely accounted
 
for by rainfall alone. Sunshine and higher temperatures probably also play a part in the 
higher productivity of the north. 
However, no other climatic factors besides rainfall were
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TABLE 31 

REGRESSION (b) AND CORRELATION COEFFICIENTS, SIMPLE (r) AND MULTIPLE (R) OF YIELD 
AND INCREASE IN YIELD DURING THE PERIOD ON VARIABIES X1 , X2 AND X3 

bl r2 R R2b2 b3 


-0.70 -0.53 0.28 
1.23 0.69 0.48 

143.81 0.75 0.56 
YIELD 

-0.51 1.C6 0.78 0.61 
0.63 221.93 0.79 0.62 

0.90 112.84 0.89 0.79 

0-56 0.91 185.12 0.92 0.85 

-0.11 -0.52 0.27
 
0.08 0.30 0.09
22.66 0.77 0.59 

PERIOD :z -0.10 
 0.05 

0.55 0.30
 

0.12 37.34 0.83 0.68
 
0.02 22.06 0.77 0.60
 

0.12 0.01 36.73 0.83 0.68
 

analysed, partly owing to lack of data. The adverse effect of rainfall is thought to be 
partly due to increased parasitism.
 

The initial yield appeared to be poorly correlated with latitude, and with rain­
fall during the first three years.
 

The slope of the mean improvement in yield was found to increase steeply with
 
latitude, as shown by the graph in Figure 62, on which the increases in yield at Mora and
 
Kaele are compared.
 

Map analysis
 

In Figure 63, three maps of the Area show, in the first place, the relative loca­
tions of the places which gave their names to the districts. In map (a) lines of equal mean
 
yield and annual rainfall for the period have been plotted. They show a yield gradient to­
wards the north-west and an inverse rainfall gradient towards the north-east; so that both
 
yield and rainfall are related with latitude.
 

Map (b) shows initial fertility, sloping away from Guider in the centre of the
 
region but hardly reduced at all in a northerly direction and falling off sharply to the 
east and south. Map (c) illustrates the very strong gradient in the rate of improvement from
 
Guider to Mora, from south to north.
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Figure 62 -- Annual yield variation at Mora and Kaele. The straight lines
 
represent improvement trends.
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Figure 63 --	 (a) rsohyets (plain lines) and mean yield for the period (broken lines),
showing north-north-east inverse rainfall gFadient and north-west pro­
ductivity gradient. (b) Average yield over the first three years (ini­
tial yield) (plain lines), with a maximum around Guider and a steep
decrease to the west-south-west and again mean yield for the period
(broken lines). (e) Lines of equal improvement in yield with an'in­
creasingly steep gradient towards the north.
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7.5 Discussion of result. 

Mean annual rainfall amounts in the north are close to the range (750-850 m-)

assured to be the best for the cotton variety grown in thc Area. The fact that the mean yield

gradient is at 
an angle to the inverse rainfall gradient su9ggets there is also a soil and
 
initial fertility gradient towards the west or north-west.
 

'Dv:o
features remain unexplafned: firstly, the fertility gradient was not reflected
 
in the initial yield data shown in Figure 63 (b); 
 secondly, the very rapid improvement in the
 
north, assuming that the technical level had been uniform.
 

7.6 Expert information from the region
 

Two private communications from cotton specialists in the region provided satis­
factory explanations. The first (from Tourancheau) expressed general agreement with the form
 
and findings of the analysis, stating that in north Cameroon "dry years gave good yields".

It confirmed that the varieties grown were better adapted to the ccnditionz found in the north­
ern districts.
 

It also stated that there was a soil fertility gradient from south to north and
 
added that yields were also conditioned by a parasitism gradient increasing eastwards.
 

Further, it pointed out that the districts used in the analysis -- the ones for
 
which yield figures were published -- were in fact administrative districts rather than natu­
ral cotton-producing regions. 
 It suggested a more appropriate subdivision which appears in
 
the Technical Report.
 

The second (from Guillard) explained that the initial fertility pattern was biased

by the fact that cultivations had started and at first concentrated on the central districts,

in the assumption that they were the best. 
 Later, a realization of the higher potentials of
 
the northern districts led to their fuller exploitation.
 

This illustrates well the diversity of factors which must be taken into considera­
tion in such an analysis. Climate, however, seems to be connected with most of them.
 

GROJNDNUT
 

1. DISTRIBUTION
 

Groundnut grown as a subsistence or a cash crop is found south of the 400 mm mean
 
annual rainfall line where soil and other fastors permit its cultivation, as shown in Figure,354.

Soils must be of a texture and compaction such that they can be penetrated by the 
fruit-bear­
ing stems and will not later retain the nuts when the plant is uprooted.
 

Important groundnut-producing regions are found in all the countries of the Area,

notably in northern Nigeria, Senegal (see map in Figure 9 in Part I), and in southern Nigeria
 
and Chad.
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2. PRODUCTION AND YIELDS
 

Production in 1965 according to FAO was as follows: 

Green shelled, Value
 
metric tons US $
 

Senegal 204 400 35 343 000
 
Mali 29 790 4 149 000
 
Upper Volta 3 190 411 000
 
Niger 85 620 13 038 000
 
Nigeria 624 000 102 463 000 
Chad 1 770 210 000 

3. CLIMATIC NEEDS AND TOLERANCES
 

The cycle may be broken into three parts: vegetative period, flowering, maturing.
 
An example of relative duration will be given presently.
 

3.1 Growth cycles
 

Cycles vary from 85 days (corresponding to about 450 mm mean annual rainfall)
 
to 160 days (960 mi). However, groundnut is found in areas of as much as 1,200 mm rainfall
 
growing as a catch crop, for which purpose the short-cycle varieties are often used although,
 
other things being equal, longer-cycle varieties will return a higher yield.
 

3.2 Seasonal water need
 

Although the early varieties grown in the north show good resistance to drought,
 
especially during the vegetative period, groundnut has been found to need water at most stages
 
of its growth and development but more particularly during the period of useful flowering.
 

Flowering is axial as in the caee of cotton, but as there is a single harvest -­
uprooting -- the flowering corresponding to the fruits harvested jhould constitute a more 
compact grouping. Ripe nuts left in humid ground will tend to germinate whilst nuts maturing 
long after the rains when the ground has hardened might not be possible to harvest. 

3.3 Temperature
 

Temperatures appear to affect the rate of development, notably that of flower prc­
duction, even within the fairly uniform r~gime of the Area. This would allow short-.'yle 
varieties grown in the north to produce a sufficient number of flowers in a short tire. 

3.4 Photoperiodism 

Though groundnut is generally held to be photoperiolically neutral, variation in 
the cycle length of zome late varieties when sown at ii!ferent .atvxs ;.uggests .3hort-.iay 
reactions.
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Figure 64 Northern limit of rultivation of groundnut, with i ohVcts. Disregarding

flood-plain and irrigation areas in the vicinity of the rivers Senegal

and Niger and of Lake Chad, the limit seems to vary between 400 and
 
600 mm.
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Figure 65 -- Below a time scale in days are shown the occurrence and range of the main
biological events observed by Delolme in the Diourbel district; 
lower down
 
appear the average dates of the availability-of-water periods at Thies. 
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4. MATCHING OF ECOTYPE TO CLIMATE 

A paper by Delolme (1948) gives the actual range of cycles and main biological
 
events for the groundnut varieties grown in the Diourbel district in Senegal. His graphical
 
representation is shown in Figure 65 together with a diagram of the average timing of availa­
bility-of-water periods at Thies, nearby, drawn on the same time scale. Cycles and periods
 
agree well. The total growth cycle .corresponds to the moist period with z'eserve. Useful
 
flowering occurs during the humid period within the range of sowing iatvs. Most of the matur­
ing takes place after the humid period, thus minimizing the riSk of germination. Harvest 
takes place as the soil is Just drying out. This appears to be good adaptation of a crop to
 
the climatic environment. It suggests that the availability-of-water periods are usei'ul work­
ing agroclimatic parameters.
 

5. PARASITISM
 

Groundnut is sensitive to the rosette virus, which is carried by an aphid. The
 
time of infection determines the extent of the damage. If it occurs earlier than the fortieth 
day, the crop may be totally destroyed.
 

The fact that the disease is more prevalent in the south suggests relatively high

humidity as a climatic factor fostering aphid proliferation. It is thought possible that the 
aphids might be carried northwards from more humid source areas by the moist monsoon current. 
It might therefore be feasible to forecast the imminence of rosette infection; thereby attain­
ing more concentrated, and hence more efficient and economical spraying, timed so as to provide
 
maximum protection at the time of maximum exposure to the virus.
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MAIZE
 

1. COMPETITION WITH SORGHUM, AND DISTRIU'TIO 

If maize cultivation in the Area is increasing ZliIhtly at the expene of millet 
and sorghum, there are indicatlons that it is alzo likely to give way to other rtore lesirable 
cereals such as rice and wheat.
 

It is met as far north as sorghum and lends itself equally to flood cultivation,
wherever its greater demands on soil fertility are satisfied. In the south of the Area it 
can be grown, likei sorghum, either as a lon8-cy?le ,rjp or as a :atch .op, and it is found 
everywhere. 
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Comparative figurc.- ar( z;howzi in tf, tall( tLlow. 

Senegal a Uppor Ntgr NorthernVolta Ni;eria Chad 

Maize 26 000 100 000 127 000 0004 5 000 le 000 

Millet and
 
sorghum L,63 000 
 800 000 1 266 000 1 328 000 6 -23 000 850 000 

(From FAO Production Yearbook ij'75 and national Four-e..) 

Yields in the Area are relatively poor. 
 Maize is grown more successfully in manyparts of the world -- notably in the "corn belt" of North America -- and is found as far as
 
5 80 north when warm and hLLmid conditions are available.
 

2. WATER IFEEDS 

Available information on cycle length gives 
a range of 40 to 190 days. 
This means
that in term.s of this ,arameter it has access 
to 
the whole Area, using either the entire grow­
ing season, or, as rentioned above, only part of it.
 

In the maize plant, a.rcompared to sorghum, the leaves have a thinner cuticle andless wax; its secondary root system is less extensive; its water content is higher and so is
its transpiration in identical conditions. Also, it cannot compete with the tillering of
 
sorghum.
 

Against this, very young maize seedlings have a special ability to resist and subse­quently recover from dry spells, because of the way the leaves are 
rolled round the stem.
 
This makes early sowing possible.
 

3. HEAT AND LIGHT 

The minimum temperature requirements of maize are such that it would not 
be restric­ted on this score anywhere in the Area. 
 It is possibly limited by excessive maximum tempera­
tures although no precise data are 
available and the multiplicity of varieties and forms sug­
gests that some might be resistant.
 

The short-cycle varieties appear not to be photoperiodically controlled, but those
with a longer growth are short-day. This is 
an important characteristic which should be 
con­
sidered whenever 
new varieties of maize are to be introduced.
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LEGUZINOUS FUL3E3 

1. 	 DISTRIBUTION
 

Besides groundnut, cowpea 
 is another 	important source of' vegetable proteins inthe Area, 	throughout which its cultivation is spreading. 
The 3ame 2ultivatlon applies to
other types of leguminous pulses besides :owpea.
 

Production 	figures for 1935 (in metric tons) were as shown in the table below. 

I Snegl ~ liUpper ier Northern 

21000 I Volta Nigeria Ca21o o
0oooo 


(From FAO 	Production Yearbook for 1965 and national sources.)
 

2. 	 WATER NEEDS
 

140 days. 	
Cycle range extends from 45 days in the case of an early variety eaten green to
This gives it access 
to the whole of the Area and, in the south, to various sec­tions of the growing season.
 

3. HEAT AND LIGHT 

In comon with other crops of the Area, varieties are short-day or neutral photo­periodically.
 

Long-day varieties from the winter rainfall areas of North Africa (such as Egypt)require early sowing; alternatively, they may constitute an interesting 	sourceder because of the prolonged pre-flowering growth which occurs 	
of green fod­

when these 	varieties are grownduring the 	second hp'f of the year.
 

4. 
 PARASITISM
 

An important controlling factor is in-ect-borne diseases.
tive to climate, becoming more numerous and active with the 
The vectors are senzi­

increasing 	humiditymer rains. 	 or' the sum-Yields may be considerably reduced; however, early sowing, where It is possible,
increases production.
 

PASTURES A.D FODDER 
In the agricultural system of the Area, land impoverished by cultivation is allowed
to recuperate by lying fallow, sometimes for 10 years or more, and luring that period live­stock feed on plants growing on it well as on tne
as 
 areas permanently zet aside for grazing.
 

The maintenance of paJturez ant the pro-iuctiunessentially connected 	 or' 'oidet' In the Area are thererforewith this zys-tem ot' 1'allow:;, and the t;.o _ubJeots will be lizcuzzedi
together.
 

1. •AGROCLIMATIC FACTORS
 

Climate occupies an 
 even more 	 Irfortantf'actors 	 part arong.;t thein this section of agriculture than 	 "hyzi,:al environmentalin thoze where human intervention is more ,|ire.!tand ,ontinuous.
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1.1 Availability of water
 

The main agroclimatic problem, here as 
in the case of the crops already discursed,

is 
one of adaptation to the duration of the availability- and non-availability-of-water

periods, of the local or imported pastures and 
fodder plants available. The growth, or in
 
the case of perennials, the active growth cycle, muct fit the rainy season and the 
 urvival
 
of perennial forage plants is controlled by the length of the dry sva:or.
 

1.2 Water surplus
 

As already mentioned in Part II, water surplus occurs everywhere in tie Area
during the humid period and, where this surplus is excessive, it has a negative effect on 
the production cf annual crops. It was suggested, on the other hand, that in the case of
 
perennial forage plants with long roots, this surplus might determine, in privileged sites
 
with deep soils, the permanent establishment of pastures. 
 For similar mean annual rainfalls,
 
water surplus may vary as shown in Table 32 extracted from Table 13.
 

TABLE 32
 

P WS WS/p 

Maiduguri 660 159 0.24
 

Thies 695 
 244 0.35
 

Mongo 860 367 o.43 
Ouagadougou 880 
 247 0.28
 

NOTE: P, mean annual rainfall; WS,mean annual
 
water surplus showing variation in relative
 
amount of water surplus.
 

1.3 Flowering
 

The time of flowering, cften induced by photoperiodism, and sometimes hastened
 
by high temperatures, is also of importance, since it affects the possibility of finding
 
the green and edible vegetative forms at various times of the year.
 

2. FALLOW IMPROVEMENT AND SUBSTITUES
 

A number of steps can be taken to improve the quality and amount of the food
available to livestock, depending on the conditions in which these animals are kept in the
 
Area. These measures are discussed in increasing order of complexity.
 

2.1 Protected natural fallows
 

The simplest form of pastoral improvement consists of natural fallows surrounded 
by fences and guarded against grazing or fire, which may be subdivided into: 

(i) Completely protected fallows, which are only Justified when soil has become un­
productive, not when soil fertility has merely to be maintained at a certain
 
level. The effect of protecting fallows is to regenerate the soil. It does
 
not in itself replace useful forage plants eliminated by cultivation. A first 
level of fertility is regained after two to four years in the south and three to 



six years in the north. To regain full potential fertility, a much longer period
 
is necessary, in order to establish the microclLmate which natural vegetation,
 
with its denser cover, provides. During cultivation, the increased aeration and
 
temperature, and the reduced humidity, destroy organic matter.
 

(ii) 	 Partially protected fallows, where some control on firing and grazing ismaintained,
 
especially at first. Firing is, in fact, not invariably negative in its ef­
fects. It can be one of the best and cheapest methods of encouraging the develop­
ment of useful gramineous plants. The best time to fire is at the end of tne dry
 
season after the first good fall of rain. Tufts of useful perennials like Androoo­
gon gayanus are then able to provide an excellent regrowth. (The seeds of annual
 
grasses, incidentally, are not harmed, since they are protected by soil humidity.)
 
Early firing at the beginning of the dry season, on the other hand, favours bushes
 
and trees at the expense of grasses.
 

Besides these fallowL, the land set aside or available for permanent pasturing,
 
which increases very rapidly in extent towards the north of the Area, may also need con­
trolled firing.
 

2.2 	 Seeded fallows
 

The next step is to foster by seeding the re-establishment of perennial species,
 
which plowing has eliminated, and which cannot at first compete with the more rapidly de­
veloping annuals.
 

A knowledge of the climatic needs and tolerances of the desirable perennial va­
rietles is of course essential in choosing which to grow in the zones of different rainfall
 
rdgimes. The flowerirg time of these perennials is important, as it often marks the end of
 
their green palatable prase and is followed by dessication of the parts above the ground.
 
In all cases, the number of the desirable varieties available decreases from the south to
 
the north of the Area.
 

The best local species available for seeding is Andropogon gayanus, of which
 
there are many varieties. They cover a wide range of flowering d~ites: 50 days in a typical
 
collection from northern Nigeria. The range of the dates of theend of the humid period
 
between 1000 and 400 mm mean annual rainfall in the Area is 30 days.
 

A. gayanus is the species that is best known, most ztudied, tnd most experimentc'l 
with. It has been used for much fallow reseeding in various pat'ts of the Area. It is fC,.nd 
naturally at least as far north as the 400 mm isohyet where the dry season lasts about 200 
days. At Fort Lamy (650 mm) it is known to produce some green grass at the bottom of the 
tufts all the year round. 

Leguminous plants :ire ilso aisud 'nd somne of them "ire more i,!aptable to condition.; 
in the north of the Av'ea. Much remains to he found out about their climatic tolerances. 

0 Amongst the imported varieties suitable for reseeding, a leguminous plant, 
Stylosanthes gracilis, with a northern limit of about 900 mm, is thought to be important 
in the south of the A,-ea. 

Finally, it Is of cour.-e al.,o possible to ;row certain innitals on these .eeed 
;-astures. 
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2.3 Temporary pastures 

Temporary pastures are entirely sown and meant to exclude competition from local
 
species growing spontaneously. Because these leys require more attention th:n improved

fallows, a greater range of species can be grown. 
Most of those which have already been
 
quoted can be grown, and A. gayanus is prominent amongrt them. Buffel ra, rr-puted ill 
Australia to ac-ofriodate low an, variable rainfall, r,:ay al:o be mrction J. Amcr,.a;t leFga­
minous plants, S. gracilis may again be mentioned, and DoliLhus lablab, onc of thi pul..­
producing species, is interesting because of its long-day varieties which flower illApril-

May, so that they are available in the vegetative state during the dry season. 

Finally, certain annuals may be used, notably A. pseudapricus and Pennisetum 
pedicellatum.
 

2.4 Annual fodder production 

Annual forage production implies growing annual forage plants specially for feed­
ing livestock. Short-cycle annuals can be used and this production is therefore possible
 
right up to the northern boundary of the Area.
 

Amongst Graminae, sorghums, like Sudan grass, appear the most interesting.

S. almum is developed at Bambey where the duration of the moist period with reserve can be
 
estimated as 130 days.
 

From the Leguminosae, only producers of grains like cowpea and D. lablab appear
 
to be interesting. They have relatively short growth cycles.
 

3. PRACTICABILITY AND INTENSITY OF THESE MEASURES 

All these standard methods of intensifying pastures and fodder production are
 
technically possible everywhere in the Area, to a degree depending on the climatic conditions
 
discussed at the beginning of this chapter, and on the plants available to meet these condi­
tions. But the extent to which this intensification is taken will depend in the last resort
 
on socio-economic considerations.
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PART IV 

SV,ARY, CONCLUSIONS AND RECC,'1ENDATIONS 

AGROCLLh4ATIC CHARACTERIZATION OF THE AREA 

1. GENERAL CONSIDERATIONS 

1.1 Introduction
 

As was indicated at the beginning of this report, the main purpose of the study
 
is to make an inventory of the climatic resources of an area and, to that extent, of its
 
food-producing potentials.
 

In 	the present world drive for intensification of agricultural production, it is
 
essential to consider groups of several countries of similar physical environment and poten­
tials of production. With this in view, the report describes the seasonal occurrence and
 
spatial distribution of climatic factors, increasingly selected to characterize the needs
 
and tolerances of important crops in an area showing much homogeneity of climate.
 

Because of the size of the Area, which covers eleven countries, this survey is
 
of a general nature, although sometimes it quotes or presents more detailed studies. Some
 
of its salient features are repeated below and, at the same time, the most useful way of
 
presenting the basic information, which constitutes its main import, is discussed.
 

1.2 Characteristics of the summer rains
 

1.2.1 Dual nature of climate in the Area 

It has been shown, in terms of the circulation of the atmosphere, how a moist and
 
warm climate alternates each year with one that is dry and zeasonally hot.
 

1.2.2 Milder conditions during zu:.mer rJns
 

During the rainy season or monsoon, sunshine, air temperatures, saturation deficits 
and wind strength are such that, with the pos.!3ible exception of night temperatures, they do 
not appear to have a limiting effect on the productivity of the :rops in the Area. At the 
same time, daily mean rates of potential evapotranzpiration are reduced to 4 mm or less, well 
within the water tc.nductlng capabilities tfthese crcps (Table 33). 

1.2.3 	 Daily rainfall avnounts 

0 In the Area, rainfall per day of rain is about 14 mm on an annual basis. Mean 
daily rainfall averaged over the whole of the growing season is about 5.5 mm, and mean daily 
effective rainfall during that time is about 4 mm. rhis uniformity in the relation between 
rainfall IMnounts and ILration is characterl.i c f the .;mple rain-bearing mechanizms of the 
Area and would nit apply to ether parts .f the .world, ev.n in the tropics. 
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TABLE 3:
 

MONTHLY MEAN POTENTIAL EVAPOTRANSPIRATION IN *'i PER DAY 

3 F N A N 3 3 A S 0 N 

Agades 4.45 5.75 6.16 6.75 7.03 6.81 
 6.53 5.74 5.66 5.45 4.84 4.19
 
'u1igmi 3.83 4.59 5.20 5.72 5.95 5.98 
5.43 4.71 4.88 4.83 4.21 3.57

Oao 4.56 5.88 6.87 7.32 7.93 7.63 6.8r .71 6.11 5.86 4.91 4.54 
St. Louis 4.22 4.59 5.49 5.17 4.75 4.70 4.62 4Q 4.60 4.54 4.24 4.06 

Tahoua 5.90 6.65 6.83 7.47 7.72 7.58 6.00 4.89 5.47 6.11 6.19 5.13
 
Abichi 4.55 5.44 6.11 6.86 6.54 5.84 4.90 5.73 4.59 5.28 5.19 4.25 
Natam 3.06 3.74 4.57 5.20 5.73 6.20" . f- 4.3 47 4.42 3.48 2.95 
Mopti 4.72 5.82 6.78 7.43 6.80 6.21 4.719- 4.4 "475 "4776 4.50 4.17 
Zinder 4.44 5.48 5.95 6.39 6.39 6. 1-5.Z 4. 4 .B7" 3.39 4.81 4.19 
DkL.r 4.59 5.36 5.5 .XT 4. _473 -4.81 4.96 4.88 

Birni N'Xonni 4.58 5.45 5.85 6.24 6.42 6.09 4.74 
 4.22 4.53 4.83 4.46 4.25 
Niamey 5.20 5.98 6.68 6.96 7.08 6.7 -57C4 4. 4.3 3.3-7 5.06 4.61 
Maradi 3.77 4.37 4.94 5.55 6.02 5.87 4. 5 3.91 ".7-3 -13 3.83 3.46 
Fort Lamy 4.70 5.77 6.64 7.21 6.85 5._8- 4.4 3.= .4 3 54.314 5.24 4.53 
Maiduguri 4.66 5.68 6.48 6.95 6.70 5.141 4.34 3.64 _2 .. 24 4.96 4.27 
Thies 4.31 5.22 6.16 6.39 5.79 5.14- A. U- 3.71 3.99 .4.16_ .92 3.59 
Segou 
 4.44 5.30 5.93 6.05 6.31 5.10 4.51 3.96 4.25 -4.. 4.42 4.14 
Sokoto 4.17 4.81 5.43 6.03 5.90 5.-Al 4.18 3.62 4.14 4.70 4.42 3.90 

Kaye@ 4.34 4.97 5.98 6.56 6.97 5.93 4.66 3.81 4.15 4.47 4.07 3.91 
Naroua 4.21 5.41 5.96 5.97 5.80 4.11 3.94 3.78 3 .7 . 4.47 4.16
 
Kongo 
 3.60 4.53 4.74 4.99 5.18 4.45 3.77 3.05 37 4.0 3.66 3.46 
Kano 4.17 4.96 5.67 6.55 6.60 _5_. 4.38 3.70 4.44 4.8 4.49 3.94
lasl. 4.89 5.81 6.23 6.33 5.9 5.91 A . 6 3.80 'A.39 4.87 4.70 

456 5.34 6.09 6.39 6.08 4.92 4.29 3.60 . 4 . 7 4.45 4.23Ouagdougou 

Am Timan 3.82 4.20 4.79 5.30 5.15 A.2T 3.49 3.L . 2 . 3.76 3.38 
Bousso 3.74 4.47 4.86 5.26 4.58 -411-3. 5 3.9 3.84 3.37 
Tambacound 4.02 4.76 5.54 5,86 6.23 -4.87 3.67 3.43 3.4 -J .72 3.67 

Garoua 4.75 5.68 6.87 7.06 6.02 4.69 4.12 3.83 3.98 4. 3 1.28 4.73 
Pala 4.15 4.81 5.48 57 .. 1 41 . 3.34 4 4.' 4.54 4.21 
Navrongo 457 518 5.73 5.73 12 4 3.87 3.68 3.93 4.3 " "4.60 4.08 
Bamako 8 580 65 6.62 5.9 j 4.00 .0 4 4.29 4.35 
F. A1rchambault 3.65 4.40 4.83 5.04 ? '1 3.6 2.9 4 3.64
 
Bobo Dioulasso 4.76 5.62 6.07 5 .69 4.35 3.94 .7.9 # .8 4 . 28 4.39 
Woundou 3.93 4.70 4.89 4.98 3.9T. Sr T 4.3T0 J8D '.02 3.74 
Kaduna 6.30 6.64 6.22 5.80 5 5 4W 7 .33 - 7 -55 

NOTE: The availability-of-water periods are underlined -- the humid period with a solid 
line and the intermediate periods with a broken line. During the humid period ET 
values do not rise much above 4 mm per day. The highest monthly means occur just 
before and after the moist period, especially in the north, where it is short. 
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1.2.4 	 Drought risks
 
These amounts exceed 
 the mean rates of potential evapotr anspiration occurringduring the 	milder climate of the summer rains shown in Table 33.
 
When rainfall occurrence during individual 
years is considered insteadages, it is seen that it 	 of aver­is only at 	the beginning of the rains that interruptions sufficientlprolonged 	 to cause crop failure are, likely to occur. 	 Furthernore, in the greater part of theArea, these interruptions occur only when the beginning of the rains has been premature (as
was shown 	in the case of Zinder -- Availability of Water, paragraph 2.6.1). There is, how­ever, a risk of significant interruptiois at any time in the extreme north and also, perhaps,in areas of greater rainfall irregularity such as west Senegal. 

1.2.5 	 Length of the rainy season
 
Consequently it is, 
on the whole, the actual duration of the rains rather than
the adequacy of the water supply during the rains, which is the most important agroclimatic


limitation 	in the Area.
 

In order to define more specifically this duration in terms of agronomic produc­tivity potentials, "availability-of-water" periods were used, based on a comparison of rain­
fall and evapotranspiration.
 

1.3 	 Zonation of aroclimate in the Area 
The length 	of the "humid" period, during which rainfall exceeds potential evapo­transpiration, varies with latitude fairly uniformly, increasing from north 	to south from
nil to 140 	days. All the other parameters derived from the water budget also vary alongmeridional 	 gradients; positively from north to south like the availability-of-water para­meters and 	 sometimes negatively, as theis case with water surplus. Radiation outside theatmosphere, being zonal 	 in distribution, also results in zonal characteristics throughinteraction with the zonal cloud 	 and atmospheric humidity pattern 

its 
of the Area. 

In several of the tabulations of the other climatic variables of the 35stations, thIs 	 referencecommon zonation has been represented by arraying the stations according to
mean annual rainfall and separating classes every 200 mm. The agreement has been consist­
ently good.
 

Thus, tiroughout the Area, the meridional gradients and latitudinal zones, briefly
described in Part I, not only in terms of climate but also of vegetation and soils, were
to characterize equally well the 	 found 
more specialized parameters of Parts II and III,seen from the various sets of isolines illustrating them. 	

as can be 
It must be 	borne in mind that the.eisolines are artificial boundaries and that the variations are mostly gradual and continuous.
 

2. 	 AGROCLL1ATIC SUBDIVISION OF THE AREA
 

2.1 
 Further subdivision
 

The question now arises whether the utility of this report would be improved by
subdividing the Area further into 
-groclimatic regions 
nd subregions based on the 
integra­
tion of different climatic variables.
 

2.1.1 	 Scale of survey
 

This question has to 
be viewed first in terms of the scale of the survey and of
the number of reference points used.
 
Maping was originally done -t a jeale of 1:6 000 000, which was further consider­ably reduced by the printing )f the illu.;trations. 
 (It is thought, however, that the final
scoale 
is in keeping with the accuracy if the estimates represented.) 
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2.1.2 	 Density -! reference p intr
 
,
The rv'. of" reference points, 35, corresponding approximately to one station
 

per 100 000 squar' '11.fometres, is not conducive 
 to the drawing of detailed boundaries. Linesbased on an mnouf'P rn number of points may do more harn than good if used to dictate %gri­cultural policy,, Ii.( ncd fhr wind speed, cunshine duration and amountscloud reduced drar:t­ically the rn,..-	 (.aVln reference ztatinnr but the-e elementr. are eential for evaptran.­
piration an- v ,I . 1..-u :' ate . 

.2.1.3 	 Merit _,nal bouid.rieo 

Another difficulty in the agroclimatic subdivision of the Area is the absence of
marked meridional boundaries to break up the monotony of the zonation. The differences of
 a non-zonal nature apparent at the scale of the survey are few; and slight aid will be di,­
cussed briefly.
 

2.1.4 	 Wind speed 

The wind speed, irrespective of direction, seems to be 
the only simple meteoro­logical element not zonally distributed; with maxima in northern Mali and on the coast ofSenegal and minima in southern Chad. Although this has an important bearing 	 on evaporationrate, it is not 
thought sufficient u justify agroclimatic subdivision at this stage. 
 The
information on mean wind speed given in Part II, Figure 34, should suffice. 

2.1.5 	 Chad and Cameroon
 

There is some contrast between southern Chad 
 and adjacent northern Cameroon.
Southern Chad is more hunid, more cloudy and less windy. A result of these differences is
 seen in the evapotranspJ ration estimates and possibly reflected in the yields of cotton which
 are higher 	in northein Caneroon. These differences, no doubt of great importance in studies
at a lesser scale 
(see Part III, section 7) are overshadowed by meridional gradients when
 
considering the Area as a whole.
 

2.1.6 	 Sahelio-Canarian region
 

In the coastal districts of western Senegal, maritime influence, reinforced by
the strong and constant northerly winds associated with the Azores anticyclone, delimits a
region sometimoc, called "Sahelio-Canarian", where the onset of the rains is delayed and theirirregularity is greater. 
The region is also characterized by occasional winter rains. Several

of the maps in Part II show vertical lines in that coastal zone and, in the 
technical report,
a map for the hottest month of the year singles out this region as 
the only one where this
 
occurs 
after the summer rains. Another illustration shows the short penetration of the mari­time influence. 
This is probably the only valid case for the drawing of a meridional agro­
climatic boundary at the scale of this study.
 

2.2 
 Systems of 	climatic classification
 

Here the more general question of the usefulness of world-wide systems of agro­climatic classification might be discussed briefly in as far 
as it concerns surveys such as

the present one. 
 Such systems may also lead to defining territorial subdivisions on which
 
agricultural policy might be based.
 

A number of partly independent climatic variables 
are taken into account and
thresholds 	are chosen arbitrarily to subdivide the variation range into classes. If a large
nunter of variables are considered simultaneously, the system becomes complicated and 
un­wieldy. If orly a few factors are retained 	for the sake of clarity the system is oversimpli­
fied (and its use limited to teaching or the very first approach to a problem). For suchlimited purpose, already existing systems such as that of Koeppen are sufficient. 
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Ftgure 67 --	 Specimen diagrvruatic ummary of the main agroclimatic
 
tharacteristtcs of a reference 
 station (Zinder). 



Notes to Figure 67:
 

Radiation. From top to bottom: 
 radiation incident outside the atmosphere; global and
 
net radiation. All are expressed in millimetres of evaporable water per day.
 

Temperatures. 
Extremes and average, and also effective day and night temperatures. Below,
 
sums of temperatures in degree-days accumulated during the moist period plus storage, and
 
during the first intermediate plus humid period. 

Rainfall. Monthly variability histogram (based on a 30-year series, 1931-1960), showing,
frut the bottom upwards, amounts equalled or exceeded 30, 24, 18, 12 and 6 times out of 30. 
The last value is the highest amount observed during the 30-year period. On the right,
yearly amounts. (All heights are given in millimetres.) 

Water budget. Comperison of rainfall and three levels of evapotranspiration, demarcating
the lengths of the availability-of-water periods. The lengths of these periods are given
in days. They are, from top to bottom: the humid between the two intermediate periods;
the moist period plus storage; the moist -- and the sum of the first intermediate and the 
moist period.
 

Wind speed and saturation deficit. The wind speed, V (broken line) is in metres per second
 
and represents the sum of three daily readings. The saturation deficit (broken line with 
dots) is in millibars, and is the mean of three daily readings. 

/
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In agroclimatology, for each crop variety, for each particular problem (such asthe effect of climate on a certain disease affecting a given crop)classification, involving a different choice 
a different system of

of climatic variablesis required. and different thresholdsNowadays, the recordings of the variations of the climaticstored in machines and re-arranged into specialized systems 
factors can be 

to meet each new requirementthe need arises. (A limited example as was given in the ofcase the cotton ecotype grown inthe Area.) 

2.3 
 Conclusion
 

It is therefore thought that no useful 
purpose at this stage could be servedsubdividing the Area into subregions other by 
associated 

than the latitudinal zonation traditionallywith rainfall amounts, with the possible exception of the Sahelio-Canarian zone. 

fine 
The main purpose of this survey should be to evolve specific parameters and de­their spatial and seasonal variation so that they may be variously recombined as re­quired or used in more detailed investigations. 

3. AGROCLIMATIC DIAGRAM
 

It is on the 
other hand essential to try to describe as clearly and yet as com­prehensively as possible the characteristics of the reference stations.
be usefully sumarized by the Such description canuse of diagrams and thus, to a large extent,limitations freed from theof national language. (Diagrams have, in fact, been employed wherever possiblethroughout this report.)
 

An example is given in Figure 67,
the in the case of Zinder in Niger. The basisdiagram is the P - ET ofwater budget comparison, since here itlength of the growing season 

is water which limits theelsewhere it could be temperature.
temperatures Besides this, rainfall,(including sums corresponding to some of the availability-of-waterradiation, periods),wind and humidity characteristics are also depicted or quoted. 

Additional climatic factors and parameters, specialized and compoundedshould also be listed or tabulated, together with as needed,
the phenological information or cropdar available for the main crops grown in the vicinity of the station, 

calen­
to form a comprehensive

agroclimatic dossier.
 

DATA AND NETWORKS 

The scope of an agroclimatic survey such as the present one depends on the avail­ability of reliable data both on climate and crops, and these data, whenever possible, should
be quantitative. Quantitative
rology 

data are easier to obtain with a physical science such as meteo­than with agronomy and biology, and this causes a disparity to arise inavailable. Here the informationthe nature and origin of the most essential information is reviewedcommendations thought and re­to be realistic are made. 

I 

1. 
 AGRONCMIC INFORMATION
 

Under this heading, data on yield and production, and biological data for pheno­legy, are considered.
 

\V 
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1.1 Yield and production data 

Although a considerable effort was made to obtain from the Area yield and produc­
tion data of a quality and coverage which would make fruitful comparison with climatic factors
possible, only a few tractable series were found. Five different types of data found useful 
are listed below.
 

1.1.1 	 Yield data from agricultural trials
 
------------- ..------------
Information obtained from agricultural trials comes primarily from research sta­

tions, but useful data can also be obtained from trials performed outside. 
Valuable data are derived from variety trials spread over several years, when it 

is relatively easy to separate fluctuations in yield due to climate from those due to improve­
ment in stock and techniques, but yield from trials involving fertilisers, insecticides, or
 
different cultivation techniques, are less easy to interpret.
 

Very useful yield data are obtainable from the mean yield of all the trials of a
 
station (as was the 
case with millet at Bambey, discussed in Part III).
 

1.1.2 Seed production records
 

Yield data obtained from seed production records are probably superior to those
 
from trials, for analyses of the effect of climate, because 
 of the larger areas involved.
There again, data both from inside and from outside agricultural stations are valuable. 

1.1.3 Extension work at experimental farms 

Data from such work have the great advantage of coming from agricultural opera­
tions closest to normal production. When available from reliable sources such data are by

far the most useful for agroclimatic planning. 

1.1.4 _Published yield statistics 
Published yield data usually apply to a sufficiently large area to cancel out 

variation due to soil. However, as 
the area increases from village to canton, market centre

and district, it may reach such a size that the effects of local climate variation tend to
 
be smoothed out by averaging. 

1.1.5 Production statistics 

The utility of production statistics depends on the information obtainable on the
annual variation of the area cultivated. (If this area were known 
accurately, yields would 
of course be obtainable.) However, it is sometimes possible to 
assume a steady increase and
 
correct accordingly, so that it becomes possible to assess the effect of climatic variation 
on yield from the information. 

1.2 Biological data
 

Biological data for phenology were even scarcer than yield and production data 
and yet, as pointed out by the M1O Guide to Agricultural Meteorological Practices, para­
graph 2.1.2 (1963), "it 	is only possible to make limited progress unless routine biological

observations are made for comparison with routine meteorological observations". These obser­
vations are further subdivided according to the places where it is practicable to make them. 

1.2.1 Simple biological events 

During agricultural trials, seed production and extension work, phenological in­
fonation of importance can be obtained if the dates of simple biological events such as 
sowing, heading, flowering and harvesting are observed. However, although sowing and har­
vesting dates are usually recorded, the dates of flowering in its various forms are often 
not recorded although it is an important event which, in annuals, marks the end of the vege­
tative stage.
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1.2.2 
 More complex biological observations
 

Careful and detailed re cording of selected biological events of a more complexnature for comparison with simultaneously recorded meteorological data provide very usefulinformation on climatic control of the growth and development of crops. These observations
should be carried out in small plots in the vicinity of a meteorological enclosure and, in

the case of annuals, in connexion with staggered sowings. 

The mean productivity of the plants can be assessed at the same time, by measuringvegetative growth parameters, such as the number of nodes, and countirg and weighing fruits or grains. The work of Bezot (1963), discussed in Part III under Sorghum,4, is a good in­
stance of this method.
 

1.3 Recommendations
 

1.3.1 Yield and production data
 

It is therefore suggested that agricultural services and stations should bear inmind the need for yield data of the kind detailed in 1.1 and make them easily accessible bypublication. At the same time, records of simple biological events should be made and also
published, bearing in mind the importance of the date of flowering. 

It is essential that the more detailed observations discussed in 1.2.2 be also
made at the agricultural research stations of 
the Area, and published or circulated. The
meteorological observations with which they are to be compared should be made at the samespot. These requirements are discussed further in connexion with meteorological information. 

1.4 Network of agricultural stations
 

It is clear that considerations of climate enter into the siting of the agricul­tural research stations of the Area and their regions of extension. But it is also realizedthat many other considerations, such as logistics, administration and the historical aspect
of development are also of importance. 

Although little benefit would be derived from suggesting a model network of agri­cultural stations based entirely on agroclimatic considerations, some remarks arising out of
this study may appropriately be made here to provide some guidance in the choice of station 
sites and the determination of their area of extension.
 

1.4.1 Length and timing of the humid period 
The most critical agroclimatic parameter in the Area is the length of the humidperiod -- itself fairly constantly 60 days shorter than the period within which the totalgrowth cycle of crops must be fitted. This criterion should be taken into account in
tension work. For instance, a variety of groundnut resistant to the rosette 

ex­
virus, devel­oped in the grou:'dnut area of western Senegal would flower too soon in the south of Upper
 

Volta.
 

This question has already been discussed in the case.of cereals, and it has been
shown that the timing as well as the length of the humid period is of importance (Part III,section 7), and in this connexion it has also been shown that western Senegal differs from
the rest of the Area in that its rainy season is delayed and begins more abruptly.
 

1.4.2 Rainfall-variability 

The rainfall in western Senegal and in Chad was found to be more variable than inthe rest of the Area. Places in southern Niger, like Maradi, on the other hand, are represent­
ative of a region of relatively low rainfall variability. Mere consideration of mean annualrainfall might lead to under-estimating productivity in the latter case, and over-estimatingit in the areas first mentioned. Furthermore, to assume that variability simply increases 
with decreasing rainfall would be misleading. 
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2. METEOROLOGICAL INFORMATION 

As already indicated, meteorological information is generally at an advantage
compared with agronomic information, and this is clearly reflected in the Area surveyed.
This advantage is due to the fact that the physical measurements of meteorology are easier 
to make and record than the largely biological measurements of agronomy. Furthermore, meteo­
rology is by its nature a world-wide science, and it maintains world-wide standardization. 
There are, for instance, WMO Guides 
(1960, 1961, 1963) on instruments, on climatological and
 
on agricultural meteorological practices agreed upon by all the countries of the Area, which 
provide much of the guidance needed for the development of agricultural meteorology. 

2.1 Nature of the information 

The WMO guides referred to above give details of the nature of the meteorological
information required and of approved methods of obtaining it, and here only two limited as­
pects will be discussed. 

2.1.1 Radiation
 

The almost complete absence of routine radiation measurements from the Area has 
already been stressed. These observations are important in agroclimatology for assessments
of potential evapotranspiration and potential photosynthesis. In their absence, sunshine 
duration records were used, and when even those were not available, recourse was made to
 
cloud cover observations. Sunshine duration 
records should be available from, at the very

least, all synoptic meteorological stations in the Area. This requirement has 
probably been 
attained now, although the measurements do not extend sufficiently far back for the working 
out of averages.
 

Instruments measuring radiation are on the whole expensive and require careful 
calibration. However, in East Africa, satisfactory results have been obtained with water­
filled Gunn Bellani radiometers (McCulloch and Wangati, 1967). A network of these inex­
pensive and rugged instruments would be very useful in the Area. The level of daily global

radiation is consistently well above 
 the instrument's distillation threshold and all-the­
year-round performance is therefore ensured. Simple bimetallic actinographs can also give

good service. In all cases careful calibration and regular inspect±on are necessary.
 

2.1.2 Wind climatic returns 

Mean wind speed, a scalar measurement, is needed for the calculation of the 
advected energy term of potential evapotranspiration estimates. Practically the only form

of surface wind return available from meteorological publications in the Area is a tabula­
tion of occurrences of concurrent wind speed and direction within specified ranges, an avia­
tion meteorology requirement.
 

2.1.3 Reci"mendat.ons 

It is recommended that every effort should be made to increase the volume of
 
global radiation observations from the Area. Attention should also be paid to the increased
 
practicability of obtaining direct measurements of net radiation also.
 

It is further recommended that mean wind speeds irrespective of direction at
 
specified times of the day should be included in published meteorological summaries.
 

2.2 Meteorological network
 

2.2.1 Synoptic network
 

The network of synoptic meteorological observation stations forms a solid basis,

in the Area, for studies at the macroclimatological scale. 
 In this report the concepts

"atmospheric climate" and "theoretical water budget" discussed in Part II are of such a
scale.
 

/
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The selection of synoptic stations is controlled by many factors besides the need
to have a network regularly spaced and of optimum density. The network Is reviewed at inter­vals, at national and at international levels (such as
tion I). the meetings of WMO Regional Associa-
It is not thought appropriate to make suggestions for the enlargement of the synop­tic network in this report.
 

This is not to say that even at the macrometeorological scale the Area is perfect­ly covered. There are localities from which regular observations would be very informative,notably immediately to 
the north of Lake Chad.
 

2.2.2 
 Other observing stations
 
In this report, when mean evapotranspiration estimates were needed for the agri­cultural stations at Bambey and Deli, 
 the data of the synoptic stations at Thies and Moundou,
in both cases some distance away, had to 
be used.
 

It is thought that the most urgent need, and it is a need which could easily be
met, is to ensure that regular observations, of at least sufficient elements to work out
Penman evapotranspiration estimates (temperature, humidity, wind and sunshine and/or global
radiation) should be made at agricultural research stations, and subsequently published.
 

This would correspond to the level of an 
"ordinary agricultural meteorological
station" as described at 2.3.1 (b) in the WMO Guide to 
Agricultural Meteorological Practices.
Useful as 
they are, more complicated observations for the direct measurements of crop water
needs, using apparatus such as lysimeters, should never displace these basic minimum require­
ments.
 

Agricultura-l-meteorological liaison
 
To ensure the continuity and evenness of standard of meteorological observations
at agricultural stations, it is thought essential that they should be carried out by special­ly trained technical officers, or technical assistants, whose main or even sole responsibility
is 
to do this work. 
Any other arrangement, such as interested specialists from other disci­plines making the observations, tends to 
cause interruptions in the series of data.
 

It is thought that observers can best be trained in themeteorological services or, in some 
schools of the national 

cases, the 
regional observer schools.
 

The World Meteorological Organization recommends /Resolution 16 (EC-XI)7
spectal division, section "that a
or unit for agricultural meteorologyMember, and .:hould be established by each
that this division should normally be within the national meteorological service."
The responsibilities of these divisions are outlined in the Guide 
to AgriculturalMeteoro­logical Practices, paragraph 1.2.1.
 

Progress in this direction, which Lseems 
to be
of agrometeorolog, an essential step in the development
is accelerating in the countries of the Area at the 
time this report is
being written, but much still remains 
to be done.
 

It is thought that these agricultural meteorologicalservices units within the nationalshould be matched by similar units within national agricultural services. The em­ploymnht of meteorologists in agricultural services, 
to give physical expression to the
weather characteristics which have been found significant, is 
as essential as
of agronomists in meteorological services to call attention to 
the presence
 

the problems which deserve
consideration. 
Further ietail.; 
;n cull ib'uration oetween ::eteor'ologi-ts and agriculturistsare il.o given in the W1IO Guide alieady qu~ted, in section 1.3. 

\A\
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AGROCLD24ATOLOGY AND AGRICULTURAL DEVELOPMENT IN THE AREA 

1. CEREAL YIELDS IN THE AREA 

Cereal yields increase with growth cycle lengths, and the maximum length of cycle
which can be exploited anywhere in the Area depends on the length of 
the humid period. 

1.1 Sums of temperature
 

A more accurate relationship between yield 
a.;d cycle length can be obtained,
especially during the vegetative period, if sums of temperatures in degree days are used,
rather than Just numbers of days; although, in the Area, temperatures are so uniform thatthe maximum difference from north to south during the growing season would 
be at the most
3 per cent. (It is realized that, at the macroclimatic scale, such factors as exposure might
 
cause more significant differences.)
 

1.2 Maximumproductivity 

In Part III some instances were given of studies to establish the relation betweenyield and climatic factors; 
 and it was shown that the regression of yield on availability of
water of a well adapted ecotype at a given station is curvilinear. No attempt has been madein this study to estimate the rate at which yield increases relative to mean growth cycle,but there is evidence that the former does not keep pace with the latter. In other words, asorghum with a growth cycle of 200 days is not expected to yield twice as much as an earlyvariety ready for harvest in 100 days. It would appear that, if the entire range of ecotypeswere considered (assuming that 	in all cases 
their climatic requirements are ideally met) the
relation between yield per day and length of growth cycle would also be curvilinear.
 

This would be due to the fact that, although the range which semiarid cereals likemillet and sorghum can accommodate is fairly wide, they have a growth cycle of optimum effi­cincy shorter than the moist availability-of-water period found in the south of the Area.
Thus, as the humid period increases.southwards, the use of cereals which do not fill thewhole of the growing season may be justifiable from the point of view of maximum productivity
(as well as 
from motives of expediency) long before the interruption of the "little dry sea­
son" makes the consecutive growing of main annual crops the rule. 

http:134.TP.61
http:l0O.TP.44
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1.3 Climatic parameters
 
In the analysis of their relation with yield,
employed 	 the quantitative climatic parameterswere based 	 either on calendar 	subdivisions such as months, or on the timing of avail­ability-of-water parameters. The latter, though apparently more specific, did not yieldtinctly more significant relations. 	 dis-Much investigation has yet to be done 	 in this field. Moreand more specific climatic factors must be used. 
ney will 	be of a phenological nature
is another reason for making 	 (whichthe biological observations recommended undermation and networks, 1.2). the heading Infor-These factors may also be combined into complex parameters. How­ever, it must be realized that the more specific these parameters are, the less 	 suitable
they become 	 for extrapolation to other crops and to areas other than those 
 for which 	 they


were devised.
 

1.4 	 Corrections of yield and production trends for climatic fluctuation
 
Annual yields of millet and cotton discussed in this report (Part III, Tableand Cotton, section 	 246.1) show 	 considerable interarmnual variation, of which a 	large part mustbe attriouted to 
climatic fluctuation.
 

general 	
It was shown how these climatic fluctuations could be eliminated, thus leavingtrend due to improvement in materials and methods and, in the 	

a 
case of production,due to an increase 	 alsoin the area sown -- provided, of course, that this increase is regular. 

This general trend can be represented by smooth
from 	

a curve drawn freehand or plottedcalculation of sliding averages.
 

Forecasts of 
future yields which are a hypothetical extensiontrend line, should start from a of this general
point lying on it, and not from the value for a given year
which may 	 be exceptionally high or low, owing to climatic fluctuation. 

2. 	 MODELS
 

The concepts "atmospheric climate" 
 and "theoretical water budget", as 	describedin Part I, have provided a general or macroclimatlogical model of the availability of
water to crops in the Area. The assumptions on which he model was based wereto 	 broad enoughapply to all the crops. It is thought that, 
in all oases, this general macroclimatological
model should first be worked out before proceeding to more detailed studies.
 

2.1 	 Methods for finer models
 

Finer models should then be constructed, depicting the behaviour of specific crops
in specific 	environments. 
 (Though, strictly speaking, this is out pide the brief of this study
it is pointed out that these finer models 
are particularly applicable to 
the more complex
water budgets used when considering irrigation, total or supplementary, or flood plain culti­vation.) 	 For the construction of such models the following suggestions are made:
 
2.1.1 	 P-ETmodels
 

(I) Consideration of actual ccnditicns luring a given number of years ratherthan iverage for the period, which also makes it possible to estimate inter­annual variability and the risks of crop failures. An example of this kindof work is 	 given in Part II under the heading 	Availability of water, 2.6. 
U (ii) Analysis of periods shorter than one month. For this purpose, a convenient
period to 	be considered is the longest one during which, starting from fieldcapacity, 	 -3torige can still 	rot have b-en depleted to wilting point. Ten.lays or even a week ire :iuggested. (1he difficultie2s of obtaining averagesf'or such ;hort periodls ire no L.cnger restrictt, sitnce one is no longer con­

', znv- with ave rages.) 



SUMIMARY, CONCLUSIONS AND RECCH1M.ENDAT1IONL. 

(iii) 	 Since potential evapotranspiration varies relatively little from yerlr tr, 
year and since it requires multiple meteorological obzervatiorz and rclatlv'­
ly laborious calculation, long-term averages can be used, especially in a 
first approach. Furthermore, classes of average ET rates in terms of broad 
weather types like "wet and cloudy" or "sunny and dry" will give more accu­
rate results for short-term estimates. 

(iv) 	 Specifying the rates of water consumption (actual evap-trancpiraticn) in 
terms of the stages of development of the crop, and the amoLunt of water 
still stored in the ground as well as potential evapctranspiratioh. These 
rates are best expressed as a ratio of ET. (In the macro-model it was 
assumed that actual consumption equalled rainfall during the prehumid pe­
riod and potential evapotranspiration during the humid period.) 

(v) 	 Estimating more specifically the maximumi amount of water strabie in th(­
ground. This has generally been taken to be 100 mm, but it varies with 
soil texture and structure. These estimates can be based on actual measure­
ments or on analogy with known soils. 

2.1.2 Other models 

Other aspects of the water budget may also be expressed as analogue models if this 
method 	should prove useful in expressing probabilities. For instance, the effect of water
 
surplus and run-off in association with privileged topography and soils, which has already
 
been referred to in connexion with permanent pastures. 

Among other climatic factors taken in a context other than the water budget, sun­
shine, which is probably the most important and may be very critical with some crops, requires
 
detailed study in relation to the characteristics of yield and quality of produce which it
 
controls.
 

3. HOMOLOGOUS AREAS 

In all continents there are areas where the basic tropical circulation described
 
in Part I has resulted in semiarid climates and agricultural exploitations comparable to
 
those of the Area surveyed; though nowhere is there such a large expanse 
 free from the in­
fluence of high ground and of the sea. Some 
 of these areas will be mentioned under the
 
heading of the continents 
in which they are found and the two most important will be dis­
cussed briefly.
 

These two homologous areas are: north-west India and the adjacent part of West
 
Pakistan in the northern hemisphere, and the north of Australia in the southern hemisphere.
 
Neither presents quite the same climatic latitudinal zcnation as the Area and, for reasons
 
apart from climate, their exploitation has so far been very different.
 

3.1 Africa
 

The conditions found in the Area extend beyond the border of Chad into the Sudan, 
and it is only in the extreme east of that country that the mountains of Ethiopia and the 
Red Sea distort the simple tropical atmosphere circulation which prevails to the west. 

South of the Equator, climates homologous to that of the Area are also found, 
notably in Malawi, Rhodesia and further west. 
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3.2 North and 	South America 
In North and South America homologous tropical summer-rains climates occur, but,
with the possible exception of Brazil, in rather limited areas, because of the influence of
both high ground and of seas.
 

3.3 	 North-west India and adjacent West Pakistan 
This homologous area lies along the south-eastern edge of the Rajasthan and Sind
Desert. It shows 
the same arid to semiarid zonation with summer rains as the Area.
subsistence cereal crops are the same, but it is more densely populated. 

Its
 
In fact its food
production problems 
are not dissimilar, though probably more acute.
 

Important work on agroclimatology, with which 	the names of Ramdas (1960) andA. K. Mallik (1966) may be associated, has been done in this 
area. 
Much of this work Is

applicable 	to 
the west African area.
 

The zonation in the Indian semiarid area isand, in 	 aligned from south-west to north-eastthe east especially, the annual south-north movement of the monsoon shows greater
amplitude, reaching as 
far as 200 - 25"N. Consequently winter temperatures and energy po­tentials are lower in the northern parts of this area.

of day is also greater, a characteristic to bear in 

The annual variation in the length
mind when plant material is exchanged. 

3.4 Northern Australia 

The high-pressure belt of the southern hemisphere lies athwart the Australiancontinent 	and, to 
the north of it, there is a south-north arid to equatorial zonation withmonsoonal 	 summer rains, in many respects similar to that of the Area.
 

However, the population 
 is far less 	dense, and there is practically no traditionalsystem of 	subsistence agriculture comparable with that of the Area. 
Consequently, the approach,
the surveys, and the agricultural exploitation are, in a sense, contemporary.
 

Since the 	pressure of subsistence agriculture is far less than in the Area, live­stock raising has received more attention and ranching extends into regions of higher rain­
fall. 

Much work 	capable of useful application in the area of the present survey has been
done in Australia. 
Publications of the Commonwealth Scientific and Industrial Research Orga­nisation (CSIRO) are of special interest. Amongst them, 
those dealing with surveys, and some
of the work of R.O. Slatyer (1960) may be mentioned.
 

Comolementary rainfall areas
 

It is worth noting that there is a difference of half a year between the summer
rains of the two hemispheres and that, to 
this extent, they are complementary, a fact which
may prove 	of importance in future planning of integrated food production for large areas such as tropical and equatorial Africa. 

The same complementary relation exists oetween the rainfall r~giines:;,uth of the Sahara Desert, and of North Africa on the other side of it. 
of the Area, 

4. 	 AGRICULTIURAL DFQ0AOPENT 

The t-r.Vitional agriculture of the Area his been described as extensive and devoid.'f techicaJ~,~ ~h~evement. 
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Progresb appears to lie in the devel.pmont .,f an agriculturc. as intenowrv 
 a,.
economic conditions will allow. Work at agricultural otaLiorno In th: Area ha.o demon.:tratc.dthat stable (non-itinerant) and adequate production is possible in the physical environment
prevailing. The main intensification techniques involved include, besides advariced water 
economy, improvement of genetical stock, 
use of fertilisers, plant protection, mechanization
and integration of crop and livestock production. -In all ca!-e: the baric agroclimatic infrr­
mation of this study ca 
be of use. Some example will be giv-2n. 

4.1 Fallows and live-tock production 

The various substitutes for natural fallows were diLcussed 
in Part III, where it
was shown that the ability of pasturp and fodder plants to accurmmusdate increanirgly shartr

availability-ff-water 
 perios, and correspondingly longer dry periods, decided their ai:.tri­bution in the Area. A'- much nepdr to be known about the clima'ic need! aiA. t:,lerance- f
 
these plants as ab- ut th ,so 
 .,f cash and subsistence crops. 

It should be possible to identify specific climatic parameters related to thelivestock holding capacity of pastures. 
A pilot study, using the simple ratio P/ET is 
to
 
be found in the Technical Report.
 

Though socio-economic considerations strongly influence the apportioning of the
land between pastures and crop production, in the end climatic factors often have to be used
to define actual grazing, or ranching, boundaries (especially when they are enforced by legis­
lation, as is already done in some countries). So far mean annual rainfall has been the para­meter used in such cases, but it should be 
clear from this survey that more accurate parameters,
based on availability-of-water periods and water surplus, could with advantage be used in the
 
Area.
 

4.2 Fertilizers
 

Manufactured fertilizers coming from more developed areas 
tend to bring with them
techniques of application adapted to the needs of their country of origin. 
It was seen in the
analysis of millet yield that much deep drainage of nitrates could be caused by a large water
surplus during the humid period, resulting in reduced yield. 
The single rainy season of the
Area, with its peak in August, demands special times of application, and special dosages.
 

4.3 Plant protection
 

Desert Locust swarms periodically infest the Area, sometimes with devastating
results. 
 It is now well established that these swarms move with the wind. 
 In the north of
the Area, in summer, invading swarms are concentrated along the ITCZ by the convergence of the
monsoon and harnattan currents, and both climatic and actual day-to-day information on lowlevel wind direction and speed are used in the strategy and tactics of swarm control. At the
same time, the Desert Locust requirementrs for laying (a loose-texture soil carrying smallamounts of available moisture at a depth of about 10 cm) are met in the north of the Area, inthe same convergence zone, whenever more than about 10 cm of rain has fallen on sandy soil,and thus weather and climate 
can often provide the key to efficient control of newly hatched
 
hoppers.
 

In the application of insecticides by methods such as 
air spraying, far from waiting
for still conditions, advantage is 
now taken of atmospheric turbulence to deposit very small

drops in vertical surfaces. 
For this technique, a knowledge of actual distribution with height

of temperature. and wind velocity is required. 
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4.4 	 Mechanization
 

It was pointed out in Part II that, in Senegal, the preparatory period muchwasshorter than further east, and consequently the groundhad to be prepared much more rapidly.
Consequently where this operation is mechanized, a larger stock of machinery would be needed.
 

4.5 	 Conclusion
 

In conclusion it may be said that, although the actual degree of agricultural
development in the Area will depend on socio-economic factors, agroclimatology is 
an es­
sential part 3f its achievement. 

5. WATER SUPPLY AND AGRICULTURAL DEVELOPMENT IN nI1 AREA 

It seems that continuous food production is possible throughout the year in theArea, whenever water supply is not limiting, as the other climatic factors themselves are
 
not limiting.
 

5.1 	 Winter season
 
Monthly mean global radiation amounts in December and January are not very dif­ferent from August values, about 400 cal cm- 2 .day-i. The corresponding level of potentialphotosynthesis is sufficiently high for active production of vegetable matter. 

The day temperatures do not appear to be depressed below the vegetative zero ofthe most warmth-demanding crop plants. However, in the north, different cereals, like wheatand rice, are grown with advantage in winter, where there is irrigation water, or in flood
plains. The night temperatures are then at their lowest, which may be a desirable featurefor dry matter production. During the 	winter season, the ratio of global radiation to temper­atures is at its highest. This too may be an advantage with certain dense crops. 

5.2 	 Extension of summer growing season
 

Irrigation during the dry 
season preceding the moist period and, to a lesser ex­tent, during that following it, can, in the north of the Area, extend that period to match more productive crop growth cycles (say about 160 days).
 

Supplying 	 this additional water does not however bring about the milder conditionsof temperature and atmospheric humidity associated 	with the monsoon. Consequently, the po­tential evapotranspiration rates, then at their highest (as shown in Table 33), will remainrelatively 	high (about 6 mm) and dry matter production per mass of 	water consumed will be atits lowest. Moreover, the dessicating action of the harmattan is then at its most intense,and it is in such weather that the protection afforded by shelter belts would be most useful.
 

5.3 	 Disease-free nature of the dry period 
One advantage of the dry period, which spreads over the winter as well as 	 the hotand dry autumn and 	spring months, is that, owing 	mainly to the low humidity of the air and2parse natural vegetation, there is a great reduction in the incidence of pests and of para­sites and 	 their insect vectors. It would seem either that they are in a dormant state or

that they have migrated with the ITCZ.
 

5.4 	 Supplementary water needs
 

Using the 	 estimates and suggestions of this study, it might be said tentativelythat a swumer "moist" period ,f about 160 days (whch seems to be an uptifnLUn length of annualgrowing cycle In the Area) requires -about 800 tun of well-spread rainfall. The mnount of sup­
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plementary 	 irrigation water needea to proviao such a atmnuallywould rarigc from abru 

500 in the 	north to nil in the south.
 

A winter growing season of about the same duration would require about 500 mm.
 

In the south of the Area this is almost the extent of the water surplus, and with optimum
 

means of storage and ec,,nomy 1,200 mm of mean annual rainfall should suffice to ensure con­

tinuous cultivation over a large proportiin of the arablc laL,1. 

5.5 	 Water supply
 

About one million million cubic metres of water fall annually over the survey
 
area, and the various ways in which it can be more aptly distributed, or made to circulate
 

more rapidly from the surface of the ground to the crops and back into the atmosphere, are
 

receiving attention.
 

Large dams and irrigation works have been or are being planned and built in
 
connexion with the two main rivers and some of their larger tributaries. But these can
 

only affect a relatively small percentage of the Area.
 

The amount of accessible water underground is being increasingly realized, and
 
the exploitation of this water will no doubt increase the productivity of the Area.
 

Finally, it is thought that village-scale works for storing water (preferably
 
underground) from artificial catchments, for use especially in the perimeters of settlements,
 
which are richer in nitrates, represent another major potential, because the surfaces they
 

could affect add up to an important fraction of the Area.
 

6. 	 FOLLOW-UP ACTION
 

Agricultural meteorology in its present form is 2eveloping very rapidly, so that
 
this report would soon be out of date, both with regard to methods and, more especially, in­
formation, if there were no follow-up action. The forms of action which are recommended
 

will be briefly discussed.
 

(Recommendations concerning the observational network arising out of this study
 

have already been made in another section of Part IV.)
 

6.1 	 Technical meeting
 

A technical meeting should be held in the Area some time after the publication of
 
the reports to discuss their contents and gather the opinion of meteorologists and agronomists
 

from the countries concerned, as to how this work can be extended and improved. A meeting of
 

this kind was held in Beirut, Ps a follow-up to the first survey, with beneficial results
 

(not the least being an improvement in collaboration between the meteorologists and the agro­

nomists in the countries concerned).
 

6.2 	 Extension of number of reference stations and publication of their agroclimatic
 

characteristics
 

As the data available improves with respect to diversity, quantity and serial
 
length, it will be possible to increase the number of reference stations (here 35) in the
 
Area &id amplify the climatic and biological information characterizing each. It is suggest­
ed that this basic information should be published as a collection of agroclimatic character­

istics independently from any other work of synthesis, interpretation or cartography. Each
 

station would have its own dossier, illustrated by diagrams like Figure 67. For the exchange
 

of plant stock it is thought that accurate descriptions of the agroclimate at a given spot
 

are more valuable than the sketching cut of agroclimatic regions.
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6.3 Publication of lists of unpublish: . ata 

Some unpublished information (especially in. the field of agronomy, as a result
 
of the IRAT mission), was collected from the Area. Lists of this 	information, which in 
places is difficult of access, and in some cases perishable, should be published.
 

6.4 More detailed work 

At the beginning of this report (and elsewhere in the text) it was pointed out
 
that one of its most useful outcomes should be to touch off more detailed investigations
 
at a national or subregional level. Some sample studies, especially of variability --
 as
 
opposed to those of average 
 conditions used in this predominantly macroclimatological
 
survey -- were included in the report, and 
 it is hoped that they will suggest appropriate
 
lines of investigation.
 

In addition, it is thought that some of this more detailed work should be under­
taken by personnel from the interagency agroclimatology project itself to test further the
 
applicability of the working 
 concepts used in the surveys to the increase of agricultural 
production.
 

This could best be done in association with United Nations technical assistance 
programmes of the three agencies supporting the project, or of the Special Fund. An important 
aspect of such collaboration would be to appraise the extent to which the basic information
 
presented by the surveys can be used by experts in the field.
 

Indeed, the main purpose of this survey is to provide these experts, native or
 
expatriate, with basic agroclimatic information of an international character.
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AGROCLIMATOLOGY AND AGRICULTURAL DEVELOPMENT IN THE AREA 

1. CEREAL YIELDS IN THE AREA
 

Cereal yields increase with growth cycle lengths, and the maximum length of cycle
which can be exploited anywhere in the Area depends on the length of the humid period. 

1.1 Sums of temperature 

A more accurate relationship between yield aid cycle length can be obtained,especially during the vegetative period, if sums of temperatures in degree days are used,
rather than just numbers of days; although, in the Area, temperatures are so uniform that
the maximum difference from north to south during the growing season would 
be at the most
3 per cent. (It is realized that, at the macroclimatic scale, such factors as exposure might 
cause more significant differences.)
 

1.2 Maximum productivity 

In Part III some instances were given of studies to establish the relation between
yield and climatic factors; and it was shown that the regression of yield on availability ofwater of a well adapted ecotype at a given station is curvilinear. No attempt has been made
in this study to estimate the rate at which yield increases relative to mean growth cycle,

but there is evidence that the 	 former does not keep pace with the latter. In other words, a
sorghum with a growth cycle of 	200 days is not expected to yield twice as much as an early
variety ready for harvest in 100 days. It would appear that, if the entire range of ecotypeswere considered (assuming that 	in all cases 
their climatic requirements are ideally met) the
 
relation between yield per day and length of growth cycle would also be curvilinear.
 

This would be due to the fact that, although the range which semiarid cereals likemillet and sorghum can accommodate is fairly wide, they have a growth cycle of optimum effi­ci~hcy shorter than the moist availability-of-water period found in the south of the Area.
 
Thus,. as the humid period increases.southwards, the use of cereals which do not fill the

whole of the growing season may be justifiable from the point of view of maximum productivity

(as well as from motives of expediency) long before the interruption of the "little dry sea­
son" makes the consecutive growing of main annual crops the rule. 

http:134.TP.61
http:100.TP.44
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1.3 Climatic parameters
 

In the analysis of their relation with yield, the quantitative climatic parameters

employed were based either on calendar subdivisions such as months, or on the timing of avail­
ability-of-water parameters. The latter, though apparently more specific, did not yield dis­
tinctly more significant relations. Much investigation has yet to be done in this field. More
 
and more specific climatic factors must be used. They will be of a phenological nature (which

is another reason for making the biological observations recommended under the heading Infor­
mation and networks, 1.2). These factors may also be combined into complex parameters. How­
ever, it must be realized that the more specific these parameters are, the less suitable 
they become for extrapolation to other crops and to areas other than those "Ihichfor they
 
were devised.
 

1.4 Corrections of yield and production trends for climatic fluctuation
 

Annual yields of millet and cotton discussed in this report (Part III, Table 24
 
and Cotton, section 6.1) show considerable interannual variation, of which a large part must
 
be attriouted to climatic fluctuation.
 

It was shown how these climatic fluctuations could be eliminated, thus leaving a
 
general trend due to improvement in materials and methods and, in the case of production, also 
due to an increase in the area sown -- provided, of course, that this increase is regular. 

This general trend can be represented by a smooth curve drawn freehand or plotted
 
from calculation of sliding averages.
 

Forecasts of future yields which are a hypothetical extension of this general

trend line, should start from a point lying on it, and not from the value for a given year
 
which may be exceptionally high or low, owing to climatic fluctuation.
 

2. MODELS 

The concepts "atmospheric climate" and "theoretical water budget", as described 
in Part II, have provided a general or macroclimatological model of the availability of 
water to crops in the Area. The assumptions on which the model was based were broad enough 
to apply to all the crops. It is thought that, in all cases, this general macroclimatological 
model should first be worked out before proceeding to more detailed studies. 

2.1 Methods for finer models
 

Finer models should then be constructed, depicting the behaviour of specific crops

in specific environments. (Though, strictly speaking, this is outside the brief of this study
 
it is pointed out that these finer models are particularly applicable to the more complex
 
water budgets used when considering irrigation, total or supplementary, or flood plain culti­
vation.) For the construction of such models the following suggestions are made:
 

2.1.1 P-ET models
 

(1) Consideration of actual conditions during a given 11unber of years rather 
than average for the period, which also makes it possible to estimate inter­
annual variability and the risks of crop failures. An example of this kind 
of work is given in Part II undei the heading Availability of water, 2.6. 

(ii) Analysis of periods shorter than one month. 
For this purpose, a convenient 
period to be considered is the longest one during which, starting from field 
cap telty, storage c-n still not have been depleted to wilting point. Ten 
lays or even a we,k ire fulggested. (The difficulties of obtaining averages 
tXor such .ihort periodIs -ire no Lrnger t'estrictive :AInce one is no longer con­
2erno,i with :ivernges.) 
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(iii) 	 Since pdtential evapotranspiration varies relatively little from year to 
year and since it requires multiple meteorological obzcrvations and rulativc­
ly laborious calculation, long-term averages can be used, especially in a 
first approach. Furthermore, classes of average ET rates in terms of broad 
weather types like "wet and cloudy" or "sunny and dry" will give more accu­
rate results for short-term estimates. 

(iv) 	 Specifying the rates of water consumption (actual evapotranzpirati(,i) inz 
terms of the stages of development of the crop, and the amount of water 
still stored in the ground as well as potential evapotranspirati(rn. The 
rates are best expressed as a ratio of ET. (In the macro-model it was 
assumed that actual consumption equalled rainfall during the prehumid pe­
riod and potential evapotranspiration during the humid period.)
 

(v) 	 Estimating more specifically the maximum amount of water storable it,the 
ground. This has generally been taken to be 100 mnm, but it varies with 
soil texture and structure. These estimates can be based on actual measure­
ments or on analogy with known soils. 

2.1.2 Other models 

Other aspects of the water budget may also be expressed as analogue models if this 
method should prove useful in expressing probabilities. For instance, the effect of water 
surplus and run-off in association with privileged topography and soils, which has already 
been referred to in connexion with permanent pastures.
 

Among other climatic factors taken in a context other than the water budget, sun­
shine, which is probably the most important and may be very critical with some crops, requires
 
detailed study in relation to the characteristics of yield and quality of produce which it
 
controls.
 

3. HCMOLOGOUS AREAS 

In all 	continents there are areas where the basic tropical circulation described
 
in Part I has resulted in semiarid climates and agricultural exploitations comparable to 
those of the Area surveyed; though nowhere is there such a large expanse free from the in­
fluence of high ground and of the sea. Some of these areas will be mentioned under the 
heading of the continents in which they are found and the two most important will be dis­
cussed 	briefly.
 

These two homologous areas are: north-west India and the adjacent part of West
 
Pakistan in the northern hemisphere, and the north of Australia in the southern hemisphere.
 
Neither presents quite the same climatic latitudinal zcnation as the Area and, for reasons
 
apart from climate, their exploitation has so far been very di..-nt.
 

3.1 Africa
 

The conditions found in the Area extend beyond the border of Chad into the Sudan,
 
andoit is only in the extreme east of that country that the mountains of Eth4icpia and the
 
Red Sea distort the simple tropical atmosphere circulation which prevails to the west.
 

South of the Equator, climates homologous to that of the Area are also found,
 
notably in Malawi, Rhodesia and further west.
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3.2 North and 	South America 
In North and South America homologous tropical summer-rains climates occur, but,
with the possible exception of Brazil, in rather limited areas, because of the influence of


both high ground and of seas.
 

3.3 	 North-west India and adjacent West Pakistan 
This homolcgous area lies along the south-eastern edge of the Rajasthan and SindDesert. It 	 shows the same arid to semiarid zonation with summer rains as the Area. 	 Itssubsistence cereal crops are the same, but it is more densely populated. 
 In fact its food
production 	problems 
are not dissimilar, though probably more acute.
 

Important work on agroclimatology, with which the names of Ramdas 	 (1960) andA. K. Mal!ik 	(1966) may be associated, has been done in this area. 	 Much of this work is
applicable 	to the west African area.
 

The zonation in the Indian 	semiarid area is aligned from south-west to north-eastand, in the 	east especially, the annual south-north movement of the monsoon shows greateramplitude, 	 reaching as far as 	 200 - 25 0 N. Con, equently winter temperatures and energy po­tentials are lower in the northern parts of this area. The annual 	variation in the lengthof day Is 	 also greater, a characteristic to bear in mind when plant material is exchanged. 

3.4 	 Northern Australia
 

The high-pressure belt of 
 the southern hemispherecontinent 	 and, to lies athwart the Australianthe north 	of it, there is a south-north arid to equatorial zonation with
monsoonal summer rains, in many 
 respects similar to that of the Area.
 

However, the population is far less 
dense, and 	 there is practically no traditionalsystem of 	subsistence agriculture comparable with that of the Area. 
Consequently, the approach,
the surveys, and the agricultural exploitation are, in a sense, contemporary.
 

Since the pressure of subsistence agriculture is far less than in the Area, live­stock raising has receivei, more attention and ranching extends into regions of higher rain­
fall.
 

Much work capable of useful application in the area of the present survey has been
done in Australia. 
Publications of the Commonwealth Scientific and Industrial Research Orga­nisation (CSIRO) are 	of special interest. Amongst them, those dealing with surveys, and someof the work 	of R.0. Slatyer (1960) :ay be mentioned.
 

3.5 	 Complementary rainfall areas
 

It is worth noting that there is a difference of half a year between the summer
rains of the two hemispheres and that, to this extent, they are complementary, a fact whichmay prove 	 of importance in future planning of Integrated food production for large areas such 
as 
tropical and equatorial Africa.
 

The same compiementary relation exists between the 	 riinfall r~gimes of the Area,.5uth of the Sahara Desert, and of North Africa on the other side of it. 

9 

4. 	 AGRICULTURAL DEVELOPMENT 

'he traditional .igriculture of the Area has been described as extensive and devoidof technical achievement. 

kru
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Progress appearr to li in the devel...ment f an agriculture as int:n,'iv, a:
 
economic conditions will allow. 
 Work at agricultural tatioun In thy Area ha, denoinn!trated
that stable (non-itinerant) and adequate production is possible in the physical environment

prevailing. The main intensification techniques involvej include, besides advancL:! water economy, improvement of genetical stock, use of fertilisers, plant protection, mechanization
and integration of crop ard livestock pr, duction. In -I case., the bar-ic agrclimatic infor­
mation of this study can be vf u-v. Soiuc cxan.:piez will be givt-n. 

4.1 Fallows anA livestock prductlon 

The various substitutes for natural falluws were discussed in Part I1, 
 where it
 was shown that the ability of pasture and fodder plants to accorimiodate increa:ingly U:iort,,
availability- f-water perinrdt, ajd crrezpondingly longer dry pc-rihdr, decided their ciztri­
bution in the Area. An much -eJo to be knowni about the climatic reei a, tolerance: f
 
these plarnts as about tho~e 
 .)f cash awi subsistence crops. 

It should be possible 
to identify specific climatic parameters related to the
 
livestock holding capacity of pastures. 
A pilot study, using the simple ratio P/ET is to
 
be found in the Technical Report. 

Though socio-econemic considerations strongly influence the apportioning of the
land between pastures and crop production, in the end climatic factors often have to 
be used
 
to define actual grazing, or ranching, boundaries (especially when they are enforced by legis­lation, as is already done in some countries). So far mean annual rainfall has been the para­meter used in such cases, but it should be clear from this survey that more accurate parameters,
based on availability-of-water periods and water surplus, could with advantage be used in the 
Area. 

4.2 Fertilizers
 

Manufactured fertilizers 
coming from more developed areas tend to bring with them
techniques of application adapted to the needs of their country of origin. 
It was seen in the
 
analysis of millet yield that much deep drainage of nitrates could be caused by a large water

surplus during the humid period, resulting in reduced yield. 
 The single rainy season of the
 
Area, with its peak in August, demands special times of application, and special dosages.
 

4.3 Plant protection
 

Desert Locust swarms periodically infest the Area, sometimes with devastatingresults. It is now well established that these swarms move with the wind. 
 In the north of

the Area, in summer, invading swarms are concentrated along the ITCZ 
 by the convergence of the 
monsoon and harmattan currents, and both climatic and actual day-to-day information on low
 
level wind direction and speed are used in the strategy and tactics of swarm control. 
At the
 
same time, the Desert Locust requirements for laying (a loose-texture soil carrying small 
amounts of available moisture at a depth of about 10 cm) are met in the north of the Area, in
 
the same conve-gence zone, whenever more than about 10 cm of rain has fallen on sandy soil,

and thus weather and climate can often provide the key to efficient control of newly hatched
 
hoppers.
 

0 In the application of insecticides by methods such as air spraying, far from waiting
for still conditions, advantage is now taken of atmospheric turbulence to deposit very small
 
drops on vertical surfaces. 
 For this technique, a knowledge of actual distribution with height

of temperature and wind velocity is required.
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4.4 Mechanization
 

It was pointed out in Part II that, in Senegal, the preparatory period was much 
shorter than further east, and consequently the ground had to be prepared much more rapidly. 
Consequently where this operation is mechanized, a larger stock of machinery would oe needed. 

4.5 Conclusion
 

In conclusion it may be said that, although the actual degree of agricultural 
development in the Area will depend on socio-economic factors, agroclimatology is an es­
sential part of its achievement.
 

5. WATER SUPPLY AND AGRICULTURAL DEVELOPMENT IN TiE AREA 

It seems that continuous food production is possible thrughout the year in the
 
Area, whenever water supply is not limiting, as the other climatic factors themselves are
 
not limiting.
 

5.1 Winter season
 

Monthly mean global radiation amounts in December and January are not very dif­
ferent from August values, about 400 cal cm- 2 .day-l. The corresponding level of potential
 
photosynthesis is sufficiently high for active production of vegetable matter.
 

The day temperatures do not appear to be depressed below the vegetative zero of 
the most warmth-demanding crop plants. However, in the north, different cereals, like wheat
 
and rice, are grown with advantage in winter, where there is irrigation water, or in flood
 
plains. The night temperatures are then at their lowest, which may be a desirable feature
 
for dry matter production. During the winter season, the ratio of global radiation to temper­
atures is at its highest. This too may be an advantage with certain dense crops. 

5.2 Extension of summer growing season 

Irrigation during the dry season preceding the moist period and, to a lesser ex­
tent, during that following it, can, in the north of the Area, extend that period to match
 
more productive crop growth cycles (say about 160 days).
 

Supplying this additional water does not however bring about the milder conditions 
of temperature and atmospheric humidity associated with the monsoon. Consequently, the po­
tential etapotranspiration rates, then at their highest (as shown in Table 33), will remain 
relatively high (about 6 n-fl) and dry matter production per mass of water consumed will be at 
its lowest. Moreover, the dessicating action of the harmattan is then at its most intense, 
and it is in such weather that the protection afforded by shelter oelts would be most useful. 

5.3 Disease-free nature of the dry period 

One advantage of the dry period, which spreads over the winter as well as the hot 
and dry autumn and spring months, is that, owing mainly to the low humidity of the air and 
.,parse natural vegetation, there is a great reduction in the incidence of pests and of para­
sites and their insect vectors. It would seem either that they are in a dormant state or
 
that they have migrated with the ITCZ.
 

5.4 Supplementary water needs
 

Using the estimates and suggestions of this study, it might be said tentatively 
that a summer "moist" period of about 160 lays (which Leems to be an cptimum length of annual 
growing cycle in the Area) requires about 800 mn of well-spread rainfall. The .mount of sup­
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plementary irrigation water nceded to provide such a seaoon annually would range from about 

in the A5outhoe milln million cubic metre 

area, and the various waysin which it can be more aptly d wstributed, tou 


5-5~Waartsppl of fall annually-over the suey 
or made 5rculate 

more raptly from the surface f the ground to the crps and back into the ainosphere are 

receiving attention.: i -" . " : / ..:,! 

me" • Lare dams andirrigatlon works havebeen or are being planned and built ine 


connexion with the two main rivers"and some of their larger tributaries But these can
 

,only affect a relatively small percentage of the Area.
 

-
5The amount of accessible water underlrouyd is being increasingly realized, and
 
exploitation ofohethis water willno doubt increase the productivity oftheArea.
whreceiin ate c ~nti. s ersn aohrmjrptetabcueth ufcste 

,~ :_ heFinally, it is thoug t that villa e-scae works fo strin water (preferablyto-ciunder, round) from artificeial catehmengo for use especially inathe perimeters of settlements
 

could affect add up to' an important afrgtion of the Area. 

*6. epoiFOLLnW-UP ACTION wi n . d i t p u v o t Area. 

arl
e bricerdinsnitresrpeetaohrmaodoeta,'eauete'u.cste
 
this report would soon be ou hof aboth methods moret
date, wth regar to a d especialyin­

rfomationdif
there werenofollowupaction. The fosof acion whch arerecomendeden 

6.1 FechnclU AeTIOng
 

have already been made in another section ofPart IV.) 

A gechnical meeting should beheld in the Area some time after the publication of 
the reports to discuss their ontents bndgathr theopnon of meteoroogrsts and nomlsts­

'::::7::from the" counties: concerned,i as to0 how ths 'work :can be• extended and improved. iA meeting of:
fomthi kin, held e no to •:i .: wi ri as a followup the forst survey, with be fcalmresults 
l(nothe iast beln n imp vemen in colaboration between the meteorologists and the aro­6.1 Tchniacaleristis~ 
vnomists t observational network ariin out of this studyin thecountries concerned).

As tehnicaall ingoves heitherea o imey qatrte publsiaino 
,6.2alreadExtensondof number of reference stat and ublication of their.aroclmatic 

any inr colbtofsntenthes,(notheeastl eing poement meteonorolaogrsandphe Eagro
ength it will be pssibleto increase the n ber ef refeonce station 35) in rhmets(here
nstin tldheoutris oncssere) ilutatdb digas.lk Fiue .Frteecag 
r eand amplify the c ,AItissuggestfclimati and bioloical information characterzinveach.


62tninof tc ti nln rtaionp n of the ivnsohumber ofaarefee c ulction iragroclimatickis information should be published asd ath basihl a collecionr of,atoclbmatenfcharacter 

at skthiou pub 'arleionae th r sbasichinotio t oe' lidmai f'agolmtcaatr 

http:digas.lk
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6.3 Publication of lists of unpublished data
 

Some unpublished information (especially in the field of agronomy, as 
a result

of the IRAT mission), was collected from the Area. Lists of this information, which in
 
places is difficult of access, and in some cases perishable, should be published.
 

6.4 More detailed work 

At the beginning of this report (and elsewhere in the text) it was pointed out

that one of its most useful outcomes should be to 
touch off more detailed investigations

at a national or subregional level. 
Some sample studies, especially of variability -- as 
opposed to those of average conditions used in this predominantly macroclimatological 
survey -- were included in the report, and it is hoped that they will suggest appropriate
 
lines of investigation.
 

In addition, it is thought that some of this more detailed work should be under­
taken by personnel from the interagency agroclimatology project itself to test further the
applicability of the working concepts used in the surveys to the increase of agricultural 
production.
 

This could best be done in association with United Nations technical assistance 
programmes of the three agencies supporting the project, or of the Special Fund. An important
aspect of such collaboration would be to the to which the basicappraise extent information 
presented by the surveys can be used by experts in the field.
 

Indeed, the main purpose of this survey is to provide these experts, native or
expatriate, with basic agroclimatic information of an international character. 
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