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Preface
 
In the semi-arid tropics high and sustained agricultural production is ham
pered by many natural constraints. The SAT farmer must cope with the 
vagaries of a rainy season that is short and highly unpredictable; intense 
rainfall interspersed with sudden droughts; soils with low infiltration capacity 
and thus great water erosion hazard; and, finally, a high evapotranspiration 
rate during the growing season. 

In 1973, ICRISAT began its program to develop farming systems that will 
help increase and stabilize agricultural production through better use of 
natural, human, and capital resources in the semi-arid tropics. Within this 
main program, the agroclimatology subprogram deals with the characteriza
tion and quantification of weather elements (and clim3te) in relation to 
agriculture. Following 5 years of research in this area, ICRISAT sponsored an 
International Workshop on the Agroclimatological Research Needs of the 
Semi-Arid Tropics. 

The main objectives of the workshop are: 

1. To discuss the current status of agroclimatological research at ICRISAT 
and in the semi-arid tropics in AFia, Africa, South America, and Australia, 
specifically: 
a. Present techniques and approaches in the investigations of physical 

resources in the semi-arid tropics. 
b. Available instrumentation for data collection, .,sacuracy and adequ

acy. 
c. 	Available methods for the quantification of moisture environment and 

its application in crop planning. 
2. To suggest and plan afuture course of action for climatological research, 

with major emphasis on: 
a. Modifying or expanding the present approaches so that the results 

may be targeted and information disseminated within a given time 
scale. 

b. Planning crop-weather interaction studies that may be set up at 
bench-mark locations around the semi-arid tropics. 

c. 	 Establishing research links that will aid in improving the present data 
base and its analysis. 

The 24 participants included scientists from Australia, Brazil, Canada, 
France, India, Kenya, Niger, Senegal, the United States ofAmerica, and Upper 
Volta, and representatives of the World iv .teorological Organization, the Food 
and Agriculture Organization, and the U.S. Agency for International De
velopment. Twent,, iCRISAT staff also participated. 

Four technical sessions were held: (1) Climatological features of the SAT 
discussed the agrometeorological network and data collection over the 
semi-arid areas of India, Brazil, and Africa; (2) Water-budgeting models and 
their application focused on studies related to the dynamics of soil moisture in 
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Vertisols and Alfisols, soil moisture budgeting techniques and their applica
tion; (3) Crop-environmental interactions aimed at identifying plant and 
atmospheric parameters in water-stress studies in relation to their effect on 
plant growth and yield; and (4) Interdisciplinary research needs of agroc
limatological studies at ICRISAT. 

The summaries and recommendations of these sessions are presented at 
the beginning of each section of this volume. 

ICRISAT is pleased to publish the proceedings of the International Work
shop, which enabled our scientists and agroclimatologists from other SAT 
areas to share their views and benefit from one another's experience. 

S. M. Virmani 
Workshop Coordinator 
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Climatological Features of the
 
SAT: Methodologies and
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Summary and Recommendations
 

Summary of Papers 

This session dealt with the importance of col-
lecting good agrometeorological data for agroc-
limatological research in the semi-arid tropics 
and with the problems encountered in the 
acquisition of such data. The use of such data in 
agronomically relevant classifications of the 
climate was discussed. Examples of new ap-
proaches to a more meaningful interpretation 
of climatologica! data in agricultural research, 
development, and operations were presented. 
Status reports of the agrometeorological ser-
vices for portions of Africa, Brazil, and India 
were presented. 

Dr. Virmani pointed out that the SAT is a 
unique region, where temperatures are gener-
ally adequate, with lack of moisture as the key 
limiting factor. Methods for quantifying rainfall 
distribution, thesoil moisture environment, and 
water balance methodology were discussed. He 
emphasized the usefulness of the ETIEp ratio in 
analyzing crop-weather relationships. Similar 
expressiu's should be effective in crop-
production models and in improved agroclima-
tic classifications to identify soil-crop-climate 
systems. 

Dr. Rijks in his paper demonstrated the use of 
near real-time agrometeorological data in op-
erational AGMET reports. He pointed out the 
need for standardization of observations and 
the importance of rapid dissemination of the 
information. He also referred to the program 
now under way at the Regional Agrhymet 
Center for training different types of personnel, 
and the Center's research and data analysis 
activities. 

The need for international as well as national 
coordination of agrometeorological data collec-
tion became quite obvious from the paper by 
Dr. Reis, who reviewed the meteorological net
works and current studies in Northeast Brazil by 
various organizations. 

Dr. Sarker presented a status report on the 
activities of the Agricultural Meteorology Divi
sion of the India Meteorological Department. 
The processed agrometeorologicsl data are 
used in research, for example, in preparing 
crop-weather diagrams, crop-weather calen
dars, and the agroclimac atlas. Awide range of 

rainfall analyses have been made to help define 
the water status of different zones in India. 
Crop-weather relationships have been estab
lished, which permit crop yield forecasts to be 
made. Pertinent weather Information is cur
rently provided to farmers through radio sta
tions. 

Finally, Dr. J. S. Russell presented and de
monstrated the application of pattern analysis 
methods in agrometeorological research. This 
new approach to classifying climates, group
ings of locations and extrapolation of experi
mental results appears to be a promising re
search tool supplementing present methods. 

Recommendations 

1. Steps need to be taken to integrate ag
rometeorological techniques, which pro
vide information on the day-by-day soil
crop-atmosphere status, especially crop 
water stress, into studies concerned with 
the production of crops in different envi
ronments. 

2. The specific requirements of agriculture 
for agrometeorological data need to be 
provided to national agrometeorological 
services (the India Meteorological De
partment, or IMD, in India). 

3. 	National meteorological services should 
be requested to give high priority to the 
development of effective system for col
lecting and distributing agrometeorologi
cal data. 

4. 	The application of new analytical ap
proaches to analyzing crop-weather data 
and classifying climates for expediting the 
transfer of agrotechnology should be en
couraged. 
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Climatological Features of the Semi-Arid Tropics
 
in Relation to the Farming Systems
 

Research Program 

S. M. Virmani, M. V. K. Sivakumar, and S. J. Reddy* 

Summary 

The semi-add tropics pose a unique set of climatic features to those involved in 
programs of agricultural development. Such areas, on the basis of temperature, are 
suitable forthe production ofany crop that doesnot require a coldperiodin its life cycle. 
Lack ofmoisture is the key limiting factor to stabilizedand improved agriculture in SAT 
regions. In recent years, there has been a growing appreciation of these climatic 
constraints, and attempts are being made to increase the length ofthe growingperiodby 
improving soil and water management Efforts to this end will involve the fitting of 
appropriate crops/cutivars to appropriate soil-climatic zones. In the SAT environment 
this wouldprimarily mean the matching ofmoisture environment available to the water 
needs of the crop plants. 

In this paper, methods for quantifying rainfall distribution; the moisture-availability 
environment as affected by moisture-storage capacity ofthe soils in relation to time and 
quantum distribution ofprecipitation via water-balance methodology are presented. A 
scheme for matching the crop-water demand andstochastic water supply is presented 
for determining the "likely" suitability of crops to soil-rainfall environments. 

Due to the characteristic spatial distribution of natural endowments in the tropical 
regions, the moisture environment for crop growth tends to be highlylocation specific. 
The methodology ofintegrating rainfall,soilstorage,and evaporation characteristics via 
the water-balance procedure would greatly assist in the transfer of farming systems 
technology. Given the variability of the SAT, such a quantification also contributes 
substantially to delineating the potentially rewarding areas for agricultural research. 

In the seasonally dry rainfed semi-arid tropics The main focus of the Farming Systems 
(SAT), crop yields are low and variable from Research Program at ICRISAT is "resource
year to year. The instability in agricultural pro- centereO," for increasing and stabilizing agricul
duction is caused primarily by undependable tural production in the SAT. Th Agricultural 
rainfall. In any particular agroclimatic region, Climatology subprogram is concerned primari
therefore, the aim of an interdisciplinary farm- ly with resource assessment and classifica
ing systems research team is to derive a set of tion. The distinctive characteristics of the SAT 
practices for resource development, resource environment influence the distribution of 
management, and utilization that will lead to natural endowments -soils, rainfall, and cli

substantial and sustained increases in agricul- mate. It tends to introduce a strong element of 
tural production while conserving and improv-	 location specificity in terms of the agricultural 
ing the region's resource base. 	 environment. Therefore, the quantific- n and 

characterization of the natural resource base of 
any SAT area is of fundamental importance for 
the transfer of agrotechnology. Given the vari-

S. M.Virmani is Principal Agroclimatologist and ability of the SAT environment over time and 

Program Leader; M. V. K. Sivakumar and S. J. space, such a quantification also contributes 
Ready are Agroclimatologists, Farming Systems substantially in delineating the potentially most 
Research Program, ICRISAT. rewarding areas for agiicultural research. 
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Characteristics of the SAT 
Environment 

The semi-arid tropics are charactorized by a 
high climatic water demand. The mean annual 
temperature is >18°C and rainfall exceeds 
evapotranspiration for only 2 to 4.5 months in 
the dry and for 4.5 to 7 months in the wet/dry
semi-arid tropics (Troll, 1965). Inorder to meet 
the high climatic water d6mand during the 
growing season, the study of the supply pattern 
of water assumes great importance. SAT re-
gions are characterized by a highly vrriable 
rainfall. The coefficient of variability of rainfall 
in humid climates isabout 10 to 20%, whereas 
in SAT climates it is 20 to 30%. 

Rainfall Pattern of Hyderabad: 
an Example 

The annual rainfall at Hyderabad is highly er-

1400. 

1200. 

.1000 
E 

C 
0 800 

600 

400 

1900 10 10 30 

ratic, and data of the last 77 years (Fig. 1)show 
that itmay vary from 320 mm (1972) to 1400 mm 
(1917). The variability is encountered inter
yearly as well as seasonally. Rainfall distribu
tion during 1975, 1976, and 1977 at ICRISAT 
Center is plotted in Figure 2. It appears that 

'distribution of seasonal rainfall is high y erratic, 
for example, September was thewettest month 
in 1975 and the driest month in 1977. In 1977, 
August received fairly good amounts of rainfall; 
in 1975, it was the driest ofthe rainy months. We 
observed that open-pan evaporation is highly 
influenced byrainfall. The values go down to as 
low as 3mm on rainy days, and very high values 
of open-pan evaporation were recorded during 
dry days. 

Effect of Atmospheric Demand 
on Soil-Moisture Availability 

At this stage it may be pertinent to consider 

.- Mean 

40 50 60 70 1977 
Year 

Figure 7. Annual rainfall at Hyderabad (1901-1977) (C. V.% : 26). 
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some of the environmental characteristics that pheric evaporative demand. As shown in Table 
are important in relation to supply and demand 1, the volumetric moisture content and atrrno
of soil moisture. The work of Denmead and spheric demand play an important role in deter-
Shaw (1962) and Shaw (1978) showed that the mining the ratio of the actual supply of water to 
ability of soil to supply water to a crop is the potential water supply (termed relative rate 
influenced by soil-moisture status and atmos- of ET). If the volumetric soil moisture is about 

100 

1975 (1029mm) 
ao. 156 

E 

- 60.
 

". 40. 

10. 

1976 1679 mm) 
E80 112 
E 

60-

S40

20. 

100. 

1977 (543mm) 

E 

60.
 

40. 

) 20-

June July Aug Sept Oct 

Figure 2. Rainfall distribution at ICRISA T Center, 1975 to 1977. 
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field capacity, then (irrespective of the potential 
evapotranspiration demand) the plants will be 
able to absorb water at a potential rate. If,on the 
other hand, volumetric soil moisture content 
drops down to 30%, the plants will be able to 
take up water at a potential rate only at low 
atmospheric-demand rates. At high evapora
tion rates the supply to plants will be only
six-tenths of the potential demand. Thus the 
plants will be suffering from rroisture stress 
even though about one-third ,f the available 
water is present in the root zone. Crop yields are 
proportional to the moisture availability and an 
optimum range of moisture-availability condi-
tions is required for different crops, according 

Table 1. 	Rolative rate of ET under three 
atmospheric-demand conditions. 

Available soil Atmospheric demand 
moisture(% by volume) High Medium Low 

100 (F.C.) 1.0 1.0 1.0 
70 	 1.0 1.0 1.0 
50 	 0.95 1.0 1.0
30 	 0.62 0.85 0.97 
10 	 0.20 0.28 0.65 

Source: 	 Shaw, Modeling crop yields using climatic data. 
(This volume.) 

to their growth pattern, for tziaximum yield.
Hence (a) quantification of moisture environ
ment for crop Crowth and (b) crop response to 
moisture str6is and crop water needs *ire the 
major areas o concern to the ICRISAT agro
climatology research program. 

Rainfall Climatology Research 
and Its Application 

Let me discuss some of the methodologies and 
approaches that have been adopted at ICRISAT 
for investigation of climatic water availability.
Let us look at some of the methods commonly
used for determining climatic water availability,
taking 	the Hyderabad region as an example 

(Table 2). The ratio of mean rainfall to potential 
evapotranspiration shows that rainfall could 
meet about 55% of the demand in the month of 
June, whereas in the subsequent rainy months 
rainfall adequately meets the demand (.85
1.37). August and September show a positive
moisture balance. In the postrainy season, rain
fall is not adequate to meet potential demand. 

The mean monthly rainfall data do not yield
information on the dependability of precipi
tation to meet potential demand. Hargreaves 

(1975) has defined dependable precipitation 
(DP) as that amount of rainfall which could be 
received at 75% probability. It is evident that the 

Table 2. 	 Climatic water availability at Hyderabad, India. 

Mean rainfall Mean PE 

Month (mm) (mm) RF/PE 


Jan 	 2 110 
Feb 
 10 129 

Mar 13 
 181 

Apr 23 198 

May 30 220 

Jun 107 
 196 0.55 


Jul 165 
 140 0.85 

Aug 147 
 135 1.09 

Sep 
 163 119 1.37 

Oct 
 71 124 0.57 

Nov 	 25 
 104 0.24 

Dec 	 5 99 

a. At 75% probability, also referred to as OP. 
b. Moisture Availability Int;ax - PDiPE 

Dependable 
precipitation (mm)a MAIb 

0 
0
 
0
 
6 .03
 
7 .03 
59 .32
 

121 .75
 
86 .55
 
91 .65
 
30 	 .21
 
0
 
0 
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dependable precipitation amounts are much potential demand are fairly adequate through
lower than the mean rainfail received at out the months of July and September. In the 
Hyderabad, and so one must consider depend- month of August, however, a drought may be 
able precipitation ratherthan mean rainfall. The encountered in about 40% of the years. After 
moisture-availability index- defined as the October these probabilities again start going 

ratio of dependable precipitation to mean down, due to recession of monsoon rains. 
rainfall - shows that adequate moisture is av
ailable for the rainy months of July, August, and Comparison of Rainfall Pattern 
September at Hyderabad. These analyses, of Two Locations 
however, do not give information on the con
tinuity or breaks in rainfall and its adequacy to In order to illustrate the effe,.civeness of this 

meet environmental demand on a short-term kind of methodology in delineating some of the 

basis. important precipitation features of site spe-
Probabilities of rainfall at Hyderabad as a cificity and also to investigate whether the 

function of time during the year are plotted in technology generated at ICRISAT Center can be 
Figure 3. It is seen that in the dry months of transferred to another place, two locati'sns fairly 

January to June there is little chance of receiv- similar in their broad agroclimatic character

ing an amount of rainfall that would be istics ware selected (Hyderabad and Sholapur, 
Fig. 4). From their moisture-availability indicesadequate to satisfy at least a third of the poten-
(Table 3), it is apparent that annual rainfall istial demvnd. But starting from the last week of 
fairly similar at both locations, as is seasonalJune, these probabilities exceed the 70% level, 

The figure also shows that the onset of rainfall rainfall. The rainfall is equally variable and the 
potential evapotranspiration is fairly similar atat Hyderabad is abrupt and that there is also a 

two The moisture-availabilitycontinuity in the rainfall once the rains begin, the locations. 
index calculated by Thornthwaite's methodThe continuity is depicted by the dotted line, 

58 for Sholawhich is a plot of the probability of a rainy week shows - 56 for Hyderabad, but 
followed by a rainy week (wet/wet). The plot pur. The growing season, as calculated by the ap

also shows another interesting feature in that proach of Cochemd and Franquin (1967), shows 

rainfall receipts to meet at least one-third of the that Hyderabad has a growing period of about 

100. 

80 
80. 70% 

l60 I Wet/wet 14Ainitial 

.040-x,!rv 

j II 

0 
1 i 1'2 16 20 4 28 32 36 40' 44 48 52 

Weeks 

Figure 3. Probabilities of rairfal (RIPE- 0.33) at Hyderabad (1901-1970 data). 
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130 days, whereas at Sholapur the growing annual yields range from 5000 to 7000 kg/ha, 
season could extend to 148 days. Both locations while at Sholapur rainy-season crops are risky
have deep Vertisols. and annual yields range from 1000 to 2000 

From the above, one would probably antici- kg/ha. How does one explain such large differ
patethatthe agricultural possibilities atthetwo ences in crop yields when the climatic charac
locations are fairly similar. Five years of re- teristics of the two places are, on a very broad 
search, however, shows that rainy-season scale, fairly similar? 
crops are successful at Hyderabad and the The reason can be seen from the plot of the 

3 6 ' i3 6 
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.igure 4. Location of Sholapur and Hyderabad. 
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Tae . Moisture evdlablilty Ildies at two 
location. 

Index Hyde-abad Sholap,,. 

Annual RF (mm) 

Seasonal RF (mm) 

CV RF (%) 

PE (mM) 

Im 

Growing season (days) 
Soils 

8. Moisture Index,
__._Moistureindex,_ 


100

764 742 
580 556 

26 28 


1757 1R02 
-56 -58 
130 148 


Vertisols Vertisols 

80- 70% 

:5 

0 

60-A 

0

20

60 Hyderabad 

Sholapur I 

0 4 8 12 16 20 24 

initial probabilities thelrainfell will meet at least 
one-third of the potential demand at Hyderabad 
qnd Sholapur (Fig. 5). At Hyderabad, once 

rienfall begins, there is continuity a.!rainfall and 
a high d3gree of dependability throughout the 

months of July, Augubt, and September. At 

Sholapur (the dotted lines) the continuity seen 
in tainfall at .;yderabad isnot so obvious. At 
Sholapur, the rains are highly erratic during the 
growing beason; hence the success of a rainy 
season crop is highly unpredictable. The con
tinuity of the rains depicted by the conditional 

Figure 6 (the probability ofprobabilities in 
receiving a rain this week if the previous week 

36 44 48 52
28 32 40 


Weeks 

Figure 5. Initial probabilities of rainfall of RIPE 0.33 at Hyderabad and Sholapur 

100o
 
A70% I 'Ii-io. '\ 


Hyderabad0~ 
040 ' 

j - 201 ,Sholapur 

I 

24 28 32 36 40 44 48 52
4 8 12 16 20
0 

Weeks
 

Figure 6. Conditional(wet/wet) probabilities of rainfall (RIPE- 0.33) at Hyderabad and Sholapur. 
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has been wet) shows that at Hydarabad the 

conitinuity in rainfall isfair,whereas at Sholapur 

the continuity is less reliable, 
One application of such analyses is to de-

lineate the probability of success of different 

types of crops. Our studies on the relationship 

between dependable rainfall aoid suitability of 

cropsfor selected locations in India show that in 

areas with a high dependability of rainfall (e.g., 

Varanasi) the growing season is about 14 weeks 

at the 70% probability level. Dryland determi-

nate crops could be successfully grown at this 

location. At Bangalore, on the other hand, even 


if one chooses a lower probability level of 60%, 


only indeterminate crops could be grown. 


This methodology of rainfall probabilities 

could also be used to demarcate the risk as-

sociated with dry seeding of rainy-season crops 

in the SAT. The dry-seeding period for rainy-

season crops will be a couple of weeks ahead 

of the onset of the rainy season. At Hyderabad, 

the onset of seasonal rainfall is abrupt at the 
of the rainy season and thecommencement 

are high.probabilities of continuance of rain 

Therefore this location offers excellent scope 

for dry seeding, At Sholapur on the other hand, 

the onset of rains at the commencement of the 

is not marked and the chances of theseason 

continuity of rains after onset are not as high. 


a risk to drySuch locations therefore pose 
seeding. Based on rainfall-probability analysis 

areasof more than 90 stations in India, the 

offering possibilities of dry seeding on Vertisols 

aremappedinFigure7. Againthemethodolcgy 
is to use the dependability of precipitation and 

soil-moisture storage. It appears that one could 

distinguish very easily the risk associated with 

dry-seeding possibilities at different locations 

in the deep Vertisols spread over large areas in 

example, the techno:zgy for dryIndia. Fe 
seeding of crops generated at ICRISAT Center 

could be translated with afair degree of success 

to Akola, J~balpur, Indore, and Udaipur, 

whereas at Sholapur, Dharwar, Jalgaon, and 

Ahmcdabad the likely success of dry seeding is 

low due to the high risk associated with it. 

Usinac the WaterStochastic Modeling
Balance Approach 

So far, our discussion has been mainly on the 

probabilities of rainfall and the methodologies 

that may be used to employ this information in 

the planning of agricultural strategies/ 

operations. One other important component 

that affects length of the growing season is the 

water-holding capacity of the soils. The average 
in profile moisture on apattern of changes 

weekly basis in three typical soils of Hyderabad 

region are p.otted in Figure 8. These curves are 
throughbased on rainfall records from 1901 

1970. From water-balance analysis carried out 

as per CSIRO systems (Keig and McAlpin 1974), 

it is apparent that in shallow Alfisols there is 

very little soil-moisture storage for crop use 

over extended drought periods. In deep Alfisols 

and medium Vertisols, as well as in deep Ver

tisols, there is a fair degree of storage for afairly 

longer time during the growing season. Thus, 

under identical rainfall conditions, the effects of 
on cropshort-term intraseasonal droughts 

moisture status will differ in the three soil types. 

The amount of water lost as runoff would also 

differ, and the potential benefits derived from 

supplemental applications of water would vary 

with the soil type. 
Through water-balarnce studies, the length of 

the growing season for different soils can be 

estimated. The length of the growing season 

would depend on the available water-storage 
capacityof thesoil (Table 4). At75% probability 

level in soils with relatively low water-storage 

capacity under Hyderabad conditions, we have 

15 weeks of growing season. Under high soil 

water-storage conditions, the growing season 
to about 23 weeks. Thiscould be extended 

would mean that (depending on soil water

storage capacity) one could grow a medium- to 

a long-duration crop at the same location on a 

deeper soil as opposed to a short-duration crop 

on a low water-holding capacity soil. Since soil 

types and rainfall patterns in the SAT show 
over short distances,considerable variations 

such analyses will assist considerably in deriving 

estimates of crop-growing periods and suitable 

crops. 
By estimating weekly the amounts of available 

water in the root zone of crops in relation to 

potential evapotranspiration d'mand, the 
at preprobabilities of water 2vailability 

ran be determined fordetermined levels a 

particular soil type. Since the ET rates of crops 
in relation to the potential evapotranspiration 

rates are well defined under adequate moisture 
to soilconditions, a comparison of these 
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moisture availability estimates should give a will be exposed to soil-moisture inadequacy at 

better appreciation of the "likely" fitting of several growth stages, but on the other hand if 

crops in a given soil-rairfall-evaporation com- the soil-moisture storage capacity were 150 or 

plex. Figure 9 depicts such an exercise for 300 mm, the risks of water deficiency are much 
less. Thus one might select for shallow soils aHyderabad conditions in typical soils and for 

short-, medium-, and long-duration crops. It is drought-hardy crop (e.g., castor bean, Ricinus 

apparent that a long-duration crop in a soil communis), whereas in deeper or heavier soils 

with 50 mm available water-storage capacity a crop with medium sensitivityto drought (such

164 , ')6 S!8 8. 92 96 
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Figure 7. Possibilitiesof dry seeding on Vertisols. 
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Figure 8. 	 Weekly soil-moisture storage in 

three soils (Hyderabad, 1901-1970). 


aspigeonpea,Cajanuscajan)wouldbesuitable. 
Similarly one could fit in short- and medium-
duration crops. Effects of changes in seeding 
dates and the influence of different phenologi-
cal characteristics on crop performance could 
also be assessed as first approximation in such 
analyses. 

Field work-day probabilities at harvest time 
can be estimated from rainfall probabilities, 
These probabilities have been computed for 
millet (Pennisetum americanum) and sorghum 
(Sorghum bicolor) crops of different durations 
(Table 5). The importance of such field work-day 
probabilites in relation to the harvest of sor-
ghum in two soil types in shcwn in this table. 
Farmers in this area grow a long-duration sor
ghum crop of 130 to 150 days duration. There is 
a high degree ol probability for having at least 3 
consecutive work days in either the Alfisols or
the Vertisols at harvest time of a long-duration 
sorghum. Hence there would be no difficulty in 
harvesting this crop. On the other hand, if one is 

Table 4. Length of the growing seasons for throe 

Table 5. Field-work eay probablites at har
st of aorghum and millet crops at

Hydeabad. 

Consecutive work day
probability 

Alfisols Vertisols
 
Crop Duration (%) (%)
 

Millet 65- 70 50
Sorghum 90-100 77 29 
Sorghum 130-150 93 83 

growing a 90- to 100-day sorghum crop, the 
possibility of getting into the field for harvest is 
about 77% in the Alfisols and 29% in the 
Vertisols. It is fai:;y common !o hale intense 
rain storms (of at least 60 to 70 mm) ir, trils area 
in the month of August and September. In the 
deep Vertisol areas, harvesting a medium
duration sorghum could be a problem. Since 
the sorghum crop is affected with grain mold 
and also grain rot during wet weather, 90- to 
100-day cultivars of sorghum are not likely to be 
successful in the Hyderabad Vertisol region 
unless the crop is grain mold/rot resistant. The 
analysis of field work day probabilities shows 
that it is not only important to grow a good crop 
but it is also important to harvest the crop at the 
opportune time. 

Future Research in
Agroclimatology 

This discussion has so far concentrated on two 
areas of agroclimatological research: (a) 
characteristics of the SAT environment, and (b) 

soil conditions" 

Available water-storage capacity 

Probability 
Low(50 mm) 

Weeks 
Medium (150 mm) 

Weeks 
High (300 am) 

Weeks 

Mean 
75% 
25% 

18 
15 
20 

21 
19 
24 

26 
23 
30 

a. From seed-germinating rains (25 Jun) to end of season (time when profile moisture reduces EAIPE to 0.5).b. Low: shallow Alfisol; medium: shallow to medium-deep Vertisols; high: deep Vertisols. 
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Figure 9a. Fitting of a long-duration crop in
three soils. 

collection of meteorological data at ICRISAT
Center and at cooperative research stations, 
and its interpretation in terms of agronomic 
relevance. These studies are conduct in col-
laboration with the Crop Improvement and 
Economics Research programs at ICRISAT. 

Other areas of interest are the microc-
limatological and crop phenological studies 
and the crop-weather-modeling studies. These 
two areas of research are done in collaboration 
with the Environmental Physics, Crop Phys-

1.0- Probability 
A A>,0.26 i 

0.4 - I 
%
 

0.2- 65-70DW 

0 

> o.;s 

0.8

0.4 .7 

0.4

W#50.2-

, 90-100n_ 

oT 

9,0-10( 

0.2 

Week 27 31 35 39 43 4751
Month J J A S 0 N 0
 
Date 2 30 27 24 22 19 T7-23
 

b. Fitting of short - (65 to 70 days)
3nd medium -(90 to 100 days) 

duration crops in three soils. 

iology, Economics, Hydrology, and the Cropping
Systems subprograms. We initiated a microc
imatological studies program in 1977, and have 
been able to acquire a good deal of instrumen
tation that is needed in thrse studies. We have 
been conducting energy-balance studies in 

different crop canopies in collaboration with the 
Crop Physiology and Environmental Physics 
subprograms. These studies are useful to de
lineate differences in the water-use efficiencies 
of different crops. We have also three lysimet
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ers in operation, two of them are installed in the 
deep Vertisol area and ene in the Alfisols. Our
results in relating the water-use efficiencies of 
crops to the crop growth are quite interesting.
For example, in sole maize (Zeamays) we found 
that changes in the actual water use to the 
potential water use (ET/Ep) are fairly well re-
lated to the leaf-area index of the crop. This 
finding has important implications foi our ef-
forts to model the actual water use of different 
crops. Our preliminary work has showed that 
the relationship between ET/Ep and leaf-area
index is also true in a rnaize/pigeonpea inter-
crop. 

To summarize, in pursuing our objectives for 
the next 5 years, we hope: 

1. 	To develop an understanding of rainfall 
variability across diverse locations for 
quantifying asso-iated risks in crop pro-
duction. 

2. 	To characterize crop response to prevail
ing moisture environment, to assist in crop
planning for increased and stabilized ag-
ricultural production. 

3. 	 To develop a climate-driven crop-
production model based upon crop-
weather interaction studies, to predict 
crop performance under different loca-
tions. 

4. 	To develop agronomically relevant clas
sification of the climate for identifying
isoclimes for assisting the transfer of 
technology. 

Our emphasis on the studies on rairfall prob
abilities is likely to continue over the next 2 
years so that we can chaiacterize the climatic 
environment of the different areas in which we 
are interested. We also believe that studies on 
water balance (which give us the soil moisture 
probabilities) will be continuing upto 1980. This 
work will be done in collaboration with the 
Environmental Physics and the Hydrology sub
programs. Crop-weather modelling, an area of 
research that will receive considerable attention 
in the next 5 years, is now under way. From 
these studies, we plan to work out crop-yield
probabilities, using the climate-driven models 
that would be developed in the next few years. 
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Agromeoahogicai Network over Africa:
 
Collection, Documentation, and
 

Analysis of Data 

D. Rijks* 

Sumnary 

The organization ofa,I effective agrometeorologicalsorvice is a long-range program. Its 
pos'tive influence on agricultural production is beyond question, as experience In 
countries elsewhere in the world has shown. 

The basis of its sucess is the collection of accurate and representative observations 
that can be effectively and rapidly transmitted, &nalyzed,interpreted, and used. 

The impact of the information provided by these services may not become felt for 
several years after the start of the program; all the more reason, therefore, to start the 
first phases of its implementation without delay. 

An agrometeorological service Is a service that 
provides information on meteorological con-
ditions and plant and animal growth character
istics that affect agricultural production in the 
widest sense. A fully operational service as-
sures the mcking, transmission, verification, 
and analysis of observations, their useful stor-
age, and the formulation and dissemination of 
information that may Increase agricultural pro
duction or reduce the effect of factors that 
hinder optimal production. 

Semi-arid conditions prevail, for most of the 
growing season of rain-grown crops, in the 
so-called semi-arid regions of Africa, the Sahel 
and the Botswana area. Semi-arid conditions 
can also be encountered at the beginning and 
the end of each of the rainy seasons Inequato-
rial areas with a bimodal rainfall pattern, even if 
total annual rainfall in such areas may be well in 
excess of 1000 mm per year. Such areas exist 
notably n Kenya and Tanzania. 

To be fully effective, an agrometeorrdogical 
service needs .an operational network, a 
documentaticn analysis center, and an 
information-dissemination service. This paper 
describes a system that is being developed by 
the eight countries of the Sahel area in the 
context of the cooperation established by the 

CILSSNVMO Agrhymet Programme, Niamey, 
Niger. 

Permanent Interstate Commission on Drought 
Control (CILSS). 

Collection of Data 

Steps in the establishment of operation of an 
agrometeorological network are: 

* 	 Definition of a methodology 
* 	 Observer training 
* 	 Installation of stations - site selection, 

choice of instruments, and selection of 
observations to be made 

a Recording procedures for observations 
9 Transmission of observations 
o Verification of observations
 
@ Maintenance operations
 

MItiodolojy 

The Sahel countries cooperating in the CILSS 
Agrhymet program cover an area of about 4000 
km in an east-west direction awd about 1000 km 
in the north-south direction. During the rainy 
season, from about June to October, the 
movementofrainfallzonesisfromeastto west. 
Weather conditions in the east may therefore 
significantly affect production in westerly areas. 
A common methodology throughout the area 
facilitates the interpretation of "upwind" ob
servations and results foruse "downwind," and 
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the application of results of research obtained 
elsewhere. 

A common methodology has therefore been 
ieveloped by agrometeorologists from all the 
countries involved. This methodology is 
founded on basic concepts and guidelines for-
mulated by WMO and by the FAOIWMO inter-
agency group on agrometeorology. It is being 
developeu and detailed by twice-yearly meet-
ings of the agrometeorologists of tne Sahel 
countries. Preliminary publication of parts of 
this methodology, in loose-leaf binders, per-
mits staff in the countries concerned to accumu
late working experience with these documents; 
revisions and additions will be issued when 
necessary. Ashort, summary-likeversionofthis 
methodology will be provided to observers, as 
an Observers' Handbook. 

Observer Training 

In the past, agrometeorological observations 
weregenerallymadebymeteorologicalobserv-
ers who were taught, usually during on-the-
job training, to observe the phenology of crops, 
soil-water status, and agricultural conditions. 
Many of these observers were employed at 
agricultural research stations, where they 
worked under the supervision of agronomists. 
Very few observations were made on the 
growth of natural vegetation, pasture, and con-
dition of the livestock. Observations on insect 
attacks were made by specialized teams. 
Meteorological and agricultural services in the 
Sahel countries now realize that a more full use 
could ba made of staff in each of these services, 
if suitable training were provided, In the context 
of the Agrhyrnet program and the crop-
protection projects of CILSS, observer training 
will therefore from now on be oriented towards 
the training of multidisciplinary observers. The 
meteorological component of the program will 
involve only ground observations. Further 
components are soil-water obscrvations, crop 
phenolog, and agricu:Lural operations, and -,b-
servations of insects o'nd diseases. This training 
can be given either at national agricultural or 
meteorological training centers. The sy!:abus 
will be prepared by a team of ClLSSWNOIFAO 
instructors at the Niamey Agrhyme, Center. 
Instruction will be given by instructors tern-
porarily assigned for this purpose from national 
meteorological and agricultural services, as-

sisted by two roving instructors at the Ag
rhymet Center. Total training will last about 9 
months. Training courses will start with 
meteorological and "theoretical" components 
in the dry season and be concludea with practi
cal training during the rainy season. Training is 
scheduled to start in February 1979. Candidates 
for training should have the junior high c-:hool 
leaving-certificate (BEPC) or equivalent in
service experience. 

Installatilon of Stations 

The selection ofsites for stations Is based on the 
economic importance of the agriculture in a 
region, and on the availability of other 
meteorological stations in the area. Sites at 
agricultural experiment stations are obviously 
desirable, but must be complemented by other 
sites in different ecological zones or in areas 
where the agricultural-production pattern is 
different. Maximum use is made of locations 
with existing climatological stations, so that 
interpretation of observations in any one year 
can be madc in the light of long-term weather 
observations. 

The immediate aim is to establish between 
four and ten stations per country. The long-term 
goal is to have a station in each major 
agricultural-productionzone; insomecountries 
this could mean perhaps as many as 15 to 20 
3tations. 

The usual range of meteorological instru
ments includes raingauge, recording rain
gauge, screen with wet and dry maximum and 
minimum thermometers, thermographs, hygro
graph, run-of-wind anemometer at the 2-m 
height, wind-direction indicator, soil ther
mometers; sunshine recorder, and a Class-A 
evaporation pan. 

Solar radiation is recorded at about 40 sta
tions in the Sahel area. Soil-water observations 
are made visually and by use of Bouyoucos 
blocks. Experience with the latter technique 
shows that a quantitative assessment of soil 
water is often difficult. The blocks, however, do 
give a good indication about the progress of a 
wetting or drying front. At some stations, ob
servations are made using the Wallingford 
neutron probe. At all stations the results of the 
above three methods are regularly compared 
with observations obtained by gravimetric 
sampling. 
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The depth of observations varies according to 
the technique used. Visual observations are 
made at the surface and down to 0.2 m; 
Bouyoucos blocks are installed at the 0.1-, 0.2-, 
0.5-, and 1-m levels. Gravimetric sampling is by 
0.2-m depth intervals down to 1.2 m or more, 
according to root depth. Neutron-probe obser-
vations normally go down to 2.4 m. 

For plant observations no instruments other 
than ruler and balance are used at present. The 
observations vary somewhat from crop to crop. 
They include the dates of specific stages of 
development of the crop - numbers of plants, 
leaves, flowers, or branches. Length of stems, 
leaves, and other dimensions of vegetative or 
generative parts of plants are recorded. They 
also include crop observations, such as inci
dence of weeds, insect attacks, or diseases, 
along with adverse meteorological 
phenomena, such as hail, drought, or lightning. 
A further type of observation details the factors 
that determine yield: number of plants, number 
of fruits per fruiting body, percentage of full and 
empty fruits, weight per fruit, etc. At the end of
the season, yield is recorded. 

Recording Procedures 

A register for crop observations has been de-
signed and will be used for several years, after 
which it may, if necessary, be modified in the 
light of the experience obtained before being 
adopted. This register provides space for L 
number of different crops that may not all be 
grown at any one station. Meteorological ob
servations are being recorded on forms pro-
vided by the Meteorological Services of the 
area. A modified layout, permitting easy trans-
fer onto computer media, is under study. This 
modified layout was originally adapted to re-
cording on 80-column cards, but the advent of 
key board/display screen minicomputers may 
make a more flexible recording procedure pos-
sible. 

A special WMO code, the Agmet code, has 
been developed to permit easy and rapid 
transmission of messages. This code consists 
of three designator groups, nine meteorological 
groups, and an unlimited number of crop 
groups. Each group consists of five digits. 

Transmission of Observations 

The aim of the Agrhymet program is to equip 

each key agroimeteorological station with HF 
voice transmission equipment (SSB) so that 
daily contact can be made with national head
quarters. This transmission is similar to that 
practiced at present by synoptic stations. It will 
be effected once daily, probably between 0900 
anJ 1100 hrs using the codes described above. 
Upon receipt at national headquarters the mes
sage will be entered on a minicomputer, veri
fied and available on the one hand for inclusion 
in the national archives (on tape or disc) and on 
the other hand for transmission by radio tele
type to the Niamey Regional Agrhymet Centre. 
From about midday onwards this message will 
therefore be available for analysis both at na
tional and regional headquarters. 

Verification of Observations 
Verification of observations received at national 
headquarters will be effected by a check for 
internal consistency of the message once re
corded on the minicomputer, by a check against 

adequately developed, by a geographical
check. Observers at stations will be on standby at 

a certain hour during the morning to reply to 
possible questions, and to repeat information, if 
required. The precise definition of the criteria 
for verification will evolve over a period of 
years, taking into account the experience ac
quired. 

Maintenance 

No operational service can exist without the 
provision for maintenance. The institution of 
maintenance capabilities must accompany the 
installation of instruments and equipment. 
Maintenance technicians will be trained in the 
context of the Agrhymet program as of Febru
ary 1979. The duration of the course will be 2 
years. Candidates must possess a senior sec
ondary school certificate (Bac C or D or 
technique). The course covers all meteorologi
cal and hydrological instruments and the tele
communications equipment. Maintenance 
laboratories will be located in each capital. 
Mobile maintenance units may be established 
at a later date. 

Documentation and Analysis 
Data files will be established at national and 
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regional headquarters as from the beginning of 
the operational phase of the program. Acqui-
sition of past meteorological observations in 
digital form for these centers is undertaken with 
the cooperation of ASECNA, ORSTOM, and a 
Belgian contribution to the program. Acquisi-
tion of past agricultural and phenological ob-
servations may be more difficult, but should be 
attempted with the help of government de-
partments and research institutions. 

Analysis can be undertaken at national head-
quarters within the limits imposed by available 
computer capacity, scientific expertise, and 
data banks. The facilities of the regional center 
may be used for analysis that requires a re-
gional rather than a national volume of data, 
special scientific knowledge that may not be 
available at any one moment at national head-
quarters, oran enlarged computer capacity. The 
quasi-real-time analyris of data collected by 
1200 should be achieved by 1800 or 1900 hours 
each day. 

It is considered that certain routine analyses 
should be e.cuted daily by the regional center, 
using data that have been transmitted by 1200 
hrs. This analysis could cover water balance 
calculations, and information on planting and 
early development of crops, on disease and 
pest incidence and potential pest and disease 
development, on harvesting conditions, etc. At 
a later date, information on irrigation require-
ments may be formulated. Other fields of appli-
cation could concern temperature regimes, as 
for instance for the February sowing of irrigated 
rice. The hydrological component of the pro-
gram could provide rapid information for the 
practice of flood retreat crops. Many other 
applications may become practical. 

Accumulated data banks will also allow easy 
access for statistical analyses that are needed 
by the planification services. At present, 
meteorological and hydrological aspects in 
rural development planning are often in-
sufficiently researched because establishing an 
access to accumulated data is too time con-
suming. 

Dissemination of Information 

The dissemination process depends on the 
nature of the information that was requested or 
provided and on the users to be contacted. 

Summaries of statistical analysis of past data 

often are specifically requested for planning 
purposes by well-defined users and can be 
transmitted directly to them. It can also be 
disseminated in print, restricted, or as a general 
publication. 

Information derived from analysis of quasi
real-time data can be considered to have two 
distinct groups of users numbering in the tens 
or hundreds per country, one consists of plan
ners and persons charged wi*th the execution of 
specific programs or activities, e.g. crop pro
duction. The other group, numbering in the 
millions, consists of the primary producers in 
the Sahel, the farmers and herdsmen. 

Data assembled by the end of each day at 
national headquarters, either from its own 
sources, or after retransmission by radio tele
type from the Niamey regional center can be 
multiplied by electronic stencil and distributed 
to the officials concerned. In this way, observa
tions from field stations made by 0800 hrs on a 
certain day should result in consolidated infor
mation available at the government officials' 
desk the next morning at 0800 hrs. 

To reach the primary producers, radio broad
casts are the best mode of diffusion. Appropri
ate information should be given at the end of 
the day to a small group of people especially 
qualified to put it in a form that can be easily 
understood by farmers and herdsmen. This 
group might consist of a hydrometeorologist, 
an agronomist, an agricultural extension 
specialist, a radio broadcast specialist, and a 
rural sociologist. 

It is essential that the agricultural depart
ments and the agricultural extonsion services 
participate fully in these dissemination ac
tivities. Agricultural extension workers in the 
villages should be adequately trained in the 
interpretation and explanation of such mes
sages at the village level. 

Effective methods for disseminating infor
mation need to be more fully studied, with the 
active cooperation of social scientists and of
ficials of agricultural departments, and the re
suits of such a study must be carefully 

examined before implementation. 

Role of the Regional
Agrhymet Center 

The regional agrhymet center has three main 
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areas of activity: 

* Training; 

" Data analysis and Information dissemina-


tion; and
 
" Applied research 


It cooperates, wherever possible,with institu-
tions with similar objectives in Africa and 
elsewhere in the world. 

Training 

The training of Class IV personnel (observers) is 
assured by the national meteorological ser-
vices. The Center, however, provides the syl-
labus and teaching materials. It may also, on 
request, provide instructors in specialized 
fields, such as phenological observations, or 
simple instrument maintenance, or coding and 
transmission of messages. It can sanction such 
training by issuing a diploma, after successful 
completion of an examination, 

The training of Class IIIpersonnel in ag-
rometeorological or hydrological techniques 
has been, and will continue to be, a major 
activity of the center. Candidates with Senior 
High School Leaving Certificate can be admitted 
as well as candidates at an equivalent level who 
have passed a series of competitive tests. The 
training program has been established accord-
ing to WMO guidelines and extends over 2 
years, including practical work. Seventy stu-
dents have so far (until 1978) been accepted by 
the center, of whom 30 have received their 
diploma. Several other Francophone African 
"tates have asked admission to tha center for 
students from their countries, 

One training course has been held for Class II 
personnel in agrometeorology. A second 2-year 
course will start in late 1978; candidates must 
have 2 years of university training in mathe- 
matics, physics, meteorology, agriculture, or 
biology. The program follows the WMO guide-
lines. 

No training of Class I personnel in ag-
rometeorology or hydrology has so far been 
undertaken. It has been considered that the 
resources available at the center should, inthe 
first instance, be directed to the training of a 
large number of technicians rather than of a 
small number of Class I personnel. 

Data Analysis 

Data analysis will concern three major fields of 
activity: 

0 Analysis of data in real-time or quasi-real
time for operational purposes; 

e Analysis of past data; 
o 	Analysis to provide ground-truth data for 

satellite imager interpretation. 

Analysis in (Quasi) Real-Time 
This analysis will be effected for use by execu

tives of operational (government) services and 
primary producers. It will cover water-balance 
analysis on a day-to-day basis, taking into 
account the crop, soil, and weather characteris
tics; conditions for sowing; growth and avail
ability of natural pasture; conditions for harvest
ing; existing and probable outbreaks of pests 
and diseases; irrigation requirements; temper
ature requirements for irrigated dry season 
crops. It may also, in cooperation with the 
agriculturalservices, givedetailsonagricultural 
operations, such as fertilizer application, that 
are conditioned by meteorological conditions 
that affect crops. 

Analysis of Past Data
 

This analysis will cover a widefield of subjects, 
which can be added to as needed. Analysis of 
past rainfall data, already well under way, will 
becompleted, including probabilities at differ
ent levels and time scales, intensity analysis, 
and calculpt;-n of erosion hazard. 

Water-bt..ance calculations will form a major 
part of the analysis. We feel that the time of 
water-balance calculations based on mean val
ues of rainfall and evaporation has passed and 
that the variability in available water under 
specified conditions and based on a run of 
individual data of rainfall and evaporation of 
past years is now required. Such analysis will 
aid in the selection of crops and varieties, 
sowing dates, and agricultural practices, includ
ing irrigation. 

An analysis will also be made of temperature 
regimes in areas with a dry-season (cool or hot) 
irrigation potential, to assist in a rational choice 
of crops, varieties, and agricultural practices. 

Analysis of wind data will be made to assess 
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the potential of exploitation of eolian energy.
The analysis of data to provide ground truth 

for Landsat imagery Interpretation will have to 
be defined in detail after consultation with the 
Ouagadougou Center for telemonitoring and 
the various users, such as FAO, CILSS, and 
many overseas universities. Conversely, Land
sat imagery will be of great value in the prepa
ration of information in quasi-real-time. 

The data analysis operations will start after 
installation of the necessary equipment, fore
seen for autumn 1979. This part of the program 
should be operational by 1982. 

Applied Research 

The Center will have a role in the execution of 
applied research in cooperation and association 
with other national and international organi
zations and government departments. This 
applied research may cover, among other sub
jects, plant-soil-atmosphere relationships in 
diff6rent crops and under different agricultural
conditions; the energy balance over different 
surfaces; the radiation balance; the effect of 
extreme temperatures on agricultural produc
tion; the wind regime and its exploitation; the 
economic use of water in agriculture; grain 
storage at the village level; and erosion control. 
Other subjects may well become priority items 
of research by the time this aspect of the 
Center's activity becomes fully operational, 
which is probably not before 1985. 

22 



Climatological Features of the Semi-Arid Tropics:

Meteorological Network and Studies
 

in Northeast Brazil
 

Antonio C. S. Reis" 

Summary 

Northeast Brazil is a semi-arid area with a well established network of meteorological 
stations. There are 103 main climatological stations for collection ofroutine meteorolog
icalobservations. Most ofthe surface data collectedbyseveral organizations from these 
stations have been computerized and stored on magnetic tapec. In addition, upper-air 
data are also collected routinely by five different organizations. A recent survey 
identifiedseven centers in the northeast Brazil which are starting or already carrying out 
agrometeorological data collection in northeast Brazil is characterized by duplication 
and needs new and uptodate equipment and trained personnel. Procedures for 
standardization and centralization of data processing are urgently required. 

Northeast Brazil occupies an area of about 1.5 
million square kilometers1 of which approxi-
mately 700 000 to 800 000 km2 are within the 
area usually known as the "Drought Pologon" 
(Poligono das Secas); the area has a semi-arid 
climate. This region is located between 20 ano 
170S and 340 and 471W. It has according to the 
official estimates for 19782 a population of 
34 500 000 inhabitants, almost 30% of Brazil's 
total. The area is strongly affected by periodic 
drought, which often depends more on social 
and economic conditions than on meteoro-
logical factors. This fact can be clearly 
demonstrated by comparing the annual rainfall 
chart (Fig. 1) and the percentage of drought 
incidence (Fig. 2). 

Systematic weather observations in North-
east Brazil started in 1909 with the installation of 
a network of pluvioractric and hydrometric 
stations located in the main river basins of the 
region. During many decades, this network was 
established and managed by the Departmento 

* 	 Director, Technical Activities Office, IPA, Recife, 
Pernambuco, Brazil. 

1. From Empresa Pernambucana de Pesquisa Ag-
ropecuaria, IPA, Recife, Pernambuco, Brasil. 

2. "Anuario Estatistico do Brasil," 1976- IBGE, v. 
37, Rio de Janeiro, Brasil. 

Nacional de Obras Contra as Secas, or DNOCS 
(National Department of Works Against the 
Drought). The pluviometric data obtained from 
a network of 352 DNOCS stations are published 
on a monthly basis.3 They are available, on a 
daily basis, in the Superintendencia do Desen
volvimento do Nordeste, or SUDENE (North
east Development Superintendence) at its De
partmento de Recursos Naturais, DRN Jatural 
Resources Department). SUDENE 4 also pub
lished the "in natura" data of 725 pluviometric 
stations, on a monthly basis, using information 
obtained from the DNOCS network, filled out 
with data obtained clsewhere. 

Meteorological Notwork 
of Northeast Brazil 

In Brazil, meteorological observations, data col
lecting, processing and analysis; and weather 
forecasting are performed by the Instituto 
Nacional de Meteorologia (INEMET), Ministerio 
da Agricultura (National Meteorological Insti
tute, Agricultural Ministry). This Institute has 
maintained 42 surface meteorological stations, 

3. Observacdes Pluviomdtricas do Nordeste do 
Brasil, 1969, DNOCS, Fortaleza, Ceara, Brasil. 

4. Dados Pluviomdtricos Mensais in natura, 1970. 
SUDENE-DRN, Recife, Pernambuco, Brasil. 
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classified as "main climatological stations 
(synoptic)," in Northeast, since 1960. 

When SUDENE was established it became 
concerned with the installation of meteorologi-
cal networks that could provide the basic infor
mation necessary for the region. SUDENE car-
ried out studies related to the distribution of 
stations geographically, the selection and train-
ing of meteorological station personnel; as well 
as the installation and maintenance of the 
network during its first years of functioning. 
Agreements for technical and financial cooper-
ation were signed between SUDENE, NEMET, 
and international organizations such as the 
WMO. 

From the previous INEMET network, 38 sta.. 
tions were utilized after being almost entirely 
re-equipped and rebuilt. 

All the stations of the Northeast network were 
set up according to the predetermined pattern 
and equipped with standard set of instruments. 

Twenty-two aerological stations (10 ra
diosonde and 12 pilot balloon) and 103 surface 
stations (main climatological) are now in oper
ation in Nor 'east Brazil (Fig. 3). 

In regard to the pluviometric network, 
SUDENE has increased to more than 2000 the 
number of pluviometers inthis region (Fig. 4, 5). 

The number of meteorological stations in 
operation in the Northeast and the number of 
pluviometers and evaporimeters (Class A-Pan) 
are summarized in Table 1. Figures 6 and 7 
show the geographical distribution of the 
pluviographs and evaporimeters, respectively. 

Routine Observations 

Observations carried out in the 103 main 
climatological stations include: 

Atmospheric pressure 
Barometric tendency 
Surface-air temperature 
Maximum and minimum temperatures 
Humidity 
Rainfall (including intensity and duration) 
Evaporation 
Direction and speed of the surface wind 
Soil temperature at different depths 
Duration of bright sunshine 
Total incoming radiation (direct plus diffuse) 

Daily surface observations are made at 0900 
(12 GMT), 1500 (18 GMT), and at 2100 (24 GMT) 
hours. Aerological probings are made only at 
0900 (12 GMT) hours. 

Instrumentation 

Atmospheric pressure is observed through 
mercury barometers (Fortin-type or Kew-type) 
and aneroid microbarographs. 

The observations of the surface-air tempera
ture utilize a standard thermometer (liquid-in
glass) and the humidity is observed through 
aspirated air psychrometers (August type). 
Each station is still equipped with a weekly 
recordir. 1 thermohygrograph. Instrument shel
ters are set at 1.5 to 1.8 m above the ground. 

Table 1. Meteorological Network, Northeast Brazil, 1978. 

Climatological 
State Stations 

Maranhao 13 
Piaui 12 
Ceara 12 
Rio G. do Norte 5 
Parai'ba 7 
Pernambuco 10 
Alagoas 6 
Sergipe 3 
Bahia 28 
Minas Gerais 6 
Fernando de Noronha 1 

Total 103 

Aerological Stations Pluvio- Pluvio- Evaporimeters 
Radiosonde Pilot Balloon meters graphs Class-A Pan 

2 1 113 6 1 
1 3 202 15 9 
1 2 257 34 16 
- - 131 13 5 
- 1 134 14 5 
2 - 275 25 9 
- - 65 1 1 
- 1 62 3 3 
3 3 564 37 8 
- 1 102 2 
1 - 1 1 1 

10 12 2006 151 58 
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Figure 4. The DNOCS pluviometric network in Northeast Brazil before 1960. 
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Figure 5. The present distributionof pluviometers in Northeast Brazil. 

Rainfall is measured by standard raingauges Evaporation is measured by the known 
"USWB Class A land pan" utilizing a still-well(Ville de Paris type). The rainfall record ismade 

through syphon pluviographs (Hellmann-tyPe), and a micrometer. The so-called Piche 

or by balance and syphon type. evaporimeters are also installed in the shelters. 
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Figure 7. Thermo-evaporimetric network in Northeast Brazil. 

of mercury-in-glass geothermometers at dif-Direction and speed of the surface wind are 
observed through the anemographs (Universal ferent depths, generally at 5, 10, 20, 50, and (in 

type) located 10 m above the ground. As an some cases) 100 cm. 
The duration of sunshine is obtained throughadditional instrument, the wind vane (Wild 

are equipped crystal-sphere heliographs (Campbell-Stokestype) is utilized. Some stations 
type), and the total incoming radiation is obwith an electric anemometer located 2 m above 
tained through bimetallic weekly recordingthe ground. 
actinographs (Robitzsch-type).Soil temperatures are obtained through a set 
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The radiosonde stations utilize the equipment
"Vaisala", model RS-21. 12, and the radio-
theodolite "METOX" 

Meteorological Data; the 

Situation in September 1978 


Surface Date 

Several organizations, some of which are listed 
below, collect surface meteorological data in 
Northeast Brazil. They include: 

" Instituto Nacional de Meteorologia (IN-
EMET), Ministdrio da Agricultura (National
Meteorological Institute, Ministry of Ag-
riculture); 

" 	Diretoria de Electr6nica e Protecao ao V6o 
(DEPV), Ministdrio da Aerondutica (Elec-
tronics and Flying Protection Manage-
ment, Air Force Ministry);

" Departamento Nacional de Obras Contra 
as Secas (DNOCS), Ministdrio do Interior 
(National Department of WorksAgainstthe 
Drought, Interior Ministry);

" Superintendbncia do Deser ,..nento do 
Nordeste (SUDENE), Minist6fio do Inqrior 
(Northeast Development Superinte1 
dence, Interior Ministry); 

" 	Diretoria de Hidrografia e Navegacao -
DHN, Ministorioda Marinha (Hydrographic 
and Navigation Management, Navy Minis-
try); 

* 	 Universidade Federal da Paraiba (UFPb), 
Ministdrio da EJucacao e Cultura (Federal 
University of 1he State of Paraiba, Educa
tion and Welfare Ministry); 

* Instituto de Atividades Espaciais, IAE -'o
 
Centro Tocnico Aeroespacial CTA, "Minis-
tdrio da Aerondutica" (Spacial Activities 
Institute of Technical Aerospacial Center, 
Air Force Ministry); 

* Other institutions such as IPA, Agricultural 
Colleges, EMBRAPA Research Centers, 
Agricultural State Secretariats, etc. 

The detailed operations and data collected bV 
these agencies are described below. 

INEMET 

The National Meteorological Institute, under an 
agreement with SUDENE, operates 103 main 

climatological stations in the Northeast. Some 
have been functioning since the beginning of 
the century. These stations collect about 15 
meteorological observations three times per 
day, and have an average of six or seven 
recording instruments with daily or weekly
charts. 

Most of thedata of the INEMET climatological
stations in the Northeast are computerized and
stored on magnetic tape, as follows: 

From 1910 to 1960: These data were proces
sed by the "Instituto de Pesquisas Espaciais -
INPE" (Space Research Institute), in Sao Jose6 
dos Campos, Sao Paulo, and by the "As
sociacao Tocnico-Cientifica Luiz de Oliveira 
Jinior-ATECEL", "UFPb" (Technical-
Scientific Associ3tion Luiz de Oliveira JUnior),
in Campina Grande, Paraiba, utilizing
"SUDENE" funds. The magnetic tapes can be 
found in "SUDENE" headquarters in Recife, 
Pernambuco. 

From 1961 to 1970: These data were proces
sed by the "Instituto de Pesquisas Espaciais -
INPE" (Space Research Institute), inSao Jos6 
dos Campos, Sao Paulo, utilizing the funds of 
this Institute and "INEMET." The data are In 
magnetic tapes and can be obtained from "IN-
EMET" headquarters, in Bras'lia or from "INPE" 
headquarters in Sao Josd dos Campos, Sao 
Paulo. 

From 1970 on: These data are being proces
sed and can be found at present in "INEMET" 
headquarters in Brasilia, Distrito Federal. There 
is 	no provision as to the conclusion of these 
'activities. 

DEPV/IAE-CTA 

The "Diretoria de Electr6nica e Protecao ao 
V6o - DEPV" (Electronics and Flying Protec
tion Management) operates synoptic aeronau
tical stations in the main airports of the region.
Most of these collect about 15 meteorological 
parameters each hour (some function through
out the day, making 24 observations) and have 
an average of six recording instruments with 
daily graphics. 

While collection is done by "DEPV," the data 
are being stored in "IAE-CTA." 

"IAE-CTA" also has 32 telepluviometric sta
tions in arelatively small area close to Petrolina,
Pernambuco, and Ju azeiro, Bahia, as afollowup 
to a research project on weather modification. 
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DNOCS 

DNOCS had a network of hydrometric stations 
(some of which werethermopluviometrics), but 

the responsibility for operation was transferred 
to "SUDENE." DNOCS still collects data from 
pond basins and from representative river ba-
sins in the Northeast. 

SUDENE 

The "Divisao de Hidrometeorologia" (Hydro-
meteorology Division) of SUDENE operates, 
under an agreement with "INEMET", 103 main 
climatological stations in the area covered by 
this agency. Thedata areforwarded to INEMET. 
This division also operates the old DNOCS 
hydrometric network which now has 2006 sta-
tions; somewere functioning in the last century 
(Fortaleza, Ceara, in 1849; Quixeramobim, 
Ceara, in 1896; Mossord, Rio Grande do Norte, 
in 1899; Joao Pessoa, Paraiba, in 1893; Recife, 
Pernambuco, in 1842 and 1889; and Salvador, 
Bahia, in 1883). Of these, 151 operate rainfall 
recorders, 58 operate evaporimeters (pans), 
and 250 are fluviometric stations. "SUDENE" 
also operates networks in representative river 
basins, in which the number of stations is 
variable, depending on the river basin under 
study. Normally, those networks function for a 
5-year pericd. Data are being processed by 
"SUDENE". 

UFPb 

The "Ndcleo de Meteorologia Aplicade-
NMA", UFPb (Applied Meteorology Center), in 
Campina Grande, Paraiba, has operated since 
1973 a network of solarimetric stations in dif-
ferent regions of the State of Paraiba. Each 
station is equipped with a heliograph, an 
actinograph fortotal incoming radiation, and an 
actinograph for diffuse sky radiation. Besides 

these data, "NMA" has a general record of 
"INEMET" data. 

UFCe 

UFCe and other institutions operate different 

networks of agrometeorological stations in 
their respective geographical areas. 

Altitude Data 

The altitude data (radiosonde, pilot balloon, etc) 

are basically collected by the following org&ni
zations. 

0 Instituto Nacional de Meteorologia-

INEMET, Ministdrio da Agriculture (Na
tional Meteorological Institute, Agricul
tural Ministry). 

* 	 Diretoria de Electr6nica e Protecao ao 

V6o - DEPV, Minist6rio da Aerondutica 
(Electronics and Flying Protection Man
agement, Air Force Ministry). 

* 	 Instituto de Atividades Espaciais - IAE do 
Centro Tdcnico Aeroespacial - CTA, 
"Ministorio da Aerondutica" (Spacial Acti
vities Institute of Technical Aerospacial 
Center, Air Force Ministry). 

* 	 Superintend~ncia do Desenvolvimento do 
Nordeste - SUDENE, Ministdrio do In
terior (Northeast Development Superin
tendence, Interior Ministry). 

0 	Telecommunicacoes Aeronduticas S/A 
-TASA (Aeronautics Telecommunica
tions Corporation). 

The data collected by these organizations, as 
well as the detailed operations of each one, are 
described below. 

INEMET/SUDENE 
INEMET operates in the Northeast, under an 

agreement with SUDENE, 12 pilot balloon and 
10 radiosonde-wind stations. Data are being 
processed by "INPE" and "IAE-CTA." Data col
lection started approximately in 1967; but most 
of the stations began functioning only around 
1970. The original data are found in "SUDENE" 
headquarters in Recife. 

DEPV/IAE-CTA 
In the Northeast DEPV operates one radio
sonde-wind station, in Natal, Rio Grande do 
Norte, and some pilotballoon stations. Data are 
being stored in "IAE" of "CTA," which is also 
processing them. 

TASA 

This agency collects altitude data from other 
institutions and those obtained from the com
mercial aircraft flying over the South Atlantic. 
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The Meteorolol - Situation 

in Northeast Brazib 


Metemological Network of Stations 

The present status of the meteorological obser-
vations in Northeast Brazil is characterized by: 

* 	 Duplication of efforts by institutions,which 
hampers efficiency, 

* 	 Need for new and up-to-date equipment.
* 	 A shortage of qualified personnel. 

gromnoteorology 

Systematic meteorological observations of in-
terest to agrometeorology (excluding, there
fore, those obtained from specific trials) are 
made in the Northeast, especially by the follow
ing organizations: 

" 	Instituto Nacional de Meteorologia (IN-
EMET), the National Meteorological Insti-
tute, with 103 climatological surface sta-
tions. 

" 	Departmento Nacional de Aguas e Ener-
gia El~ctrica (DNAEE), the National De-
partment of Water and Electric Power with 
pluviometric stations. 

* 	Agricultural State Secretariats and the in-
stitutions linked to them which make up 
state networks of agroclimatological sta
tions. 

* 	 Superintend~ncia do Desenvolvimento do 
Nordeste (SUDENE), the Northeast Devel-
opment Superintendence evaporimetric 
and fluviometric stations. 

" 	Departamento Nacional de Obras Contra 
as Secas (DNOCS), the National Depart-
ment of Works Against the Drought, with 
its pluviometric network. 

Defining the optimal distribution and density 
of the necessary network of meteorological 
observations is a matter of considerable com-
plexity. Approaches should be related to the 
objectives to be reached. Thus the necessary 
network for weatherforecasting, for example, is 
not the same as that required for an agroclima-
tic zoning. In agrometeorology, the optimal 
density of a network in a given region depends 
on the intensity of the agricultural and livestock 
activities. Another important aspect is the 

necessity of planning long-range agro
meteorological studies, since any activity to 
be carried out will depend on the availability of 
data over a reasonably long period. The follow
ing steps exclusively related to agrometeorol
ogy, will not remove the problem In the north
east, but will be very helpful in solving it: 

0 	 It would be convenient and efficient to 
complement the pluvi6metric stations, 
perhaps with maximum and minimum 
thermometers which require only a daily 
observation.
 
A standardization of observation
techniques throughout the networks under 
INMET supervision is required. 

Geural Records of Data 

Just as there is considerable variation in 
number and daily timing of observations, there
is 	no standardization as to the processing of 
these data. Each institution which works with 
extensive series of data establishes, individu
ally, its programs without close coordination 
with others. 

Since the agrometeorological research will 
depend on the quality and standardization of 
information, it is suggested that the activities 
within this field should be centralized in order to 
obtain uniform processing of data. 

Agrometeorological Research 
in the Northeast: 
The Present Situation 

The information given here and inthefollowing 
section was taken from a survey carried out by 
EMBRAPA.5 

Sltuatioi In Brazil 
Agrometeorological research started in Brazil 
around 1950, through the isolated efforts of 
some researchers from state andfederal institu
tions located in the states of Rio Grandedo Sul, 
Sao Paulo, and Bahia. In the last decade, the 
expansion of agriculture has increased the need 

5. Projeto Nacional de Agrometeorologica (PNAM), 
EMBRAPA (preliminary paper), 1978. 
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for investment in agrometeorology, to studythe 
influence of climatic elements on crop de-
velopment and yields. Human resources re-
ceived full support from 1974 on. Several Brazi-
lian researchers have taken advanced courses 
abroad and the first postgraduate courses have 
been started in this country. 

EMBRAPA's survey identified 34 institutions 
or centers, which are now starting or already 
carryinq out agrometeorological research. 
These institutions are distributed among the 
different Brazilian regions, as follows: 2 in the 
North (Amazon), 4 in the Middle-West, 11 in the 
Southeast, 10 in the South, and 7 in the North-
east. 

Situation in the Northeast 

The institutions or centers now starting or 
already carrying out agrometeorological re-
search in the Northeast- including those lo-
cated outside the semi-arid zone - are: 

" 	Centro de Cibncias Agrarias (CCA), Univer-
sidade Federal do Ceara UFCE (Rural Sci-
ences Center, Federal University of Ceara). 

* 	Centro de CiLncias e Tecnologia (CCT), 
Universidade Federal da Paraiba - UFPb 
(Technology and Sciences Center, Federal 
University of Paraiba). 

* 	Centro Nacional de Pesquisa do Algodao 
(CNPAIEMBRAPA) (National Cotton Re-
search Center). 

" Centro Nacional de Pesquisa de Caprinos 
(CNPC/EMBRAPA) (National Sheep and 
Goat Research Center). 

* 	Centro de Pesquisa Agropecuaria do 
Trdpico Semi-Arido (CPTSA/EMBRAPA) 
(Agricultural and Livestock Research 
Center for the Semi-Arid Tropics). 

* 	 Centro de Pesquisa do Cacau (CEPEC), 
Comissao Executiva do Plano da Lavoura 
Cacaueira- CEPLAC (Cacao Research 
Center, Executive Commission of the 
Cacao Farming Plan). 

* 	 Empresa Pernambucana de Pesquisa Ag-
ropecuaria, Secretaria da Agricultura do 
Estado de Pernambuco- SAG-PE (Ag-
ricultural and Livestock, Pernambuco Re
search Enterprise, Agricultural Secretariat 
of the State of Pernambuco). 

However, few papers on climatology or agro- 

meteorology in the Northeast have been pub
lished. 

According to the availak-le information, it is 
evident that most papers are related to the 
water balance on a regional basis. In the re
search institutions exclusively dedicated to a 
sole product, such as CEPEC-CEPLAC, several 
papers have been published on studies of 
plant-pathogen-environment interactions. At 
present, in the Northeast, three Centers stand 
out. 

1. CCT-UFPb, through the Nucleo de 
Meteorologia Aplicada (Applied Meteorology 
Center), situated in.'Cempina Grande, Paraiba, 
dedicated chiefly to studies on agroclimatic 
zoning, rainfall, and meteorological instrumen
tation. 

2. CPATSAJEMBRAPA, located in Petrolina, 
Pernambuco, focuses its agrometeorological 
research on the analysis of the relations bet
ween climate, soil and plants in the semi-arid 
zones. Its objective is to select areas for intro
duction of dry farming, based on the quantity, 
intensity, and distribution of rainfall. 

3. CEPEC-CEPLAC which, at present, 
confines its research in agrometeorology to the 
ecophysiology of the cacao tree and to the 
influence of meteorological elements on the 
occurrence of Phytophtora palmivora, which 
causes cacao fruit rot 

At other centers the activities in agrc
meteorological research are still in the plan
ning phase, concentrating mostly providing 
specialized training for personnel and on ob
taining up-to-date instrumentation for 
meteorological observation both in the labora
tory and in the field. 

Other Meteorological Research 
Important to the Northeast 

The survey made by EMBRAPA also described 
other meteorological research activities be
sides those specific to agrometeorology. 

Several institutions, though situated outside 
the Northeast, are doing research that is appli
cable in this region. Some of them are: 

1. The Instituto Nacional de Meteorologia 
(INEMET), the National Meteorological In
stitute, with headquarters in Brasilia, Dis
trito Federal, is studying adverse 
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meteorological phenomena which Include 
the occurrence of drought and flood. The 
first phase of this project covers statistical 
and probabilistic studies. Later there will 
be a synoptic-dynamic study to determine 
the conditions favorable to the occurrence 
of those phenomena. 

2. The Instituto Nacional de Pesquisas Es-
pacias (INPE), the National Institute of 
Space Research - linked to the Con-
selho Necional de Desenvolvimento Cien-
tifico e Tecnologico (CNPq), the National 
Council for the Scientifical and Techno-
logical development - with headquarters 
in Sao Josd dos Campos, Sao Paulo, has 
developed three programs based on 	re-
ception of meteorological satellite signals. 
Two of these cover subjects important to 
the Northeast. The first is related to the 
systematic study of tropical atmospheric
dynamics, aimed at numerical weather 
forecasting; local and the inter
hemispheric influences on Northeast 
weather are also being studied. The sec-
ond is a study of Brazilian climatological
characteristics and natural and manmade 
changes in them. Currently, the study em-
phasizes the analysis of climatic problem
in the Northeast and the Amazon. 

3. 	The Centro Tecnico Aeroespacial (CTA), 
the Technical Aerospace Center through
the Instituto de Atividades Espacias (IAE),
the Space Activities Institute - also lo
cated in Sao Josd dos Campos, Sao'Paulo, 
makes continuous studies on artificial 
weather modification and on forecasting
adverse meteorological phenomena. In 
the first case, the technical and economic 
feasibility of rainfall changes in Northeast 
through cloud seeding are being studied. 
In the second case, aerial photographs 
sent by meteorological satellites are being
utilized to identify the possible correla
tions between tropical stratospheric oscil
lations and the rainfall regime in the 
Northeast 

4. 	The CCT-UFPb, through the NMA, started 
in 1976 to develop research directed to
wards Northeast problems. Among its 
meteorological research activities - in 
addition to those specifically related to 
agrometeorology-the following work 
deserves special mention: 

a. Study on the dynamic-synoptic status 
of the atmosphere in the Northeast with 
a goal of recognizing the meteorologi
cal systems that are acting in the region 
(case studies) to stimulate. or Inhibit 
rainfall. 

b. Wind zoning of the Northeast with the 
aim of delineating areas with wind 
potential for power generation. 

c. 	 Potential solar energy zoning in the 
Northeast for utli:-_ng radiation from 
the sun as a power Lource through
appropriate equipment (collectors,
cells, stoves, distillers, dryers, etc.).

d. 	In addition to its research the NMA has 
also developed a postgraduate prog
ram in (i) agrometeorology of semi-arid 
zones, and (ii) dynamics of the tropical 
atmosphere. 
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Agricultural Meteorology in India: A Status Report
 

R. P. Sarker and B. C. Biswas* 

Summary 

The observational setup of agricultural meteorology in India and the collection, 
compilation, and documentation of data have been outlined. Information regarding 
preparation of crop-weather diagrams, crop-weather calendars, agroclimatic atlas, and 

rainfall publications has been given. The various types ofrainfall analysis, including one 

for short-duration rainfall for a few stations of the semi-arid tropics of India, have been 

dealt with. Analyses of weekly probabilities of rainfall for dry farming districts ofIndia 
anddetails of the same forMaharashtra and Gujarat have been discussedand their utility 

for agriculturalplanning has been brought out. Climatic classification for estimating the 

agriculturalpotential of a region on the basis of a Moisture Availability Index and 
water-availability period has been included. Studies on soil moisture, aridity, and 

drought indices; wet and dry spells; evaporation and evapotranspiration; crop-weather 
relationships; and preparation and issue ofcrop-yield forecasts have been outlined. The 
services rendered by th., ! 4 fu, .4corologicalDepartment to agriculturists have also 

been described. 

India's economy has for many years been ag-
ricultural in nature. Despite recent progress in 
industrialization, the soundness of its economy 
is significantly dependent on the gross produc-
tion of agricultural commodities. The latter, in 
its turn, is influenced by the vagaries of 
weather. It is well known that yield from any 
given crop/variety depends on the extent to 
which certain optimum conditions of rainfall/ 
soil moisture supply, radiant energy, photo-
period, and temperatures are satisfied during 
different stages of crop growth. Weather can 
also indirectly affect crop production when 
weather situations (a) lead to the outbreaks of 
pests and diseases of crops, (b) interfere with 
timely agricultural operations and plant-
protection measures, and (c) bring about de
terioration in the quality of seed material held in 
storage. Hence, meteorological consideration 
becomes part of the realm of agriculture by its 
own right. 

Meteorological studies end services can help 
bring about better agronomic practices in two 
broad ways. First, timely weather forecasts of 
short and medium range, would enable the 

* Deputy Director General and Meteorologist, re-

spectively, India Meteorology Department, Pune, 
India. 

farmers to adopt agricultural practices that 
minimize the adverse effects of weather and 
maximize its beneficial effects. Second, further 
scientific study of the interrelationship between 
crops and their environment would aid in the 
development of better varieties and in the 
proper choice of crops and farming practices. 
Meteorological studies can also help long-term 
agricultural planning, by identifying regions of 
similar climate and delineating areas subject to 
different intensities of weather vagaries. 

In the following paragraphs we give a brief 
status report of Agricultural Meteorology in 
India including the various research activities 
aimed at betterment of agricultural planning 
and practices. 

Organization 

Network of Observatories 
and Collection of Data 

The India Meteorological Department, since its 
inception in 1875, has helped agriqulturists. 
However, a Division of Agricultural Meteorol
ogy was started by the India Meteorological 
Department in 1932 to cater exclusively to the 
needs of agriculturists and to conduct research 
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on plant-weather relationships. A major step 
was taken in the early forties to set up
specialized meteorological observatories in a 
crop environment to inculcate weather con-
sciousness amongst agriculturists and to de-
velop farm environment climatology. This has 
resulted in a steady growth of observatories, 
which at present number about 125. Besides 
agromet observatories, synoptic weather sta-
tions also recurd data such as rainfall, tempera-
ture, radiation, low level wind, evaporation, etc. 
These are equally useful in agriculture, 

The National Commission on Agriculture rec-
ommended establishment of Principal Agromet 
observatories in each of the Agricultural Uni-
versities. The Indian Council of Agricultural Re-
search (ICAR) has recently sanctioned 52 Prin-
cipal Agromet observatories in 21 Agricultural
Universities and 31 Research Institutes and 
Crop-Coordinating centers functioning under 
ICAR. An ambitious network of a minimum of 
two Agromet observatories in each district, to-
tailing about 600 observatories all over India, is 
being contemplated and efforts are being made 
to attain this goal in the near future. 

The number of stations recording different 
observations and instruments used are given in 
Table 1. 

Data Punching and Verification 

The India Meteorologh al Department has been 
observing and storing meteorological data with 
meticulous care for more than 100 years for the 
purpose of building a good data bank of 
climatological information. With this end in 
view, the Department started the systematic 
transfer of data from manuscript form to punch 
cards around 1945, carefully scrutinizing and 
correcting the data before punching. Transfer of 
data to punch cards started for upper-air obser
vations in 1945, for rainfall in 1950, and for sur
face meteorological observations in 1969. The 
present holdings of data include more than 37 
million punched cards, of which the agromet 
data account for approximately 6 million, rain
fall data for approximately 8 million, upper-air
data 5 million, marine data 3 million, and soon. 
This holding is further accumulating at 
approximately 2.3 million cards everyyear. This 
enormous and ever-increasing volume of 
meteorological information is already posing
complex problems of storage and quick re
trieval. It may be noted that while daily values of 
all meteorological elements are punched, both 
daily and weekly values for agromet data are 
available on puncl-ed cards. In addition, crop 

Table 1. Network of agrometeorological observatories in India. 

Data recorded 

Rainfall 
Max temperature 
Min temperature 
Dry bulb temperature 
Wet bulb temperature JWind speed and direction 
Soil moisture 
Soil temperature 
Dew (5, 25, 50, 150 cm)
Radiation 
Evaporation 
Evapotranspiration 
Grass min. temperature 
Sunshine 

Observatories 

(no.)
About 5000 

535 approx. 

535 

17 

62 

97 

41 

198 

35 

6 


94 


Instrument used No. and time of observations 

Raingauge 0830 hr IST 

Thermometer 0700 and 1400 hr L.M.T. 

Windvane 0830 and 1730 hr IST 
Gravimetric method Once in a week/fortnight.
Soil thermometer 0830 and 1730 hr IST 
Dew Gauge Before sunrise 
M.G. solarimeter, etc. Continuous 
Class-A pan 0830 hr IST 
Lysimeter 0830 and 1730 hr IST 
Grass min. thermometer 0700 hr L.M.T. 
Sunshine recorder Daily total 

a. Sef-recording observations by thermograph, hygrograph, and self-recording raingauge are also maintained in Important 
principal observatories. 

38 



elements are kept in registers. 
At one time, the data were processed on the 

tabulator, sorter, and collator. In 1964, the India 
Meteorological Department acquired a 
second-generation computer system, the IBM-
1620. With its acquisition, the use of computer 
methods in data scrutiny and electronic data 
processing had come to stay. In 1973, the De
partment purchased another computer, an 
IBM-360/44, mainly for operational work and for 
research, and installed it in New Delhi. In 1977, 
the Department took another leap forward and 
acquired a new computer system EC-1040 
mainly for climatological work. It is a modern 
third-generation computer system with a 
memory of 256 kilobytes (characters) and an 
average processing speed of approximately 
400 000 operations per second. It has been de- 
cided to transfer all the present data holdings 
from the punched cards to magnetic carriers 
with the use of this comouter system. It has 
been estimated that itwill take approximately 4 
to 5 years to put all the data on to tapes, which 
would then be numbering several hundreds. 

The processed agrometeorological data are 
usedinavarietyofwaysinadditiontoresearch. 
For example, these are used for preparing the 
crop-weather diagram, the crop-weather calen-
dar, and the agroclimatic atlas. 

Crop-Weather Diagram 

Normals of meteorological parameters and 
crop characteristics are presented in these dia
grams. These yerly diagrams give information 
on major crops grcwn at different stations dur
ing the year. Crop performance and the weather 
experienced during the season are displayed 
side by side, along with their normal/average 
values. These are useful in comparing growth 
behaviorofthecrop with theeffectsofweather. 

Crop-Weather Calendars 

Agriculturists require advance warnings of 
hazardous weather for various agricultural op-
erations. To meet these requirements, crop-
weather calendars are prepared for the impor-
tant crops grown in the various districts of India. 
These calendars give, in an easily understand-
able form, the weather conditions detrimental to 
the various phases of growth of the crops and 
are based on information received from agricul-

tural authorities and the knowledge of the nor
mal weather conditions. These calendars (ab
out 500) serve as a guide for issue of warnings 
to farmers. Guides are also prepared for new 
varieties of the standard crops. 

Agroclimatic Atlas
 

The Agroclimatological Atlas of India has been 
printed. Agroclimatic parameters such as rain
fall, air temperature, humidity, grass minimum 
temperatures, soil temperature, soil moisture, 
solar radiation, sunshine, evaporation, 
thunder-storm, hailstorm hazards, and wind 
patterns collected from Agromet and de
partmental observatories have been put in their 
best representative forms in this atlas. This is 
expected to be ol great help for plant breeders 
and other agricultural scientists for various 
types of agricultural planning. 

Analysis of Data for 
Agrometeorological Purposes 

Data collected and documented previously are 
analyzed for national developmental purposes, 
including agriculture. Considerable work has 
been done in India in this respect. In the follow
ing paragraphs, we enumerate some of these 
analyses. Of all the meteorological elements, 
rainfall is the most important, so we devote 
more attention to various rainfall analyses. 

Today, there are more than 5000 raingauge sta
tions spread over the country; with these rain
fall measurements taken systematically under 
standard exposure conditions. In addition, 
there are nearly 3000 additional raingauge sta
tions in the country, maintained by the railways, 
irrigation, forestry departments, and other 
agencies for their specific needs. There are 
about 400 self-recording raingauge stations 
functioning at river basins and other parts of the 
country. Data collected are regularly published 
for use by investigators. 

Rainfall Publications
 

The IMD has brought out many useful publica
tions on rainfall. Monthly and annual normals of 
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rainfall and of rainy days, based on data from 
about 2700 raingauge stations operating in 
India during 1901 to 1950 have been brought 
out in the Memoirs of the India Meteorological 
Department. 

The Rainfall Atlas of India, also based on the 
1901-1950 data, was published in 1971. This 
contains various charts for rainfall, rainy days 
and their variabil'ty for monthly, seasonal, and 
annual periods. A detailed rainfall atlas is being 
prepared for publication. 

Monthly and annual rainfall and the number 
of rainy days occurring each year from 1901 to 
1950 for about 2700 raingauge stations have 
been printed in five volumes. 

Daily accumulated normals for about 400 
stations have been published. 

Climatological tables of observatories in India 
(1 0-1960) have been published. These con-
tain rainfall, rainy days, temperature, humidity, 
pressure, wind, and cloud information, 

Frequency distribution of daily rainfall for342 
selected stations in India, based on records for 
the period 1901-1950, is under print. 

Analyses 

On the basis of rainfall data of the 60-year 
period (1901-1960) for about 3000 rainfall sta
tions it was learned that mean annual rainfall of 
India (outside Pakistan and Bangladesh) is of 
the order o-,*119 cm and the rainy season rainfall 
(i.e., Jun to Sep) accounts for about 75% of this 
mean (Dhar et al. 1974). 

Onthebasisoftheexaminationofalargevol-

ume of self-recording rainfall data, the average 
time distribution of short-duration rainfall was 
found to be as follows: 

1 hour max. rainfall Is about 30% of the 1-day rainfall 
2 40% , 
3 50% 
6 " 60% , 
12 - " 75% , 
18 85% 

Nomograms have been prepared to help es
timate li-day rainfall for individual stations in 
the meteorological subdivisions of northern 
India for the low-return periods of 2, 5, 10, and 
25 years; this is done from the respective mean 
annual rainfall value of the station concerned. 
The relationship holds good for plains stations 
(Dhar et al. 1971). 

Extreme annual 1-day rainfall values of four 
SATstations - Anantapur, Hyderabad, Bellary, 
and Sholapur - have been computed with the 
1901 to 1960 data. Gumbel's (1954) extreme
value distribution as modified by Chow (1953, 
1964) has been used for the analysis. Table 2 
gives the results for different return periods. 

Based on self-recording rainfall data, returnperiod values of rainfall for short durations of 5,
15, 30, and 60 minutes have been computed 

(Table 3) for two stations. 

Rainfall Probability Analysis 

The dry-farming tract of India, where annual 
rainfall varies from 400 to 1000 mm, includes 87 
districts in nine states. This practically covers 
the whole semi-arid area of India. In order to 

Table 2. One-day rainfall magnitudes (cm) for different return perleds. 

Return period Highest 1-day Return period of 
observed highest 1-dayStation 2-year 5-year 10-year 25-year 50-year 100-year rainfall observed rainfall 

Anantapur 7.5 9.8 11.3 13.2 14.7 16.1 14.5 46 
14°41'N, 77037'E 

Hyderabad 7.0 9.7 11.5 13.6 15.3 16.9 19.1 255 
17°27'N, 78028'E 

Bellary 7.0 9.6 11.4 13.6 15.2 16.9 16.2 72 
15°09'N, 76-51'E 

Sholapur 8.0 10.7 12.7 15.0 16.8 18.5 19.1 121 
17040'N, 75o54'E 
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Table 3. Rainfall intensities (mm/hour) for various durations and recurrence Intervals at two 
stations. 

PUNE (18-32'N, 73'51'E) 

Recurrence interval (years) 

Duration 
(minutes) 2 5 10 25 50 100 

5 107 134 163 191 211 231 

15 
30 

75 
54 

102 
73 

119 
86 

141 
102 

169 
113 

176 
148 

60 34 75 57 69 78 86 

HYDERABAD (17'21'N, 78°28'E) 

5 96 120 131 
15 72 92 104 

30 55 72 84 
60 36 54 65 

determine the climatic potential of this area as it 
regards agriculture, weekly rainfall data have 
been statistically analyzed by using the incom-
plete gamma distribution. The minimum as-
sured rainfall has been established at different 
probability levels (Sarker et al. 1978). Some of 
the important aspects resulting from this 
analysis include: 

" The minimum assured rainfall distribution 
at 50 and 70% probability levels have ena-
bled classification of the entire dry-farming 
tract into seven broad homogeneous rain-
fall zones, and the duration of cropping 
season in these zones has been indicated. 

" The analysis has enabled the delineation of 
the drought-prone area; extending from 
Madurai (14o41'N, 77 037'E) to Ahmednagar 
(19005'N, 74 055'E) via Mandya, Chit

radurga, Bellary, and Bijapur. This area 
shows up distinctly in the 50 and the 70% 
rainfall charts. It appears difficult to raise a 
rainy-season crop in this area, but the 

prospect of a crop during the postrainy 

season is fairly good. 
" The main rainfall zone during the period 

preceding the rainy season is in in the area 
near Bangalore (12'58'N, 77035'E) in Kar-
nataka during the 22nd week (28 May-2 
Jun). With tMe progress of the monsoon, 
the main rainfall belt shifts to the north to 

the area of southern Gujarat adjoining 
parts of Madhya Pradesh and Maharashtra 

144 159 168 
120 132 144 
96 106 116 
79 89 100 

in the 30th week (23-29 Jul). Rainfall activ
ity throughout the dry-farming tract is 
maximum in this week. Afterthe 36th week 
(3-9 Sep), rainy-season activity increases 
in Andhra Pradesh and adjoining 
Maharashtra. With the withdrawal of the 
rainy season, the zone shifts to the south. 

e In mid-season, the rainfall activities are 
lowest during the weeks 32 to 34 (6-19 
Aug) throughout the dry-farming tract. It is 
likely that the rainy-season crop in many 
r3gions will suffer water s~ress during this 

period. 

Similar analysis for Maharashtra (Biswas et al. 

1977) and Gujarat (Biswas et al. 1978) has been 
completed, using a large number of rainfall sta

tions. The important results are given balow. 

MAHARASHTRA. Three distinct rainfall patterns 
are observed in Maharashtra. In southern 
Maharashtra, the highest rainfall peak is found 
in the 38th week (17-23 Sep). In central 

Maharashtra, two similar peaks are noticed in 

the 26th (26 Jun-1 Jul) and the 38th weeks 
(17-23Sep), with an intervening lull of6weeks. 
In northern Maharashtra, thefirst peak occurs in 

the28th week(9-15Jul) and is very prominent; 
the second peak (36th week, 3-9 Sep) is less 
prominent. However, a lull period of 1 to 2 

weeks can be expected around the 33rd week 

(13-19 Aug). 
The drought-prone area of Maharashtra State 
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is identified as a zone comprising the northern 
part of Sangli, southern part of Sholapur, 
southern part of Ahmednagar, and adjoining 
areas of Pune and Satara districts. 

GUJARAT. Gujarat may be divided into four 
parts, according to its rainfall pattern. In the 
east, the highest peak is observed during the 
30th week (23-29 Jul). Main rainfall is spread 
from the 26th to the 36th week (25 Jun-9 Sep), 
with a lull period around the 32nd week (6-12
Aug). In this area, a rainy-season crop of 14 to 16 
weeks duration may be raised once in 2 years. 
The highest assured rainfall peak in the second 
and third areas is in the 28th week (9-15 Jul).
Rains may be expected from the 26th to 35th 
week (25 Jun-2 Sep) and the 26th to 33rd weeks 
(25 Jun-19 Aug) in the second and third areas, 
respectively. In the fourth area - the Kutch 
area - annual rainfall is less than 400 mm and 
rainy-season activities are experienced mostly 
in the 27th to 31st weeks (30 Jul-5 Aug). Rainfed 
agriculture normally does not flourish in this 
area. 

A large area of low assured rainfall includes 
Ranpur, Chuda, Dhanduka, and Dholera; small 
areas of low assured rainfall may be observed 
around Amreli and Sanand, also. 

It is clear from the above that while the 
analysis on an all-India scale gives a gross pic-
ture of agricultural potential, detailed analysis 
for smaller areas, such as states with a dense 
network of rainfall stations is essential for 
specific crop potential and agricultural man-
agement. 

Moisture-Availability Index and Water 
Availability Period 

The quantum of assured rainfall by itself does 

not indicatethe amount of water availabletothe 
plant, because the same amount of rainfall can 
act differently, depending upon the atmos
pheric demand of the site. The concept of mois
ture availability index (MAI), which may be 
defined as the ratio of assured rainfall to poten
tial evapotranspiration, can give a better idea of 
availability of water to the plant. Hargreaves
(1974) used the MAI concept to classify the 
Brazilian northeast, using monthly assured 
rainfall at the75% probability level. As a month 
is a long period, weekly calculation of MAI is to 
be preferred. Sarker et al. (1978) used the 
weekly MAI to estimate the agricultural poten
tial of some selected stations of Rajasthan, and 
a detailed study has been further extended over 
Maharashtra and Gujarat (Biswas et al. 1978). In 
this study weekly rainfall at the 50% probability
level was examined and the periods with MAI 
greater than 0.3 were considered suitable for 
growing a crop. From these studies, water
availability periods of different categories may 
be estimated on the basis of MAI, to determine 
the maximum possible crop lifecyclefor a given 
rainfall distribution. 

Such processed information, when superim
posed on soil type, will lead to the delineation of 
agroclimatic zones and subzones. These 
studies can also help to delineate regions and 
periods in which supplementary irrigation 
should be provided on a priority basis. 

Table 4 presents MAI and water-availability
periods for five typical SAT stations at the 50% 
probability level. 

At Sholapur, although MAI is more than 0.3 
for 17 weeks, a crop of 17 weeks duration cannot 
be raised, as the 70% water requirement by 
crops is satisfied only for 3 weeks. At the sametime, a crop of 15 weeks duration may easily be 
harvested at Hyderabad, because the crop may 

Table 4. MAI and water-availability periods for five SAT stations at 50% probability level. 

Station Latitude Longitude _-.30 
Weeks with MAI of: 

_-.05 --.07 _>.09 
Accumulated assured 

rainfall (mm) 

Sholapur 
Hyderabad 

1T40'N 
17'27'N 

75.54'E 
78'28'E 

17 
15 

7 
13 

3 
8 

2 
5 

330 
406 

Jejuri 
Udaipur 
Bhuj 

18"17'N 
24135'N 
23'15'N 

74'10'E 
73°42'E 
69'48'E 

9 
13 
2 

2 
10 
0 

2 
7 
0 

0 
6 
0 

176 
314 
48 
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get 70% of its required water for 8 weeks, 5 of 

which provided the full requirement. It may be 

mentioned that annual rainfall at these two sta-

tions is almost the same. It may be very difficult 

to raise a nonirrigated short-duration crop at 

Jejuri once in 2 years. At Udaipur, a crop of 

13-week duration may be planned, as 

suggested by different categories of MAI and 

314 mm assured water. A rainfed crop at Bhuj 

once in 2 years is speculative. Thus, the dura-

tion of the water-availability period is seen to 

differ significantly among the stations within a 

common climatic zone and of the same annual 

rainfall, 

Dry and Wet Spells 

In the semi-arid tropics, mid-season risks to 

crops often arise due to prolonged rainless 
spells. With this in mind, frequency tables of 

probability of runs of dry and wet spells have 

been worked out. Work has been done to 
inexamine the runs of dry and wet weeks 

Gujarat and Maharashtra (Khambete et al. 

1978). In Gujarat, the mean length of dry spell 

varies from 2 to 3 weeks. A similar study has 

been made on a daily basis for Maharashtra and 

Bihar (Chowdhury et al. 1978). The conditional 
probability has also been obtained by employ-

ing the Markov Chain Model (Chowdhury et al. 

1978; Virmani et al. 1978). 

Soil Moisture 

In each ofthe broad climatic zones, a knowledge 

of the patterns of soil-moisture accumulation 
and distribution from rainfall in varioustypesof 
rainfall years is vital for designing effective ag-

ronomic operations. 
Soil-moisture data of a few stations, where 

reliable data for longer periods are available, 
have been analyzed and have revealed many 

interesting features of agronomic utility (Bis-

was, 1978). The meager soil-moisture observa-

tions available are not sufficient to define the 

moisture status of the country. It becomes 

necessary to evolve different methods to esti-

mate soil moisture in various types of soil. 

Weekly changes in soilmoisturefromacropped 
soil column have been computed from weekly 

rair,fal, potential evapotranspiration, and ratio 

of actual to potential evapotranspiration, fol-

lowing the method suggested by Baier (1969). 

The estimated soil moisture of three stations of 

different climatic and soil zones have been vari

fied with recorded soil-moisture data, and the 

estimations are within reasonable accuracy 
(Biswas et al. 1977). 

Soil moisture in the deeper layers has been 

computed on the basis of the moisture content 

of the surface layers and compared with the 

actual observation. Regression equations con

necting deeper depths and surface-layer soil 

moisture have been formulated for some sta

tions (Biswas et al. 1977). 
Another method of estimating the accretion 

of productive soil-moisture storage from daily 
rainfall and pan-evaporation data, after allow

ing for evaporation and runoff losses has been 
reported by Venkataraman (1973). 

Water Requirements of Crops 

In irrigated areas, the strategy is to maximize 

crop yields by optimum use of irrigation water. 

Inthedry-farmingtract, it is essential to practice 

the utmost economy of wateruse, It istherefore 

necessary to obtain data on water requirements 

of various crops during their different phases, 

under different meteorological conditions in 

different agroclimatic zones. Work has been 

started in the India Meteorological Department 
to determine experimentally, by the use of 

lysimeters, the daily evapotranspiration loss 

from a network of 35 stations covering major 

soil-crop-climate regions. Evapotranspiration 
data so far collected have been analyzed and 

some results of agronomic significance have 

been obtained for few crops (Sarker et al. 1976; 

Venkataraman et al. 1976; Subba Rao et al. 

1976). Details of these results will be presented 

by Dr. Venkataraman at this workshop. 

Evaporation Distribution 

Pan evaporation and PET give a measure of 

drying power of the air and are the most useful 

meteorological parameters for determining 
water requirements of crops. Evaporation is re

corded at about 200 stations, using standard 
U.S. (Class A) evaporation pans, covered with 

wiremesh. The data have been compi:ed and 

published by the IMD. Monthly analysis of 

evaporation shows clearly the pockets of high 

and low evaporation zones during different 

seasons (Rao et al. 1971). The highest pocket of 
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evaporation in all the months is over 
Saurashtra. 

Estimates of potential evapotranspiration
(PET) by Penman's method have been com-
puted for about 300 stations (Rao et al. 1971)
and monthly maps have been published, 

Crop-Weather Relationships and Crop 
Yield Forecast 

Crop growth and crop yield are profoundly
influenced by the weather elements. The India 
Meteorological Department has carried out a 
number of investigations to define the relation-
ship between crop characteristics and different 
metrorological parameters, utilizing data col-
lectbd for wheat, jowar (sorghum), paddy, 
sugarcane, and cotton. The initial analysis was 
made by simple and partial correlation 
techniques. Similar analyses have been made 
at other agricultural institutions/universities.
However, the response of crop to weather 
changes is not so simple as to be described by
linear correlations; hence, investigations were 
made using curvilinear analysis, which not only
shows which meteorological parameter is im-
portant for a particular crop phase, but also 
shows the optimum value of the parameter.
This method has been found very useful for 
crop-yield forecasts. 

In 1924 Fisher developed a technique to 
evaluate the effect of distribution of a 
meteorological parameter on a crop charac-
teristic. This method is quite useful and has 
been extensively used by many workers (Gan-
gopadhyaya et al. 1964; Srinivasan, 1973; Gil-
dayal et al. 1975). Analysis by this method 
shows when a particular parameter -e.g.
rainfall - is beneficial tothe crop and when it is 
detrimental. The method, however, becomes 
quitecomplicatedwhenthecombinedeffectsof 
additional parameters are to be examined. We 
are at present examining the combined effect of 
two meteorological parameters using a method 
developed by Tippet (1926). 

Having thus obtained some idea about 
crop-weather relationships, the India 
Meteorological Department has ventured to 
develop crop-yield forecasting models in terms 
of meteorological parameters. The preharvest
forecast of crop yield will enable Government 
agencies to make policy decisions on food 
imports/exports and on internal food distribu-

tion. The technique involves identification of 
any significant correlations between yield and 
weather parameters and, on the basis of the 
parameters so identified, a multiple-regression 
equation is established for forecasting pur
poses. Recent advances in the field of agricul
tural technology have resulted in a steep rise in 
the crop yield. Technological trends have thus 
been introduced into the regression analysis,
along with the meteorological parameters. Ag
ricultural scientists are consulted during de
velopment of the forecast models. Almost the 
entire portion of the country where paddy and 
wheat are grown has been covered by the for
mulation. Some models have also been de
veloped, on a district-wise basis, for crops nor
mally grown in the dryfarming tract.Atpresent, 
we are forecasting, on an experimental ba3is for 
rice and wheat. 

Weather and Crop Pests and Diseases 
Pests and diseases are yet another cause of low 
yields in India. The incidence and spread of 
pests and diseases are closely related to prevail
ing meteorological conditions, such as temper
ature, rainfall, and humidity. Realizing the im
portance of meteorology in the development of 
warning systems for alerting farmers to pest 
and disease outbreaks, the India Meteorological
Department has undertaken a scheme on pest 
and disease meteorology. Studies are in pro
giesson the relation of weather to the incidence 
and spread of ergotof pearl millet, lateblightof 
potato, the paddy stem borer, and the leaf spot 
disease of groundnut. 

Service to Agriculturists 

In addition to rendering advice from ti. 
time on demand, the India Meteorological Ld
partment began, in 1945, to offer a regular
weather service to farmers. Farmers' Weather 
Bulle'ns (FWB) are issued by the department's 
forecasting offices. Bulletins arebroadcast daily 
in 20 regional !9nguages on 59 All-India Radio 
stations. !nformation on the weather expected 
in the district during the next 36 hours is re
ported, together with the outlook for the 2 days
following. Warnings are issued for squalls, hail 
storms, frost, and low or high temperatures. In 
this respect, the forecaster is guided by crop
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weather calendars prepared by the Departmen 
for district-wise principal crops. 

These bulletins are useful, but they are very 

general in nature because they cover large 
areas, and thus cannot include specific advice to 
farmers. To make the service more user-
oriented, the Agrometeorological Advisory 
Service Scheme has been started. The scheme 
envisages framing and issue of specific ad-
visories to cultivators after a joint discussion 
between meteorologists and agriculture 
specialists. The dissemination of such ad-
visories will be uncertaken through the Farm 
Radio Service and in audiovisual form by tele-
cast, wherever possible, once or twice a week. 

Conclusion 

The sustained efforts of the India Meteorologi-
cal Department have been successful in making 
the agricultural research worker and the agricul
tural planner weather-conscious. Agricultural 
meteorology in India is now poised to meet new 
and exciting challenges, requiring closely coor-
dinated and collaborative work among diverse 
agricultural interests in the application of
agriclter al nwlere i the crpplaing,o 
meteorological knowledge to crop planning, 
land use, water management, and agronomic 
practices - including scheduling of irrigation 
and plant-protection activities on a more scien
tific basis. We have geared up our present ac-
tivities and drawn up plans to meet these new 
and exciting challenges. 

It is hoped that this report will stimulate dis-
cussion and help identify areas where agroc
limatological research is needed most. It is con-

sidered essential that various research insti-

tutes join together and undertake collaborative 

projects, so that increased agricultural produc-
tion becomes a reality in the SAT in the near 
future. 
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Classification of Climate and the Potential 
Usefulness of Pattern Analysis Techniques 

in Agroclimatological Research 

J. S. Russell* 

Summary 

Climate classification has been ofhistoric importance in developing a broad understand

ing of factors affecting soil and crop patterns in various environments. Many climate 

classifications have been published using various approaches. Most classifications have 

been macro in concept and have usually been applied on a continental orglobal basis. 

With the increased availability ofnumeric data and the development of computers and 

pattern analysis methods, new approaches in classification of climate are possible. In 

particular classification of micro-, as well as macro-, environments is possible. 
In this paper, following a broad view of past climatic classification, the application of 

pattern analysis methods to climatic data is discussed and advantages and disadvan. 

tages of the approach noted. Emphasis is given to the use ofsimilarity measures rather 

than to ordination techniques and the use of both Euclidean distance and Canberra 

metric coefficients in relation to climatic data is considered. Choice ofclimatic attributes 

used in an analysis is affected both by the purpose of the analysis and by the availability 

of data. 
Five main uses of pattern-analysis techniques in agroclimatological research are 

discussed. These are 1) classification of climate, 2) detection of homoclimates, 3) 

grouping of experimental areas and locations, 4) geographic extrapolation of experi

mental results, and 5) domain definition. Pattern-analysis techniques are likely to be 

most useful in comparisons of specific areas for clearly defined purposes rather than in 

the development of continental or global classifications. 
Although numerical methods used in pattern analysis are still evolving, the main 

challenge in agroclimatological research is at the climate-plant interface, much better 

definition is required at this level. 

Increasing use is being made of climatic data in 
agricultural rcsearch. In additioji to traditional 
uses, such as in the definition of single envi-
ronments and :n climatic classification, there is 
a greater awareness that more precise mea-
surement of the climatic environment is a key 
factorin the quantification of plant behavior and 
in understanding variations in plant growth in 
diverse ewivironmants. 

Agrucl;mratological research and develop-
ment have considerable potential in the less 
well-defined subtropical and tropical environ-
mrunts of theworld. Here, in addition tothe need 
for increased agricultural production, there is 

* CSIRO, Division of Tropical Crops and Pastures, 
Cunningham Laboratory, Brisbane, Australia. 

scope for better definition of useful tropical crop 
and pasture plants, for transfer of information 
betweensimilarhomoclimates, andforplanned 
plant introduction between environments. 
There is also a need, in agroclimatological 
research generally, for techniques that will 
group experimental areas and locations and 
thus perhaps enable the extrapolation of ex
perirnental results from one area to another. 

Classification, or the grouping of similar en
tities, has an important contribution to make to 
all of these needs. In particular, pattern analysis 
is a technique that has value in classification 
and in making use of the large amount of 
climatic data currently being collected, in addi

tion to the large amounts of historical data 
available in many parts of the world. 
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Classification of Climate 
The classification of climate became fashion-
able in we latter half of the nineteenth century.
This arose from the increase in geographic
knowledge of the world and the increasing
availability,on aglobal scale, of climaticdata on 
rainfall and temperature. Much of this emphasis 
on climatic classification was in the search for 
universal criteria that could integrate available 
environmental information and predict the use-
fulness of developing agricultural areas in 
North and South America, Africa, and Aus-
tralasia. 

In the century since, a large number of clas-
sifications of climate have been proposed. Gen-
tilli (1958), for example, noted that 75 classifica-
tions or partial classifications had been pro-
posed. In a later paper (Gentilli 1972), he gives
details and maps of 15 climate classifications of 
the Australian continent, all of them macro in 
concept and divisive in approach. These clas-
sifications can themselves be classified in rela-
tion to the climatic criteria used (Table 1).

A chronological listing of some of the different 
approaches to the classification of climate
that have been proposed are presented in Table 
2. The two global classifications most widely
cited are those of K6ppen (1936) and 
Thornthwaite (1948). Both are quantitative, and 
the increased availability of climatic data with 

time has made possible the more accurate 
delineation of their boundaries. Both classifications make use of integrated climatic elements 
and single-value indices. 

A more recent classification is that of 
Papadakis (1966). This classification is very
much oriented towards agricultural and crop
requirements, with the limiting criteria chosen 
to represent values of significance for crop
plants. In this classification, account is taken of 
climatic characteristics such as mean annual 
minimum temperature, frost-free season, aver
age daily maximum or minimum temperature
for key months and periods of the year, water 
balance, and the occurrence of dry and wet 
seasons. 

Although a large number of climatic clas
sifications have been proposed, no universal 
system to compare, for example, with the Lin
nean plant system, has emerged. Part of the 
difficulty in classifying climate is that it forms a 
continuum varying intimeand space. Also, past
climate classifications have tended, through
necessity, to bedivisiveand based on perceived
most-important criteria comprising a few vari
ables. 

The purpose of this paper is not to evaluate 
published classifications; rather it is to discuss 
the potential usefulness of pattern analysis asa 
technique in grouping similar climatic envi
ronments. 

Table 1. Classification of criteria used in climatic classifications. 

Time Frequency or duration Climatic elements Examples of criteria 

Independent Single 

Combined 
Ratios 

.........................................................................................................-----------------------------------


Dependent Frequency or probability Single 

Combined 

Ratio 

Seasonal duration Single 
Ratio 

Source: Gentilli (1972). 

Temperature 
Rainfall 
Wind direction 
Temperature and rainfall 
Temperature/rainfall 
Rainfall/evaporation 

Aiinual wet days 
Percentage wet days
Wet days with certain wind pattern
Temperature and humidity
Frequency of years with R/t+10>0
Probability of years r<t+7 
Frost-free season 
Months r/o .75>.4 
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Table 2. Publibhed climatic clasaificatons and main criteda used. 

Authods) Year Main criteria used 

Voeikov 1874 Seasonal incidence of rainfall 
Herbertson 1905 Combination of rainfall and temperature 
DeMartonne 1909 Combination of rainfall and temperature 
DeMartonne 1948 Index of aridity 
Hunt, Taylor, Quayle* 1913 Seasonal rainfall 

Koppen 1918 Annual and monthly means of temperature and rainfall 

Koppen 
Thornthwaite 

1936 
1931 Temperature and humidity using P/E 
1948 Temperature and potential evapotranspiration 

Hettner 1934 Zonal winds 
Prescott, Trumble, Davidson* 1934 Precipitationlevaporation indices 

Prescott, Trumble, Davidson* 1949 Precipitationlevaporation indices 
Andrews and Maze* 1933 Intensity of aridity 
Curd* 1945 Combination of temperature and rainfall 
Creutzberg 
Bagnouls and Gaussen 

1950 
1953 
1959 

Duration of humid months 
Rainfall-temperatiire Index 
Rainfall-temperature Index 

Walter, Leith, and Rehder 1960 Thermohydric criteria 
Hendl 1963 Atmospheric circulation 
Meher-Homji 
Troll 

1963 
1964 

Rainfall-temperature Index 
Duration of humid months 

Papadakis 1966 Water, heat thresholds related to crop growth 

Fitzpatrick and Nix* 
McBoyle* 
Russell and Moore* 

1970 
1971 
1976 

Growth index 
Factor analysis, twenty attributes 
Sixteen climatic attributes on annual and seasonal basis 

* Classifications of Australian climate only. 

in previous classifications. This is particularlyP'lhern Analysis 
important in considering the growth of many 

'?attern a,'nlysis methods have greatly affected crops whose lifespan may belessthan 100 days 

classification in various scientific fields. Their and where knowledge of the climatic environ

value has been greatest in areas such as micro- ment may be limited to short periods. 

biology, where previous classifications based Almost all previous classifications have been 

on large numbers of criteria were unstable and divisive in splitting from above into groups on 
the basis of certain criteria. While this approachunsatisfactory. 

Most of the previous climatic classifications is possible with numerical methods, and pro

have relied on a few key variables and specific grams are available to do this (e.g. POLYDIV, 

divisions made in what are frequently continu- Milne, 1976), numerical methods also allow an 

ous variables-e.g., Kdppen (1936) used 50, agglomerative approach from below. 

100, 180, and 22 0C as important criteria for Numerical methods are objective in the 

separating different climates on the basis of sense that with a given set of data and a given 
procedure the resulting groupings are reprotemperature. The development of large com-

puters and numerical methods allows many ducible. Although emphasis in most numerical 

more variables to be included. Shorter time methods is laid on the lack of weighting of 

periods can now be considered - an approach different attributes, explicit weighting can be 

developed only in a rudimentary seasonal form used if desired. In addition, most commonly 
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used numerical procedures show hierarchical 
relationships between groups, so different 
levels of agglomeration can be examined, 

Disadvantages of pattern analysis are related 
to the extent to which classifications are 
method-dependent. Studies in other fields 
suggest that, with appropriate methods, clas-
sifications can be meaningful andstable(Moore 
and Russell 1967; Moore et al. 1972). Climate 
classifications are also attribute-dependent, 
and the choice of attributes will largely affect 
the classification obtained. In some situations 
information is so scarce that all available data 
should be used. This is the approach that has 
been applied in a recent paper by Russell and 
Webb (1977), where the only available climatic 
datafor aseries of stations was monthly rainfall 
and maximum and minimum temperatures.
Daylength could be determined from thestation 
location, which meant that 48 attributes were 
available on an annual basis. However, the 
classification obtained was meaningful in rela-
tion to other data on grass and legume species 
grown at these stations, 

Pattern Analysis Methods 


The two main pattern analysis approaches 
that can be used in the study of climate are 
1)classification using similarity measures, and 
2)ordination using avariety of analyses, includ-
ing principal component analysis and principal 
coordinate analysis. In this paper reference will 
be made only to similarity measures. 

A very large number of similarity measures 
have been proposed in the literature (Sneath 
and Sokal 1973). On the basis of research on a 
number of coefficients (Moore and Russell 
1967), two have been found to be useful in the 
classification of climatic data. These 
coefficients are Euclidean distance and the 

1Canberra metric. 

1. Euclidean Distance = (xl1 12 1 2 
,M
=1 

1 M x x2i
Canberra Metric = -( ) 

j=1 \X j+2) 

where x.is the jth variate for the ith unit, x',is the 
corresponding standardized variate and m is the 
number of attributes, 

Euclidean distance requires standardization 
to unit variance to eliminate effects due to the 
choice of units used in measurement. This is 
obtained by the relationship 

x'=(x-R)/SD 
where x'is the standardized attributevalue, R is 
the overall mean of the attribute in question 
over all stations, and SD is the standard devia
tion. This coefficient has been used in anumber 
of climatic analyses (Russell and Moore 1970; 
Russell and Moore 1976a, 1976b). 

The Canberra metric has been found to have 
particular value with climatic data. The metric is 
the ratio of the absolute value of the difference 
between two attribute values over the sum of 
the attributes. For any two stations these ratios 
are summed over all attributes. The Canberra 
metric is constrained between 0 and 1.Because 
attributes occur in both the numerator and 
denominator, standardization to eliminate the 
effects of units is not necessary. The Canberra 
metric also has been found to be less affected 
than Euclidean distance by outlier values (Rus
sell and Moore, 1970), and this is an important 
characteristic in the classification of climate. 

Following the use of comparisons betweenstations using a similarity coefficient, atriangu
lar similarity matrix is obtained with n(n-1)/2 
values where n is the number of entities (in
climate, these are usually stations) based on a 
certain number of attributes. 

It is then necessary to sort this triangular 
matrix and obtain a dendrogram showing a 
hierarchical relationship between entities. Vari
ous strategies - centroid, nearest-neighbor, 
further-neighbor, etc. - can be used to do this. 
To some extent the methods used are depen
dent on the coefficientused. Manyof thesorting
methods used can be expressed in terms of the 
general linear model (Lanceand Williams 1967). 

dhk 1h +2 d +fd +7 d - dhj 
2hj ij 

where i and j are two groups of individualsto befused into a new composite group (k); a further 
outside group, h, is not involved in this fusion. 
Thead values aredistances between the various 
groups. 

For the classification ot climatic data, - e flexible strategy has been found to be sat=actory.
Values of the parameters for the flexible strategy 

are21, +22 +11 = 1;- = 0. It iscompletely defined 
by fi, the cluster-intensity coefficient. For most 
data, a value of p = - 0.25 appears satisfactory. 
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Choice of Attributes 

The choice of attributes which should be used to 

describe climate inevitably arises in any 

climatic-pattern analysis. Where a general de-
scription of climate is sought, it is probably 
desirable to use as many attributes as possible. 
The data available obviously influence the attri-
butes used. Geographically, thewider and more 
extensive the stu~dy, the less the chance that a 

large number of equivalent measurements will 
be available for all stations. 

The basic attributes used in most of the 

published examples of pattern analysis have 
been monthly means, such as rainfall and 
temperature (e.g. Kyuma 1972), or monthly 
extremes, such as maximum and minimum 
temperature. Attributes that were used in a 
study of comparative climates of that part of 
Africa in the southern hemisphere, and of Aus

tralia, New Guinea, and New Zealand (Russell 
and Moore, 1976a) are presented in Table 3. 

Most of the attributes are measured values, 
which are the usual means of standard 

Table 3. 	 Mean monthly attributes (measured 
over n years) used In the climatic 
classification of Australasla and 
southern Africa. (Russell and Moore 
1976a). 

Daily maximum temperatureTemperature 

Daily minimum temperature 

Daily mean temperature 

Lowest temperature 

Absolute degrees of frost 

Daily temperature range 


Rainfall and humidit ainfall-............................ 

Rainfall and humidity RainfallMaximum rainfall in 24 hr 

Number of wet days 
Relative humidity at 0900 hr 
Relative humidity at 1500 hr 

Evaporation 	 Free water evaporation 

Daylength Daylength 

0...
7 

Derived ratios 	 Rainfall/evaporation 0.7 

Rainfall/wet day 


.................................................- - -.------.-----

Integrated over time 	 Soil-water storage 

meteorological measurements taken over 
specific intervals. Some of the attributes were 

derived from measured data - e.g., degrees of 
frost, rainfall/wet day. Monthly daylength could 

be calculated for each station on the basis of its 
latitude. 

In using event attributes, such as lowest 
absolute temperature, length of recerd as
sumes importance. The length of records of 
stations being compared can vary markedly. 
This effect is likely to be most important in 
stations with short records. 

The balance of attributes, e.g., rainfall vs 

temperature, is clearly important in the group
ings obtained. Little information is available on 

the effect of different suites of attributes. Rus
sell and Moore (1976b) examined two separate 
classifications achieved by using available data 
in northern Australia comprising: 

1. 	Broad spectrum of climatic attributes, includ
ing rainfall and temperature, with both 
means and event measurements (59 
stationsx192 attributes). 

2. 	 Rainfall measurements only, first, third, fifth, 
seventh, and ninth deciles of monthly rainfall 
(254 stationsx60 attributes). 

Although there were broad similarities bet
ween the groupings, differences obtained were 
also apparent in particular localities. One ad
vantage of the greater number of stations is that 

it shows a more 	 complex pattern which, in 
coastal and mountainous regions, is much 

closer to reality. 
It is likely that, for general-purpose classifica

tions there will be 	an evolutionary change in 
attributes with time. For such classifications it 
can be argued that all available relevant data 
should be 	used. For specific t.:,issifications 

e.g., the growth of a certain plant -a more 
restricted set of attributes may be required. 

Uses of Pattern Analysis 

Techniques 
Classification of Climate 

Williams (1976) has pointed out that there are a 
number of aspects to classification. Possibly the 
most important of tihese is purpose, and the 
main purpose of most classifications is predic
tion. From an agricultural point of view, a 
general-purpose climatic classification should 
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bc able to predict that certain plants will grow 
and that others will not. But special-purpose 
classifications may be required formore precise 
information. 

Broad-scale classifications may be termed 
"general-purpose" and such classifications 
may be put to a variety of uses. Many of the 
classical classifications are of this type. How-
ever this generality is not essential, and for 
some purposes a specific classification may be 
adequate. Pattern analysis can be readily used 
for broad-scale classifications - e.g., the com-
parison of Australasia and southern-
hemisphere Africa (Russell and Moore, 1976a). 
The overall pattern of climate groupings ob-
tained in this classification was meaningful in 
relation to other information about vegetation 
and agriculture. 

Pattern-analysis techniques can also be used 
to classify microclimates. Traditional climatic-
classification methods are of much less value in 
these situations, yet, provided data is available, 
there is no reason why stable and useful micro-
climatic groupings cannot be obteined. 

Detection of Homoclimates 

The determination of areas of similar climate is 
of particular interest in plant geography and 
plant introduction. Comparisons of climates in 
different parts of the world have been carried 
out by various authors (e.g. Prescott 1938; 
Hartley 1960). Generally the term "homo-
climate" refers to two or more stations with a 
similar climate, whereas theterm "homoclime" 
refers to areas or regions that possess similar 
climates. 

Studies of homoclimes have been carried out 
with reference to particular economic crops, 
e.g.,guayule(Partheniumargentatum; Prescott 
1943), Pinus radiata (Prescott and Lane-Poole 
1947), and the grape vine (Vitis vinifera; Pre-
scott 1965). Most of these studies involved 
comparison of various climatic attributes that 
were considered to be critical, such as amount 
or distribution of rainfall or temperature or 
simple ratios such as precipitation: evapora-
tion. However, no attempt was made to express 
such similarities in a numerical form or to 
assess overall climate, 

The development of computers and numeri-
cal methods enables greater quantities of data 
to be examined and a greater number of alterna-

tive hypotheses to be tested in the search for 
homoclimes. These developments also allow 
an agglomerative multivariate approach, as 
compared to the single-attribute or simple
ratio-divisive approach used in the past. 

The basic rationale behind the use of homo
climates in plant studies is that we are using 
climatic profiles of places (which are well 
defined numerically) on the earth's surface as a 
surrogate for climatic profiles of plants (which 
are not well defined). A climatic profile of a 
place consists of the values for a suite of 
climatic variables which reflect the climatic 
needs of the plant. The definition of climatic 
profiles of plants requiresamuch moredetailed 
study over many environments and over a long
period, and is influenced by differantial toler
ance of cultivars for climatic characteristics (e.g.
frost tolerance, drought tolerance). The number 
of plants for which we possess this information 
is quite small. Some attempt has been made to 
produce it for plantation crops, such as tea (Carr
1972). Much agroclimatological information 
has been collected about some ofthetemperate 
cereals (e.g., Nuttonson 1957a, 1959b), but 
there is a lack of infonation about many of the 
tropical field crops.

Since so little quantitative information un 
climatic needs of cultivars and species of inter
est to us is available, it is necessary to make 
better use of the available climatic data. 
Thus -given an area where a particular cul
tivar grows well and which has a particular 
climatic profile - are there other areas in other 
parts of the world which have a similar climatic 
profile? This is known as analagous transfer of 
data (Nix 1968) and, theoretically, no know
ledge of the plant involved is nece.srry at all. 

One advantage of this approach is that a large 
amount of global climatic data is available. 
Wernstedt (1973), for example, has summarized 
monthly data on rainfall and temperature for 
19000 global stations. More detailed informa
tion on 11 monthly climatic attributes is avail
able for 1740 global stations (Anonyinous 1958).
While inadequacies in data (quality, length of 
record, location, lack of detail, etc.) immediately 
become obvious when a study of a particular 
area begins, there is nevertheless an impressive 
amount of consolidated climatic data readily 
available, especially when compared with the 
lack of similar information on plants and soils. 

There are several examples of the use of 
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pattern analysis in the search for homoclimates. 
Two broad strategies are possible: a) given a 
region with a particular plant deficiency, what 
other areas in the world are similar and might 
beexploredforsuitableplants?,andb)givenan 
area where a particular crop plant grows well, 
are there other areas that could grow this crop? 

An example of the first strategy is in the search 
for suitable pasture legumes for the brigalow 
region of Eastern Australia (Coaldrake, 1970). 
Brigalow is a tree, Acacia harpophylla, that 
grows on clay soils in the semi-arid -. clions 
between latitude 28' and 18'S. After the forest 
vegetation is removed, crops and pastures 
grow well for a time, but the soil organic matter 
becomes depleted as cultivation intensity in-
creases. There is a need in this region for the 
development of crop-pasture systems that can 
maintain soil fertility, but there is a lack of 
self-regenerating annual or perennial 
summer-growing pasture legumes that can be 
used in such pasture systems. 

To obtain information on suitable homo-
climates, Russell and Moore (1970) compared 
climatic data from 9 stations from the brigalow 
region with 139 selected global stations. In this 
analysis, Euclidean distance and Canberra met-
ric with flexible sorting were used and there 
were 132 climatic attributes per station. Both 
summer (Oct to Mar) and winter (Apr to Sep) 
homoclimates were defined. As a result of the 
analysis, areas with similar climate in southern 
Africa (particularly Mozambique and Botswana) 
and in Argentina were identified. A recent 
plant-collecting expedition to South America 
included these areas of Argentina in the search 
for suitable legumes. 

Examples of the second strategy are available 
from studies in Australia, which were under-
taken to broaden the range of grain legumes 
grown. Grain legumes play a very minor role in 
Australian agriculture; less than 1.4% of the 
cultivated area is sown to them (Farrington 
1974; Lawn and Russell 1978; Wood and Rus-
sell 1978). Grain legumes are seen as useful, 
botn for their value as grain crops and as 
components of cropping systems with the abili- 
ty to biologically fix nitrogen. 

Climatic studies were undertaken to select 
areas in Australia similar to areas in Hokkaido, 
Japan, where the adzuki bean (Vigna angularis) 
is cultivated and to areas in India (Jain 1972) 
where biack and green gram (V. mungo and V. 

radiata) will grow (Russell 1976). 
In the case of adzuki bean, pattern analysis 

comparing 5 stations in Hokkaido with 45 Au
stralian stations over the 5-month period 
May-September (Japan) and Nov.tmber-
March (Australia) was carried out. In the case of 
black and green gram, 45 Indian stations were 
compared with 55 Australian stations over the 
4-month period June-September (India) and 
December-March (Australia). 

Sixteen monthly measured and derived attri
butes were used (Russell and Moore 1976a; 
Anonymous 1958). The Canberra metric and 
flexible sorting (Lance and Williams 1967) with 
fi = -0.25 was used. The results of the analyses 
can be summarized by dendrograms indicating 
the similarity of the stations (Fig. 1, 2). 

All five Hokkaido stations were associated in 
one grouping (Fig. 1). The most similar 
Australian stations were a group of nine high
latitude or high-altitude stations. When grown 
in Queensland, adzuki bean accessions of 
Japanese origin have been found to be sensi
tive to high soil- and air-temperatures, and 
homoclimates for these plants would appear to 
be in cooler areas or in the cooler parts of the 
growiPg season. 

There was a clear separation between the 
Indian and Australian climatic stations for the 
summer period studied, with some exceptions 
(Fig. 2). Katherine grouped with the Indian sta
tions Hyderabad, Bellary, and Sholapur at a low 
level. At a higher level 8 Australian stations
including Darwin and Queensland tropical
coast locations from Thursday Island to 
Mackay- grouped with 19 Indian stations 
(mostly coastal). Bangalore, a moderate al
titude station, grouped at a low level with 
Herberton. 

With these exceptions, the analysis was not 
particularly useful from the point of view of 
predicting homoclimates for black and green 
gram. However this may have been partly due 
to the lack of definition of type localities for 
black and green gram. Restricting comparisons 
to a few well-defined type localities and a large 
number of other stations may be the most 
useful approach. 

Grouping of Experimetal Areas and 
Locations 

Frequently, information on the same plant is 
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- Perth, Streaky Bay, Hay, Rewlinna, Dubbo, Adelaide 

Gayndah, Biloela, Theodore, Taroom, Gatton, Miles, Dalby 

Hughenden, Barcaldine, Springsure, Clermont, Emerald, St. George, Walgett, 
Roma, Goondiwindi, Port Augusta, Yalgoo 

KL Kingaroy, Toowoomba, Gympie, Herberton 

Bundaberg, Brisbane, Sydney, Port Macquarie 

Mt. Morgan, St Lawrence, Rockhampton, Collinsville, Charters Towers 

Katherine 

Innisfail 

Thursday Is., Cooktown, Townsville, Mapoon, Darwin, Mackay, Cairns 

Figure 1.Dendrogram showing relationship between summer clinate recorded at Hokkaido, 
Japan, and at Australian stations. 

available for a number of different stations. 
Pattern analysis can be used to climatically 
group the stations with similar environments, 
There are a large number of research stations in 
Australia, working with wheat extending over a 
distance of 3000 kilometers and a latitudinal 
range of 18'. Using climatic data related to the 
phasic development of the wheat variety Gabo, 
Nix(1975)wasabletodividethewheat-growing 
areas into a4,roclimatic zones. He was also able 
to show that wheat-variety recommendations 
that had become Pstablished through many 
years of trial-and-,rror experimentation cor-
responded to these zones defined by pattern 
analysis. Hewasalso ableto suggest changes in 
plant-breeding strategies based on the analysis. 

Geographic Extrapolation 
of Experimantal Results 

One of the limitations of agricultural ex-
perimentation is that it is undertaken at specific 
locations. Although attempts are made to carry 

out research at other locations, ic is never 
possible to increase the sites to the range of 
environments that should be covered. 

One approach is to determine the similarity of 
other stations to the experiment station. This 
approach is currently being used in CSIRO's 
Division of Tropical Crops and Pastures. This 
Division has widely separated research stations 
located within 15' and 27' of latitude. The 
application of results from these stations is 
greatest in areas with similar climate. Hence 
isoclimes of areas of similar climate are being 
determined both in Australia and overseas, 
allowing more precise transfer of information. 
Such an approach coild also be a worthwhile 
exercise for the international agricultural re
search institutes. 

Domain Definition 

The use of pattern analysis in domain-definition 
has been discussed by Austin (1971). This ap
proach has been used in ecological studies, but 
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Rockhampton, St. Lawrence, Brisbane, Bundaberg, ChartersTowers, Collinsville, 
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Bikaner, Jodhpur, Agra, Jaipur, New Delhi, Ahmedabad, Cawnpore, Allabad, 
Gaya 
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Mangalore, Mormagao, Ratnagiri 

Cherrapunji 

Darjeeling, Simla 

Figure 2. flendrogram showing relationship between summer climate recorded at Indian and at 
Australian stations. 

it has a potential value in agriculture. Domain 
definition refers to the selection of areas of 
reasonably homogeneous climate. Within such 
areas, more refined analyses (such as regres-
sion analyses) can then be applied. This ap-
proach has possible application in the analysis 
of widely distributdl common field experi-
ments. 

Conclusions 
Pattern analysis is an approach with consider-

able potential in agricultural experimentation, in 
the classification of climate, and in defining 
climate-plant relationships more precisely. 

Thereareanumberoflimitationstothewider 
use of the approach. Firstly, access to comput
ing facilities of reasonablespeed and capacity is 
essential. This is less of a problem than it used 
to be, but asthe number of stations and number 
of attributes in some analyses increast, the 
computing requirements can quickly saturate 
even the largest and fastest computers. Wil
liams (1976) has given some information on the 
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relationship between numbers of stations, at-
tributes and numerical method, and 
computing-time requirements. For certain simi
larity analyses, computing requirements in-
crease as n2 where n is the number of stations 
being compared. Once n exceeds 300, the time 
requirement (and cost) escalates rapidly. Sec-
ondly, the choice of attributes used in the 
analysis requires further research. In many 
cases, of course, the data available is so limited 
that all of it has to be used. Nevertheless 
situations do arise where a large number of 
attributes are available and some selection is 
desirable. At the moment this is not carried out 
on a systematic basis. Thirdly, amost important 
limitation to the application of pattern analysis 
in many climatic studies is the lack of consoli-
dated data in areas where comparisons are 
needed. There is no short-term solution to this 
problem, but there has been a gradual increase 
in the amount and quality of climatic data 
available. Further enhancement of the amount, 
distribution, and quality of data should be an 
international objective. 

Thetute 
analysis are still evolving. During the past 15 
years there has been a large increase in the 
number of papers published in this area, and 
computer packages are readily available. The 
main challenge to research is at the climate-
plant interface, and much better definition is 
required at this level. 
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The Development of Agrometeorology 

in Upper Volta: A Brief Note 

Frederic Niama Ouattara* 

Summary 

Upper Volta has anetwork of300 rainfall, 16 climatic-observation, 9agrometeorological, 
and 7synoptic stations. The agrometeorological service was createdin 1976andis being 
strengthened. In this paper an organizational chart ol the meteorological services in 
Upper Volta, position of the Intertropical Front in West Africa at different times of the 
year,and maps showing isolines of the mean and dependable amounts of rainfall at 25 
and 75% probability levels for annual precipitation and the month ofAugust precipita
tion are included.Future linesof work for improving the agrometeorological service are 
indicated. 

Upper Volta 

Located in the heart of West Africa, with asur
face area of 274 000 km2, Upper Volta extends 
from 100 to 15°N latitude and from 050W to 020E 
lon g itud e . 

The climate of Upper Volta is controlled by 
the predominance of two air flows: (1) a nor-h-
east to east flow of dry air originating from high 
Saharian pressures, hot during theday and cool 
at night due to the considerable ground radia-
tion, or (2) a southwest to south flow of humid 
air (the West African monsoon) originating 
from high austral ocean pressures in which thb 
rainy-season clouds ard tropical disturbances 
form. 

The separation zone between these two flows 
fluctuates between the southern side (around 
January) and the 25th parallel (towards August) 
in such away that the passage from one flow to 
the other first occurs between April 15 and May 
15, depending on the region (change from adry 
continental air flow to a humid air flow) and 
changes again between the first. and 30th of 
October (from ahumid air flow to the dry conti-
nental air flow). 

The part of the country located to the south of 
the 14th parallel is allied with the Sudanic cli
mate zone, whereas the extreme north - with 
its intense evaporation, low humidity, major 
diurnal differences in temperature (150 to 20°C) 

* Engineer, Meteorological Service, Upper Volta. 

and its rains - exhibits characteristics close to 
those of the Saharan climate zone (Fig. 1). 
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Figure 1. Position of the ITF in West Africa. 

The principal soil types are: 

0 Subarid, tropical, cambiques soils 
* Ferruginous, tropical soils (Luvisols and 

Acrisols) 
* Ferrallitic soils (Nitosols and Ferralsols) 
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Vertisols and eutrophic brown soils are some-
times found. 

Upper Volta's Meteorological 
Service 

The meteorological structure that has existed in 
Francophone West Africa since 1960 was estab-
lished for the correct operation of civil aviaticn 
in these countries, but not intended to be used 
for agriculture. In Upper Volta, this has resulted 
in the creation of a substructure for agricultural 
meteorology, within a national meteorological 
service. The national meteorological service, 
(Fig. 2) has accorded an important place to ag
rometeorology since 1976. 

The meteorological system (Fig. 3) includes: 

* 300 rainfall posts, 

0 16 climatic stations, 

* 9 agrometeorological stations, 
* 7 synoptic stations. 

The rainfall readings are transmitted every 
day by the administrative command network 
(Reseau Administratif de Commandement, or 
RAC). The climatic and agrometeorological sta-

echnical services 
n da 

SResearch 

Dynami Instrment and 

Meteorology observation methods 

tions transmit their observations by mail. 
At present only the seven synoptic stations 

transmit their observation by BLU transmit
receiver sets. An extension of these BLU sets to 
five subsequent stations is foreseen. An APT 
apparatus (Automatic Picture Transmission) is 
also planned to receive meteorological satellite 
photos, which would provide knowledge of the 
cloud cover. In furtherance of this idea we have 
entered into close collaboration with the re
gional teledetection center in Ouagadougou. 
Actually, the regional teledetection center is 
designed to receive, process, and diffuse satel
lite information for a large number of African 
countries for whose coverage it is responsible. 

Measurements Undertaken
 
by the Meteorological Service
 

Numerous atmospheric parameters are regu
larly observed in the context of the meteoro
logical system; for example: 

screened temperature at the soil surface and 
in the soil; 

wind velocity 2 m above the soil and at a high 
altitude; 

soil pressure;
 
air humidity and soil humidity; 

Ad no rative services
 

AAAAlied meteorology 

meteorologyDat A Aeona--
"' I 'm°- -utical 
processing teorology meteorology 

Figure 2. Organization Chart of the Meteorological Service in Upper Volta. 

60 



0 
O Synoptic Station I" 

Cimatological Stations Gorom Gorom 

. Agrometeorological Stations 

M A L I Tho NIGER 

0 Ouahgouya
• 	 /00, I • Selba * 

0 oga • • ""____ "*Tougan 

ouoou	 §0,a 


-) Bobo Douuasso*b• 

5 '° 

Figure I Location of synop.ic, climatological, and agroclimatological stations in Upper Volta. (Source: Upper Volta Meteorological
Service, I Jan 7976) 

http:synop.ic


precipitation (pluviometer, recording rain-
gauge) 

global radiation and the duration of sunlight 
(pyranometer and the heliograph); 

evaporation (Class A pan, piche, Colorado 
pan). 

Special measurements such as runoff and 
evaporation are made at some agromete
orological stations. 

1. Phenological observations pose a major 
problem due to the lack of observers in this 
area. A simplified manual for the use of 
volunteer observers in this area is being 
produced. 

2. The data thus collected for the network as 
a whole are sent to the Office of Meteorol-
ogy, where they are checked, analyzed, 
and manually transcribed into documents 
that can be easily and accessibly stored, 
such as file cards. The registration and 
storage of data on magnetic tapes and re- 
cords is foreseen as soon as the computa-
planned forthe Agrhymet Regional Project 
for the Sahel countries is installed. 

Already Completed Studies 

Numerous studies have already been carried 
out by the meteorological service of Upper 
Volta; those that assist the agricultural services 
are: 

AGROMETEOROLOGICAL STUDY OF THE BOBO-
DIOULASso REGION. The Bobo-Dioulasso reg-
ion constitutes the southwest part of the coun- 
try and is known for its economic activity. The 
goal of the study was to show potential users of 
agrometeorological information the variability 
of climatic parameters (by location) and the fre-
quency atwhich certain thresholds are attained, 
which made it possible to recommend for or 
against some techniques or crops at a given 
period. 

SOLAR ENERGY AND DURATION OF INSOLATION 
INUPPER VOLTA. The study of solar energy 
has made it possible to determine the levels of 
solar energy available for the whole country. 
This has been helpful in determining (a) possi-
ble exploitation of the water table for irrigation 
withsolarpumpsand(b) thefeasibilityof using 
solar ovens and stoves to avoid deforestation. 

The average annual global radiation value is 
500 cal/cm 2 per day for the entire country. 

PET AND ITS DETERMINATION BY THE PENMAN 
METHOD OF ENERGY BALANCE. This document 
is widely used by irrigators and constructors of 
water reservoirs. 

FREQUENCY STUDY OF ANNUAL AND MONTHLY 
RAINS. The goal of this study was to complete 
the average isohyet maps for 1/4, 1/2 (mean), 
and 3/4 frequencies of the rains, for one year in 
four, one year in two, and three years in four, 
respectively (Figs. 4, 5, and 6). Similar data for 
August are presented in Figs. 7, 8, and 9. 

ESTABLISHMENT OF RAINFALL PATTERN. This 
study has permitted a region-by-region deter
mination of the dates when seeding has 
reasonable chances of success. With one year 
calculated, it is possible to determine the prob
able success of the farmers' seeding at the start 
of the rains, taking into account the nature of the 
soil and the preparatory tilling. 

MONTHLY AGROMETEOROLOGICAL BULLETIN. 
This is put out during the rainy season which, in 
particular, gives the rainfall and potential 
evapotranspiration distribution for the entire 
territory. 

Many other technical documents have been 
prepared by the agrometeorological service in 
response to some of their clients' needs. 

In the area of yield forecasts, however, every
thing still remains to be done, as any progress 
on this plan has been hampered by the lack of 
valid statistical yield data. All these aspects will 
be followed up as soon as possible because the 
agrometeorological service presently has ac
cess to a large plot of land in the middle of the 
national meteorological center of 
Ouagadougou, which is located at the entrance 
to the city. This land will be used for different 
experiments, especially to illustrate certain ag
ricultural production ideas in relation to the cli
mate. 

To summarize, the agrometeorological ser
vice is already off to agood start in Upper Volta; 
however, itwill notbeabletofullyrespondtoits 
objectives until: 

0 	 the service is well structured, with 
adequate staff and material; 
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" 	the means of rapid transmission are func
tional; 

* 	 calculation resources are developed that 
will permit major statistical calculations to 
be made (correlations from forecasts of the 
mcnt.ly water balance by introducing 
conditional probabilities in the determina
tion models of this parameter, etc.). 

* 	the level of meteorological forecasts is 
improved. In this area we place much hope 
in the teledetection center In 
Ouagadougou, which will assure the re
cepticon and treatment of satellite photos. 

We have just given a quick sketch of the ag
rometeorological service in Upper Volta. We 
would be happy to have any suggestions or 
recommendations towards the continuation or 
modification of some aspects of the work un
dertaken in this area. 
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Summary and Recommendations
 

This session covered a range of topics. A basic 
paper on modeling evapotranspiration (King) 
summarized a number of the equations used to 
estimate evapotranspiration. One might ques-
tion the complexity ot some of these, but it 
should be recognized that they are used to 
explain the basic evapotranspiration process 
and the factors involved, a procedure that re-
quires physically sound models, which may be 
estimated with greater accuracy than is re-
quired for many application problems. How-
over, these approaches are important and may 
provide clues as to what changes might be 
made in management by knowing exactly what 
factor caused the evapotranspiration. For 
example, a study of canopy resistances under 
various management systems might provide 
information on changes that could be made to 
conserve water. Some of this type of work 
needs to be done with this viewpoint in mind. 

Individuals and groups working on these 
problems should all understand these models 
(at least what they do) and the assumptions 
involved. This seems anecessary component of 
future training, 

Various aspects of the water budgeting pro-
cedure were discussed. The versatile soil mois-
ture budget as presented by Baier is one possi-
ble model that could be tested. It seems advis-
able that ICRISAT collect the data to test a 
number of models, to evaluate, and to develop 
if necessary, models that will give adequate 
estimates. It is doubtful if any one model will 
proveto bethe best everywhere under the wide 
range of weather conditions that occur. By 
developing such models, soil moisture data can 
be estimated for situations or areas not actually 
measured. This should be possible once a 
satisfactory model is available. This seems of 
primary importance in the SAT, where water 
supply is a major problem. At the same time, 
steps should be taken to collect the ag
rometeorological data necessary for this, and 
other purposes. 

Dr. Russell spoke on the dynamics of soil 
moisture in Vertisols and Alfisols. Work needs 
to be continued to develop a thorough under-
standing of the soil moisture characteristics of 
the tropical soils. Several speakers presented 
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data showing soil moisture profiles; such data 
should be collected at many sites under diffe
rent cropping conditions to determine: where 
is the water in the profile; when is it there; and 
how much is present. These questions must be 
answered if the water balance and its effect on 
agriculture are to be measured. 

Franquin pointed out that water-balance 
programs should involve minimum cost. It is 
important that costs be considered with ap
proaches used which will provide the desired 
accuracy for the particular problem without 
overmeasuring certain parameters. Franquin 
presented a water-balance model (stochastic 
model) and showed how it cculd be used to 
determine subhumid and humid periods. This 
kind of procedure might be very useful as part of 
an agrometeorological climate-typing system. 

Dancette's paper concentrated on the water 
requirements of millet, but other crops were 
freely discussed.Varieties within acrop showed 
different water use, and therefore different 
adaptationstothecropping systems. Such data 
should be obtained for more areas and for more 
crops, to obtain information on how best to 
utilize available water and find the most 
efficient cropping systems, including inter
cropping. However, water use is only one part 
of the intercropping problem. Radiation mea
surementsareanessentialpartofthisprogram. 

The final paper by Ryan reported on another 
aspect of the water balance - runoff. In addi
tion to empirical models, further measured data 
may be necessary. The most efficient size sys
tem needs to be examined for all areas of the 
SAT where tanks may be installed as part of the 
farming system. Franquin mentioned one point 
that seems to have received little emphasis so 
far - excess water can be as damaging as lack 
of water. This factor needs to be considered in 
future programs. 

Recommendations 

1. Recommendations Nos. 2 and 3 from Ses
sion 1,that the specific data requirements 
for agrometeorological data be outlined 
and that an effective system be developed, 
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can again be seconded. The observations 
necessary for water-budgeting models 
need to be included. 

2. 	Various water-budgeting models should 
be evaluated for the crops grown in the 
SAT and tested over the SAT area. This 
requires measuring the different com
ponents of the water budget.

3. 	Data should be collected on soil moisture 
to show where in the profile water Is 
present, when it is present, and how much 
is present. 

4. 	The water requirement of different crops 
and varieties grown in the SAT should be 
evaluated. 
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Profile Moisture Dynamics of Soil 

in Vertisols and Alfisols 

M. B. Russell 

Summary
 

Research to develop and evaluatealternative systems ofsoil andcrop management for 
Increasingand stabilizing foodvroductionin the SA Tshouldgiveparticular attention to 
the dynamics of water as it ryoves into and through the soil-plant-atmosphere 
continuum. More complete undorstanding of the physical processes which determine 
such dynamicbeha viorandofthe natural andman-inducedfactors that control them will 
provide an improvedbasis for interproting system performance and forgeneralizing the 
results ofsite- andseeson-speific field experiments on various production practices. 

Water management in the rainfed areas of the 
semi-arid tropics is basically a problem of using 
as fully as possible the erratic seasonal rainfall 
to meet the transpiration needs of crops. The 
soil profile serves as a means of balancing, over 
time, the discontinuous water supply with the 
continuous atmospheric evaporative demand. 
Consequently, the physical capacity of the soil 
for water storage and the rates at which water 
can move into, out of, and within it have 
important effects on both the short-term and 
the seasonal dynamics of the hydrologic cycle. 
The properties of the soil profile obviously 
affect its moisture retention, runoff, and drain-
age as well as the losses of water by evapora-
tion and transpiration. This paper discusses 
work being done 1)to quantify the dynamics of 
water in the Alfisols and Vertisols at ICRISAT 
Center, and 2) to relate such measurements to 
crop growth. 

The physical capacity of the soil profile for 
water retention is determined by its depth and 
porosity. Because our primary interest is ulti-
mately on water use by crops, we use final 
rooting depth as the basis for establishing 
profile depth. In the deep Vertisols this is taken 
as 187 cm. Drainage is therefore defined as the 
downward water flow across the 187-cm plane 
andprofile-waterstorogeisthemeasuredwater 

Formerly Consultant Soil Physicist, ICRISAT; pre-
sently at 1108 East Silver Street, Urbana, Illinois 
61801, USA. 

content in the 0- to 187-cm section. For 
medium-deep Vetisols, we use either 127 or 
157 cm as the effective profile depths, and for 
the Alfisols we use 127 cm. 

Profile porosity is determined by measuring 
bulk density on carefully taken soil cores or, in 
the case of stony horizons, large soil blocks of 
known volume. The Vertisol profiles are physi
cally quite homogeneous and isotropic. The 
bulk density of the upper 20-cm layer varies 
with tillage and seasonal drying and averages 
1.3 g/cm 3. Below that depth it ranges between 
1.35 and 1.45, with an average of 1.4 glcm. 
These values give a total water-retention capac
ity of 880 mm for the 187-cm deep-Vertisol 
profile and 710 mm for the profile depth of 
157-cm in the medium-deep Vertisols. 

The Alfisol profiles are much more 
heterogeneous, with marked vatiation in clay 
content and stones at different depths. Since 
these properties vary greatly with depth and 
over short horizontal distances, it is difficult to 
make meaningful generalizations concerning 
the water-retention capacity of Alfisols. Bulk 
densities commonly range from 1.5 to 1.95 
g/cm 3 and the percentage of particles >2.0 mm 
from 0 to 70%. It is therefore necessary to 
measure both of these quantities at several 
points in each of the areas being studied to 
arrive at the site-specific profile-storage 
capacities for use in quantitative water-balance 
and crop-water-use studies. 

The time and depth changes in profile water 
content below 22 cm are measured by neutron 
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moderation. Changes of water content of the 
upper 22 cm are measured by composited 
gravimetric samples taken manually with sam-
pling tubes. Time and depth changes in hyd-
raulic head are measured with tensiometers. 
These are used to follow the time and depth 
patterns of the onset of stress in the root zone 
and to indicate the size and direction of the 
vertical hydraulic gradients within the profile, 
especially across its lower boundary. 

The plant-available water capacity of the soil 
profile is determined from field measurements, 
The upper limit is defined as the amount of 
water retained by an uncropped profile follow-
ing cessation of drainage after infiltration of 
water in excess of that required to fully recharge 
it. Loss by evaporation during the drainage 
period is usually minimal, but it can be suppres-
sed, corrected for, or ignored. For the deep 
Vertisols, the average field capacity of the 
187-cm profile is about 815 mm. 

The lower limit of plant-available water of the 
profile is also operationally defined as the 
minimum water content throughout the profile 
as measured in the field under a well-managed 
deep-rooted long-season crop grown in the 
postrainy season. We have found that 
residual-moisture profiles in the deep Vertisol 
at harvest of good postrainy season crops are 
quite similar; hence, we are using the minimum 
values so obtained asthedefactolower limitof 
plant-available water. For the deep Vertisol this 
is 590 mm. Not included in this estimation is the 
amount of water below the 15-bar percentage 
lost from the upper45 cm of the profile, because 
evaporation can reduce the moisture content 
below the 15-bar limit to this depth. 

The distribution in layers of plant-extractable 
water in four profiles is shown in Figure 1. 

The various soil-profile layers undergo 
periodic accretion and depletion of water. The 
amplitude and periodicity of these cyclic 
changes are determined by the capacity of the 
layers and their position in the profile, as well as 
by the amount and frequency of the water 
additions and withdrawals. The seasonal re-
charge of the Iuncropped deep Vertisol in 1977 
and its subsequent depletion in the 6-month 
postrainy period and plotted in Figure 2. 

Changes in hydraulic head in the fallow Ver-
tisol profile during the 1977-1978 postrainy 
season are plotted in Figure 3. The curves 
clearly show the change from downward to 

upward water-moving gradients In the upper 
part of the profile as evaporation gradually 
replaced drainage as the mechanism causing 
the slow decline in profile-water content. 

Loss of water by evaporation from the soil 
surface is a major component of the annual 
water balance under SAT conditions. The mag
nitude of such losses shows large year-to-year
and site:to-site variations, depending on the 
frequency of rains and thedensity and longevity 
of the vegetative canopy. When the soil surface 
is wet, evaporation occurs at a rate controlled 
by energy supply and atmospheric demand 
conditions. As the soil surface dries, the rate of 
evaporation decreases with time. This is caused 
by the inability of the unsaturated sub-surface 
soil to transmit water to the site of evaporation 
at or just below the soil surface at a rate 
sufficient to meet the evaporative-loss rate; 
hence there is a net loss of water from the 
soil-surface layer, which further reduces the 
subsurface supply rate. 

If the surface soil is recharged by rain or 
irrigation, the evaporative-loss rate agaiii re
turns to that determined by atmospheric de
mand, as indicated by the open-pan evapora
tion rate. The loss rate from the soil surface also 
will be reduced, irrespective of the moisture 
conditions of the surface if radiant energy 
reaching the surface is reduced. Such reduction 
occurs on cropped land as a result of the 

terception of incoming solar radiation by the 
crop canopy. 

It is clear, therefore, that under conditions of 
Inermittent rain the amount of water lost from 
cropped land will be a highly dynamic factor 
affecting the overall efficiency of water use. 
Field studies of the short-term variations of soil 
moisture in the upper part of the soil profile
during the early part of the growing season 
have been conducted to test a simple predictive 
model of evaporative loss. Agreement between 
the predicted available water in the upper soil 
layers with that measured by gravimetric sam
pies taken in the field was satisfactory. 

Thedailyevaporativeloss, E,is estimated as a 
function of the open-pan evaporation raie, Ep; 
the number of days, t, following a rain of 
sufficient size to recharge the surface 10 cm of 
soil; and the fraction, fl, of incoming solar 
radiation reaching the soil surface. The equa
tion E=#J (Ep/t) is used to compute the daily 
evaporative loss from the daily rainfall and 
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Figure 1. Available water profiles for four soils. 
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Figure 2a. Moisture profiles of an uncropped 
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profile moisture, and transpiration during the 
rainy and postrainy seasons on the Vertisols 
and Alfisols at ICRISAT Center. Illustrative 
examples oi ztuch time and depth changes are 
plotted in Figures 4 and 5. 

Using measured values for daily rainfall (P),irrigation (I), open-pan evaporation (Ep), runoff
(R), fractional radiation at the soil surface (P ), 
and change in profile-water content (A M), it Is 

\possible to quantify the water-balance equa

/ 

iequations 

Figure 2b. Moistureprofiles ofan uncropped
deepVersoldurng te pstriny

deep Vertisol during the postrainy 
seson. 

open-pan data. Under uncropped conditions 
P = 1.0, but under a crop it is a time-
dependent function of crop growth that can be 
measured directly or estimated from the LAI. 

The time and depth changes in profile-water 
content are being used to follow the seasonal 
changes in drainage, evaporation, available 

Hydraulic head (cm H2 0) 
-50 -100 -160 -200 -250 -300 -350 

C D'c E,- F G 

10 Oct
B. 30 Oct 

C.20NoD..10 Dec 
E.I\ E Jan 
F. 15 Fab 

. I1Apr 

Hydraulic-head profiles in an un
cropped deep Vertisol during a dry
ing cycle. 

tion: i.e., P + I = AM + R + D + E + T,. 

The drainage term is based on the profile
storage capacity and transpiration (Tm) is obtained as the residual in the equation. Another 
estimate of transpiration (Ta) also is computed 
as T. = Ep(1-fi). This assumes no advection 
and no water stress. A set of water-balance

for a postrainy-season sorghum crop 
on a deep Vertisol is presented in Table 1. 
Seasonal water-balance equations for severalcosdrn h an n otan esn 
crops during the rainy and postrainy seasons 
are presented in Table 2. 

The profile-moisture curves also can be used 

to follow throughout the season the amount 
and rate of extraction of water by roots and to 
relate observed changes in those rates to the 
amount of roots and the available-water con
tent at different profie depths. 

Changes in volumetric water content with 
depth and time in an Alfisol profile In rainfed 
and in irrigated milletcropsare plotted in Figure 
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Figure 5. Moisture profiles of rainfed and irrigated pearl millet on an Alfisol. 

6. The curves indicate that the rainfed crop moisture to a 60-cm depth was more than 80% 
removed water progressively with depth and depleted. Subsequent water use was confined to 
time to a depth of 1 during the first 6 weeks of the 60- to 150-cm depth and essentially ceased 2 
growth, at which time the plant-extractable weeks later. The irrigated crop used the profile 
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Table 1. Poetrainy-oason water balance* for rainfed sorghum on a deep Vertleol. 

Open pan Profile Transpiration 

Period Rainfall evaporation water change Evaporation Tm Te TmlEp 

-26 21 22 11 0.2019 Oct-7 Nov 17 107 
5 75 -28 7 26 31 0.357 Nov-22 Nov 

22 Nov-8 Dec 8 65 -27 	 1 34 45 0.52 
0 53 69 0.548 Deo-29 Dec 20 98 -33 

48 0.4529 Dec-16 Jan 17 75 -23 	 6 34 
5 3 46 0.0216 Jan-9 Feb 5 127 - 3 

40 176 250 0.32547 -144Total 	 72 

Table 2. Seasonal water balances for several crops on a deGp Vortisol. 

L E R D Trn ToCrop da P I Ep E* AM 

Rainy season 

Maizelpigeonpea 
Maizeipigeonpea 
Maize 

92 
103 
103 

408 
466 
466 

-
-
-

496 
573 
573 

217 
253 
253 

86 
82 
84 

322 
384 
382 

84 
172 
174 

4 
-
-

14 
-
-

220 
212 
208 

287 
198 
194 

Maize 92 408 - 497 222 39 369 71 5 42 251 326 

Maize 90 408 - 484 216 62 346 66 3 36 241 319 

Postrainy season 

Pigeonpea 
Pigeonpea 
Chickpea 
Chickpea 
Sorghum 
Irrig. Chickpea 
Irrig. Sorghum 

121 
100 
105 
88 

115 
105 
115 

122 
104 
47 

104 
72 
47 
72 

-
-
-
-
-
67 

165 

570 
471 
503 
420 
547 
503 
547 

108 
108 
64 

107 
64 
79 

102 

-126 
-135 
-150 
- 97 
-144 
-135 
-132 

248 
239 
197 
201 
216 
249 
369 

28 
43 
35 
58 
40 
36 
51 

-
-
-
-
-
-
-

-
-
-
-
-
-
-

220 
196 
162 
143 
176 
213 
318 

391 
298 
242 
224 
250 
281 
284 

da = Days 
P - Rainfall (mm) 
I = Irrigation (mm) 
Ep - Open-pan evaporation (mm) 
E* = Potential soil evaporation (mm) 
AM - Change In profile moisture (mm) 

L - Total water loss (mm) 
E = Soil evaporation (mm) 
R - Runoff (mm) 
D = Drainage beyond 187 cm (mm) 
Tm - Miss-balance transpiration (mm) 
To - Energy-balance transpiration (mm) 

moisture to a depth of 90 cm following each of December, 8 weeks after sowing. At that time 
the prcfile-recharging irrigations. Late-season the potential at 30 and 45 cm had reached - 15 
extraction from the irrigated plots also ex- bars.Thecontinuedfallinpotentialbeyond-15 
tended to 150 cm, so that the final profile-water bars at 15 cm is attributed to moisture loss by 
contents of the irrigated and rainfed plots were evaporation. It is concluded that the roots at 
similar. Profile-water extraction by the irrigated depths below 50 cm were not enough to with
crop continued for 4 weeks beyond cessation in draw water at the rate needed to maintain the 
the nonirrigated plots, millet crop. It therefore essentially stopped 

The progressive depletion of the profile water growing even though the capillary potential at 
is clearly shown by the changes in capillary 60- and 75-cm - and presumably also grea
potential with time at various depths in the ter - depths was above the wilting point. 
nonirrigated plot (Fig. 6). These data also show The rate of water extraction from various 
that root extraction essentially ceased by 10 profile positions computed from the soil
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November December moisture profile curves for the irrigated millet 
20 28 6 14 22 30 crop is plotted in Figure 7. The general agree

0 	 * ment in the distribution of roots and the rates of 
water extraction is reasonably good, and is 

4-	 consistent with the view that during these 
periods the crop was not seriously stressed and 
that the supply of water at various depths in the 

8 -c 	 profile was not limiting water-uptake rates. 
Detailed water balances computed for several 

12 C D periods for both the rainfed and irrigated crops 
, are presented in Table 3. Evaporation consti

tuted less than 20% of the water lost by the 
16 	 irrigated and the rainfed plots. For the rainfed 

o. 	 crop the values for Tn and T. were similar 
Z 	 0 during the first 6 weeks, indicating that the crop

20 A. 15 cm A was not experiencing moisture stress. However 
B. 30 cm for the next 3 weeks Tm <<To, indicating severe 

24 C. 45 cm moisture stress. In the irrigated crop, Tm was 
D. 60 cm 	 quite similar to To throughout the entire 80-day
E. 75 cm 	 growing season. Yields of the irrigated and 

28 	 rainfed crops were 1800 and 1100 kg/ha, respec
tively. These yields divided by the amount of 
water transpired gave water-use efficiencies for321-
the two crops of 150 and 140 kg grain per

Figure 6. Capillary potentials during profile centimeter of water transpired. 
depletion under rainfed pearl millet Changes in available moisture at four depths 
on an Alfisol. in the irrigated plots are presented in Table 4. 

Table 3. Water balances for pearl millet sown 13 October an ralnfed and Irrigated Alfisol. 

da P Ep E* f AM L E Tm To 

Rainfed pearl millet 
31 Oct-10 Nov 
10 Nov-25 Nov 
25 Nov-5 Dec 
5 Deo-15 Dec 

10 
15 
10 
10 

18 
10 
2 
0 

52 
67 
42 
49 

17 
14 
3 
2 

0.70 
0.35 
U.40 
0.60 

- 12 
- 46 
- 5 
- 3 

30 
56 
7 
3 

12 
5 
1 
1 

18 
51 
6 
2 

16 
44 
25 
20 

Total 45 30 210 36 - - 66 96 19 77 105 

Irrigated pearl millet
 

31 Oct-10 Nov 10 18 52 17 0.70 - 15 33 12 21 16 
14 Nov-23 Nov 9 5 38 10 0.35 - 42 47 4 43 25 
25 Nov-5 Dec 10 2 40 12 0.25 - 29 31 4 27 30 
12 Dec-28 Dec 16 0 63 9 0.38 - 30 30 3 27 39 
28 Dec- 5 Jan 
 8 0 37 2 0.60 - 14 14 1 13 15
 

Total 	 53 25 240 50 - -130 155 24 131 125 

da - Days AM = Change in profile mo sture (mm)
P - Rainfall (mm) L = Total water loss (mnm) 
Ep - Open-pan evaporation (mm) E = Soil evaporation (mm)
 
E* - Potential soil evaporation Tm = Mass-balance transpiration (mm)

fl - Light transmission coefficient To = Energy-balance transpiration (mm)
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htrigjations on 12 and 24 November and on 10 22-, 22- to 52-, 52- to 82-, and 82- to ^27-cm 
Docember recharged the 0- to 22- and 22- to layers emphasize the fact that the pearl millet 
52-cm layers, which were subsequently de- root system was ineffective in its exploitation of 
pleted by root extraction. These layers ac- available water below 52 cm in this Alfisol 
counted for nearly 90% of the water used by the profile. 
millet crop. The efficiency with which the '-rop The changes in availablewater in six layerb of 
used the storage capacity of the four profile the deep-Vertisol profile under rainfed and irri
layers is given by the capacity-use factor (CUF) gated sorghum during the postrainy season are 
which is defined as the seasonal withdrawal summarized in Table 5. Forthe rainfed crop, the 
divided by the layer capacity for each layer. Thb c":'lI rains during the growing season only 
CUFvaluesof 2.9, 1.2,0.55,and0.15furthe0-to partially recharged the 0- :o 22-cm layer. The 

Root density (cm/cm 3) or water extraction rate (cm/cm/da x 102) 
0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.3 1.0 1.2II I I I I I I I I 1 L 

30

60

90- 31 Oct 10 Nov 14 Nov - 23 Nov 

3300. 
o 060

g0 25 Nov - 5 Dec 28 Dec - 5 Jan 

Figure Z Root densities (bars) and water-extraction rates (lines) of pearl millet on an Alfisol. 
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Table 4. Seasonal changes In available water in four layers of anAlfisol under irrigated pearl miel 

0-22 22-52 
(mm) (mm) 

Oct 31 22 28 

Nov 10 4 25 
12b 
 0 24 
14 19 28 
23 0 18 
25 17 24 

Dec 5 3 15 
10C 
 0 10 
12 17 23 
15 2 19 
28 1 15 


Jan 5 0 12 


Seasonal use 75 39 

Layer capacity 26 33 

CUFd 2.9 1.2 

a. Cumulative use (mm) 
b. Capacity use factor 
c. Extrapolated from 31 Oct to 10 Nov losses 
d. Extrapolated from 25 Nov to 5 Dec losses 

deeper layers each lost water progressively by 
root extraction. In the irrigated plots the re-
charging action of rains was supplemented by 
irrigations on 18 November and 19 December, 
which recharged the entir3 profile.As a result of 
those cyclical recharginga and depletion3, the 
total water extracted from the various soil 
layers exceeded the capacity of those layers. 
The capa-ity-use factors for the irrigated sor-
ghum were 2.6, 1.8, 1.2, 1.1,0.9, and 1.0. For the 
rainfed crop the corresponding CUF values 
were 1.7, 0.8, 0.8, 0.6, 0.5, .,id 0.5. 

Of the 175 mm of water transpired by the 
rainfed sorghum, the percentages obtained 
from each of the six depths of the profile were 
28, 23, 20, 12, 9, and 8. The corresponding 
values for the irrigated crop, which transpired 
310 mm during the 112-day growing season, 
were very similar -- 25, 30, 18, 13, 9, and 8. 
These data suggest that there was little differ-
ence in root-development patterns of these 
rainfed and irrigated sorghum crops and that 
tie amount of available water in the various 
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Depths (cm) 
52-82 82-127 0-127 CUe 
(mm) (mm) (mm) (mrm) 

18 16 84 0 

20 21 70 14 
20 21 65 19 
21 22 90 19 
15 18 51 58 
14 15 70 58 

12 14 44 84 
11 13 34 94 
12 17 69 94, 
12 17 50 1V3 
10 13 41 124 

8 14 34 129 

11 4 129 

20 27 106 

0.55 0.15 

layers was the dominant factor influencing the 
time-and depth-patterns of water use. 

The amount of water extracted from deep 
Vertisol by roots of rainfed pigeonpea during 
five periods of the postrainy season are sum
marized in Table 6. The rain that occurred 
durinC the season only partially recharged the 
upper two layers of the profile. Data in Table 6 
were calculated from the profile-depletion 
curves and from daily water balances for the 
periods following rains. Fortheseason, thecrop 
obtained 57% of its water from the upper 52 cm 
of the profile. The CUF velues for the six derths 
were 2.5, 0.9, 0.6, 0.6, 0.8, and 1.0. These 
indicate that the pigeonpea roots were effective 
in removing water throughout the entire 
187-cm Vertisol profile. 

The effects of thedepletion of available mois
ture on water uptake by sorghum and chickpea 
from various depths in a Vertisol profile are 
shown in Figure 8. Both crops were sown in 
mid-October. The rainfed and irrigated plots 
weretreatedalikepriortotheprofile-recharging 



Volumetric water content (cml/cm ) 
0 0.34 	 0.38 0.420.26 0.30 	 0.34 0.38 0.2.26 0 3 0 . 8 .40.22 0' 	 f20.22 0.36 0 .3 0 

20

40

60

80211o001
al1oo. 

120-

Irrig. sorghum
140-	 Rainfed sorghum 

22 Nov - 8 Dec 22 Nov - 8 Dec 

160

18

15 3 1 0.5 0.3 0.1 15 3 1 0.5 0.3 0.1 
I I I I I 

0.22 0.26 0.30 0.34 0.38 0.42 0.22 0.26 0.30 0.34 0.38 0.42 

20 	 / 

AOl 
0 

60 

80 

CL100 

120 

140 Rainfad chickpea Irrig. chickpea 

22 Nov-B8 Dec160. 22 Nov-B8 Dec 

180-
I II I I I i 

15 3 1 0.6 0.3 0.1 15 3 1 0.5 0.3 0.1 

Soil moisture suction (bars) 

Figure 8. 	 Water-extraction profiles of rainfed and irrigated sorghum and chickpeas on a deep 
Vertisol. 
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Table 5. Plant-available water (mm) at six depths Ina deep Vortisol during the postralnyseason. 

Rainfed sorghum' Irrigated sorghumb 

Depths 
(cm) 0-22 22-52 52-82 82-112 112-142 142-187 TOTAL 0-22 22-52 52-82 82-112 112-142 142-187TOTAL 

Capacity 
(mm) 30 50 45 36 29 24 214 30 50 45 36 29 24 214 

Oct 19 
Nov 7 

17c 
180 

Nov 22 

23 
20 

5 

41 
35 

28 

38 
35 

34 

33 
31 

29 

25 
23 

22 

21 
18 

16 

181 
162 

134 

23 
20 
10 
30 
32 

41 
35 
30 
50 
42 

38 
35 
34 
45 
43 

33 
31 
29 
36 
36 

25 
23 
22 
29 
26 

21 
18 
17 
24 
21 

181 
162 
142 
214 
200 

Dec 8 
16 
196 
20 
29 

4 
2 

4 

18 
12 

5 

25 
19 

18 

23 
18 

18 

19 
14 

15 

15 
12 

14 

104 
77 

74 

4 
0 
0 
34 
24 

27 
14 
8 

41 
27 

34 
23 
19 
39 
34 

31 
22 
19 
31 
29 

26 
19 
16 
25 
24 

18 
13 
11 
19 
18 

140 
91 
72 
189 
156 

Jan 5 
9 
16 

Feb 9 

-2 

2 
-5 

1 

3 
0 

14 

13 
13 

13 

12 
16 

12 

10 
1. 

10 

8 
9 

50 

48 
49 

17 
22 
1 
0 

18 
20 
12 
3 

27 
25 
22 
14 

25 
23 
21 
14 

22 
21 
20 
15 

17 
17 
16 
13 

126 
128 
92 
59 

Seasonal 
use 50 41 35 21 15 13 175 77 91 55 38 26 23 310 

a. Toal rain during season. 72 mm. 
b. Irrigations on 18 Nov and 19 Dec. 
c. Computed as 10/15 of 7-22 Nov loss from rainfed plot., 
d. Assumed full capacity ater 18 Nov Irrigation. 
e. Computed as 11/8 of 8-16 Dec change. 



Table 6. Profile weter use (mm) by pigeonpee from a deep Verftlol during poetrainy Semson. 

Calendar dates Days 0-22 22-52 

24 Sep-12 Oct 
12 Oct-28 Oct 

18 
16 

27 
18 

13 
11 

28 Oct-15 Nov 18 23 11 
15 Nov-30 Nov 15 6 3 
30 Nov- 2 Jan 33 5 5 

Seasonal total 100 79 43 

irrigation applied on 19 November. Th cur,9s 
clearly show that total amount of water used 
and the position in the profile from which it was 
extracted during the 16-day period were each 
quite different for the rainfed and irrigated 
crops. Since it is reasonable to assume that in 
these plots the root system of the rainfed and 
irrigated crops was the same, the differences in 
water-uptake rates can be attributed to the 
greater depletion and higher soil-moisture suc
tion that existed in the upper parts of the profile 
in the nonirrigated plots. 

Thedata discussed herein illustratethe roleof 
the soii profile in modulating the water supply 
and demand relationships that characterize 
crop production under SAT conditions. Quan
titative field studics of the time and depth 
patterns of recharge and depletion of the soil 
profile provide a useful means of integrating, in 
agronormically relevant terms, the dy"namic in
teraction of climatic, edaphic, and plant factors 
that determine crop producton. 

The amount and timing of the rains as well as 
the size and rate of development of the crop 
canopy and of the root system strongly 
influence the performance of the soil profile as a 
means for providing the water supply for crop 
use. Thus during seeding and stand establish
ment, it is the plant-available water in the upper 
fcw centimeters of the profile that is important; 
consequently the effective storage capacity Is 
small and thetime required to deplete it is short. 
On the other hand, when the crop is fully 
established, its root system may have access to 
a profile-storage capacity that may be 50 times 
the daily transpiration requirement; hence the 
system will not experience rapid short-term 
change. An adequate agronomic description of 
the soil profile as a moisture reservoir for the 

Depth (cm) 
52-82 82-112 112-142 142-187 Total 

4 
7 
7 
5 
4 

4 
4 
7 
3 
2 

2 
3 
8 
3 
2 

0 
4 
9 
6 
4 

50 
47 
65 
26 
22 

27 22 18 23 212 

crop should indicate where and when, as well as 
how much, water is available throughout the 
entire growing season. 
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The Versatile Soil-Moisture Budget: Concepts
 

and Application 

Wolfgang Baler and Jim Dyer* 

Summary 

The Versatile SoilMoisture Budget (VB) considers the major soilandplant processes that 
Involve water At the same time, the modelis simple to understandand use.It represents 
a compromise between a completely statistical approach, where no parameterizing of 
physicalprocesses is attempted, and a mathematical approach, in which only physical 
parameters are used. Although the purely physical or mathematical approach Is often 
preferable, it is not usually possible since root distribution and hydraulic conductivity
values are difficult to measure and are seldom available. The VB is the result of a 
semiempirical approach for which the necessary coefficients have been statistically
derived for the most common fieldand crop situations. The performanco of the budget
has also been well verified in many applications. 

Each method for measuring soil moisture has 
certain inherent shortcomings, but all have the 
additional lir tion that the results of site 
measuremonts must somehow be integrated 
over space in order to be useful for agricultural 
applications. Because of these instrumental 
limitations, there have been many attempts to 
compute evapotranspiration and thereby, indi-
rectly, soil-moisture content, by means of 
physical methods or empirical formulae. The 
physical methods for modeling soil-moisture 
transfer and distribution overthe soil profile are 
at a stage where they would be useful in 
research but not for agricultural applications 
where information over time and space is re-
quired. On the other hand, climatological 
water-budg-ting techniques have been widely
used in research and applications. Such 
techniques are designed to determine 
irrigation-water requirements in soils under 
nonwater-stress conditions or the distribution 
of soil water in soils under limiting soil-
moisture conditions. Literature reviews of the 
various approaches are available in research 
papers and in several WMO (World Meteorolog-
ical Organisation) publications (see Refer-

* Head and Agrometeorologist, respectively, Ag
rometeorology Section and Land Resource Re-
search Unit, Agriculture Canada, Ottawa, Canada. 

ences). A typical example is the Versatile Soil-
Moisture Budget, descr;bed here in detail. 

Design of the Versatile Budget 

The Versatile Budget (VB) is essentially a 
meteorological water budgeting procedure. 
Because of its design, it is more versatile than 
earlier attempts to calculate soil moisture from 
climatic data (Baier and Robertson 1966). The 
VB was spoci.ically developed to accept daily
data of precipitation and estimates of potent;al 
evapotranspirations (PE) for simulating varia
tions in daily soil-moisture content by making 
use of generally accepted concepts of water 
movement into the soil and water los3 from the 
soil through actual evaporation from an un
cropped soil surface or through evapotranspi
ration from crops (AE). 

A flowchart (Fig. 1)plots the water pathways 
in the soil and roots, to and from the atmo
sphere, as simulated in the VB. The various 
computational steps in the model, Including the 
distinction between soil-moisture extraction 
and soil-noisture recharge are also shown. 

Soil Moisture Extraction 

Water is withdrawn simultaneously from diffe
rent depths of the soil profile in relation to the 
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Figure 	 1. Soil root-atmosphere pathways !or water in the versatile joil-moisture budget 

rate of PE, rooting patterns of crops, different 	 zone at the end of day i- I (that is, 
soil-moisture release characteristics, and the at the morning observation of day 
available water in each of six zones of specified I) 
water-holding capacities. PE is used as a clima- Sj = capacity for available water in the 
tic parameter of the potential rate of evapo- ith zone 
transpiration from a dense crop freely supplied Z. = adjustment factor for different 
with water (WMO 1966b). The general equation types of soil dryness curves 
of the VB for estimating daily AE from PE is as PEi = potential evapotranspiration for 
follows: day i 

AEi n 
j-

k 
LJ s1 

k re 
''cumulated 

(1) Although this equation gives the total AE, ac
over all zonei (i to n), the effect on 

Where AE ofthe available watr content of each zone (j) 
must be computed separately. 

AEi = actual evapotranspiration for day i 
ending at the inoming observation Standard Zonep, 
of day i +1 

T
j.1 

= summation carried out from zone 
j=1 tozonej=n 

The total volurie .. ,, plant-available soil mois
ture in the soil pro i.' is subdividLj into six 

k = coefficient accounting for soil and zones of varying cdpacities. The amount of 
plant characteristics in the jth zone moisture held in each zone is arbitrary, but a 

S', (i- 1) = available soil moisture in the jth standard relationship for the zonal capacities 
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has been adopted (Table 1). The six standard 
zones contain respectively 5.0, 7.5, 12.5, 25.0, 
25.0, and 25.0% ,if the total plant-available 
moisture-holding capacity of the soil profile. 
Thus, a zone is defined as a fraction of the total 
available soil moisture. Because the root dis-
tribution differs in depth from soil to soil, the 
location of the zones also differs, but not the 
fractional subdivision of the total available soil 
moisture. The adoption of standard zones 
makes it possible to use one set of crop 
coefficients for a particular crop in any type of 
soil, because it is assumed that the uptake of 
available water by crops always follows a 
characteristic pattern that depends on plant-
rooting habits. For water-budgeting proce-
dures, it is irrelevant at which depth the water is 
located within the soil profile. 

Crop Coefficients 

Crop coefficients (k) express the amount of 
water extracted by plant roots from the different 
zones during the growing season as a function 
of PE. To simulate this water uptake, the 
k-coefficients change during the growing sea
son on a calendar basis, but preferably accord-
ing to crop-development stages or on a 
biometeorological time-scale basis, such as 
proposed by Robertson (1968). The transition 
dates between crop stages must be read into 
the program for each year. The k-coefficients 
presently in use have been determined by 
iterative comparisons between computed and 
measured soil moisture or were estimated to 
resemble the most probable crop-rooting pat-
tern under the prevailing environmental condi-

tions. Table 2 lists the k-coefficients developed 
so far. The distribution of k values over depth 
corresponds with the standard zones men
tioned above; however, it is possibleto redefine 
these k-coefficients to correspond to a new set 
of zonal capacities. 

Crop Coefficient Adjustment 

In comparisons between observed and esti
mated soil moistuire under nonirrigated crops, 
Baier(1969a) found that during drought periods 
plant roots absorbed, from the relatively moist 
lower layers, comparatively more water than 
theydidfrom a uniformly moist soil profile. This 
is simulated in the VB by decreasing the 
k-coefficients for the upper zones, where water 
is no longer or is less readily available, and by 
giving more influence tothe lower zones, where 

water is still available. The use of this adjust
ment and the date of its commencement are 
optional. The adjustment takes the form: 

m=-i r S'(i-1)1 
k'M=kj+k, £~ km1 Sm _J (2) 

where 
=adjusted k-coefficient for the jth 

zued 
S'm(i-1) = available soil water in the mth zone 
Sm = capacity for available water in the 

mth zone. 

For the purpose of this budget, plant-available 
soil moisture is considered to be the amount of 

Table 1. 	 Standard soll-moisture zones and tvallable water In each zone for use In the Versatle 
Budget (VO). 

Total plant-available water (inches) 

2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
Percent of total 

Zone capacity Available water (Inches) 

1 	 5.0 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 
2 	 7.5 0.15 0.23 0.30 0.38 0.45 0.53 0.60 0.68 
3 	 12.5 0.25 0.33 0.50 0.63 0.75 0.8 1.00 1.13 
4 	 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 
5 	 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 
6 	 25.0 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 
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Table 2. k-oeffllentapreently available for swmi lorpe and rMolng preaoes. 

Zone 1 2 3 4 5 6 

Stages Brome grass 

Dormant season 0.50 0.20 0.10 0.04 0.02 0.01 
Growing season 0.55 0.19 0.17 0.08 0.03 0.01 

Alfalfa 

SS-FC 0.50 0.20 0.15 0.12 0.08 0.05 
FC-lst 0.50 0.25 0.23 0.22 0.15 0.10 
lst-FC 0.50 0.22 0.18 0.15 0.15 0.10 
FC-2nd J.50 0.25 0.25 0.20 0.18 0.12 
2nd-FC 0A5 0.25 0.20 0.20 0.20 0.15 

Small graina/com 

P-E or Stages 
R.Pb 0.40 0.15 0.12 0.10 0.02 0.01 P-E 
E-J 
J-H 

0.40 
0.40 

0.20 
0.25 

0.13 
0.15 

0.12 
0.12 

0.03 
0.10 

0.02 
0.03 

E-T 
T-Si 

H-S 0.40 0.30 0.20 0.15 0.10 0.05 SioEe 
S-R 0.40 0.30 0.20 0.15 0.07 0.03 Ee-H 

Symbols used to define stages 

Small grain Corn Alfalfa 

P planting 
E emergence 
J jointing 
H heading 

T tasseling 
Si silking 
Ee ear emergence 

SS start-growing season 
FC full cover 
1st first cut 
2nd second cut 

S soft dough 
R ripening 

a. Wheat, barley, millet. 
b. Fallcm or bare soIl. 

moisture over the rangefrom field capacity(1/3 estimates from the VB differed significantly 
atm or pF = 2.7) to permanent wilting (15 atm or when extreme types (e.g., C and F) were used, 
pF = 4.2). Contradictory viewpoints exist on the whereas those for two similar types (e.g., C and 
availability of soil moisture over this range for D, or Band F)were very close, and the error was 

growth and transpiration. A review of literature probably within the precision of most methoe, 
pertaining to soil-moisture regime experiments for soil-moisture determination. The decisiorn 
(Baier 1968) suggested that the relationship as to which type to use can be based on 

between available moisture in the soil and comparisons between observed and estimated 
AE: PE ratio still depends on physical charac- soil moisture by testing different relationships 
teristics of the soil, even though all other in each computer run oron existing knowledge 

factors -such as plant physiological charac- of moisture-retention characteristics of soils 
teristics of water uptake and atmospheric de- (Salter and Williams 1965). 
mand as reflected in the PE rate-are taken TheVB makes provision for using thevarious 

into account. relationships shown in Figure 2 through the 
Typical relationships betwaen available soil so-called Z-tables (Table 3). Thesetables can be 

moisture and AE : PE ratio are plotted in Figure better understood by considering the general 
2. Baier(1969b)discussedtheerelationshipsin case of Equation (1), where only one zone is 
detail and demonstrated that the soil-moisture considered and the k-coefficient is setto 1. Z can 
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Figure 2. Various proposals for the relation-
ships between AE:PE ratio and av-
ailable soilmoisture (after aierand 
Robertson 1966). 

then be expressed as a function of the AE : PE 
ratio as follows: 

AE/ (3) 
Z P/ Si-

The correct value of Z is selected frr'. the 100 
possible values in the appTopriate Z-table by using 
the percent available water to define a subscript or 
index (I.). 

Z = Z-table (I.) 
where 1.= (S'/ Sj) 100 

Values for Zj are then substituted into Equation 
(1), based on the percent availablewater in each 
zone (j). 

The program can facilitate two Z-tables at 
once. This feature can be used in two ways: 

a. In heterogeneous soils having two distinct 
textural horizons, oneZ-table can be applied 
to the upper zones and the second to the 
lower zones. If a homogeneous soil is as-
sumed, one Z-table is used throughout all six 
zones. 

b. 	Continued experiment;.Aion has shown that 
the relationships in Figure 2 depend not only 

on the soil type, but also on whether an 
active root system is present or Ifthe soil is 
fallow. Therefore in simulating the soil

moisture distribution in a crop-fallow rota
tion, onetable(e.g. Z-TableG) can be used in 
cropped years and another table (e.g. 
Z-Table D) can be used in fallow years. 

Brief descriptions of the Z-tables available (A
to H) and some guidelines for their selection 
and use are available elsewhere (Baler et al. 

Soil-Moisture Recharge 
the VB, recharge of soil water is entirely the 

result of precipitation, either as rain or snowfall. 
Since there is no allowance made for moisture 
conduction between zones, precipitation must 
be partitioned out to the six zones, just as AE 
was partitioned out to account for water loss 
from each zone. The factors considered in 
recharging soil moisture ate rainfall, snowmelt, 
surface runoff, infiltration,subsurface drainage, 
and the percent soil moisture on day i-1. 

Runoff and Infiltration 

To account for water recharge through rainfall, 
a simplified relationship between soil moisture 
in the top zone, daily precipitation total, and 
runoff is included in the VB. On days with 
P< 1.00 inch, the total amount of precipitation is 
considered to infiltrate into the soil. On days 
with P> 1.00 inch, infiltration (Infl) into the soil is 
less than the daily rainfall, since it is limited by 
the moisture present in thetopzone of soil, and
is computed as follows: 

Infli = 0.9177 +1.811 log RR,- 0.97 [S' 
(i - 1) /SJ] log RR, (4) 

where 
RRi = rainfall on day i 
S'J (i-1) = soil moisture in the jth zone on 

day i-1 
s) = availablewater capacity ofthejth 

zone 
=1 

The remainder of the daily rainfall is assumed to 
be lost as runoff. Equation (4) was taken from 
Linsley, et al. (1949). 
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Table 3. Z-tblem used In the Veaoondng for diest molsture.relees charctorlsdca. 

A TABLE 

99.99 50.00 33.00 25.00 20.00 16.66 14.28 12.50 11.11 10.00 
9.09 8.33 7.69 7.14 6.67 6.25 5.88 5.56 5.26 5.00 
4.76 4.55 4.35 4.17 4.00 3.85 3.70 3.57 3.45 3.33 
3.23 3.13 3.30 2.94 2.86 2.78 2.70 2.63 2.56 2.50 
244 2.38 2.33 2.27 2.22 2.17 2.13 2.08 2.04 2.00 
1.96 1.92 1.89 1.85 1.82 1.79 1.75 1.72 1.69 1.67 
1.64 1.61 1.59 1.56 1.54 1.52 1.49 1.47 1.45 1.43 
1.41 1.39 1.37 1.35 1.33 1.32 1.30 1.28 1.27 1.25 
1.23 1.22 1.20 1.19 1.18 1.16 1.15 1.14 1.12 1.11 
1.10 1.09 1.08 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

B TABLE 

10.00 10.00 8.33 7.50 7.40 7.16 7.00 6.87 6.44 6.00 
5.81 5.58 5.38 5.21 5.00 4.75 4.52 4.33 4.16 4.00 
3.86 3.73 3.60 3.50 3.40 3.31 3.22 3.14 3.07 2.97 
2.90 2.81 2.76 2.68 2.63 2.55 2.49 2.44 2.38 2.33 
2.26 2.24 2.18 2.13 2.11 2.06 2.02 1.97 1.94 1.92 
1.38 1.85 1.81 1.78 1.76 1.73 1.70 1.67 1.66 1.63 
1.60 1.58 1.56 1.53 1.52 1.50 1.47 1.46 1.43 1.41 
1.40 1.38 1.36 1.35 1.33 1.31 1.29 1.28 1.26 1.25 
1.23 1.21 1.20 1.19 1.17 1.16 1.14 1.13 1.12 1.11 
1.09 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

C TABLE 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

D TABLE 

0.00 0.00 0.00 0.00 0.20 0.16 0.14 0.13 0.11 0.10 
0.09 0.16 0.15 0.14 0.13 0.13 0.12 0.17 0.16 0.15 
0.14 0.18 0.17 0.21 0.20 0.19 0.22 0.21 0.24 0.23 
0.26 0.25 0.27 0.29 0.29 0.30 0.32 0.34 0.36 0.35 
0.36 0.37 0.37 0.39 0.40 0.41 0.43 0.46 0.4' 0.48 
0.49 0.50 0.54 0.56 0.56 0.59 0.61 0.64 0.68 0.68 
0.70 0.76 0.79 0.83 0.85 0.91 1.00 1.03 1.16 1.41 
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.28 1.26 1.25 
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11 
1.10 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

E TABLE 

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 
0.21 0.23 0.25 0.27 0.29 0.31 0.32 0.34 0.36 0.38 
0.40 0.42 0..4 0.46 0.48 0.50 0.52 0.54 0.56 0.60 
0.65 0.65 0.70 0.71 0.74 0.78 0.81 0.91 1.05 1.25 

Continued 
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Table 3. Continued 

1.34 1.43 1.63 1.82 2.00 2.00 2.00 2.00 2.00 2.00 
1.96 1.92 1.89 1.85 1.82 1.79 1.75 1.72 1.69 1.67 
1.64 1.61 1.59 1.56 1,54 1.52 1.49 1.47 1.45 1.43 
1.41 1.39 1.37 1.35 1.33 1.32 1.30 1.28 1.27 1.25 
1.23 1.22 1.20 1.19 1.18 1.16 1.15 1.14 1.12 1.11 
1.10 1.09 1.08 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

F TABLE 
1.00 0.75 0.86 0.50 0.60 0.66 0.85 1.12 1.44 1.66 
1.82 2.33 2.69 3.00 3.33 3.43 3.70 3.89 4.00 4.00 
4.00 4.00 4.00 3.91 3.80 3.69 3.59 3.50 3.41 3.33 
3.20 3.10 3.00 3.92 2.85 2.77 2.69 2.60 2.55 2.50 
2.45 2.37 2.30 2.26 2.22 2.16 2.10 2.07 2.04 2.00 
1.95 1.90 1.86 1.83 1.80 1.77 1.75 1.72 1.69 1.66 
1.63 1.60 1.58 1.56 1.53 1.51 1.49 1.47 1.45 1.42 
1.40 1.38 1.36 1.34 1.32 1.30 1.28 1.27 1.26 1.25 
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11 
1.10 1.09 1.08 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

G TABLE 

1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.28 1.26 1.25 
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11 
1.10 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

H TABLE 

2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.0V. 2.00 2.00 
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.0, 2.00 2.00 
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
1.96 1.92 1.88 1.85 1.81 1.78 1.75 1.72 1.69 1.67 
1.64 1.61 1.59 1.56 1.53 1.52 1.49 1.47 1.45 1.43 
1.40 1.38 1.35 1.34 1.33 1.31 1.29 1.2G 1.26 1.25 
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.11 
1.10 1.08 1.07 1.06 1.05 1.04 1.03 1.02 1.01 1.00 

The partitioning of infiltrated water to each must reach field capacity before the 
zone is simulated by the function: remaining water infiltrates into the 

next zone. For b = 1: a fraction of the 
Infl;,= [1 -((S',(i-1) Sj) b]lnfl, (5) 	 infiltration water percolatestothe next 

zone before field capacity is reached,
Inflij = new infiltration into each zone of soil 	 depending on the moisture content of 

b = infiltration coefficient ranging from 0 the upper zone(s). 
to 1 and modi'ting the fraction of 
water infiltrating to the next zone. For This infiltration equation is applied only when 
b = 0: water content of each zone the ratio of soil mois ,retocapacity in any zone 
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is less than 0.9. The amount of water that can 
infiltrate into and remain in each zone cannot 
exceed the deficit (DEF) for that zone (j) and day 
(i). The deficit is given by: 

DEF.i = Sj- S'.(i - 1) - ASj1 (6) 

Also, the amount of water that can be budgeted 
to the jth zone can never exceed the amount 
remaining from the total water infiltrated after 
water has been budgeted to zones 1 to j - 1.If, 
after all zones have been recharged, there is still 
infiltration water remaining, then this water is 
assumed to be lost to plant roots because of 
subsurface drainage. This means that the infil-
tration is distributed over the zones as a func-
tion of: 

a. 	amount of infiltration 
b. relative moisture content in each zone as 

determined by 

S'j(i- 1)/S, 

c. 	 b, an empirical coefficient which has been 
evaluated for a number of prairie soils. 

It will be noted that for b = 1.0 and a moisture 
content of 50% of .capacity, only half of the 
infiltration amount is retained in this zone, 
whereas the other half is distributed over the 
lower zones as a function of their moisture 
contents. This feature of the infiltration equa-
tion is particularly useful in heavy-textured 
soils. Comparisons with observed soil-moisture 
data have shown that b = 1 in Solonetz soil at 
Vegreville and in Haverhill clay loam at Swift 
Current, whereas b = 0 in Mathilde loam at 
Ottawa. 

Sinow budget 

In some applications in temperate climates it is 
necessary to calculate a daily soil-moisture 
content throughout the year, particularly when 
a reasonable soil-moisture estimate is required 
in spring as a starting point forwater budgeting 
during the growing season. In climates where 
snow occurs, the snow is an important storage 
term in the hydrologic cycle. Thus, a simple 
snow budget for computing the amount of 

water penetrating the soil from snow is avail-
able. If the snow budget is not required, each 
snow coefficient is set to 1.0 and each tempera-

ture threshold is set to 0.0. 

Verification of the VB model 

Since development of the VB and its first publi
cation (Baler and Robertson 1966), the model 

has been tested extensively against soil
moisture observations at Swift Current, Sas
katchewan, Canada (Fig. 3) and has also been 
verified in a number of applications by other 
researchers. A brief review of these studies is 
available elsewhere (Baler et al. 1978). 

In one test, data from a 2-year wheatlfallow 
crop rotation on a clay loam soil at Swift Current 
were used from 1970 to 1974 (Fig. 3). Three
times replicated measurements from five 
depths weretaken between seven and ten times 
from planting to harvest each year. These re
suits show very good agreement for both crop 
and fallow fields in 1971 and 1972, while all 
other years are encouragingly close. These 
results were summarized in more detail by 
Baler et al. (1976). 

One verification which well illustrates the 

performance of the VB is shown is Figure 4, in 
which the model was applied to winter-wheat 
fields at Manhattan, Kansas for 1972-73.1 The 
soil-moisture estimates were in good agree
ment with observations, and yield estimates 
based on VB values were reported to have 
agreed well with observed yields. 

The final verification described here was pro
vided by Baler (1972) using another indepen
dent set of observed soil-moisture data from 
1937to 1957. The results(Fig. 5)showobserved 
and estimated soil-moisture reserves in spring 
at planting time under stubble and fallow lands, 
in 	a 2-year rotation system. In this case, the 

author was conducting an economic analysis of 
the advantages in water conservation of a 
2-year crop-fallow rotation, as compared to 
continuous cropping. 

Applications of the VB 

The VB has found a wide range of applications 
from operational real-time monitoring of mois

1. A. M.Feyerhorm,3 June 1975, KansasStateUniv., 
Statistical Laboratory, Calvin Hall 19, Manhattan, 
KA 66506, USA. 
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clay loam soils at Swift Current Saskatchewan. 

96 



(cm)
32. 80 32.8 Versatile soil-moisture budget 
30. 75 * Measured i
 
28 70
 

26 65
 

24 60
 

22-.55
 
0n 20- 50 

.. 18-.45_ 


U) 16 40 
0 

14 35 

12. 30 

10--25
 
8--20
 

6--15
 

4--10
 

2 . .5 ,,, 

Dec Jan Feb Mar Apr May JuneOct Nov 

Figure 4. Estifnated and observed soil-moistilre contents at Manhattan, in a field ofwinter wheat, 
Keasas, 1972-1973 

ture reserves on the western Canadian prairis 
to probability-analysis studies for plannivg 
farming operations. The VB has formed the 
basis of many crop-yield studies, several of 
which have already been discussed in terms of 
verification. Whether a highly detailed 
physically-based simulation or a regression-
analysis approach is used, crop growth and 
yields can be more easily correlated with de-
rived variables of actual evapotranspiration 
(AE) and soil moisture (SM) than with the 
primary components of climate, such as tem-
perature, precipitation, and radiation (Q). Figure 
6 illustrates such a scheme of derived ag-
rometeorological data, used by Baier (1973) to 
define a three-variable regression model for 
wheat yield. 

The VB is the basis of a soil-moisture evalu-
ation project (SMEP) for Canadian prairies, in 
which the available soil water is monitored on a 
real-time basis throughout the growing eason. 
Weekly maps of soil-moisture reserves have 
been generated fur four available water 

capacities and under both fallow and wheat 
crop conditions. The project is in its third year 
and has so far been well received by many 
agencies, including the Canadian Wheat Board. 

Application of the VB to tractability sti.dies 
promises to be avaluable contribution tofarm 
planners, particularly in the area of farm
machinery selection. The main criteria for 
selecting tillage and seeding equipment is the 
timely completion of planting in spring. An 
understanding of the restrictions on spring 
work time due to climate can be o7 major 
importance to agriculture extension agents 
working directly with farmers and to research
ers doing detailed economic-simulation 
studies. Two studies of spring field-workday 
probabilities involving the VB have recently 
baen completed by Agriculture Canada - one 
for the Atlantic provinces (Baier et al. 1978) and 
onefor selected sites across Canada (Dyer et al., 
1978). 

Not all of the present applications have been 
discussed here, just as not all the possible 
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uses can be anticipated at this time. 
However, the examples chosen do illustrate the 
versatility of the budget. 
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The Water Balance
 
and Frequency Period of Vegetation
 

P. Franquin* 

Summary 

The ORBIVCR water-balance model ofORSTOM adaptedto the aridregions is presented.
The model uses rainfall, potential evapotranspiration, and soil-moisture storage
capacity as the inputs. It utilizes Eagleman's relationships to calculate actual evapot
ranspiration. The precipitation exceeding maximum soil moisture storage capacity is 
consideredas runoffordrainage. Two simulations of annualandseasonal waterbc!ance 
outputs for Ouagadougouon lO-day basis in a soil assumed to store 100 mm water in the 
root profile are presented. The use ofAEmax/PE ratios (K factor in the model) for arriving
at indices of crop moisture adequacy/stress in a stochastic model are discussed. 

A Water-Balance Model 

Rainfall is always erratic, even in humid re-
glons. And even in arid regicns an excess of 
water can be just as damaging to a crop as a 
deficit, particularly in the practice of oupple-
mental irrigation. A water-balance model 
should be stochastic to account for the unpre-
dictable nature of water resourcas. But a 
stochastic system would be poorly suited to 5-, 
7-, or 10-day intervals, as thefrequency distribu-
tions of rainfall are not independent for such 
short time intervals (a continuity effect is pro-
duced). And, moreover, to haphazardly gener-
ate rains on the basis of 73, 52, or 36 frequency 
distributions (over an entire year) - to over-
come the continuity effect-would involve 
considerable effort. 

If awater-balance program is to be of any real 
use, it should be as simple as possible. This 
would be the case with a deterministic model, 
which has the same uses as a stochastic model, 
provided the rainfall sample is sufficiently large.
In this case, the statistical analysis is carried out 
on the output instead of the input, 

This is how ORBVCR, the ORSTOM water-
balance mode! suited to arid regions, wus con

* Director, Central Scientific Service, ORSTOM, 
Bondy, France. 

Note: This paper Is an edited translation of the 
original French text, which appears InAppen-
dix 1. 

ceived. In these areas, the crop season begins 
on a soil whose profile has been more or less 
thoroughly dried out before the onset of the 
rains and will be receiving water progressively 
towards the lower horizons. To simu!ate this 
rewetting process, the soil is usually divided 
into layers that fill up rapidly -a procedure 
that is also very complicated. Compared to this 
itrpeof model, theorly originality of ORBVCR is 
that it uses an extremely simple system for 
simulating the progressive rewe' :ing process. 

ORBVCR uses Eagleman's (1971) formula to 
calculate actual evapotranspiration (AE). De
signed for a relatively high level of technology
in agriculture, the system predicts runoff only 
for the amount of heavy rainfall exceeding 
maximum water-holding capacity (K). 11also 
enables the water-balance computation to be 
started on a fixed date or from a 5-, 7-, or 10-day 
period with a given rainfall total; this may or 
may not include the amount of water present at 
the beginning. On fixed dates, supplemental 
irrigation may be added to rainfall. The system
is provided with control parameters so that it 
can be adju-,ted to observations of variations in 
soil moist'.re 

The Growing Period 
The water-balance model is difficult to use 
because it providos elaborate and specialized 

information whose applicability is more limited 
than that of elementary information. In regard 
to simple rainfall levels, all hydrological prob
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lems in agriculture will be encountered, at least 
Initially. On the other hand, i water-balance 
program established for a cultivar with &def;
nite growth period planted at a specific time on 
a soil with given hydrological characterlstics 
will necessarily have a narrower application. 

Nevertheless there is one solutiin that ena
bles us to generalize the results from a simu
lation of balances established for a sufficiently 
long period of years, to all crops, soils, and 
cropping operations of a region covezd by the 
same meteorological station. This solution is 
based on the concept of the "growing period." 

This concept has the advantage of reducing 
the crop-weather relationship to a single com-
prehensive expression, which avoids difficul-
ties arising from multiple probabilities. The 
"growing period" is the most comprehensive 

expression because it integrates all the factors 
involved in the production process, However, 
although this concept integrates thesefactors in 
a continuous fashion, its statistical analyses can 
only be discontinuous, focusing only a number 
of specific evunts. 

Any climatic or phonological event Is impor-
tant for delineating the growing period in the 
annual cycle that meets the objective of a study. 
Consequently, there can be at the same time as 
many different growing periods as there are 
specific projects. Nevertheless, it is possible to 
generalize this rational concept by considering 
climatic events that are valid for all case,; for 
example, the points where the potential evapo-
transpiration (PE) and rainfall (R)curves meet 
(Fig. 1). But above all, by expressing the concept 
in frequencies, it is possible to establish a risk 
level for ary specific problem. 

Probabilities in the growing per'xd are shown 
by a system of coordinates where the x axis is 
time and the yaxis the scale of relative frequen-
cies. In this system the variability of each 
specific event characterizing the growinp 
period can be shown (Fig. 2A): 

by a histogram frequencies- at 10-day 

intervals, for example, 
by a polygon of relative frequencies or a 

sigmoid curve of global probabilities If the 
sampleois lrge noughobe rob esefta-
sample is large enough to be representa
tive of the generel population, 

Thus the growing period is marked off by 
frequency distributions (histograms and sig-
moid curves); these taken in twos - succes-

P(R)
 

1 
_ 

F M A M J J A S 0 N 

Figure 1.	A generalized relationship between 
rainfall and potential evapotranspi
ration. (Letters in par3ntheses are 
for the English texL) 

svely or otherwise - determine the periods 
and subperiods. For example, taking events B 
(theginning) rnd E (end) of the period under 
study, sigmoid curve B gives the probability of 
its having already begun at any given date; and 
sigmoid curve E, the probability of its having 
already ended. Bu. what interests us is the 
probability of it bp;,ig still open; this will be 
given by symmetric sigmoid curve E (Fig. 2A). 
Symmetric sigmoid curves I (Fig. 2B) can also 
be constructed for intermediary events. 

The advantage of this geometrical model lies 
in its integration of the variability in the occur
rence and duration of the growing period as 
established by the size and shape of the area 
bounded by the two sigmoid curves. First, it 
gives a "view" of all the possible growing 
periods with -if the events are either indepen
dent or have little corre!ation - the compound 
probability 	(product of two elementary prob

abilities) that the g,'owing period would be 

ongoing between any two dates. This consti

tutesthe statistical framework for all operations 

of the cropping calendar and their chances of 
success. The ability of a crop or cultivar to adapt
to the conditions thus represented in relation to
the timing of its cycle that offers the best 

probability is also shown by the size and shape 
of the area between the two sigmoid curves. 
Finally if, as in tropical rgions, the model has 
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Figure 2A and B. 	 Histograms showing the time and duration of a growing period. (Matter In 
parentheses is for the English text.) 

been constructed in terms o!the probability of 
rainfall exceeding PE (or Pr-/AE), the size of the 
area (which can be further weighted by a radi-
ation factor of photosynt'ietic production) will 
show the dry-matter prcduction capacity: this 
will be a relative climatic index of productivity. 

Water-Balance and the Growing 
Period 

This model can be constructed, in terms of 
weter or energy, based entirely on elementary 
data such as rainfall or temperature levals or on 
more complete information such as R/PE val-
ues, or on very elaborate information such as 
the results of the simulation of water balances. 
Asthewater-balance model requirestti deflni-
tion of K (maximum plant-utilizable available 
soil water) soil characteristics determining the 
value of K for a crop may be included in the 

model to a certain extent. The model can be 
constructed for a given K once the balance 
model is adjusted to observed variations In soil 
moisture. But for wider application, it can also 
be constructed on the basis of several K values 
(for example, 50, 100, and 200 mm), so that the 
results can be interpolated for intermediary 
'alues of K (for example 80 or 130 mm). 

Table 1gives an example of simulation of the 
water-balance program for 1973 at 
Ouagadougou with a K of 100 mm. With such 
simulations for a sufficiently long period (at 
least 30 years), it Is possible, depending on the 
requirements, to construct frequential models 
in terms of AE (actual evapotruns-)iration), 
PE-AEor E-AE (water deficitof acrop), SM (soil 
moisture), etc. But the AE/PE ratio (relative 
evapotranspiration) is of particular interest be
cause it is an indication of water availability that 
linearly influences dry-matter production. 
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Table 1. Water balance output on 10-day basis for 1973 at Ouagadougou, Upper Votla. 

Periods Rainfall 
Irri-

gation 

Surplus 
soil 

reserve 
%Sur-
plus PE 

Crop Maximum 
coeffi- evapotranspi- 
cient ration (ME) AE 

Soil 
moisture Runoff 

Cumu
lative Soil water 
runoff deficiency 

Relative 
deficit AEIPE ME-AE 

Available 
reserve' 

Jun 1st 
Jun 2nd 
Jun 3rd 

55.2 
7.5 

24.9 

.0 
.0 
.0 

55.2 
28.2 
24.9 

1.00 
.51 
.45 

69.0 
64.0 
62.0 

.50 

.50 

.55 

34.5 
32.0 
34.1 

34.5 
28.2 
24.9 

20.7 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

34.5 
55.2 
55.2 

.62 
1.00 
1.00 

.50 

.44 

.40 

.0 
3.8 
9.2 

55.2 
55.2 
55.2 

Jul 1st 
Jul 2nd 
Jul 3rd 

14.5 
49.5 

214.5 

.0 

.0 
.0 

14.5 
49.4 

100.0 

.26 

.89 
1.00 

60.0 
58.0 
60.5 

.60 

.70 

.85 

36.0 
40.6 
51.4 

14.5 
40.6 
51.4 

.0 
8.8 

48.6 

.0 

.0 
123.3 

.0 

.0 
123.0 

55.2 
46.4 
51.4 

1.00 
.84 
.51 

.24 

.70 

.85 

21.5 
.0 
.0 

55.2 
55.2 

100.0 

Aug 1st 
Aug 2nd 
Aug 3rd 

44.2 
84.2 
38.7 

.0 

.0 

.0 

92.8 
100.0 
88.9 

.93 
1.00 
.89 

53.0 
50.0 
55.0 

1.00 
1.00 
1.00 

53.0 
50.0 
55.0 

52.1 
49.8 
53.5 

40.7 
50.2 
35.4 

.0 
24.9 

.0 

123.0 
148.2 
148.2 

59.3 
49.8 
64.6 

.59 

.50 

.65 

.98 
1.00 
.97 

.9 

.2 
1.5 

100.0 
100.0 
100.0 

Sep 1st 
Sep 2nd 
Sep 3rd 

20.4 
34.4 
25.6 

.0 

.0 

.0 

55.8 
50.3 
38.5 

.56 

.50 

.39 

51.0 
51.0 
53.0 

1.00 
1.00 
1.00 

51.0 
51.0 
53.0 

39.9 
37.4 
31.5 

15.9 
12.9 
7.0 

.0 

.0 

.0 

148.2 
148.2 
148.2 

84.1 
87.1 
93.0 

.84 

.87 

.93 

.78 
.73 
.59 

11.1 
13.6 
21.5 

100.0 
100.0 
100.0 

Oct 1st 
Oct 2nd 
Oct 3rd 

30.3 
.0 

1.4 

.0 

.0 

.0 

37.3 
6.4 
1.4 

.37 

.06 

.01 

56.0 
58.0 
61.6 

1.00 
1.00 
1.00 

56.0 
58.0 
61.6 

30.9 
6.4 
1.4 

6.4 
.0 
.0 

.0 

.0 

.0 

148.2 
148.2 
148.2 

93.6 
100.0 
100.0 

.94 
1.00 
1.00 

.55 

.11 
.02 

25.1 
51.6 
60.2 

100.0 
100.0 
100.0 

Nov 1st 
Nov 2nd 
Nov 3rd 

.0 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

.00 

.00 
.00 

53.0 
51.0 
50.0 

1.00 
1.00 
1.00 

53.0 
51.0 
50.0 

.0 

.0 

.0 

.0 
.0 
.0 

.0 

.0 

.0 

148.2 
148.2 
148.2 

100.0 
100.0 
100.0 

1.00 
1.00 
1.00 

.00 

.00 

.00 

53.0 
51.0 
50.0 

100.0 
100.0 
100.0 

Dec 1st 
Dec 2nd 
Dec 3rd 

.0 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

.00 

.00 
00 

50.0 
49.0 
56.1 

1.00 
1.00 
1.00 

50.0 
49.0 
56.1 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

148.2 
148.2 
148.2 

100.0 
100.0 
100.0 

1.00 
1.00 
1.00 

.00 

.00 
.00 

50.0 
49.0 
56.1 

100.0 
100.0 
100.0 

Total 645.2 .0 1171.2 1026.3 497.0 529.3 

1. Maximum available reserve - 100 mm 
Water balance: total rainfall - total PE - -526.0 mm 

C. 
0



PERIODE FREQUENTIELL.E DE VEGETATION 
(Growing Period) 

Lieu Ouagadougou Latitude 12"20N 
Pays Haute-Volta Longitude 1030W 
Periode 1921 -1973 (50 Ais) Altitude 303 m 

AvrilI ai Juin Juillet al~ Septembre Octobre Novembre 
(April) (May) (June) (July) (August) (September) (October) (November) 

Probabiliti 	(Probability) 
1.00_ 

0.80

0.60
50 	 1020mm 

0.40-
Periode Subhumide 

ETR/ETP >0.50 
0.20 	 (Partially wet period AE/PE >0.50) 

0.00
1 5 10 14 25 36 43 48 49 50 50 48 41 21 8 2 1
 

50 49 47 28 7 4
 
50 48 41 14 5 1
 

Probabilitd (Probability)
 
1.00.
 

0.80 

0.60 

0.40
 

Period Humide
 
0.20- ETR/ETP >0.90
 

(Wet period AE/ PE> 0.90 

0.00I
 

5 15 22 43 47 49 50 
50 49 45 	 36 23 7 1 

50 	 45 37 16 2 1 1 
50 47 35 17 5 2 

Figure 3. 	 The probable length of thu subhumid (ETRIETP>0.50j and humid periods (ETRI 
ETP>0.90) in three soils at Ouagadougou, Upper Volta fr,im 7921 to 1973. (Matter in 
parentheses is for the English text.) 
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eanerally, for annual crops (Gramineae, 
groundnut, cotton) only two levels of the AEIPE 
are considered. One is about 0.50 because this 
corresponds to the minimum conditions re
quired for ensuring crop establishment (germi
nation, emergonce, seedling stage) and matu
ration. The other, about 1.00, corresponds to 
conditions required for setod development. Fi
gure 3 Is a frequential model of the growing 
period constructed for Ouagadougou: 

* 	 based on the pro. ability of exceeding 0.50 
(AEIPE). The beginning and ending sig
molds give in frequencies what can be 
called a semi-humid period for K: values of 
50, 100, and 200, mm. 

* 	 for the probability of exceeding 0.90 (AEI 
PE). The sigmoids give the frequencies for 
what can be called the humid period forthe 
same values of K. 

Between the ending sigmoids (the beginning 
sigmoids are practically the same regardless of 
the K), other sigmoids corresponding to inter
mediary K values can be interpolated. 

For annual or per :nnial crops grown not for 
grain but for fodder, which is the direct product 
of dry-matter output, a larger number of AEIPE 
levels can be considered -0.20, 0.40, 0.60, 
0.80, 1.00, 1.20, etc. 

Because this is a statistical model and it is 
therefore possible to fix climatic r!sk levels 
according to particular problems, this 
growing period model can be generalized to 
cover all crops, cropping operations, and soils 
of a region served by the same meteorological 
station. 

Referonces 

EAGLEMAN, J. R. 1971. An experimentally derived 
model for actual evapotranspiration. Agricultural 
Meteorology 8: 383-394, 
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Water Requirementa and Adaptations 
to the Rainy Season of Millet in Senegal 

C. Dancette* 

Summary 

The water requirement of millet (Pennisetum typhoides) was measured at CNRA 
(NationalAgricultural Research Center) in Bambey, Senegal, between 1973 and 1977. 
Varieties of 75-, 90-, and 120-dayduration were tested. On the whole, waterrequirements 
are in direct proportion to the length of the growing period. Itis not at all as simple to 
calculategrain andstraw yields,especially the amount ofwaterrequired toproduce Ikg
of dry matter is considered. Tht results were Interpretedwith a view towards water 
economy and adaptation to marginal rainfall conditions. Thispaper is not restricted to a 
report ofthe results obtained,but attempts to generalize them for the whole ofSenegal
by characterizing the evaporative demand (particularly the north-south gradient).

The w.;ter supply was studied not only under optimum conditions (with supplemental
irrigation for measuring optimum water requirements, MET, but also under conditions 
oflimited water 7uppfy; figures showing the effects of water stress on grain and straw 
yields aro given whenoverpossible, depending on whenever rainfallconditions and the 
varietiespermitd. Some descriptions of the work are given ferpract/caluseof .'e data 
at the research and development level. 

Pearl millet (Pennisetum typholdes) is a staple 
food in Senegal, it is estimated that in the Serere 
region an average (;400 g of inillet per day is 
needed per person (Bilquez 1975). Cultivated on 
more than 600 000 ha, millet gives very poor 
yields (avefrge 520 kg/ha), whereas groundnut 
yields can easily exceed 1000 kg pods/ha or 
about 730 kg kernels/ha, 

Althot~jih the incentive to grow millet in 
subsistence farming is high, commercially it 
does nc. pay at present (36 CFA frrncs or 
$0.17/kg grcin for millet compared to 42 CFA 
francs S0.20kg for higher-yielding groundnut 
on the official market in 1977). Yet it is still in the 
farmer's interest to improve millet yields, &ither 
to ensure self-sufficiency in food, or to devote 
larger areas to more profitable crops 
(groundnut, cotton, cowpea, etc.). A suitable 
price policy and improvement of millet produc

ngdnleur Agronome IRAT with ISRA, Cntra 
National de Rech,3rcheas Agronomlques (CNPA),
Bambey, Senegal. 

Note: 	This paper Isan edited translation ofapaper In 
French (Se Appendix 1)that wae prepared for 
A.A. A. S. A. 'rd General Conference and 10th 
Anniversary, April 1978, Ibadan, Nigeria. 

tion technology (storage, threshing, milling, 
;;e for making bread) would rapidly changethe

millet 	situation to the advantage of both the 
farmer and the state. 

On apurely agronomic level, milletyieldscan 
be increased throuGh research efforts in breed
ing, cropping techniques, fertilization, and plant 
protection. 

This paper discusses the water requirements 
of millet and the rational adaptation of this crop 
to the soil and rainfall conditions in Senegal. 
Data on optimum water requirements, or 
maximum evapotranspiration (MET) and on the 
response curve of millet to water stress during 
the growing period :ielp usto better understand 
millet production. This enables a better choice 
of varieties, cropping techniques, etc., at the 
research and extension levels. 

Water Requirements of Millet(MET)Measured at CNRA, 
Bambey 

GeneIa Conditions 

Between 1973 and 1977 the water requirements
of millet were measured at CNRA, Bambey, in 
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the central zone of Senegal. Varieties tested 
were of 75-, 90-, and 120-day duration, 

Thecropsweregrown in large plotsof 196 M2 

(four replications) and under good agronomic 
conditions (heavy fertilization, plowing, plant 
protection treatments, protection against birds, 
etc.). The deep soil, locally known as D ; , was 
sandy, tropical ferruginous, and slightly 
leached. 

Crop spacing was that recommended by re-
search and extension specialists: 100 x lWo cm 
for 90-day Sou ia millet in 1973 and 1974; 
50 x 20 cm in 1974, and 45 x 15 cm in 1975, for 
the 75-day GAM dwarf millet; 90 x 90 cm in 
1976 and 100 x 100 cm in 1977 for the 120-day 
Sanio millet. 

A supplemental irrigation was given with 
sectional angled sprinklers; applications of 
water were monitored by rain gauges installed 
just above the crop. 

Water use was measured by two methods: 

1. In situ, using 4-m deep access tubes and 
periodic readings (usually weekly) of soil 
moisture with French or American neutron 
probes provided by the International 
Atomic Energy Agency (IAEA), though 
French aid (special assistance from GER-
DAT), and by the Nuclear Energy Center in 
Cadarache, France. The soil at the start of 
each cropping season was dried out to the 
greatest possible depth. In 1976 and 1977, 
the flux was monitored by soil moisture 
tensiometers (IAEA aid) installed either 
vertically up to a depth of 150 cm, or 
horizontally 150 to 400 cm deep in a pit. 
Measurement of the water balance was 
facilitated by exceptionally poor rainfall so 
that the soil was not wetted to a great 
depth (<250 :m, usually <150 cm). Thus, 
the water balance could be easily control-
led by nonexcessive irrigation without un
checked percolatin or runoff (vertical pro-
tective plates around tubes). 

2. Infield lysimeters 4 m2 and 1-m deep. The 
lysimeters, which were installed and mon-
itored in 1972, had been considered as a 
possible alternative to the in situ water-
baiaic method in case of excessive or 
%ven normal rainfall and percolation 
difficult to monitor. But on the whole, after 
a trial run of installation and monitoring, 
they did not give very different results 

from the first water-bdlance method, and 
after 5 years of deficit rainfall It even 
appears that we could have dispen'ed 
with the lysimeters. But this was not evi
dent atthe beginning and could be proved 
wrong by a more rainy season. Access 
tubes for neutron probes were installed in 
the middle of the lysimeters for the usual 
water-use measuroments until natural 
gravitational drainage started. Actually, 
lysimeters should not be saturated right at 
the start of the crop to ensure proper 
drainage and normal water-balhne mea
surement as it could lead to differences in 
methods and therefore in plant perfor
mance in relation to the rest of the plot. 

Besides the MET method, there was also the 
AE (actual evapotranspiration) method without 
supplemental irrigation wherethe level ofwater 
stress attained would depend on the rains. This 
will be discussed later while d6dling with the 
water requirements of millet 

Main results 

We will only give a summary; other partial but 
detailed results relating to short-duration millet 
are given in another paper (Dancette 1975). The 
figures indicated in Table 1 are averages of four 
replications. Coefficients of variation are gener
ally less than 10% for overall water use and for 
grain and strawyields(seeTable 5). Grainyields 
aresometimeslessuniformthanthoseofstraw 
because damage by birds cannot always be 
completely avoided. 

Annual Variations in Global PE 
for the Same Millet Variety 

Year-to-year differences in the water require
ments may be noted for the samevariety. Slight 
changes may certainly occur in cropping prac
tices, rain distribution, irrigation and 
parasitism, but it is the evaporative demand 
thdt varies most of all. It is ior this reason that 
the evaporative demand is estimated daily by 
measuring the potential evaporation from afree 
water surface in a standard class-A pan (WMO 
model) and it is related to the crop's water use 
for corresponding periods. 
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Thus, the evaporative demand was measured tive totals of pan evaporation in mm for these
from 1972 through 1977 for periods of 75, 90, periods and, in parenthesis, an irnex of the
105, and 120dayscorrespondingtothegrowing evaporative demand in relation to the 1972
periods of the major crops. Data on the cumula- 1977 averages are given in Table 2.Coefficients 

Table 1. Main results for millet varieties of 71-to 120-day duration. 

Crop Year 
Ralnf.1l 
(mm) Treatment 

MET or water 
requirements

(mm) 

Yields (kg/ha) 

Grain Rachis Straw 
Moisture content In parentheses 

Sanlo millet 
120 days 
(Make strain)

Sanlo millet 
120 days 
(Bambey strain)

Souna millet III 
90 days 

Souna millet III 
90 days 

GAM millet 
75 days 

GAM millet 
75 days 
(cereal crop structure) 

1976 

1977 

1973 

1974 

1974 

1974 

3999 

374 

400 

492 

447 

510 

Irrigated 
(MET) 

I = 215 mm 
Irrigated 
(MET) 

I = 283 mm 
Irrigated 
(MET) 

i =68 mm 
Irrigated 

(MET) 
1 = 73 mm 

Irrigated 
(MET) 

1 = 51 mm 
Nonirrigated 
(excess rain) 
AE = MET 

562 
K = 0.751 

628 
K = 0.77 

417 
K = 0.72 

416 
K = 0.74 

320 
K = 0.67 

327 
K = 0.63 

2035 
(7.5%) 

1623 
(3.5%) 

2690 
(7.8%) 

2948 
(5.4%) 

2151 
(9.0%) 

1721 
(9.2%) 

1426 
(10.1%) 

1388 
(4.0%) 

1360 
(7.8%) 

1600 
(5.4%) 

2165 
(9.0%) 

1395 
(9.2%) 

13 950 
(3.2%) 

14425 
(7.5%) 

6 680 
(4.3%) 

5760 
(5.2%) 

5943 
(8.4%) 

5652 
(10.2%) 

1. K = M ET 
Ep 

Table 2. Cumulated class-A open pan evaporatlon (in mm) at Bambey 

Year 

Period 1972 1973 1974 1975 1976 1977 
1972-77 
average 

75 days 

90 days 

105 days 

120 days 
Date of first 
effective 
rainfall 

550 
(1.12) 
631 

(1.10) 
722 

(1.06) 
811 

(1.03) 

5 June 

486 
(0.99) 
583 

(1.02) 
702 

(1.03) 
ti7 

(1.04) 

2 July 

477 
(0.98) 
564 

(0.99) 
695 

(1.02) 
809 

(1.03) 

12 July 

438 
(0.90) 
523 

(0.91) 
620 

(0.91) 
714 

(0.91) 

7 July 

489 
(1.00) 
560 

(0.98) 
648 

(0.95) 
744 

(0.95) 

13 July 

496 
(1.01) 
573 

(1.00) 
687 

(1.01) 
812 

(1.03) 

7 July 

489 

572 

679 

785 
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of variation range from 5% for 120 days to 7% 
for 75 days. 

Pan evaporation should betaken as reference 
for any comparison. If the two 120-day Sanio 
millet crops are compared in this way, it will be 
observed that the water requirements were: 

in 1976, 562 mm for 774 mm of pan evapora-
tion with a 0.95 index 

in 1977, 628 mm for 812 mm of pan evapora-
tion with a 1.03 index 

However, the seasonal coefficient K = MET/ 
Ep was close to 0.75 in 1976 and 0.77 in 1977. By 
relatirg this to the average evaporative demand 
(1972-1977) and to the index 1.00, we find the 
water requirements to be: 

562 592 mm in 1976 and 62 8 = 610 mm in 19770.95 	 1.03-

The results are quite similar with differences 
that are well below any possible experimental 
errors-water requirements measured 
roughly at ± 8% when maximum precautions 
are taken. 

Although year-to-year variations in evapora-
tive demand are of this order and even less, it is 
not an adequate reason for not taking it into 
consideration whenever possible. Thus, the 

seasonal water requirement can be assessed by 
relating it to the average evaporative demand 
(1972-1977): 

" 120-day Sanio millet: average of 592 and 

610 mm, about 600 mm. 
" 90-day Souna millet: average of 4.17/ 

1.02 = 409 and 416/0.99 = 420, about 415 
mm. 

" 75-day 	dwarf millet: The deviations are 

slightly greater, as plant material had been 
changed between 1974 and 1975 and a 
composite with slightly different architec-
ture (cereal type) was adopted. 

Nevertheless, the average of 320/0.98 = 327 
and 327/0.90 = 363, 345 mm may be used. 

Similarly, the extremes can be characterized 
according tothe highest and lowest evaporative 
demands recorded over the last 6 years. The 
figures shown in Table 3 will be retained until a 
longer observation period is available. This is 
also shown in graphic form in Figure 1. 

Table 3. 	 Variations In global water require
gtati of millet according to the 

derand at CeRA Babey. (See also 
Fig. 1.) 

Minimum Average Maximum 
Crop MET MET MET 

120-day Sanio millet 546 600 624 
90-day Souna millet 378 416 457 
75-day dwarf millet 311 34:C 386 

E High Evaporative Demand --
E 600 	 -s 
, 1 	 0,1-

0.9500, Average Evaporative *,j -s - s 

De,iand 11972-1977)
 
I ,,,, - 

400 Weak ,
 

Evaporativ ,
 
Demand 

t 300 
20 
2001_ 

75 90 120 

Number of days of the vegetative cycle 

Figure 1. Variations in global water re
quirements of millet according to 
the growing period and evapora
tive demand at CNRA, Bambey, 
Senegal. 

Variations in MET of Millet 
and in Crop Factors, K, throughout 
the Same Crop Duration 

The evaporative demand varies throughout the 
rainy season: very high at the beginning (pan 
evaporation up to 8 mm/day in June at Bam
bey), it then decreases once the rains set in and 
surrounding humidity increases (4-4.5 mm/day 
in Sept.); and rises again with the withdrawal of 
the rains (7-8 mm in Oct.). Abnormal droughts 
during the rainy season may cause it to fluc
tuate abruptly. 

Water requirements vary according to the 
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extent and rapidity of the crop cover over bare 
soil at the beginning of the cropping seasori, 
Thus, very early varieties (accelerated growth 
and development) or those with high plant
density cover soil more rapidly than othern and 
require more water. These water requirements 
also decrease as the crop matures, which may 
coincide with a low evaporative demand in the 
middle of the rainy season for a very early
variety (75 days) or an increasing evaporative 
demand at the end of the rainy season for a 
variety witl. ,onger duration (120 days). 

It is for this reason that onco again water 
requirements should be expressed in terms of 
the evaporative demand (standard class-A open
pan) and the coefficients K = MET/EP should be 
c'ilculated for the entire duration. This was done 
f-r all three millet varieties over successive 
15-day periods; the results are shown in Table 
4. Since each type of millet was tested over at 
least 2 successive years, the K coefficients were 
compared and an average representative value 
was retained. 

Figure 2, in which only the representative 
values of K are used, clearly shows the differ-
ence between the three millet types. The 
maximum values obtained for K are: 

1.20 for Sanio millet; 1.10 for Souna millet; 
0.97 for GAM millet. 

Likewise, in Table 1 the seasonal K 
coefficients were: 0.76 for Sanio millet, 0.73 for 
Souna millet, and 0.65 for GAM millet. It seems 
that these two tacts are linked to the respective 
heights of these millets: Sanio millets are very
tall (> 3.5 m), Souna m.llets are of medium 
height (2-2.5 m), and dwarf millets are about 
1.0 m. Moreover, whereas the soil surface in a 
Sanio millet field is very irregular (in waves),
that of Souna millet and speciallyof GAM millet 
is much more homogenous. All these factors 
undouLtedly make the energy advections much 
higherfortheSaniothanfortheothercropsand 
the water needs are also ircreased. However, 
there is no evidencethat the same results will be 
obtained in very large plots (> 1 ha) where 
advections are probably reduced. Actually, this 
raises the problem of the scale of agroclimatic 
characterization: small plot, field, or ecological 
zone? But it is also possible that these differ
ences might actually be linked to the physiology 
or the architecture of the test varieties; this 
remains to be demonstrated. Perhaps the cor
rect solution lies between these different 
theories. 

The three varieties can be compared (Fig. 3) 
on the basis of the average values of K and the 
1972-1977 average of pan evaporation taken 
over successive 15-day periods right from the 
start of the cropping season. This comparison 

Table 4. Changes In K = MET during growth of 75-, 90-, and 120-day millet varieties.Ep 

Sanio millet 120 days Souna millet 90 days GAM dwarf millet 75 days 

Value Value Valuo
Days 1976 1977 retained 1973 1974 retained 1974 1975 retained 

0-15 0.15 0.30 0.23 0.26 0.38 0.32 0.44 0.49 0.47
15-30 0.35 0.44 0.40 0.49 0.66 0.58 0.61 0.80 0.71 
0-30 0.25 0.37 0.31 0.38 0.52 0.45 0.53 0.65 0.59 

30-45 0.77 0.70 0.74 1.09 1.01 1.05 0.84 1.10 0.97 
45-60 1.07 0.99 1.03 1.26 0.94 1.10 0.79 0.65 0.72
30-60 0.92 0.84 0.88 1.18 0.98 1.08 0.82 0.88 0.85 
60-75 1.12 1.24 1.18 0.98 0.82 0.90 0.75 0.80 0.77 
75-90 1.24 1.15 1.20 0.72 0.65 0.69 
60-90 1.18 1.20 1.19 0.85 0.74 0.80 
90-105 1.09 0.94 1.02 

105-120 0.71 0.82 0.77 
90-120 0.90 0.88 0.89 
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120-day Sanlo Millet (global K= 0.76) 

- 90-day Souna Millet (global K: 0.731 

agog9gee 75-day GAM Millet (global K= 0.05) 
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Figure 2. Changes inthe K METEi coefficients duringcrop duration of threemillet varieties 
of 75-, 90-, and 120-day duration. 
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Figure 3. Comparative water requirements of three millet varieties at Bambey, expressed as 
average evaporative demand (Bambey, Senegal, 1972-1977). 
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clearly shows that water requirements are high 
at the start of the cropping season for short-
duration varieties and at the end for the long-
duration varieties, 

Application of the Results 
to the Senegal Situation 

Method 

InSenegal, thaevaporativedemandvariesf,'om 
north to aouth and even from the coast inwards, 
Itis high towards the north and low towards the 
south; it aiso increases towards the interior, 
This,6va orative demand is related to humidity 
!n The zone, that is, to rainfall, the main humid-
ificaticn factor. 

The northi,'ard movement of the Inter-
TropicPl Convergence Zone brings a mass of 
humid air cfusir the rains to set in and wet the 
coii, Vegeaticn begins to cover the soil and the 
evapozt,.t, spiration from the crops, along with 
thetypical rainy-season conditions (decrease in 
hours -l sunshine and temperatures, increase 
in rmltive humidiy, reduced wind velocity) 
contribute to ruduced evaporative demand. 

W'e were aW t teblish some negative 
correlations betwieen the amount of rainfall 
received and potential evapotranspiration 
measured on turf (Dancette 1973) and between 
rpiniall and potwntial pan evaporation (Dancette 
1977). This enabled characterization by location 
of the evaporative demand during the rainy 
season. This was ossential for the work on 
adaptation of rainled crons, based on the appli-
cation throughout the country of water re-
quiremen, measurements. For this, there is 
already a relatively den.e network of rainfall 
stations, unlike th- -,etwork for evaporation 
measurement. 

The rclation,-Atip between rainfall and pan 
evaporation is established on a monthly basis 
foi the entire rainy season: 

Ep = A- BX - CY + DZ 

where X is the rainfall for the month or season 
being studied 

Y is the average annual rainfall at the 
station (latitude), 

Z is the distance of the station from the 
coast (longitude) 

This kind of equation Is determined for transi
tional months (beginning of the rainy season),
peak rainy-season months, or an entire period 
when rainfall is likely to occur (June-Oct); the 
correlation coefficients for these periods were 
0.73, 0.78, and 0.86 respectively.

There is a simpler type of 6quation f3r the 5 
months of the rainy season: 

Ep = 10.4 - 2.76 Ln R(r = 0.92) 

where E, is the average pan evaporation In 
mm/day for the 5 months considered, and RIs 
the average daily rainfall during the same 
period. 

From these relations we can establish the 
following type of map for chararterizing by 
location the evaporative demand (shown by 
evaporation in a standard class-A pan) dur
ing the rainy season in Senegal. The average 
evaporation is given in mm/day (June-Oct) and 
in parentheses is the index based on the obser
vation at the Bambey station where water re
quirements of millet were measured (Fig. 4). 

Limitations 

Several points can be disputed such as: 

0 	 The variability in monthly rainfall in this 
area: Rainfall may occur either at the be
ginning or the end of the month without 
being well distributed throughout the 
month. Rainfall in a given month may 
influence conditions in the following 
month as a result of soil water reserves, 
etc.; 

0 	The choice of a total period of 5 months: 
whether these 5 months are retained, or 
the exact period between the first "effec
tive" rainfall and the and of the rainy 
season (last rain + period during which 
soil moisture reserves are used), or the 
number of whole months w;th significant 
rainfall, the equations hardly differ and, in 
our opinion, do not justify complicating the 
calculations any further. 

The most crucial prob!em is to know which 
period should be retained for characterizing the 
evaporative demand. In 1973, we considered a 
long period (1931-1965) for determining the 
relationship between ra;nfall and PE during the 
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Figure 4. Variations in evaporative demand (rm/day) during the rainy season in Senegal 
(June-Oct), 1971-1976. 

effectiverainyseason, aswell asforthePE map. * Use of the evaporative demand map and 
This greatly reduced the evaporative demand indices based on observations taken in 
gradient - roughly 1.20 to the extreme north of Bambey. 
the country and 0.80 to the extreme south, According to this map, a 120-day millet requir
compared with Bambey. ing an average620 mm at Bambey, would need: 

On the other hand, between 1971 and 1976, a 
severe drought occurred when the network of 620 x 0.82 = 530 mm at Nioro-du-Rip 
standard class-A pans was being set up and and 620 x 0.67 = 420 mm at Sefa. 
extended. The rainfall-pan evaporation equa
tion could not be applied to the 1931-1976 Inthesameway, a75-day millet requiring 350 
period. This equation needs to be corroborated mm at Bambey, would require: 
by evaporation and rainfall readings over a long 
period. However, it is characteristic of years of 350 x 1.16 = 410 mm at Louga 
deficit rainfall and an abnormally high evapora- and 350 x 1.30 = 460 mm near Dagana. 
tive demand. 

Thus, the map showing the evaporative de
mand and its north-south gradient indicates Some Comments and 
some indices which are this time between 1.40 Applications 
to the north and 0.65 to the south of Bambey, 
Senegal. However, the worKshould be aimed at Potentlalitis of Existing Millet 
adapting crops to the unfavorable conditions of Vareties In Central Senegai 
the last 10 years, as it is easier to adapt them to 
better conditions. Table 5 shows that the best grain yields are 
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Table 5. Water conaumption and millet yields. 

d. In 1974. 'or the GAM millet experiment, measurement po;nts were increased from two to five at the end of the Lsaon, so a statistical analysis was not possible. 

Crop 

Sanio millet 

Year 

1976 

Rainfall 
(mm) 

399 

Treatment 

Irrigated 

Evapotranspiration 
(mm) 

562 

Water requirements (lters kg) 
Yields 
(kg/ha) Total above-

Dry ground dry 
Grain Straw grain matter' 

2035 (7.5) 13 940 (3.2) 

Water 
requirement 
satisfaction 

rate (%) 

215 mm C.V. 6% C.V. 7 %" C.V. 11% 2 986 337 100 

Sanio millet 1977 374 

Non-
Irrigated 

Irrigated 

2,'3 mm 

403 
C.V. 3% 

628 
C.V. 4% 

1092 (7,4) 
C.V. 16% 

1623 (3.5)c 
C.V. 8% 

10478 (2.2) 
C.V. 10% 

14425 (7.5) 
C.V. 4% 

4045 

4010 

334 

387 

72 

100 

Non-
irrigated 

397 
C.V. 4% 

153 (3.5) 
C.V. 71% 

11172 (8.5) 
C.V. 14% 26890 364 

Souna millet 1973 400 Irrigated 
68 mm 

417 
C.V. 3% 

2690 (7.8) 
C.V.5% 

6 680 (4.3) 
C.V.7% 1681 412 100 

Non-
irrigated 

378 
C.V. 3% 

2770 (7.8) 
C.V. 3% 

6 240 (4.3) 
C.V. 6% 1 443 383 91 

Souna millet 1974 492 Irrigated 
73 mm 

416 
C.V. 7% 

2948 (5.4) 
C.V. 3% 

5760 (5.2) 
C.V. 4% 1 492 426 100 

GAM millet 19 74 d 447 

Non-
irrigated 

Irrigated 

415 
C.V. 8% 

320 

2951 (5.2) 
C.V. 2% 

2151 (9.0) 

5590 (5.1) 
C.V. 8% 

5943 (8.4) 

1 483 

1635 
434 

342 
100 
100 

51 mm 

Non-
-rigated 

324 2258 (9.3) 5780 (8.4, 1 544 350 100 

GAM millet 1975 510 Non-
irrigated 
(sufficient rain) 

327 
C.V. 6% 

1721 (9.2) 
C.V. 12% 

5652 (10.2) 
C.V. 10% 2 093 414 100 

a. Humidity is given in parenthems, the coefficient of variation (C.V.) is given below. 
b. Above-ground dry matter includes straw, grein, sheath, and rachis. 
c. Only ttrxe plots out of four were obsmved (retained for calculations). 



obtained from the 90-day Souna millet (nearly whole, are quite well suited to the weter r ond;

3 tiha). The 75-day GAM millet undergoing tions in the Bambey region, werent;u'tjtd 

varietal improvement already gives the same to any real stress during the yearc 4DT:::~rin

grain yields as 120-day Sanio millet (which is tation, even though it was a ; o:fo 'z 

being completely abandofiad in the Diourbel rainfall. Thus, in 1973, raifnticni of , r 

region). Souna mil-.t yields a maxi'num of 2 requirements of tht.N io-irrijat-d Su -ic.millet 

eJrly twice as much Water was 91% and it'- g ain' . straw yietds differedto...e, consumin neo 
the GAM millet, very slightly from 0 ,ae of millet with supple-

If water use by millet was expressed in terms mental irrigatv,'n. Fo" the other years, supple

of liters of water consumed bv the plant and the mental irrigation did not increase yields of 
eithor Souna or GAM millet. Duc (1977) ob

as 

quantity require'i to produce Ikg of grain, there 
is little difference between the Souna and GAM tained somewhat similar results with Souna 

millets. T.a s&tuation is much worse for Sanio millet on the farm at Bambey during the rainy 

millet (3,00-4000 liters/kg grain compared to season; supplemental irrigation is espeielly 

1500- ! .00liters for the other millets). effective further north. In central Sene.3il,there 

omillet has a high production potential are other ways of stabilizing millet production.. 

for straw - about 14 mt/ha, or more than dou- besides irrigation, particularly through dryfarm

ble that of Souna and GAM millets. Average ing techniques with year-to-year carryover of 

water requirements to produce 1kg of straw is: soil moisture reserves (Chopart and Nicou 
1976). 

440 liters of water for irrigated Sanio millet On the other hand, differences betwe wri* 
(average of 1976 and 1977) 	 gated and nonirrigated plots werever' , for 

* 	 616 liters of water for GAM millet (average Sanio millet which has adapted very p,3c,rly to 

of 1974 and 1975) these dry years (470 mm of rain at Barrbey 

o 	 707 liters of water for irrigated Souna millet during these last 10 years instead of 640 mm 

(average of 1973 and 1974) during 1921-76). Yields of Sanio millet-for 
which water requirement was satisfied up to 

Straw yields of the 75-day dwarf millet and 72% in 1976 - dropped by 46% for grain and 

Souna millet are comparable but dwarf mijlet by 25% for straw. Yields of Sanio Millet

matures 	 in 75 days instead of 90 for Souna whose water requirement was satisfied up to 
63% in 1977 -fell from 1623 to 153 kg/ha, amillet 

This aspect of "straw production" cannot be decrease of 91%. Straw yields were less af

neglected, considering its increasing use for fected, since they fell by only 23%. 

livestock feed, manure prodL!ction, and in the Flowering for irrigated millet was on: 
house for roofs, enclosures, fuel, etc. 

a 	 2 Oct (82 days after planting) in 1976, atAlthough the 120-day Sanio millet should be 
rejected because of its poor grain yield potential mid-heading stage 

and excessive water consumption, the aban- a 7 Oct (92 days after planting) in 1977 (more 

doning of Sanio millet in the Diourbel region widespread flowering). 

may possibly have contributed totheincreasing 
shortage of straw on farms (one of the present Water stress during the 20 days around these
 

constraints to development of sedentary live- dates can be calculated as
 

stock raising); the same situation occurs when MET - AE 5.8 - 4.7
 

there is a switch from 120-day to 90-day METAE5.8 -20% in1976,
 

groundnuts. The "stabilization" of grain yields
 

is not too compatible with high straw pro- corresponding to a 46% fall in grain yield
 
duction.
 

and 6.5- 2.9% = 55% in 1977, correspond-

Influence of Water Stress on Millet 6.5
 

Production ing to a 91% fall in grain yield.
 

The Souna and GAM millets, which, on the Therefore, particular attention should bepaid 
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to stress at heading rather than throughout crop 
duration. 

In the absence of a true test (response curve 
to water during the rainy season), which re-
quires detachable covers or pe~rfctly aircor,-
ditioned greenhouses, we triel tc approximat.z, 
this curve 	by using results of various agri:ul-
tural experiments in Bambey and othsir mla-
tions. Water consumption ,N:; measured by an 
in situ water balance, or *, ;v.jsscombined with 
effective rainfall when i.,iiifall was relatively 
welldistributed(therefore, storpti thesoilata 
depth where it was availahl!, ;,:.,tha roots) and 
clearly less than crop requ: :. Thus, at this 
first stage of the investigp4wuon we were able to 
obtain a technically good water response curve 
for 90-day SounR millet for the central zone 
(Thies, Ba.':,}. Diourbel) (Fig. 5). 

The same work will be carried out for 75-day 
and 120-day millets at the station and in farm
ers' fields. As this type of invesigation sepa-
rates technical and climatic factors, it also pro
vides a better explanation of production and a 
more objective evaluation of the impact of 
agricultural extension efforts. 

3000-

S •68 

2000-

0Shortage 

U) 


_t
 

1000 


0 
0 100 200 300 400 

Water requirements (mm) 

Figure 5. 	 Water response curve for 90-day 
Souna millet crop with proper culti-
vation, fertilization, and mainte-
nance (ISRA stations and PAPEM, 
North Central region). 

i firsi 
it does n ;t dii ""I! between Sr- ,: !20-

Figure 6 ii; towrmpt in this direction; but 
.
 

day mi;tis r.ocf- ihum, and yri.d c' ;;tes 
are uir&inb,!. Whatever the e;:,,c, v,-!luuf the 
figurf.-s, there is some logic in the trends - the 
effect of the severe droughts of 1968 (the worst 
drought recorded in 50 years), 1972, and 1973 
and perhaps rt upward trend in millet yields in 
1974 and IL; - which needs o be confirmed. 
This m,,,be because sorghum and 120-day 
millet were almost completely abandoned in 
the zone studied; other reasons could be a 
change in the method of estimation by DGPA or 
improved technology (thinning, fertilization, 
etc.). It is useful both for research and for 
extension activities to better understand pro
duction mechanisms in order to provide better 
guidelines for future work. 

in the Bmbey administrative department. 
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Figure 6. 	 Changes in millet and sorghum and 
millet yields in farmers' fields in the 
Bambey Department (DGPA esti
mates). 

Maps of Adaptation of Millet 
to Rainfall Conditions 

This point was discussed in apaperforthe IAEA 
Con.sultative Committee in 1975 at Bambey 
(Dancette 1975). This paper concerned 75- and 
90-day short duration millets in the northern 
half of Senegal. This work should be extended 
to cover the entire country and should also 
include 120-day Sanio millets forthecentral and 
southern parts of the country. 
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In 19 ,hI ,v:porctivecemar~j gradienthad 
been c,.. t.i from a PE map for the period 

1931- S_-!r i2 11-P -.jrrelation); the results 
would b. , nncre negative if the evaporative 

demand over th: lu t 10 years was based on 

rainfall-pon ,. -,,,tioncorrelations, 
The mtthc.i is based on a study of the 

effective rainy season for a dry-sown millet crop 
Vird a comparison of the rainfall received and 
stored in the soil (to a maximum of 100 mm) 
with the water requirements of millet estimated 
at = 10% during cropping. Therefore, the length 

of the effective rainy season must . :onsid-

ered along with the satisfaction n!1ie water 

requirements in order to know iri retrospect if 

each year at a station had been favorable in 

terms of water supply. This requires detailed 

analysis of 40 years' data per station and a study 

of all the stations having a relatively long and 

complete series of observations and which are 

30% 
Dagana 27 .- Poaor 

30% '31 

,5Saint Luis 

590% 

90% 1.§j*Trvaouano-------------
91 he 395 Mbacke 

also well distributed throughou. th area. The 

map in Figure 7 gives an idea at t&h,% information 

that can be obtained. In the re.jion repreeentcd 
by the shaded ares, vh c; , ,nefrom a. 

variety (SounM, tm. 176- dayvariety(GAMI .divai) 

increases - 11yields (80% d.d more 

chances of s cco;. 

Study of the Cropping Season 
and an Explanation of Production 
Menhoniootdro 

In 1977 (Dancette 1977), a very general study 

was undertaken of the cropping season. It 

mainly focused on millet, grormadnut, and 

cowpea, as theirwater requiremn rats are wiklr 

for the same crop durations. Water re -Jr-

ments of these cicps are in direct proportion to 

the length of -gi:growing season (Fig. 8). It is 

also possible to plot on a graph the cumulated 

40% 

'. 50% M A U R I T A N I A 

Knedi 70% 

I- B oP% 

' 80% line for 90-daVy 

-- Z-- - So5una milIlet"
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Figure 7. Lines of equal probability for favorable water conditions for a 75-day GAM millet. 
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curves for water requirements and raifallfrom 
the day of the4irst effectiva rd-all (Fig. 0). hii 
rainfall enablesthedry.cvinrnilk'tcropto'.; ., 
growing. The ideal would be to translate ti; 
curve of water requiremnjnts along the x axis 
(days)andalsotofitit-ng theyaxirin c.saof 
replanting -,r niing.n1iJiyem 

Actual', in 'thesev:e;v;s, eitherto' :7;;,orslarts 
with an intia, water content that can bu esti-

105-day groundnut 120-day millet 

120-day groundnut 
4 500 90-day millet 

I 90-day groundnut 
r . 400 75-dayCoW 

I, 
3 

0 300 
75.day
mllet 

200 75o 75 90 105 120 

Total length of cycle 
(sowing-harvest) in days 

Figure 8. 	 Water requirements of crops in 
Senegal are in proportion to the 
growing period. 
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mated, or all th3 rain is lost (throiup ev:.pora
tion) and the water requirements cuPj rmust be 
stared from the cumulative rain',U leva ! (the 
case of Thies In 1977). Finally, In certain excep
tional cases (research stations), there may be an 
initial water contok t due to dry farming 
techniques (for example, postharvest cultiva
tion). This should be taken into acccunt by 
lowering the starting point of th, wiater re
quirements curve in relation to r:i, 1l. 

The actual millet crop studV only need 
the specific water reqwrm-iet Owt giver 
earlier and an index, inccid"nj the *v'aporative 
demand gradient, for each station. This gives an 
idea of the stress perioda, their intensity, and 
possible effects on yields (by also using waterresponse curves). In the case of Thies, taken 

from 25 other cases studied in 1977, cropping
started exceptionally late and rainfall was very 

poor. If runoff and percolation were negligible 
and all the rain could be stored in the soil and 
used by the crop, only the 75-day varieties had 
scme chance of success (76% satisfaction water 
requirement). The 90-day millet varieties had 
already bzagun to be affected at he3ding (about
60 days after planting) with only 62% satisfac
tion of total water requirement (A'B'/A'C', Fig. 
9). 

Normal 1931-1960 

100% 
Watnr 

ments 

80% 

C. 

B 

days days days days 

T- I 

Sept Oct Nov 

Monthn !,-nd days 1 mm/day 

Figure 9. 	 The 1977rainyseasonfThies meteorologicalstation). Three dry-sown milletreseedings; 
sowing rain on 14 August: 52 mm; average date of last rain: 5 October. 

0 
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Conclusion 

The measurement of water r&uircnisnt Is a 
prerequisite to any work on thv adc t;ion of 
cropsto a given ,mdoclimatit rnvic:-,w cnt. The 
v.ter requir mnt. of millet !roa/s'n under 
proper condil o'-3 are now known but not much 
is known about the r.,uimment of a poorly 
cultivated millet crop ih aadequate mineral 
nutrition. However, it i: srmal that research 
t is to obtain high yields and, therefore, adap-
tation of plants with relatively higher water 
requirements rather than stunted plants. Straw 
pr.: uction should also be carefully oi ]dtred 
forforms integrating livestock raisir.j and other 

needs.Recherchosneeds. 
It is for these various resons that, now more 

than ever (previously 'here were mediocre but 
perhaps more flexibie. varieties), criteria for 
varietal selection and determination (based on 
soil and rainfall da-,a) of areas for promoting the 
main varieties should be exact This approach 
has been adopted in Senegal by the Millet 
Improvement Group (GAM) whose work in 
selection and development of varieties is con-

ducted in collaboration with agronomists and 

agroeconomists. The agroeconomists are able 

to specify wh3t the farmers really want, how 
they use aqrl-A Itural produce and by-products, 
and what constraints they face (weather, 
equipment, marketing, etc.). The agronomists 
can specify how these constraints car, be a;-
leviated (rainfall, soil cultivation, mzanure andi 
organic matter) and which crops are most 
suited to overcome various agronot.ic prob-
lems. 

Breeders and physiologists can thus dl;;ct 
their efforts towards specific objectives and 
meet the needs for development, even if these 
needs are not always as clearly defined as they 
should be, or if they change too rapidly. Thus 
,Lge-scale development of sedentiry livestock 
raising and summer fattening sums incorn-
patible with the practice Lf incorporating crop 
residue as recommended previously. At the 
sametime, soil fertility should be maintained by 

spp'ications of manure; methods of makinfj
and spreading manure n~d to be studied 

further. 
All this requires careful attention ,,d a cam-

bined effort involving large multidisciplinary 
teams for planned and specific regional oper-
ation such as, for example, increase of millet 

cSure self-sufficincy in food for 
cu.o;io- zon covering one or several 

, t rc: lons. 
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Modefn [ vapotranspiration 

K. M. King* 

Summary 

Several reviews of evapotranspiration models are already available and in this 
presentation emphasis has been given to the Penman-Monteith model, the Priestley-
Taylormodel, those that make use of remotesensing ofsurface conditions, snd those in 
which there is dynamic simulation of th rv potranspirmtion and vzvPrV movement 
process in the soil-plant-atmosphere syst!.r.. Although local adjustments to existing 
empirical models may be worthwhile, attention should be given to the physical and 
biologicalprocesses involvedin orderto decrease thepossible errors in the evapotrans
piration estimate. 

No attempt will be made in this presentation to 
review all the evapotranspiration mod63 and 
variants developed over the years. The recent 
paper by Monteith (1978) is agood reference on 
the development of evapotranspiration models 
since the Penman (1948) formula. It has been 
used considerably as a basis for this discussion 
and full credit should go to Profesvor Mbteith 
for his contribution. Much of the discussion in 
this pzer will be devoted to discussion of the 
Penr.en-Monteith combination model and to 
the Priestley-Taylor estimate of evapotranspi-
ration from wet surfaces and to adaptations and 
applications of these approaches. An attempt 
will be made to summarize and compare the 
characteristics of the main models. Other recent 
reviews by Jensen (1974) and Doorenbos and 
Pruitt (1975) contain much useful information 
on empirical models for estimating evapo-
transpiration from various climatological vari-
ables. Webb (1975) has reviewed the different 
ways of estimating or measuring evapotranspi- 
ration from catchments. 

Modeling evapotranspiration is, of course, 
not the sanme as measuring it, although some-
times both approaches are needed. Clearly, 
lysimeters and water-balance data provide a 
measurement of evapotranspiration, either di-
rectlyor asa residual difference calculated from 

* Professor and Chairman, Department of Land Re-
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other measurements. The Bowen ratio-energy 
balance approach and the eddy-correlation 
technique also provide values of the latent heat 
flux above any evaporating surface, and these 
often have been used to provide reference 
values for evapotranspiration rates calculated 
by various models. No specific reference to the 
micrometeorological approaches to determi
nation of evcpotranspiration will be made here, 
although it is understood that certain models in 
regard to turbulent diffusion are included in 
these approaches. 

In evapotranspiration modeling, one usually 
tries to make simplifying assumptions so that 
the evapotranspiration may be estimated over 
extended distances or periods of time, or both, 
so that some difficult measurements may be 
avoided, or so that climatolonical data or other 
easily obtainable data may be used. For ex
ample, in the orig w.IPenman model (1948), 
energy balance and turbulent diffusion equa
tions were combined so that the difficult mea
surement of surface temperature could be 
avoided and only the four readily available 
variables of radiation, wind speed, air tempern, 
ture and watr vpor pressure were required. 
As we shall see later, attempts are now being 
made to measure surface temperature with 
radiation thermometers and to use this infor
mation in evapotranspiration estimates. The 
original Penman combination model actually 
provided an estimate of the evaporation from a 
free water surface and a factor then was used to 
get the potential evapotranspiration from a 
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grass surface well supplied with water. The 
actual evapotranspiration under drying condi-
tions was allowed for by defining a root con-
stant so that as long as the soil moisture deficit 
was less than the root constant the potential 
evapotranspiration occurred. After that the rate 
of water loss decreased proportionately with an 
increasing soil-moisture deficit. The main equa-
tions in the Penman model were as follows: 

AQ +yEa

o=-A, a (1) 

Ea= 0.3 5 (ed- e.) (1 +, 100) (2) 
E= fEo (3) 

E,= (ARn +Ea) ,(A ) (4) 

where E. is the evaporation from open water 
surface in mm day 
F,is evapotranspiration from the well watered 

turi 

. isthe slope of the saturation vapor pressure 
curve at air temperature 

is the psychrometer constant 
Qn is the net radiation over open water 
Rn is the net radiation over the vegetation 
ed'eaand u are the saturation vapor pressure atthe dew point temperaturt, and the saturation 


vapor pressure (millibars) at air temperature and 
the windspeed (miles day) at the height of 2 m. 

Penman later (Penman and Schofield 1951; 
Penman 1953) extended his approach to include 
diffusive resistance to water vapor movement 
from leaves, and Monteith (1963, 1965) ex-
tended this idea to a crop canopy by defining an 
aerodynamic resistance, r., in terms of the 
windspeed and aerodynamic roughness of the 
crop and derived a physiological resistance, r,, 
from profiles of temperature, vapor pressure 
and wind abovethecropcanopy, This extended 
the Penman model for use over any vegetated 
surface. Monteith (1978) comments that the 
procedure fcr getting r, was greatly criticized at 
the time it was proposed but cites recent exper-
iments to indicate his model works well. 

The Monteith morel, or the Penman-
Monteith model as referred to by Monteith 
(1978), can be written as follows: 

A(Rn-G) +10 (edcanopy
LE = -ea)-ra (5)-R 


A +(1 +r ra)c, 


where LE is the latent heat flux 

G is the soil heat flux 
p and CP are the density and specific heat of air 
r. is the aerodynamic resistance 
r, is the canopy resistance 
and the other symbols were defin6d previously. 
One experiment cited by Monteith (1978) to 

show that his model works was done by Black et 
al. (1970). They tested the model against a lysi
meter measurement of the evapotranspiration from 
a snap bean crop. 

Black et al. (1970) state that Monteith's modelfor evapotranspiration, E, from a crop may be 

written as 
E = PE, 1 +[,/(y +A)](r,/r)) (6) 

where the potential evapotranspiration is 
PE = [A,(A +y)][(Rn-G) 
+(M[L)(Ac+)(d-)
 

+(M,.L) (pcpiA)(ed-e)r] (7) 
and M is a constant to adjust units. 
If the soil evaporation, E,, is predicted separatelythe transpiration, Et, can ,bewritten 

E,= (PE- E),/{1 +[7/( +A)_] (rc/r.) (8) 
The value of the aerodynamic resistance is 

2
ra = € +ln [ (z - d) /ZJo 2/ku (9)where isthe profile diabetic correction
 

d, z. are zero plane displacement and roughness 
parameterk = 0.4 isvon Karman's constant 

u is the windspeed at height z. 

Data used by Black et al. (1970) include 
that from a period when the crop was exposed 
to two severe drying cycles. The authors draw 
attention to the separate estimation of the soil 
evaporation in their procedure and to their 
observation that the snap bean crop canopy 
used was loosely structured so that the resis
tance of the canopy air space was small in 
comparison with the stomatal diffusive resis
tance. That is, rcwas defined first by Monteith 
as aphysiological resistance, but now it is more 
often termed crop resistance, canopy resis
tance, or surface resistance, and, according to 
Black et al. (1970), "rcis a combination of soil, 
plant and canopy air space resistance, and is 
virtually impossible to measure directly." 

Monteith (1965) stated that for a barley 
with a leaf area index of L, r. could be 

regarded as a combination of L leaf resistances
in parallel. Thus, measuring with a diffusion 

porometer the stomatal resistance, r1 , of the 
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leaves of a crop and dividing the average value, 
r. by L, one obtains r,. This is what was done by 
Black et al. (1970). Brun et al. (1973) tried 
different ways of getting r, for a sorghum crop 
and found that averaging over all leaves of the 
canopy gave a satisfactory value of r, . That is, 
when the relation r, = r,/L was used in the 
Monteith model there was good agreement 
with the evapotranspiration values from a 
lysimeter. Again it should be noted that Brun et 
al. (1973) estimated the soil evaporation sepa-
rately. It was assumed that it was equal to the 
net radiation below the crop canopy minus the 
soil heat flux. Black et al. (1970) considered that 
the evaporation from the soil was considered to 
beeitherlimitedbytheenergysupplyorlimited 
by capillary flow to the soil surface, 

Monteith (1978) states that actual evapo-
transpiration can be predicted if theappropriate 
value of r, can be estimated from experience or, 
alternatively, he suggests one might use the 
ratio of actual to potential evapotranspiration 
determined by experiment for a particular com-
bination of soil and crop and relate this to soil 
water content or potential. An example of the 
latter would be the study of Feddes and Zarad-
ney (1978) who used a root extraction term that 
was dependent on the soil water potential. They 
also used the depth of the root zone, but the 
value of maximum possible evapotranspiration 
was provided by the combination equation. In 
principle, one would like to be ableto relate rc to 
the water status of the soil, but there are 
complex relations involving the stomatal resis-
tance, transpiration rate, leaf water potential, 
age of plant, etc. At least it is satisfying to know 
that using the combination model with mea-
sured stomatal resistances and leaf area index 
one can get reasonable values of the actual 
evapotranspiration (e.g., Brun et al. 1973), with-
out the detailed gradient measurements 
needed, for example, in the Bowen ratio-energy 
balance approach. 

Ahmed et al. (1976) were ableto relate canopy 
resistance to soil water status and developed a 
dynamic simulation model for the soil-water-
atmosphere-plant system, in order to derive an 
optimum crop-irrigation strategy under simu-
lated conditions of actual weather. Included in 
the model was a stomatal action subroutine 
which provided for the onset of stomatal clo-
sure at the appropriate leaf water potential, and 
the increase in leaf diffusion resistance at the 

appropriate rate with a further decrease in the 
leaf-water potential. A root water uptake model 
was used and with changing soil water content 
the leaf water potential was determined. This in 
turn affected the stomatal action, the transpira
tion, leaf area development, and photosyn
thesis. Of course in such a dynamic simulation 
there are several interactions under way simul
taneo-sly and the energy balance situation also 
would affect thetranspiration, leaf water poten
tial and leaf resistance. 

Another example of combining soil, plant, 
and climate information is that of Swift et al. 
(1975) who used the "Prosper" simulation 
model to determine the evapotranspiration and 
drainage for a forested and a clear-cut 
watershed over a 2-year period. The Prosper 
model applies a water balance to a vegetation 
stand and several soil layers. Evapotranspira
tion as in the Monteith approach is concep
tualized as taking plcG from a single surface 
which is a combination of the ground and all 
canopy surfaces. The resistance of this surface 
to vapor diffusion is related to its water poten
tial. Monteith's model is used to derive the 
vapor flow from the surface and this is equated 
to the liquid flow in the soil to the evaporating 
surface. The equation for liquid flow is derived 
byapplyingthelawofconservationofmassand 
Darcy's law. In the model the energy balance 
equation is modified by inserting a function for 
the effective leaf area, because not all of a forest 
canopy is equally acting in the evapotranspira
tion process. The roots and the soil in each soil 
layer were interpreted as resis:tances in an 
electrical network and network analysis 
techniques were used to derive an equation for 
the flow of liquid water to the evapotranspira
tion surface as a function of surface water 
potential. There were no direct comparisons 
possible for the evapotranspiration from the 
forested watershed but experimental data from 
the Coweeta Hydrologic Laboratory showed 
that the annual totals of measured streamflow 
were within 1.5% of the simulated drainage. 
The model provided values of water potential 
for the evaporating surface and for the soil 
layers. Peck et al. (1977) used the same Prosper 
water budget model but included spatial varia
tion of soil properties. 

I think we will see further developments over 
the next few years in the dynamic simulation of 
the soil-plant-atmosphere system using equa
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tions for the various processes under way 
throughout the system and providing accurate 
and useful information on evapotranspiration 
and dry matter production. 

Monteith (1978) notes that the minimum 
value of r, for arable crops is about 40 s n 1', 
comparabi with values of r..However, forests 
have much larger minimum values of r,, and r, 
is much smaller because of the greater
aerodynamic roughnas-:. ThuS. the evaporation 
rate of interceptd rainfall from forests exceeds 
that of norma, _:inopi ration while in crops the 
evaporation rae would be similar to the trans-
piration rate. 

Thom and Oliver (1977) commenting on the 
applicability of the Monteith method to the 
countryside note that the size and behavior of 
theeffectivevalueofthesurfaceresis ancefora 
regional area must depend on vegetation type,
soil -oisture deficit, amount of intercepted 
precipitation and time of year, but such difficul-
ties need not be beyond practical solution. They
also considered the variation of the 
aerodynamic resistance, ra and found that 
Penman's simple empirical wind function (eq.
2) "is not only fairly realistic for a particular 
surface of quite small roughness but it can be 
emplov,.d alrmost with impunity over surfaces 
c:4 relatively large roughness." From their 
analysis they sugeg,, that for a typical rural 
lowland area of moderate aerodynamic rough-
ne3s r nman's formula (eq. 4 above) be mod-
ified to 

E = {A(Rn -G) +2.5*,E. /(A + 2 .4 y) (10) 

This equation was found to give better agree-
ment with experioiontal obsertations of the 
overall evapotranspiration from catchment 
areas in Britain. 

Other people have been interasted in the 
estimation of evapotranspiration on a large
scale using remote sensing. There is no doubt 
that the areal extent o4 cropped areas, and 
probably the kind of crop growing, the leaf area 
index, and thesoil surface moisture content can 
all be obtained from remote sensing of the land 
surface. But, in order to obtain the evapotrans-
piration, one needs additional information. ldso 
et al. (1975) demonstrated that one could obtain 
evaporationfrom baresoilifoneknewthedaily 
solarradiationandthemaximumandminimum 
air temperatures and the maximum and 

minimum soil surface temperatures. The evap
cration rato frorn a moist soil of course Is limited 
by the energy supply but, after drying, the soil 
water transm.ission 6ffacts the evaporation and 
the soil surface temperature rises relative to air 
temperature. Jackson et al. (1976) sddied the 
transition between the energy-limiting and 
soil-limiting phases. They found the surface 
albedo was an excellent integrator of the sur
face dryncc cnd they were able to partition,
from the surface albedo, the fraction of the soil 
that was in the energy-limiting phose from that 
in the soil-limiting phase of evaporation. *rhe 
inputs needed are a reasonable estimate of 
potential evaporation, albedo measurements 
for wet and dry soil bafore and during drying,
and a valuefor the coefficient of thesquare root 
of time ;,r soil-limiting evaporation rates (eq.
12). They used the Priestley and Taylor (1972)
approximation for potential evaporation (dis
cussed below) 

PE =a(Rn-G)A/(A+7) (11) 

wherea, they found, varied from 1.41 in sum
mer to 2.41 in winter. For the dry soil they used 
the relation 

1 2E, = Ct- (12) 

whereCvariedwithsoiltypeandwithseason as 
a result of temperature; t was the time in days 
after the soil became dry. They got excellent 
agreement between calculated results and
lysimeter readings with this approach. 

Heilr,'an et al. (1977) used loaf area index
values obtained from Landsat multispectral 
data to adjust the Priestley-Taylor evapotrans
piration model for crop growth. The other input
data were daily estimates of solar rediaio,,
(from which Rn was estimated), maximum and 
minimum temperature, and precipitation.
Modal outputs were pota+-ntial evapoiranspira
tion, transpiration, soil evaporation, actual 
evapotranspiration, drainage, and soil moisture 
in the0 to 150 cm profile. Empirical factors were 
applied to the evapotranspiration model when 
tile available soil moisture was less than 35%. 

Stone and Horton (1974) and Blad and 
Rosenberg (1976) also have discussed experi
ments done with the objective of obtaining
regional evapotranspiration using ET models 
that incorporate surface temperature data. Blad 
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and Rosenberg (1976) used a mass transfer 
(Dalton) model for estimating evapotranspira-
tion. That is, they measured windspeed and 
vapor pressure at 2 m and used a Bowen 
ratio-energy balance approach to provide the 
reference values needed to calibrate the wind 
function in the equation. 

LE = f(u)(e,-e 2 0 0 ) (13) 

where e, is the saturated vapor pressure at the 
temperature of the surface. They got reasona
ble agreement over alfalfa but point out that the 
mass transfer model, tif cour,,e, will give .n-
creasingly worse results as moisture availale 
to the crop becomes less and less and surface 
temperatures rise. 

Blad and Rosenberg (1976) also used a "re-
sistance model" in which they substitute for 
the sensible heat flux in the energy balance 
equation an expression that includes ra, the 
aerodynaic resistance. That is, they write 

LE = pCp(T,-Ta),,ra +Rn -G (14) 

where Rn = H +LE +G ( 


Thus one requires for this approach; (a) an 
appropriate value of r. as a function of 
windspeed, surface roughness, and stability, (b) 
the difference in temperature between surface 
and air temperature, and (c) directly measured 
values of net radiation and soil heat flux. Mon-
teith (1978) points out "that the main assump-
tion of the 'model' - that the surface radiative 
temperature can be identified with the 
aerodynamic surfacetemperature--has still to 
be rigorously examined and tested for different 
canopy structures." Blad and Rosenberg (1976), 
however, found for daily periods that the ag-
reement with the Bowen ratio-energy balance 
data was within 1 to 10% and for 15-minute 
readings during the daytime periods of 6 days 
the correlation coefficient was 0.844. Stone and 
Horton (1974) found that the resistance model 
gave resu!.s 22% greater than the Bowen ratio-
energy balance comparison. Blad and Rosen-
berg (1976)believethis was because theBowen 
ratio approach underestimates the evapotrans-
piration underadvectiveconditionsandthatthe 
"resistance model" probably provided the cor-

rect results. The reader is referred to papers by 
Rosenberg and his colleagues (e.g. Brakke et al. 

1978) for studies on the effect of advection on 
evapotranspirat on. 

An evapotranspiration mod,l that has 
aroused a 'it of interest iri recent yearc 's the 
simple formula proposed by Priestley and 
Taylor (1972). They said that for wll-watered 
vegetation under nonadvective conditions the 
potential evapotranspiration (PF) may be rep
resented by the expression 

LPE= .[A/ (A +y,)] (Rn- G) (15) 

where a = constant = 1.26 was derived from 
several experiments in different climates. Jury 
and Tanner (1975) point out that the value of 
a = 1.26 may not be the best value for a given 
surface and locale, and they modified the ex
pression to include a saturation deficit term to 
account for high local advection. That is, they 
proposed
 

Y = 1 0 +(a- 1)(e,-e),i(e,-e) (16) 

where e, - e is a long-term mean saturation 
deficit for a period when advection is low. 

They found that with an experimentally
determined a the Priestley-Taylor formula 
was as good as the Penman equation for 
determining daily average evapotranspiration 
from well-irrigated surfaces. They also found 
that a correction for advection can be made to 
improve estimates dn advective days. They 
suggestthis approach to advection correction is 
deserving of further test. 

Monteith (1978), however, notu-' that the 
experiments from which Priestley and Taylor 
obtained their data ranged from part of the 
Indian Ocean to a bean field in Wisconsin and 
that McNaughton (1976) pointed out that sev
eral sets of data used by Priestley and Taylor 
were inconsistent with their own criteria for 
saturated surfaces. Monteith (1978) also states 
that "the experimental evidence summarized 
by the ratio ot = 1.26 cannot be consistent with 
the principles embodied in the Penman-
Monteith formula unless there is very strong 
feedback between the canopy resistance of 
crops and the vapor pressure deficit in the air 
flowing over them." He continues, "Perhaps 
judgement should be reserved until we know 
more about the interaction of vegetation and 
the atmosphere. In the meantime, however, it is 
premature to reduce the Priestley-Taylor for
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mu_' to awsimple e';ress;cn in which eva.pora-
tioo c imated as a linear funcmion -f net 
radro,' onergy and mean air tnp,rejwtt" (i-Acll-
roy 1977). It seems a retro'rade tep to irtro
duce climatological formulae of this type, par
ticularly when the limits of h i':A-ihiv are 
so ill-defined in terms of th. 'iI.h~iiy of water 
in the soil and th(, -W -5,'ificance of 
large-scale advection of sensible heat in the 
atmosphr.- c." 

Another exro:;ple of empirical adjustment of 
tho ?.mp;rica!y found 2 are the values deter-
mined by Davies and Allen (1973) a,, iunction 
of surface soil moisture. Ttus 1h v pr oposed 
that 2t be considered; as a variable, 2, rather 
than a const;rit.T'htu. actual evapotranspiration 
could be ex.,rez- ed 

I.E = ,(A +) ](Rn- (17)A'r G) 

Tht y show a reasonably good relationship bet-
ween )( and suface soil moisture although 
they point out that their approach can only be 
recommended for bare soils and shallowly 
rooted plant covers. It seems to this author that 
it might be bettei to use the Monteith model 
(which will estimate actual evapotranspiration) 
and express r, as a function of soil moisture or 
water potential, rather than to correct the 
Priestley-Taylor model (which was formulated 
to estimate the potential evapotranspiration). 
For a discussion of the relationship between the 
combination model and the Priestley-Taylor 
formulation, and to the variation of canopy 
(surface) resistance with moisture, the reader is 
referred to Davies (1972). Mukammal and 
Neumann (1977) were able to derive the effect 
of soil moisture deficits on evaporation from a 
lysimeter and evaporation pan by calculating 
the potential evapotranspiration by the 
Priestley-Taylor formula, 

There are advantages, howev,.r, to a simple 
approach, and Selirio and Brown (1978), in a soil 
moisture-based simulation of forage yield, cal-
culate the potential evapotranspiration by the 
Priestley-Taylor approach and then, using the 
basic ideas of the versatile soil moisture budget 
(Baier and Robertson 1966), they partition the 
actual water withdrawal from six soil zones. The 
ratio of actual to potential evapotranspiration is 
adjusted continuously as water is removed 
from a zone and is dependent on the evapora-
tive dernand (potential evapotranspiration). 

T'he i.ti soil moisture values compare 
reasonably well with measured values obtained 
for six soil types used in the mcdel validation. 
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Derivation of Empirical Models to Predict 
Runoff on Smail Agricultural Watersheds 

in the Semi-Arid Tropics 

James G. Ryan and W1. Pweira* 

Multiple regression techniques are used to derive daily rainfall-runoff relationsh;-s
undervarious soil, crop cover, land management, and agroclimatic conditions for two 
semi-aridtropica': regionsin south India. The fitted models were used to predict runoff on
independent data sets, and they did so with a high degree ofprecision. Results suggest
that the models can be used to estimate runoff with a minimum amount ofdata hput.All 
that is required is information on soil types, whether the watershed is fallowed or
cropped, area of the catchment, type of cultivation, and daily rainfall. The latter variable 
is by far the most important determinant of runoff Alfisols had a much greater
runoff-generating potential than Vertisols. 

One of the elements in the design of improved 
soil- end water-management tochnologies for 
the semi-arid tropics (SAT) is the concept of 
harvesting excess runoff from small agricul-
tural watersheds in water-storage reservo;rs (or
tanks) for subsequent use in supplementary 
irrigation of upland crops (Kampen et al. 1974; 
Krantz et al. 1978). In this way it is plann,,d to be 
able to increase and stabilize agricultural pro-
duction in the SAT. 

Because of the uncertain nature of SAT rain-
fall patterns, and to evaluate the potential for 
water harvesting, it is necessary to determine 
the probability that viable quantities of runoff 
can be harvested and made available to upland
crop3 attimes when theycan profitably respond 
to supplementary irrigation. Once rainfall-
runoff and crop yield-irrigation relationships 
are known, these can be integrated into a 
simulation model, as shown in Figure 1. The 
economics of a water-harvesting and supple-
mentary-irrigation technology can be evaluated 
from such a model and strategies/decision rules 
derived to enhance the economic performance 
of the system (Asfur 1972; von Oppen 1974; 

* J.G.RyanisPrincipalEconomistandLeaderandM. 
Pereira was Research Technician, Economics Prog-
ram at ICRISAT. 

Ryan and von Oppen 1975; Smith 1978). These 
include evaluation of alternative irrigation tim
ing and quantity rules; decisions as to whether 
to save harvested runoff for postrainy season 
double cropping or to use it during moisture
stress periods within the rainy season; deriva
tion of optimal tank size/catchment ratios; and 
evaluation of seepage controls. 

Another important application for a derived 
rainfall-runoff model is conversion of rainfall 
data into effective rainfall for use in the various 
water-balance models currently employed for 
assessing crop yield-soil moisture relation
ships. At present, most water-balance models, 
such as those developed by Fitzpatrick and Nix 
(1969) and Raman and Srinivasmurthy (1971), 
are unableto separate runoff anddeepdrainage 
from the soil profile. 

The characteristics of the rainfall patterns in 
the SAT are quite different from those in the 
temperate regions of the world, where most of 
the hydrological runoff models have been de
veloped. Kampen and Krantz (1977, p 21 indicate 
that rainfall intensities in the SAT are higher and 
interspersed with unpredictable droughts; the 
rainy season is short and its rainfall highly 
variable. For these reasons, and the fact that 
hydrologic research at ICRISAT Center has been 
conducted on watersh~eds of between 1 and 20 
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ha, derivation of rainfall-runoff relationships 
using data generated on small SAT watersheds 
wi deemed desirable.1 Direct application of 
ri.;nfall-runoff relationships derived in temper-
ate zones with different soils and agroclimates 
was felt by ICRISAT's land-and water-
management engineers to be inappropriate.2 
The extensive data from the hydrologic re-
search on small agricu'tural watersheds con-
ducted at ICRISAT Center, Hyderabad, Andhra 
Pradesh, from 1973-74 to 1977-78, and from 
small-plot research at tht; All India Coordinated 
Research Project for DrVland Agriculture 
(AICRPDA) Station, Sholapur, Maharashtra, 
from 1951-52 to 1966-67, are used to derive 
the relationships. 

Data Used for Analysis 

Three different data sets were used in the 
analysis. The first consisted of the rainfall-
runoff experiments conducted on deep and 
medium-deep Vertisol watersheds ranging in 
size from 0.33 to 11 hectares at ICRISAT Center 
near Hyderabad from 1973 to 1977. Usable daily
rainfall-runoff data were available for 41 
watershed-years in this data set, consisting of a 
total of 2531 daily rainfall events. 

The second data set was from the same 
location, but was derived from rainfall-runoff 
experiments conducted on the small Alfisols 
watersheds. The data cover the 2 crop years
1975-76 and 1976-77, and consist of 11 
watershed-years containing 839 dilv rainfall 
observations. Sizes of the experimental water-
sheds on the Alfisols vary from 0.33 to 5 
hectares. 

The experiments at ICRISAT Center were 
designed to study, among other things, the 
influenceof various factors on thehydrology of 
small watersheds. Major factors considered in 
the various treatments were soil type, method 
of cultivation, slope, type of bunding, vegeta-

1. Inthe past, runoff measurements inthe SAT have 
generally been made on plots less than 0.01 ha in 
size. Exceptions include the work of Kowal (1969) 
in Nigeria.

2. Personal communication from J. Kampen. A 
typical example of existing models is that of 
Hydrocomp International (1972). 

tive cover, and watershed size.' Measuring the 
runoff potential of small watersheds under 
these various treatments was one of the prima
ry objectives of the ICRISAT experiments re
ported in th'- , paper. 

ThethirdsJtofdatawasderivedfromtheplot 
experiments conductedfrom 1951 to 1967 at the 
Sholapur Research Station of the All-India 
Coordinated Research Project for Dryland Ag
riculture in Maharashtra. The plots varied in size 
between 0.0017 and 0.0068 hectares and were 
designed primarily to measure soil losses on 
Vertisols under various land treatments. Data 
on both runoff and soil erosion were collected. 
A total of 14 114 daily rainfall events were 
recorded over all years and plot treatments. The 
treatments included a variety of cropping pat
terns generating different levels of v9getative 
cover, various rates of vegetative mulching, 
methods of cultivation, and types of bunding.

Hyderabad is located approximately 780E 
longitude and Sholapur at around 75OE. Both lie 
at 17'N latitude. The former has an average
annual rainfall of 764 mm (1931-1960) while 
Sholapur har' 742 mm (undated). Both locations 
have a slightly bimodal rainfall pattern with a 
coefficient of variation of 26.1% for Hyderabad 
and 28.6 for Sholapur (Virmani et al., 1978, p 8).

During the respective experimental periods,
the ICRISAT Center site had an average rainy 
season rainfall of 803 mm, while at Sholapur it 
was 637 mm (Table 1). Rainfall from June to 
October on the ICRISAT Vertisols generated
around 14% runoff when averaged over all 
treatments (Table 2); on Alfisols, average runoff 
to the extent of 21% was generated. Runoff on 
the Sholapur Vertisols (at around 10%) was 
much less than on either of the soil types at 
ICRISATCenter. September was the peak runoff 
month at all three sites. 

The tendency for the Alfisols to generate 
more runoff than the Vertisols is further illus
trated by the fact that 35% of the rainfall events 
occurring on these watersheds at ICRISAT 
Center generated runo0. Comparable figures
for the Vertisol watersheds at ICRISAT Center
and the Sholapur Vertisol plots were 21 and
a3% resp l verage numer of an
13%, respectively. The average number of rain

3. For more details on these experiments, see the 
annual reports of the ICRISAT Farming Systems
Program. 
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Average monthly rainfall during ex- Methodology
Tablt 1. 

perimental periods at ICRISAT 
Center and J1CRPDA Sholopur. The basic objective of this part of the research 

- was to identify the functional forms and spec-

Rainfallo ifications of variables that will generate the best 

ICRISAT Center AICRPDA Sholapur predictions of runoff on an independent data 
Month (mm) (mm) set. Hydrological knowledge does not offer 

clear guidelines as to the form of the functional 
June 86 107 relationship between runoff and its determi-
July 170 139 nants. It does suggest that, symbolically ' 

Aug 207 140 
Sept 181 174
 
Oct 159 77 RO =f(X,, 4) (1) 

= runoff (mm,day)where RO 
X = vector of deterministic variables

637
season 
season ___03 
803 

_ 637 _such as vegetative cover, type of 
73-19 77; at cultivation, size of watershedsa. At ICRISAT Center, the period of record was 19

Sliolepur it was 1951-1967. WI = vector of stochastic variables such as 

daily rainfall, rainfall intensity 
= random error 

fall events per year (around 70) was approxi
mately the same at all three centers. On an Many different functional forms describing the 
average, only 25 mm of daily rainfall was precise relationship in equation (1) were 
required to generate runoff on the ICRISAT examined, and their relative efficiency in predic-
Center Alfisols, compared with 30 and 36 mm tion measured. Linear, quadratic, semicubic, 
on the ICRISAT Center Vertisols and the cubic, square ioot, logistic forms all with and 
Sholapur Vertisols, respectively. 4 without interaction terms between the deter-

On these types of experiments, particularly ministic and stochastic variables, were tested. 
those on the field-scale watersheds at ICRISAT The range of variables tried in the various 
Center, many variables influence the runoff regression equations were as follows: 
process and interact together to generate the 
observed runoff. For example, the watershed e Daily runoff (mm/day) (RO) 
having a treatment of 0.4% slope on a broad- * Daily rainfall (mm/day) (9F,) 
bed-and-furrow system may have a higher * Antecedent rainfall (mrrday) 
proportion of long-duration crops than the 
watershed having broadbeds and furrows on a (ARt = Y RFt-) 
0.6% slope. Hence, the differences in runoff 

between these two treatments will not be at- e Peak rainfall intensity (mm) during the 

tributable solely to the differences in slope, but peak 15-minute period of the daily rainfall 
also to differences in vegetative cover. One event (PRI) 
must first adjust the runoff for the effects of the e Average rainfall intensity (mm) 

latter before attempting to measure the effects measured as total daily rainfall per hour of 

of the former. Multiple-regression techniques rain (ARIt) 
allow this to be done, and the balance of this • Vegetative cover - measured as an in

paper describes the procedures and tests used creasing index after sowing; reaches a 

to derive acceptable equations - which predict maximum of 100 when crops reach their 
daily runoff with a high degree of precision - maximum leaf area index, and then de
from the above experimental data. clines to zero as leaf drop and harvest 

occur (VC,) 

4. 	A more detailed description of the data,
 
methodology, and results of this study can be
 
found in Ryan and Pereira (1978). 5. See, for example, Amaracho (1967).
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Table 2. Average monthly runoff on Vertsola and Alfisolsat ICRISAT Center and on Vsrtisols at 

Sholapur during experimental perlods.a 

ICRISAT Center 

Vertisols 

Runoff 
Month (mm) 

June 5.1 
July 6.9 
Aug 25.7 
Sept 43.5 
Oct 31.3 

Total 112.5 

Percent to total 
rainfallb 

(%) 

5.9 
4.1 

12.5 
24.0 
19.7 

14.0 

Aunoff 
(mm) 

0.4 
30.6 
60.9 
69.0 
21.3 

182.2 

Alfisqls 

Percent to total 
rainfallb 

(%) 

0.5 
14.3 
27.7 
29.2 
21.2 

20.6 

AICRPDA Sholapur 

Vertisols 

Percent to total 
Runoff rainfall b 

(mm) (%) 

13.4 12.5 
9.3 6.7 
6.8 4.9 

26.0 14.9 
7.1 9.2 

62.6 9.8 

a. At ICRISAT Center, the Vertisol data relate to the 4 years 1973-1977; the Alfisols to the 2years 1975-1977. The Sholapur
Vertis J data relate to the 16-year period 1951-1967. 

b. Total June-October rainfall only. 

• 	 Soil type - Alfisols or Vertisols 
• 	 Type of cultivation - traditional flat culti-

vation (FC)Q6 or ridges and furrov -n 
graded contours of various slopes 

• 	 Type of bunding - traditional field bunds 
(F), contour bunds (C), graded bunds (G), 
or no bunds.7 

' Area of runoff plots or watersheds (ha) (A) 
e Soil depth (cm) (D) 
o 	 Age of watershed - in years after initial 

land shaping (N) 
( /MulchingM-quantity of mulch applied in 

A number of criteria were employed to 
select from amongst the differant models and 
variable specifications tried. Firstly, the 
rainfall-runoff data from e-ch of the three sites 
were divided into two halves at random. The 
data file containing all the OOD-numbered oh-
servations was used to fit the multiple regres-
sion equation. The data file containing all the 
EVEJ-numbered observations was then used to 
test the ability of the ODD regression to accu-

6. 	Set up as dummy (0, 1)variables S4, Ss, SS, SIo, 
representing slopes of 0.4, 0.6, 0.8 and 1.0%, 
respectively, 

7. Set up as dummy variables, 

rately predict runoff on the EVEN data set. 
To test the efficiency with which different 

models and specifications predicted runoff on 
!he EVEN file, Theil's (1965 pp 31-37) inequality 
cobficient (or U-statistic) was employed, along 
with sums of absolute annual linear deviations, 
and sums of squared deviations of individual 
observations. The U-statistic is defined in equa
tion (2): 

i1 n A 21 2/ /n i)\ 2 
( P U 	= i , . - A) p 

+ (nA ,)2 (2) 

Where P, (i = 1, 2,-----n) are the predicted 
values of n observations and Ai are the corres
ponding actual values. The lower limit of U is0, 
implying perfect prediction, and the upper limit 
is 1. 

Theil decomposed the U-statistic into three 
components, Urn, U,, and U,. He termed these 
partial-inequality coefficients due to unequal 

central tendency (bias), unequal variation (var
iance), and imperfect covariation (covariance), 
respectively. This decomposition of U is impor
tant when U does not turn out to be zero, which 
is almost always the case. The most desirable 
values for Urn, U5 , and U c when U = 0 are 0, 0, 
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and 1, respectively. This configuration means 
that systematically repeated errors have been 
eliminated and that errors in prediction are 
unsystematic and cannot be improved by re-
specifications of the model.$ 

Results for ICRISAT Center 
Vertisols 

Data Truncation 

The region of economic importonce in the 
rainfall-runoff process for evaluation of water-
harvesting and supplementary-irrigation po
tentials are those rainfall events generating 
substantial quantities of runoff. As about 80% 
of the rainfall events on theVertisols at ICRISAT 
Center during the 4 years studied generated nil 
runoff, we examined the predictive accuracy of 
functions fitted using both the 0 plus non-0 
runoff data (ZNZ) as well as oniy the non-0 (NZ). 
Each of these was randomized into an ODD and 
EVEN half to enable validation to be made. 

We first tried a simple model involving daily 
rainfall as the only explanatory variable, as the 
simple correlation coefficient between daily 
runoff and daily rainfall was0.83.9This is akinto 
the procedure used by Douglas (1974). 

The form of the simple model was: 

ROt = 0,+,q(RFI) 2 	 (3) 

The U-statistics aod the error sum of squares 
for Equation (3), fitted usiii ihe truncated data 
set (ODD NZ) and predicting on the truncated 
data set (EVEN NZ), were much lower than the 
alternativesat0.25. 10Thesamewastruewhena 
more complete model such as shown in Equa-
tion (4) was fitted." 

8. Details ofthecalculation ofthethreecomponents 
can be found in Ryan and Pereira (1978). 

9. Using only NZ runoff observations. 
10. 	 That is equation 3 derived using either ODD NZ 

and predicted on EVEN ZNZ. or derived using ODD 
ZNZ and predited on both EVEN ZNZ or EVEN NZ. 

11. 	 Addition of variables N and D to Equation 4, 
representing age of the watershed and average 
soil depth, respectively, had no effoct on predic-
tive accuracy. There coefficients also were not 
statistically significant. 

RO, = a +P, (RF,) 2 +P, ('4 +#,(A) 
+P,(AR,) +825(AR)2 + 8S4 

+P7S6 +P9 S8 +fl9 St 0
 
+PfOi(LC) +p,, F +P 1 2C. (4)
 

The U-statistic in the case of Equation (4) fitted 
with ODD NZ data and predicted on the EVEN NZ 
cat was lowest at 0.24. As aresult of this, Itwas 
decided that subsequent model testing would 
be done only with the truncated NZ data sets.12 

Choice of Explanstory Variables 

The significant point, comparing the perfor
mance of Equations (3)and (4) in these Vertisol 
data from ICRISAT Center, is that the simple 
model performed almost as well as the com
plete model. The average absolute linear error 
of prediction of annual runoff with both models 
was around 16%. The average error, taking all 4 
years together, was less than 3%. 

When we tested the effect of deletion of the 
bund variables from Equation (4, all of which 
had nonsignificant regression coefficients at 
the 5% level, we found that the prediction 
results (U-statistics, linear errors, and sums of 
squared errors) were virtually identical. Hence 
these bund variables were deleted from further 
consideration. 

Most of the coefficients on the ridge-and
furrow slope variables (S4, S, So, and Sio) in 
Equation (4) were not significant at the 5% level. 
However, as the absolute average annual error 
of prediction was about half when they were 
included in the model as when they were left 
out, it was decided to retain them. The 
U-statistics and errorsums of squares ofpredic
tions were almost the same in the two cases, 
however. 

We also tested for interaction effects on 
runoff between slopes of ridges and furrows 
and rainfall. To do this we compared Equation 

12. 	This implies that when such models are sub
sequently used for simulation runo)ff from histor
ical rainfall data, the rainfall data must first be 
truncated to remove observations less than the 
critical minimum level of daily rainfall required to 
generate NZ runoff. This will be treated further 
later. 
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(4) with one where each slope variable was 
interacted with (RF,)! and addt Equation 
(4). The U-statistic for',he interaction rmodel was 
0.32 compared with 0.24 for Equation (4). The 
error sum of squares was 55% higher for the 
interaction model, and the average annual 
linear erior was 25% for the interaction, com-
pared with 17% for Equation (4). Systematic 
errors (covariance, U) were 17% higher with 
the interaction model. We hence decided to 
utilize a noninteraction model for further 
analysis. 

Rainfall intensity is postulated to be a prime 
determinant of runoff. Time-series data on rain- 
fall intensity in the SAT are generally not avail-
able. Hence we endeavored to develop an 
empircal model that would predict runoff with 
sufficient accuracy in the absence of variable 
measuring rainfall intensity. The addition of 
either average (ARI) or peak rainfall-intensity 
(PRI,)variablestothesimplemodelin Equation 
(3) had virtually no effect on U-statistics, linear 
errors, or on error sums of squares. The 
coefficient on ARIt, was negative but not statis- 
tically significant at the 5% level. That on PRI, 
had the expected positive sign and was sig-
nificant at the 5% level, 

The addition of ARIt, to the complete model 
Equation (4) did not improve predictions, but 
the addition of PRIt decreased the U-statistics 
marginally from 0.24 to 0.23, reduced the sys-
tematic error by 5 percentage points, and the 
absolute linear annual errors from 17 to 10%. 
Error sum of squares fell only marginally, by 
3%. Hence, while inclusion of PRI, does im-
prove predictability on these Vertisols at IC-
RISAT Center, the absence of data on it is not 
likely to markedly affect the accuracy of simu-
lated runoff predictions. 

Examination of daily runoff predictions on 
EVEN NZ files using either Equation (3) or Equa-
tion (4) showed that one of the largest storms in 
the data set (10 Oct 1!374) was consistently 
underpredicted. This 80-mm storm showed the 
highest peak intensity, 25 mm/15 minutes, over 

all 4 years and generated an average runoff of 
65 mm. Even the models which included a PRI 

variable performed no better in terms of predict-
ing this particular runoff event. A test was made 
to determine if regression equations fitted by 
deletion of this outlier storm gave improved 
predictions of the other runoff events. Theregressions- Equations (3) and (4) without 

PRI, included -- fitted from the deleted ODD NZ 
files and used to predict on the nondeleted EVEN 
NZ files gave marginally reduced absolute er
rors, but increased the U-statistics from 0.24 to 
0.25 and the systematic errors by 12 percentage 
points. 

When Equations (3) and (4) were fitted (in
cluding PRI, as a variable) using the deleted 
ODD NZ file, the coefficient on PRI became 
nonsignificant. This suggests that, in all but the 
major storms, peak intensity does not play a 
major role in determining runoff. When these 
regressions were used to predict runoff in the 
nondeleted EVEN NZ file, there was virtually no 
improvement over the models fitted without 
PRI, in them. 

Throughout the analysis so far, we have 
mentioned only the quadratic formulation of 
the rainfall variable. It was compared with 
linear, cubic, semicubic, and logistic functions 
in both the simple and complete Equations (3) 
and (4). The quadratic always had the highest 
coefficient of multiple determination (adjusted 
for degrees of freedom) of around 0.83, gener
ally the lowest absolute linear annual errors of 
prediction (17%) and U-statistics (around 0.24), 
and the lowest error sum of squares. Surpris
ingly, the linear form for rainfall, using a com
plete model Equation (4) formulation, had the 
lowest of all systematic errors at 0.1%. How
ever, its U-statistic was 0.28 and error sums of 
squares were much higher than the 
quadratic - hence the latter was employed in 
all subsequent analysis. Avariation of Equation 
(4), involving interactions between (RF, )2 and 
all other variables, gave slightly smaller linear 
prediction errors than Equation (4), but was 
rejected because of its higher U-statistic (0.30) 
and substantially higher error sum of squares 
and systematic error (33%). 

Alternative specifications to [fi4 (AR,) 
+/15 (AR) 2] used in Equation (4) for antecedent 

rainfall conditions were evaluated. These 
were /4 (1 AR,), e(AR, Oj [/I(RF, L7 RF,_,) 

7 

.1, 

of Shaw (1963) [ 7 
7" (RF_i) +RF, 2].Of the 

I =1 
four variants tried in place of the original in 
Equation (4), the third-namely
[i(RFRF, ,)(+,RFL7 RF 2 
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linear and squaredwas markedly superior. It was also far supe- ROVEHY with positive 

rior to the original formulation in Equation coefficients was (RF,.RF,- 4 ). The interaction 

(4). It had a U-statisticof 0.18, an R- 2 of 0.90, a (RF'RFt 3)had a negative coefficient on the 
linear term and a positive coefficient on thesystematic error of only 7%, and the lowest error 

sum of squares. It was also superior to formu- squared term, implying a U-shaped effect on 

lations where tho (PF )2 variable was replaced runoff. All other antecedent interactions had 

with either linear, cubic, or semicubic terms along positive coefficients on the linear terms and 

with the reformulated antecedent-rainfall specifi- negative on the squared terms, implying a 
effect on runoff. As hydrologiccation. The selected model which we will term n-shaped 

ROVEHY (Runoff for Vertisols at Hyderabad), is theory suggests there can be no phase where 
increased antecedent rainfall leads to lesspresented 	in Table 3. 
runoff, we decided (for purposes of employing 

Ap g Corrcton/Constraning ROVEHY for simulation exercises) to specify 
whenever the values of the antecedentApplying that 

rainfall interaction terms fall into that range we 

The only antecedent rainfall interaction in would constrain them either to zero [if their 

Table 3. 	 Selected model (HOVEHY) for runoff prediction (mm/day) on Vertisols at ICRISAT Center, 
Hyderabad. 

Standard errors 
Explanatory variables 	 Coefficients of coefficients 

(Daily rainfall1 )
2 (mm2 day) 0.003843660* 0.0002432
 

(Vegetative cover index), -0.0262092 0.01364
 

Area of catchment (ha) -0.468341 0.3488
 
Ridge & furrow slope 0.4%1 -3.50010 1.9905
 

0.6%1 -3.51225 2.1924
 
0.8%1 2.49149 3.2118
 
1.0%' -2.81718 3.0137
 

Flat cultivation' 0.50112 2.0287
 
(Daily rain,) (Daily rain, -1) 	 0.0130421* 0.00218 

0.00638437 0.00331 
...... ) (.. ,-) 

...... ) " -3) -0.0044155 0.00518
 

) 	 0.0003836 0.00825 ......- ,.4) 

...... ) (.. ... ) 	 0.0044443 0.00348 

.. ...) .. .. .) 0.01375371 0.00635
 

.. ... .. ..~ 0,0070792* 0.00241
) ..7) 
X10- 5 

[(Daily rain,) (Daily rain t ) 2 -0.177 0.0534 X 10-
5 

5
 

[( .) ( . ,2)]2 -0.421 X 10 - 5* 0.120 x 10-


P .. ) 1 1-3 )1 2 0.1918 x 10 - 5 0.377 x 10 - 5
 

- 5 
 5 
P .... ) -, )]2 0.2829 ,10 1.066 x 10

-

-
5
 

2 10- 5 0.102 X 10
 
t.... 	 -0.0554x 

, 10 - 5 " 0.575 X10 - 5"-5)1 
, _) ]2 	 - 1.810[( . .
 

s "  

7)] 2 	 -0.1389 , 10- 0.0580 X 10 - 5 

[(......) .. .. 

A2 = 0.90 	 n = 258 

and ** represent significance a, :he 5% and 1 % levels, respectively 

These are set up as dummy (0. 1 ) variables When the effect of any one of them is being evaluated the variable takes the value 1 and all 
a 

the other 4 variables take the value 0 
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actual values were less than the value generat-
ing a minimum point (1151 in the case of 
RFt*RFt-3)] or to their maximum values (3684, 
758, 4010, 380, and 2549) in the case of 
RF 	'RFt_, RF °RFt_ 2, RF 'RFt_ . , 	 RF .RF t_, 
and RFt RFi 7 , respectively, 

Having selected the constrained ROVEHY 
model in Table3 for Vertisols at lCRISATCenter, 
we generated actual, A, and predicted, P,runoff 
distributions from ,he ODD NZ file, using as class 
intervals the predicted runoff. We then esti-
mated the average prediction error for each 
class "k" of predicted runoff as (Ak Pk). For 
runoff events of less than about 1 mm, the 
selected model led to underpredictions (i.e. 
Ak Pk >0). For runoff events greater than about 
1 mm, the constrained ROVEHY model tended 
to overpredict up to about 40 mm of runoff. 
Thereafter it again underpredicted. To deter-
mine if a second-round correction to the model, 
based on these residuals, would improve the 
model's predictive power on the other EVEN NZ 
file, we instituted a procedure which added the 
mean underprediction in each class interval 
where underprediction occurred on the ODD NZ 
file, and which subtracted the mean overpredic
tion for the other class intervals. When the 
resulting prediction error distribution on the 
EVEN NZ file was compared with the original 
distribution, it was obvious that the correction 
factors substantially reduced the errors. This 
was borne out from the U-statistic, which fell 
from 0.20 on the constrained ROVEHY before 
correction, to 0.17 after correction. The error 
sum of squares fell by 10% and the aver-
age linear error from 25 to 10%.13 However, 
at the same time, the systematic error increased 
by about 6 percentage points - from 1 to 7. In 
view of the other improvements frorn applying 
corrections, it was decided to proceed with the 

13. 	 When the same correction procedure was per-
formed on the unconstrained ROVEHY model, the 
U-statistic fell to 0.14. The error sum of squares 
was 30% less than the corrected constrained 
ROVEHY model. However, the systematic error of 
the unconstrained ROVEHY after correction was 
much higher at 25% (compared to 7% for the 
constrained ROVEHY). Due to the latter, plus the 
theoretical argument cited earlier, itwas decided 
to utilize the constrained ROVEHY for further 
analysis, 

addition of these, in spite of the increased 
systematic error. The correction factors are 
listed in Table 4. The corrected/constrained 
ROVEHY model will be referred to a CROVEHY. 

The CROVEHY model was used to predict 
runoff on a number of Vertisol watersheds at 
ICRISAT Center in 1977-78.14 Four alternative 
data truncation rules were examined to deter
mine which gave the best prediction. Runoff 
was predicted using CROVEHY for 1977-78 
storms, with daily rainfall greater than the 
following: 

1. the mean of the storms which generated 
zero runoff in the original experimental 
data (6.8 mm) 

2. the above mean, plus one standard devia
tion (14.7 mm) 

3. the above mean, plus two standard devia
tions (22.6 mm) 

4. 	the above mean, plus three standard de
viations (30.0 mm). 

Generally, the best predictions for 1977-78, 
which was not a high rainfall year, occurred 

Table 4. Correction factors to be applied to 
the constrained ROVEHY model to 
Improve runoff predictions 
(CROVEHY). 

Class intervals of predicted daily Correction 
runoff from constrained ROVEHY factors 

(mm/day) (mm/day) 

-8.00 to -4.01 	 +6.17 
-4.00 to -2.01 	 +3.34 
-2.00 to 0.00 	 +2.38 
0.01 to 1.00 	 +0.35 
1.01 to 2.00 	 -0.01 
2.01 to 5.00 	 -0.63 
5.01 to 10.00 	 -3.24 

10.01 to 15.00 	 -9.5715.01 to 20.00 	 -8.42 
20.01 to 30.00 	 -7.97 
30.01 to 40.00 	 -1.65 
40.01 - 50.00 	 -6.14 
50.01 to 200.00 

14. Recall that the 1977-78 rainfall-runoff data were. 
not used in the estimation of CROVEHY. 

0 
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when the fourth data truncation procedure was 
used. Hence we suggest applying CROVEHY 
only for daily-rainfalls in excess of 30 mm on 
ridges and furrows and 22 mm on flat cultiva-
tion. Runoff of zero is predicted for storms of 
this size or less on Vertisols at ICRISAT Center. 

One of the striking points in the whole 
analysis for these Vertisols at ICRISAT Center 
was the consistency in the size and sign of the 
Coefficient on (RF )2, no matter what other 
variables or specifications were used in the 
equation. It generally took a value 
around + 0.0045. In the absence of data on 
other variables, this might be used as a first 
approximation to the runoff coefficient on soils 
similar to the Vertisols at ICRISAT Center and 
where the rainfall pattern is also similar. 

Results for Sholapur Vertisols 

The procedures used to derive a prediction 

equation from the more extensive runoff data 
available for the Sholapur Vertisols were virtu
ally identical to those used on the Vertisols at 
ICRISAT Center. Except for one additional vari
able, representing mulching treatments given 
at Sholapur but not at ICRISAT Center, the 
variables and the final selected specification of 
the runoff model was the same for the two 
locdtions. Of course, the coefficients on the 
variables were different. The final equation 
(ROVESH), chosen to represent runoff on the 
Vertisols of Sholapur, is presented in Table 5. 

In the application of ROVESH, constraints on 
the antecedent rainfall interaction terms should 
be applied, as was the case for CROVEHY. With 
FIOVESH, if the values of RFtIRFt-3 and 
RFtIRFt-4, are less than 1204 and 713, respec
tively, they are taken as 0 - because these are 
minima. Iftheir values exceed 1204 and 713, the 
actuals are used. If the values of RFt-RFt-1, 
RF,.RF,-2, and RFtRFt-s exceed 4810, 10 156, 

Table 5. Selected model (ROVESH) for runoff prediction (mm/day) on Sholapur Vertisols. 

Explanatory variables 

(Daily rainfall,) 2 (mm2 day) 

Vegetative Cover index) t 

Area of plot (ha) 

Flat cultivation' 

Mulching (tonnes ha) 

(Daily rain,) (Daily rain, - ) 


.. .. ) ( .. 

.. .... ) .. 

. .) (..... 
.. ..) 


. . .... ) .. 

.. ?2) 


.. 13) 

1-) 

,, -5) 


.- 6) 

... -7) 

[(Daily rain,) (Daily rain, l)]2
)] 2 

P( .. .. , 2 

3] 2 
... .), -3 

lt .. .... ) ,, _)] 2 

. ) 2 ,, 

[P . .. .. t-6_o)]2 
2 

. ) 7, ) ]


A
2 =0.67 


and represent significance at the 5% 

Standard errorsof eensCoefficients of coefficients 

0.00198540* 0.0001 
-0.0369555** 0.00796 
-1001.55** 184.74 

8.73175** 0.969 
-0.8957540* 0.168 

0.000976184 0.000715 

0.00229525* 0.00111 
- 0.00137913 0.000958 
-0.00859539* 0.00284 

0.00224592 0.001209 
0.00141985 0.001072 
0.00430554* 0.001869 

- 5 5
-0.0101458 x 10 0.0154 x 10 -

5
-0.0112926 X10 - 5 0.0375 x 10 

0.057279 x10 - 5" 0.0155 X10 - 5 

0.602437 x10 - 5
* 0.2615x10 - 5 

- 5 - 50.0333569 x10 0.0243 x10 

-0.0752188x10- 5 - 0.01885x10 - 5 

0.0826648x10 - 5 O.0772x10 - 5 

n = 868 

and 1% levels, respectively. 
a. This dummy variable takes the value of 1 when there is flat cultivation and of 0 if there are ridges and furrows. 
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and 937, respectively, then these maxima are 
employed. If they are less than these maxima, 
actual values are employed. There are no re-
strictions on RFt*RFt-s and RFt.RFt-7, as these 
are monotonically increasing functions. 

Application of residual correction factors to 
the Constrain.d ROVESH model resulted in a 
slight in"se (0.29 to 0.30) in the U-statistic, a 
1% reduction in error sum of squares, and 
slightly improved linear predictions. Hence the 
constrained/corrected ROVESH model was 
selected as best representing the runoff pro-
cess in the Sholapur Vertisols. Constrained 
ROVESH should be used for daily runoff equal 
to or greater than 36 mm. For daily runoff less 
than tins, runoff on Sholapur Vertisols is esti-
mated to be 0. 

We used the Constrained ROVESH model in 
Table 5 to predict runoff on the ICRISAT Center 
Vertisols, employing the actual rainfall-runoff 
data for the 4 years of experiments there. We 
also did the reverse- namely, used Con-
strained ROVEHY on the Sholapur Vertisol ac-
tual rainfall-runoff data. There are many difficul-
ties in doing this. First of all, the size of the 
runoff plots were markedly smaller in Sholapur. 
Hence one sees a coefficient on area of - 1001.55 
in CROVESH and only -0.468341 in CROVEHY. It 
is obvious that these area coefficients are 
applicable only over the range of data used to 
derive them. Hence for cross-predictions, we 
used the mean of the plot areas in Sholapur 
when applying Constrained ROVESH to ;CRISAT 
Center, and vice versa for constrained ROVEHY. 

When predicting for Sholapur with CROVEHY, 
it was also assumed the effect of mulch was 
similar to full vegetative cover, and that the 
average slope of ridges and furrows was 1%. 
When predicting for ICRISAT Center with 
CROVESH, mulch was assumed to be zero, and 
the comparison was made using flat cultivation 
only, as there was no variable for slopes of 
ridges and furrows in Constrained ROVESH. 

Results of the cross-predictions showed that, 
after first-round corrections, CROVEHY used on 
the Sholapur data had a U-statistic of 0.38, a 
systematic error of 21%, and an error sum of 
squares of82 000. This compared with values of 
0.29, 21%, and 51 000 for the CROVESH model 
fitted on the same Sholapur data. There gener-
ally were large underpredictions for small 
runoff events and large overpredictions foi 
large runoff events. It is clear from this that the 

Constrained ROVEHY model derived from 
ICRISAT Center data does not predict in 
Sholapur nearly as well &,s the Constrained 
ROVESH model derived uL'ng Sholapur data. 

The Constrained ROVESH model applied to 
the ICRISAT Vertisols data generally performed 
better than the reverse predictions described 
above. It gave a U-statistic of 0.23, 14% sys
termatic error, and an error sums of squares of 
14 000 mm 2 . This compared to a U-statistic of 
0.17 for the CROVEHY model on the ICRISAT 
Vertisol data, a systematic error of 7%, and an 
error sum of squares of 8000 mm 2. Constrained 
ROVESH underpredicted low runoff events and 
overpredicted heavy runoff events at ICRISAT 
Center. 

Results for ICRISAT Center
 
Alfisols
 

Similar testing procedures were used to derive 
a runoff prediction model for the Alfisols at 
ICRISAT Center. We found that inclusion of any 
formulation of the antecedent rainfall orvegeta
tive cover variables made the predictions much 
worse. Their coefficients also generally had 
unexpected signs and were not significant, and 
henceAR and VC were c!;opped from the model. 

The peak rainfall intensity variable turned out 
to be ahighly significant explanatory variable in 
the finally selected runoff equation, which was 
of the form: 

RO = fl (RF )2 
+fi2 A +#3(FC) 

+/14($4) +(15 (S6 ) +fl 6 (RF,) 2 (S4 ) 

+fi 7 (RF) 2 (S6 ) +ft8 (PRI,) (5) 

The effect of inclusion of PRI in Equation (5)on 
predictions on the EVEN NZ file, however, was 
not dramatic. When it was included, the 
U-statistic fell from 0.21 to 0.18, tle systematic 
error from 19 to 5%, and the error sums of 
squares by 30%. However, the average abso
lute linear errors of prediction increased 
slightly-from 14 to 15%. 

As mentioned previously, for purposes of 
simulation, it is not possible to utilize historical 
data relating to PRIt, as it is not available. To 
adjust for this, we fitted a regression equation 
with PRI, (mm/15 minutes) as the regressand 
and RF, (mm/day) as the regressor, using 4 
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years of data from ICRISAT Center. The follow-
ing equation resulted: 

PRIt = 	0.214265*(RF,) A 
2 = 0.59 (6) 

(0.014284) 

We refitted the model in Equation (5) with the 
estimated peak rainfall intensity (EPRI) vari-
able in Equation (6)used in place of actual PRI,. 
The resulting ROALHY for runoff prediction on 
Alfisols at ICRISAT Center Hyderabad is pre-
sented in Table 6. The ROALHY model had a 
U-statistic of 0.19, compared to 0.18 for the 
model with PRI, included, an error sums of 
squares of 7100 compared to 6300, a systematic 
error of 8% compared to 5%, and an average 
annual linear error of prediction of 13% com-
pared to 15% with the PRIt model. The ROALHY 
formulation including EPRI, was also far 
superior to the ROALHY model with EPRI, 
deleted. 

Application of first-round correct'on factors 
to ROALHY did not bring imprivements in 
predictions and hence the mode'. in Table 6 can 
be used directly for purpos-s of prediction 
when daily rainfall exceed., 17 mm on flat-
cultivated areas and 25 min on areas in ridges 
and furrows. For rainfalls less than these 
amounts, runoff is estimated to be zero. 

Conclusion 

The results suggest that the empirical models 
derived herefordetermining runoff onVertisols 
and Alfisols in two areas of India will enable 
predictions to be made with quite a high degree 
of accuracy. This accuracy will be greater the 
more one moves away from daily predictions 
and sums them into weekly, monthly, and 
annual totals. The latter can be predicted on 
averagewith lessthan 10% error in somecases. 

Thetypeofspecificationwhichgeneratedthe 
most-accurate predictions was essentially the 
same on the Vertisols of ICRISAT Center, 
Hyderabad, and those at the AICRPDA Station, 
Sholapur. However, coefficient values were 
substantially different in the two cases and 
cross-predictions w,-re not all that good when 
compared with predictions with models de
veloped with data from the same location. The 
cross-predictions were best when the con
strained ROVESH model for Sholapur Vertisols 
was used to predict runoff on the Vertisols at 
ICRISAT Center. The major reason for the prob
lems with cross-prediction may be due to the 
vastly different catchmen! sizes used onthetwo 
sites, rather than the existence of a basically 
different runoff process. Further work on this 
aspect is being planned. 

Table 6. Selected model (ROALHY) for runoff prediction (mm/day) on Aifisola at ICRISAT Center, 
Hyderabad. 

Explanatory variables 

(Daily rainfall,)2 (mm 2/day 
Area of Catchment (ha) 
Flat cultivation s 

Slope 0.4% ridges and furrowsb 
Slope 0.6% ridges and furrowsc 
(Daily rainfall.12 f (Slope 0.4% ridges and furrows)b 
(Daily rainf Slope 0.6% ridges and furrows)c 
Estimated peak rainfall intensity 

A2 =0.91 

• 	 represents significance at the 1% level 

Standard errors 
Coefficients of coefficients 

0.00252509* 0.00071 
-0.139692 0.7150 
-0.502341 1.2323 
0.441861 1.1831 
0.179038 1.8473 
0.000033081 0.00047 
0.00307569* 0.00046 
0.441613 0.2712 

n = 153 

a. 	 If the area Is flat cultivated, this variable takes a value of 1 and both rldge-and-furrow variables and their interactions take the 
value 0. If the area consists of ridgas and furrows, than the flat cultivation variable takes the value 0. 

b. 	If 0.4% ridges and furrows are being evaluated, this variable takes the value 1in both the Interaction term and the Intercept 
term, end 0 othjrwise. 

c. 	 If0.6% ridges and furrows are being evaluated, this variable takes the value 1 in both the interaction term and the Intercept 
term, and 0 otherwise. 
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The consistency in the value of the coefficient 
on (RFt )2 at around + 0.0045 in the many Jur-
mulations tried on the Vertisols at ICRISAT 
Center was a significant feature of the results. 
This suggests that, in the absence of informa
tion on other variables influencing runoff, this 
value might be used as a first approximation of 

daily runoff in areas with similar rainfall pat-
terns and soil types.Finally, it is recognized that the empirical 
models derived in this study are in fact the 

"reduced forms" of hydrological processes 
consisting of many "structural relationships" 
that are not captured in these empirical models. 
Understanding the processes involved is an 
important aspect on which a better understand-
ing is required, particularly on small agricultural 
watersheds in the SAT. The "reduced form" 
approach used herewas for the explicit purpose 
of enablingw inoff to be predicted accurately, 
rather than to be explained, in order to assess 
the economic potential for a water-harvesting 
and supplementary-irrigation technology. The 
derived equations will now be employed in the 
simulation exercises outlined earlier in this 
paper. 
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Summary and Recommendations
 

This session wag the third in a logical sequence Recommendatons 
in this workshop. The first session was largely 
concerned with climate itself, methodologies of 
data collection, and aspects of geographic dis-
tribution of various climatic parameters. The 
second session was concerned mainly with 
water balance and water loss and with the 
climate-soil interface. This session involved an 
additional dimension, that of the plant itself and 
of plant variation and reaction to stress. 

There were five papers in this session. Two 
papers, by Dr. Bidinger and Dr. Sivakumar, 
emphasized the great strides that have been 
made in the last decade in the characterization 
of plant response to water stress. Dr. Bidinger 
discussed the effects of water stiess on cell 
division and growth and the importance of 
stomatal conductance as a plant mechanism for 
alleviating water stress. Dr. Sivakumar discus-
sed the range of techniques that are now avail-
able for quantifying water stress. These include 
the plant parameters of stomatal resistance, 
leaf water potential, leaf area, and leaf tempera-
ture. The other three speakers (Dr. Shaw, Dr. 
Venkataraman, and Dr. Stewart) gave specific 
examples relating climatic parameters to plant 
behavior and yield. Dr. Shaw made the point 
that source-sink relationships differ between 
species and that more attention needs to be 
paid to identifying these. He also stressed the 
local nature of empirical models. Dr. Ven-
kataraman indicated the need for standardizing 
methodology for estimating assured rainfall 
amounts for different areas and for the testing 
and validation of models. Dr. Stewart gave a 
number of examples of functional relationships 
between climatic parameters (total sunshine 
hours, seasonal evaporation) and plant yields, 
which he suggested were transferable. He also 
emphasized the sequential aspect of limiting 
factors and the need to identify the most impor-
tant limiting factors in any environment. In the 
SAT, water is the most imoortant factor to be 
considered. However, potential yield is deter-
mined by a sequence of factors beginning with 
seasonal energy availability, plant population, 
soil fertility, etc., and water deficits operate on 
this potential. 

The papers and discussion they generated pro
vide a basis for consideration of future research 
at ICRISAT. 

A number of recommendations were pre
sented as follows: 

1. The recently developed technology for 
measuring plant water stress has greatly 
increased our potential to understand 
both plant mechanisms and the ability of 
some plants to adapt to necessary stress. 
Research should be continued and ex
tended into characterizing plant species 
and cultivars grown in the SAT. It is 
possible that specific drought-tolerant 
plants could be used in breeding prog
rams. 

2. 	Plant modeling is a valuable tool for 
initially forcing consideration of plant 
mechanisms and ultimately of predicting 
plant behavior. The development of 
climate-soil-plant models is an evolutio
nary process beginning with simple 
models. The template for this develop
ment is a knowledge of plant phenology 
as affected by daylength and tempera
ture. There are important differences be
tween cultivars of the same species and 
many of these are not understood 
enough to be modeled. The modifying 
effects of water stress and nutrition also 
need to be evaluated, even though the 
magnitude of theseeffects is often minor 
in comparison with daylength and temp
erature. Fortunately, in comparison with 
temperate areas, vernalization effects are 
rarely important in crops grown in the 
SAT. 

3. 	Consideration should be given to the use 
of serial planting techniques for the de
lineation of phenology of the main crops 
to be studied at ICRISAT. Hyderabad ik 
probably not suited to this because of its 
small range of daylengths. What is re
quired is a site at as high a latitude as 
possible at which crops such as sorghum 



can 	be grown year round (under irriga-
tion). A wide range of cultivars could be 
handled (possibly 20 to 30 of each crop) 
and replication over 2 years should en-
able obtaining the basic data that is re-
quired for modeling plant growth. 

4. 	There is a dilemma in any modeling 
carried out by ICRISAT. On the one hand 
it is important that general models be 
developed that can be applied in the SAT 
generally. This suggests a sophisticated 
approach using process models, where 
possible. On the other hand, in areas of 
the SAT only rudimentary agro-
meteorological data are available; this 
meansthat simple models using minimal 
inputs are required. Nevertheless with 
ingenuity and skill such models are being 
developed; the Arkin, Vanderlipp, and 
Ritchie sorghum model is an example of 
this approach. 

5. 	 More attention could be given to aspects 
of root growth. The setup at ICRISAT is 
suitable for the large human inputs that 
are necessary in these studies. Research 
on rates of root growth as affected by soil 
root patterns, on partition between roots 
and tops under stress condit;ons, and 
differences between cultivars in ability to 
extract water from the soil profile need to 
be studied in greater detail. 

6. 	 More advantage could be taken of the 
unique "rainout" rabi season conditions 
at Hyderabad and other areas of the SAT 
such as in the major river basins in Africa 
for the study of crop water stress under a 
range of different water regimes. Some 
bias is introduced in such studies, e.g., by 
different daylengths and humidities from 
which the crops are grown in practice, but 
with adequately disigned experiments, 
fundamental knowledge of plant be
havior could be obtained with such 
studies. 

7. 	 Although emphasis on water stres3 
needs to be continued, the possible ef
fects of other climatic factors should not 
be overlooked. These include the effect of 
cool temperatures, large variations be
tween day and night temperatures and 
excess water periods as limitations to 
plant growth in the SAT. The possible 
existence of useful varietal differences to 

such effects needs to be evaluated 
further. 

8. 	 New and simpler techniques (e.g. leaf 
temperature) need to be developed for 
screening genotypes for drought resis
tance. 

9. 	 Recommendations should be made by 
ICRISAT for the use of apparatus for 
measuring plant stress in difficult condi
tions in developing countries. 

10. 	 There is such a large range of models 
available for the estimation of evapora
tion that ICRISAT should consider pro
ducing an authoritative publication clas
sifying these models and indicating their 
usefulness in relation to the data availa
ble. 

11. 	 ICRISAT should consider contributing to 
the training courses in agroclimatology, 
particularly for people in Africa. Interdis
ciplinary cooperation also needs to be 
given the fullest support. 
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Water-Stress Effects on Crop-Environment
 
Interactions
 

F. R. Bidinger* 

Summary 

The effects ofstress on crops consideredin thispaper are: (a) reduction in the rate ofcell 
division and expansion and (b) stomatal closure. These are onlytwo ofa whole range of 
plant processes affected by moisture stress. They were chosen for examination for two 
reasons: they are relatively better understood than many of the other effects of stress 
(particularly those at a biochemical level), and they play a major role in the relationship 
between the crop and its environment. 

Effects of reduced cell division or expansion on leaf area expansion are most 
important following, ratherthan during, the period ofstress. A reduced leaf area means 
the interception of a lesserpercentage of the incident radiation, which willhave a direct 
effect on crop growth rates if the latter are radiation limited. Concomitantly, a greater 
percentage of the incident radiation falling on the soil surface will increase the 
evaporative component of crcp ET at the expense of the transpiration component. 
Effects of reduced cellexpansion on root growth, in contrast, are most important during 
the stress period itself,as the maintenance ofeven a limited supply of water to the crop 
depends upon continuedroot extension into deeper zones of the soil profile where some 
moisture may be available. 

A reduction in stomatal conductance affects a number of croplenvironment interac
tions as the stomata are the control point for both vapor and energy exchange between 
crop and er;vironment A reduction in rate of water loss from the crop is of immediate 
advantage in protecting the crop from direct desiccation effects. The conservation ofsoil 
moisture by stomatal closure may also be of benefit under certain circumstances. 

Stomatal closure, however, also changes the normal leaf energy balance andplaces an 
extra load on the sensible heat component. Resulting increases in leaf temperature 
increase the water vapor concentration gradient between leaf and air and in extreme 
cases expose the leaf to possible direct heat injury.In addition, the protection afforded by 
stomatal closure is at the cost ofreduced carbon assimilation and (depending upon the 
relative magnitude of internal, stomatal, and crop boundary-layer resistances) possibly 
at the cost of a decrease in crop water-use efficiency. 

Water deficits (negative water potentials) are a 
necessary and constant condition of terrestrial 
plant life. Solar energy falling on crops and 
natural plant communities is manyfold that 
required for photosynthesis. If converted to 
sensible heat, this excess energy would raise 
the earth's surface temperature well beyond 
levels compatible with most forms of life. More 
than 70% of this energy, however, is used in 
changing the water present in soil surface 
layers and (particularly) in plant communities 

Principal Physiologist (Millets), ICRISAT. 

from liquid to vapor. Excess solar energy isthus 
disposed of as the water vapor diffuses from the 
immediate surface layer of the earth into the 
atmosphere. 

Water lost from plants in dissipating solar 
energy is evaporated mair. 1v from the walls of 
cells lining the inner stomatal cavities in plant 
leaves. This leads to a decrease in the chemical 
potential (water potential) of the water remain
ing in these cell walls. Because water in plant 
cells forms acontinuous system throughout the 
plant, this negative potential is transmitted to 
and along the water in the xylem system, from 
leaf to root. The process establishes a potential 
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gradient between the root and the soil, and 
causes water to move from the rhizosphere into 
the root. This potential gradient between leaf 
and soil (and the resulting water movement 
from soil to leaf) is maintained by continued 
evaporation fron leaves, 

The degree of water deficit in the leaf is 
dependent mainly on the rate of evaporation 
from the leaf (i.e., mainly on solar energy) and 
on the chemical potential of water in the soil 
(i.e., on the degree to which the water potential 
of the root must be decreased to establish a 
gradient from soil to root). Modest water 
deficits are the normal state for crops and 
natural plarnt communities, and are not damag-
ing to plant function. As available soil water is 
depleted, and soil-water potentials become 
more and more negative, plant-water potentials 
also become more negative, and plant-water 
deficit becomes plant-water stress. There is no 
clear threshold at which water deficit becomes 
water stress. The only way of assessing this is 
by observing plant function. When plant func-
tion s impaired, the plant may be considered to 
be under stress. 

The most sensitive field method currently
available for estimating when a plant is under 
stress is the measurement of stomatal conduc-
tance. Stomata are very sensitive to small 
changes in leaf-water potential (Turner 1974)
and transpiration rate (Hall and Hoffman 1976) 
as theleaf-water potential approaches acritical 
threshold level. In addition to their sensitivity, 
the stomata are useful indicators of stress 
because changes in stomatal conductance have 
major effects on the crop and on its relation-
ships with its environment; these will be consi-
dered in detail in this paper, 

Nearly all crop plants are subject to water 
stress some time during their life cycle. It may be 
for only a few hours, on occasional days, when 
high rates of irradiance and/or high rates of 
evaporation cause a temporary decrease in 
stomatal conductance, even in "well watered" 
crops. Alternatively, stress may be due to de-
clining soil-moisture availability, such that the 
soil is unable to furnish water at a rate sufficient 
to maintain plant-water potential at a nonstress 
level for more than a few hours in the morning 
of each day. 

The magnitude of the effects of stress on 
short-term plant function and longer-term crop
growth and yield are dependent upon the inten-

sity, duration, and time of occurrence of the 
stress. The effects of stress are predictable only
in a general way and only for certain individual 
plant developmental or physiological proces
ses. Although much has been learned aboutthe 
nature and effects of stress in the last decade, 
much more remains to be learned. 

This paier is limited to a discussion of the 
consequences of two important plant re
sponses to stress - cessation of cell division 
and expansion, and stomatal closure - on the 
crop and on the interactions between the crop
and its environment. For a more comprehen
sive discussion of the effects of stress on plants, 
crops, and natural communities, the reader is 
referred to reviewarticles byHsaio(1973), Begg 
and Turner (1976), and Fischer and Turner 
(1978). 

Stress Effects on Cell Division 
and Cell Expansion 

The effects of moisture stress on rates of cell 
expansion and cell division have been known 
for a long time (Stocker 1960), partly (at least) 
because tcols to measure these effects have 
been available for a long time. There has been 
some discussion in recent review articles as to 
which process is the more sensitive to stress 
(Hsaio 1973; Begg and Turner 1976). The gen
eral conclusion is that cell expansion is the 
more sensitive process, at least in cases of mild 
to moderate stress, but this has been ques
tioned (McCree and Davis 1974). 

Reduction in 'he rates of cell division and 
expansion has gb..erally similar effects on crop
growth - a reduction in the size of the tissue or 
organ undergoing rapid growth during the time 
the stress occurs. Reductions in rates of cell 
division at certain critical times may have par
ticul-rly severe effects on crop yields - that is, 
at floral initiation (when potential flower num
bers are determined) or at macro- and micro
sporogenesis (when competent flower numbers 
are determined) (Slatyer 1969). 

From the standpoint of crop/environment in
teractions, however, two consequences of re
duced cell expansion or division are of major
importance: a reduction in crop leaf-area index, 
and a reduction in the rate and amount of root 
growth. Each will be considered in some detail. 
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Reduction In Leaf-Area Index 

Although leaf expansion under field conditions 
is not as sensitive to water deficits as thought 
from controlled-environment experiments 
(Begg and Turner 1976), reductions in leaf area 
are one of the most common and most visible 
effects of stress. Reduction in leaf area is also a 
permanent effect: a small leaf remains a small 
leaf. Thus the effects of even a short-duration 
stress may persist for a long period, 

Radiation interception by crops is directly 
(althougn somewhat curvilinearly) related to 
leaf-area index, up to the point of "full ground 
cover," or about 95% light interception. The 
particular leaf-area index corresponding to this 
point varies with the nature of the crop canopy 
(i.e., vertical or horizontal leaves) and with the 
geometry and population at which the crop is 
planted. A survey of the literature (Monteith 
1969) reported values of LAI at full cover as low 
as 2.9 for cotton to as high as 10 for ryegrass, 
with most crops falling intherangeof3.5to5.0. 

Thus the effects of reduction in rate of leaf 
expansion on radiation interception will depend 
on the crop, the row spacing, and the stage of 
growth or the LAI at which the reduction occurs, 
If the crop is at a stage in which growth rate is 
limited by radiation interception, any reduction 
in leaf-area index will result in a reduction in 
crop assimilation and in crop-growth rate. This 
may be less important during the period of 
moisture stress (as crop assimilation may be 
affected by stomatal conductance as well) than 
during the poststress period, when crop growth 
will be mainly a function of radiation received, 

A reduction ,n energy intercepted by the crop 
means an equivalcnt increase in the energy 
falling on the soil surface. When the sAl surface 
is dry, there wi'l be little effect on soil evapora-
tion. Increased heating of the soil surface may 
result in some transfer of sensible heat to the 
crop, increasing its energy load. This effect has 
been shown to occur for wide-row (1 m) sor-
ghum crops in the Great Plains of the USA. Up 
to 64% of the not radiation falling on the dry soil 
,.urfacc was used in transpiration from the crop 
(Hanks et aL 1971). 

However, during periods when the soil sur-
face is wet, a greater fraction of the radiation 
falling on the soil surface results in an increase 
in the evaporation component of crop ET, at the 
expense of the transpiration component 

(Ritchie and Burnett 1971). In an intermittent
rainfall environment the evaporation compo
nent of ET can be substantial, particularly early 
in the season when crop leaf areas are small. 
Estimates of this at ICRISAT Center the last 
several years show that approximately 25% of 
total seasonal crop ET represents evaporation 
from the soil surface (M. B. Russell, personal 
communication). From the crop standpoint this 
is wasted water, particularly in an environment 
in which water deficits are a major limitation to 
crop production. Because of this, a number of 
investigators have suggested narrower row 
spacings and higher plant populations to 
maximize the ratio of transpiration to evapo
ration (Chin Choy and Kanemasu 1974). 

Effects on Root Growth 

We know much less about the effects of reduced 
cell division and reduced expansion on root 
growth, despite the critical importance of con
tinued root growth during periods of stress. 
Root growth would appear to be less affected 
than top growth, as root/shoot ratios have been 
reported to increase in a variety of crops during 
stress periods (cf. reviews by Slatyer 1969; 
Hsaio and Acevedo 1974). 

There are two possible reasons for this
either root meristems are not subjected to the 
same degree of water stress as are shoot 
meristems, or root meristems have a differen
tial ability to continue cell division/expansion 
under stress conditions. Osmotic adjustment 
has been shown to occur in the roots of at least 
one species (Greacen and Oh 1972) that would 
help turgor maintain root growth. The process 
has recently been conclusively shown to occur 
in the shoot also (Jones and Turner 1978), and 
therefore is not a unique adaptive feature of 
roots. 

It seems more likely that root growth is 
apparently less affected by stress than is shoot 
growth, because root meristems are not ex
posed to the same degree of stress as are shoot 
meristems. Water potentials in intact roots or in 
the rhizosphere are very difficult to measure 
and there is no data on comparative shoot, root, 
and rhizosphere water potentials. Modeled 
diurnal courses of leaf- and root-water poten
tials under conditions of different soil moisture 
and evaporation demand (Ritchie 1974) suggest 
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that root-water potentials are intermediate be-
tween soil and leaf potentials. 

Continued root growth in periods of stress is 
important, as the crop must be able to explore 
an ever greater volume of soil to maintain even 
a limited supply of water to the shoot. Resis-
tanceto soil-water movement increases sharply
assoil-watercontentdeclinesandtherootnmust 
literally go to the water. 

The soil itself has a large role in determining
the rate and the amount of root growth during
periods of soil-moisture stress. Rates of root 
extension have been shown to be related to 
local soil-moisture conditions (Newman 1966).
A relatively high conductivity (for a given soil-
water potential) will mean that the bulk soil-
water potential can be more easily maintained 
in the rhizosphere at increased rate of water 
removal from the rhizosphere. This will favor 
continued root expansion into deeper layers of 
the soil and permit in the process greater rates 
of water supply to the shoot. When the crop is 
dependent mainly on stored soil moisture, this 
could be more of an advantage late in the crop 
cycle than in the early. But where the stress 
pattern is intermittent and sufficient moisture is 
expected later, the strategy of maximizing the 
use of available soil water (stress avoidance) 
seems appropriate, 

Stress Effects on Stomata 

One of the major accomplishments of water-
relations research in the past decade has been 
the increase in our understanding of the role of 
stomata and the nature of stomatal response to 
a range of environmental influences. This area 
was well reviewed recently (Turner 1974;
Rashke 1975; Jarvis 1976). We shall confine our 
attention to the effects of changes in stomatal 
conductance on the crop and on crop environ-
ment relationships. 

Stomata have been shown by numerous 
workers to respond to changes in crop-water 
status, due either to changes in soil-water po-
tential (review by Turner 1974) or to change in 
transpiration rate (Hall and Hoffman 1976).
Changes in stomatal conductance are generally
reported to occur over a relatively narrow range
of leaf-water potentials once acritical threshold 
level is reached (Turner 1974), although there 
arereports of amoregradual or"linear" change 

in conductance with changing water potential
(Biscoeetal. 1976). The actual water potential at 
which stomata begin to close varies with a large
numberof factors: species, age and exlosureof 
the leaf, and conditioning of the leaf, among 
others. 

Once the critical level of leaf-water potential
has been reached, closure of the stomata re
duces the rate of water loss from the crop and 
reduces the rate of decrease of leaf-water po
tential. This serves (partially, at least) to protect
the plant from the adverse effects of further 
decline in water potential. The actual 
mechanism(s) by which the stomata respond to 
changes in leaf-water potential have not been 
proven (Rashke 1975), but the logic for the 
response is clear. 

This decrease in stomatal conductance, how
ever, has a number of other consequences for 
the crop. We shall consider three of these which 
may be of particular interest to this Workshop:
reduction in therate of transpiration, changes in 
the crop energy balance, and a reduction in the 
rate of carbon assimilation. 

Reduction In the Rate of Transpiration 

Let us consider the simplest model of water 
movement through the plant as a flux directly
proportional to a potential gradient between 
leaf and soil and inversely proportional to a set
of resistances to water movement in the soil 
and in the plant. Reducing the flux of water
through the plant (by a decrease in stomatal 
conductance) can have one of two effects: (i) it 
will allow the leaf-water potential to remain 
constant in the face of either an increasing
resistance to water movement in the soil or a 
decreasing soil-water potential, or (ii) it will 
permit some improvement in leaf-water poten
tial if the soil-water potential and the resis
tances to water movement are not changing
rapidly. For most soils, however, small changes
in water content at low (<5-10 bars) soil-water 
potentials result in substantial changes in both 
soil-water potential and hydraulic conductivity 
(Gardner 1960). Therefore, under stress condi
tions due to low soil-water availability, the first 
alternative above seems more probable - i.e., 
a reduction in transpiration rate results in a 
stabilization rather than a net improvement in 
crop-water potentials. 

On the other hand, if stomatal closure is due 
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mainly to a very high evaporative demand (i.e., 
the so called "midday closure") and soil-water 
availability is adequate to meet normal transpi-
ration rates, then stomatal closure can result in 
some improvement in leaf-water potential. This 
in turn will permit the stomata to reopen, 
producing the characteristic 'midday closure 
and afternoon reopening' pattern, 

In this latter case, the change in stom-otal 
conductance has little effect on the rate of 
soil-water depletion. This continues at a uni-
form rate during the midday-closure period 
(assuming that stomatal conductance is re-
duced only to the degree necessary to maintain 
leaf-water potentials at the critical level), as the 
gradient between leaf and soil remains constant 
and therefore so does the transpiration flux. 

In the former case, in which stomata close in 
response to decreasing soil-water availability, 
rates of soil-water depletion are reduced, r31a-
tive to the potential rates. This probably occurs 
because in addition to a decreasing soil-water 
potential, soil hydraulic conductivity is also 
decreasing. Even though stomatal closure 
tendstostabilizethepotentialgradientbetween 
leaf and soil, transpiration flux continues to 
decline because of the increasing resistance in 
the system. 

A reduction in the rate of soil-water depletion 
may be a very important effect for crops grow-
ing on stored soil moisture, such as postrainy-
season crops in India. The need in this situation 
is for the crop to conserve the maximum possi-
ble amount of water during the vegetative 
period for use during the reproductive (grain 
filling) perind. The value of this strategy has 
been dery.Lnstrated using manipulation of crop 
geometri (Blurn and Naveh 1976) and by mani-
pulatior of root resistance to water transport 
from soil to canopy (Passioura 1972). Attempts 
to do this at the stomatal level, using anti-
transpirants, have generally been unsuccessful 
due to toxicity and/or the short life of the 
antitranspirant materials !Begg and Turner 
19761. 

Changes in Crop-energy Balance 

Changes in the rate of evaporation of water 
from the leaf surface due to stomatal closure 
have an immediate effect on crop-energy ba-
lance. Because the greater part of the radiant 

energy falling on the crop is dissipated as latent 
heat, any reduction in transpiration must in
crease considerably the energy load on the 
other avenues for the dissipation of 
energy- mainly transformation to sensible 
heat (Begg et al. 1964; Kanemasu and Arkin 
1974). In severe stress this process increases 
leaf temperatures from normal, below ambient, 
levels to ambient or to levels well above am
bient. 

There is currently considerable interest in 
using leaf-temperature air-temperature differ
ences as a way of quantifying crop-moisture 
stress (Bartholic et al. 1972), and of estimating 
crop evapotranspiration (Stone and Horton 
1974). 

Vapor transfer between leaf and air can be 
simply modeled in a way analogous to that of 
liquid water flux from soil to leaf, that is, as a 
flux directly proportional to the gradient in 
vapo, concentration between the inner 
stomatal cavity and the bulk air and inversely 
proportiona! to the sum of the stomatal and leaf 
boundary-layer resistances (assuming that 
energy for the evaporation of water is not 
limiting). The air in the inner stomatal cavity is 
assumed to be saturated with water vapor, 
making the actual vapor concentration depen
dent upon the temperature of the leaf. An 
increase, therefore, in leaf temperature means 
an increase in the vapor concentration gradient 
between leaf and air, and an increase in flux of 
water vapor out of the leaf. This, partially at 
least, offsets the effects of stomatal closure on 
transpiration rate and reduces the expected 
effect of stomatal closure. 

The question of whether or no. there are 
direct effects of heat stress due to changes in 
energy balance on crops is more difficult. Under 
water stress conditions in areas of high ir
radiance and high air temperature, leaf temper
atures have been reported to approach levels 
found in laboratory assays to be directly in
hibitory to photosynthesis (Sullivan et al. 1977). 
Under most conditions, however, heat and 
drought stress occur together and they are 
difficult to separate. In addition, resistance to 
heat and drought stress estimated by mem
brane integrity tests are frequently correlated 
(Sullivan and Ross 1978) and it may be reason
able to consider the two as different aspects of 
the same problem, particularly forstress effects 
on a rmetabolic level. 

151 



Carbon Assimilation 

It is now generally accepted that for all but 
severe cases, the major effect of stress on 
photosynthesis is via the effect of stress on 
stomatal conductance. Field data from a 
number of sources (reviewed by Begg and 
Turner 1976) show changes in C02 exchange 
under stress follow very closely changes in 
transpiration or (when it was measured) 
stornatal conductance. Experiments in a 
number of crops by Troughton and Slatyer 
(1969) and Slatyer (1973) have shown that 
internal or mesophyll resistance (used as a 
measureoftheactivityofthebiochemicalstage 
of C02 fixation) was not affected by water stress 
until stress levels well below permanent wilting 
were attained. 

This reduction in C02 accumulation is un-
doubtedly the major cost to the plant for the 
protection afforded by stomatal closure. A use-
ful way of measuring this cost is by measuring 
the effects of stress on water-use efficiency 
(WUE) - the net C02 uptake per quantity of 
water transpired during the same interval. An 
increase in WUE under stress would suggest 
that the crop is benefiting from the tradeoff, and 
that stomatal sensitivity to moisture stress may 
be an advantage in certain circumstances. 

This approach has been thoroughly reviewed 
in connection with adaptation to arid and 
semi-arid zones (Fischer and Turner 1978). 
These authors make the point that, for sing!e 
leaves, the effects of stress on WUE would 
depend largely upon whether the primary effect 
of stress is on stornatal resistance or on internal 
(carboxylation) resistance, i.e., whether the ef-
fects are primarily on transpiration or on C02 
fixation. As indicated above, however, stress 
effects are primarily on stomatal conductance, 
at least in the case of moderate short-term 
stress case. This would suggest the possibility 
of an increase on WUE under moderate stress. 

A theoretical analysis by Cowan and 
Troughton (1971) ,iowever suggests that the 
reverse may be true in acrop situation. Because 
of the effect of stomatal closure on leaf temper-
ature and thereby on the vapor-pressure gra-
dient between leaf and air, water-vapor loss 
may be less affected by stomatal closure than 
CO2 uptake, unless the internal resistance to 
C02 fixation is at least as great as the boundary 
layer resistance to gaseous diffusion from the 

leaf surface to the atmosphere. The authors 
poir~t out that while this may be true for 
individual leaves, it is less likely to be true for a 
crop, because the crop boundary layer resis
tance (to exchange between the crop surface 
and the atmosphere) increases the effective 
boundary layer resistance of individual leaves. 
This hypothesis was verified in a field test with 
maize (Sinclair et al. 1975); crop water use 
efficiency was found to be substantially re
duced under moisture stress. 

Stomatal closure under stress is an essential 
response, as it serves to protect the plant from 
the effects of severed desiccation (particularly 
at a metabolic level) and under certain cir
cumstances may aid in conserving soil waterfor 
late use. The protection is at a cost to the crop, 
however. There is no single answer to how 
serious this cost may be, as it depends upon the 
probability of the duration and intensity of the 
stress. Under conditions in which long and 
severe stresses are probable, there is no alter
native to stomatal closure, whatever the cost. 
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Modeling Crop Yields Using Climatic Data
 

R. H. Shaw* 

Summary 

A soil-moisture model that uses class-A pan evaporation as the estimaste for potential
evaporation ispresented for maize. A crop-stage factor is used to convert this to actual 
evapotranspiration. if stress occurs, evapotranspiration is reduced, with the degree of
reduction depending upon the atmospheric demand and the available soI moisture. A 
range of rooting depths is required, depending upon the type of weather wh ich iccurs. 

A stress index, based on the assumption that yield reduction is proportional to the 
reduction in evapotranspiration from the potential, is calculated. Stress is weightod by
the stage ofcrop development Special weighting factors, which takeinto account severe 
stress, are used. This weightedindex has been found to be highlyrelated to maize yields
undera wide range of weather conditions in Iowa, andshouldbe adaptable to conditions 
in the semi-arid ttopics. 

In modeling crop yields by any method, we 
should always recognize what goes into making 
up that yield, i.e., the crop factors, the soil 
factors, and the weather factors. I will be primari-
ly emphasizing weather factors, but the mtdels 
require crop and soil information. These are not 
detailed biological models; instead they at-
tempt to describe the water balance for an 
individual site from day to day. Daily inputs are 
the shortest time period used. If factors other 
than the water balance are to be considered, 
obviously the model would require expanding. 
Explaining the water-balance effects will re-
quire all the time allotted here. 

The Model Concept 

To start with, let me show you atype of general 
flow chart for water and soil management-crop 
growth model. The different segments of this 
model could each be solved by several different 
methods; right now we're interested only n the 
overall concept. I have borrowed this model 
(Hill et al. 1978) because Ibelieve Itpresents this 
conceptverywell. The flow chart is presented in 
Figure 1.Later I will go into more detail on how 

* Curtiss Distinguished Professor, Agricultural
Climatology, Iowa State University, Ames, Iowa,
USA. 

we have approached the problem for maize in 
Iowa. 

We need to start with the environmental 
setting, i.e., one needs a certain data bjase from 
which to start. We need to know certain crop
data, soils data, and n_.nagement data. We 
need to knowthe moisture characteristics ofour 
soil, how much waterwe have to start with, the 
management practices used, and information 
about the development and growth of the crop 
being considered. The management aspect 
may be simplified by using constant levels of 
management over areas or years. 

Since moisture stress (and other stress fac
tors) will have different effects on the crop at 
different stages of development, the program
must measure or estimate when these titages 
will occur. The most general model will have a
loop which computes these stages of develop
ment from weather information, usually temp
erature data. 

A very important part of the model is the 
amount of evapotranspiration (ET) that is taking 
place. We usually approach this by using a 
meteorological measurement to est;rriate the 
potential for evaporation then apply a crop
stage conversion factor to give the actual ET for 
any stage of development, with soil moisture 
not limiting. We should break this ET down into 
soil evaporation and plant transpiration be
cause these change as the crop stage changes.

Next we have to consider soil-moisture 
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buted in the soil profile. If runoff occurs, the 
CRPSM amount must be estimated, and deep perco

lation must be considered under certain condi-
Gtions. 

Crop Knowing the daily water status, we can nsti-
Environmental mate the yield reduction due to stress. A func-

Setting tion of the type 
(Soils data. etc.)Z I yY/Yp =f(T/Tp) 	 (1) 

is often used. This assumes the yield reductionWeather Crop Growth
DataeStage progress is proportional to the reduction in transpiration 
Data (Planting-M aturty) (or evapotranspiration) from the potential. If we 

are willing to assume the piant cannot regainX"lost-yield potential" 

Weather 	 Potential TpData--1Transpiration, 
DataSoil Evaporation. Ep 

irrigation Soil Moisture Status 

and Rainfall 


Compute 

Actual Values of 

Transpiration, T 


Soil Evaporation. E 

Deep Percolation 


Estimation of 

Seasons Production 


Y/Yp = f(T/Tp ) 


End 

Figure 1. Flow chart of water- and soil-
management crop growth model. 
(After Hill, Johnson, and Ryan). 

status. Isitadequatetomeettheneedsimposed 
by the atmospheric demand (i.e., soil evapora-
tion, where called for in the model), ortranspira-
tion w.ere it is needed? We haveto consider the 
moisture supply relative to the atmospheric 
demand for water to determine if the supply is 
adequate. On a very high demand day, there 
must be more soil moisture present in the root 
zone than on a lower demand day, if the plant is 
to avoid stress. 

Rainfall, or irrigation water, must be distri-

nY/Yp = (Ti/Tp,) '. (T2/Tp) 2 ... (Tn/Tpn) f (2) 

inwhichTi = cumulative transpiration (or ET)in growth period i 
Tpi = 	 cumulative potential transpira

tion (or ET) which occurs when 
soil water is not limiting during 
growth period i 

Yp = 	 potential yield when transpira
tion (or ET) is equ al to potential. 

A model of this type seems to vork well in 
maize, but probably will not work well on our 

indeterminate type of soybeans. Later periods 
can compensate for earlier periods (i.e., more 
pods, or more beans, or bigger beans), so a 
method must be used which would let the ratio 
be greater than unity. Differences between 
these crops may be due to the fact that maize 
tends to have a sink-limiting system, while 
soybeans have a source-limiting system. 

The Iowa Soil-Moisture
Stress Model 

Now I would like to discuss our corn moisture
stress model. Thetype of approach used is what 
is important - not the crop. A similar approach 
could probably be developed for any crop. In 
computing our stress index for corn (Shaw 
1974), we use a soil-moisture model (Shaw 
1963) which compules a daily soil-moisture 
condition. As part of this calculation we obtain 
an estimate of ET and PET for that day, and use 
the relation between these co compute the 
stress index for that day.Wehave relatedthisto 
yield, using several series of experimental data. 
We evaluate only soil-moisture stress: if excess 
moisture occursthisshould also beconsidered. 
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Necessary Inputs Into T1si Model velopment. The date of 75% silking is used as a 
reference to adjust the program for differont 

Meteorological Inputs seasonal rates of development. The ratio of 
evapotranspiration (moisture not limiting) ofThe meteorological inputs into this model are maize to open-pan evaporation throughout the 

limited. We use 24-hour total rainfall and growingseasonisplottedinFigure2.Thiscurve
class-A pan evaporation. We use class-A pan is shifted according to the particular seasonal 
data because we have a fairly long period of development relative to normal, with normal
record. In our climate it seems t' do a good job silk date assumed to be 31 July. Daily pan
of integratng the meteorological factors (radia- evaporation is multiplied by the ratio for that 
tion, temperature, humidity, and wind) that day to obtain the evapotranspiration, assuming 
cause evapuration. It is also very sensitive to moisture not limiting. The computation of
day-to-day changes. Other methods would be evapotranspiration when stress occurs will be 
as satisfactory. The Jensen-Haise equation discussed in a later section. 
(Jensen 1973) uses radiation and temperature.

Penman (1963) uses radiation, wind, tempera
ture, and vapor pressure. Some subsequent o0
 
modifications have been made in his equations. W8 _
 
There are many equations available in the 0
 

literature (Jensen 1973), which could be consi- >
 
dered, providing data are available and they are 07 0
 
sensitive to day-to-day changes.
 

L 	 ccRunoff 0 

We do not consider rainfall intensity other than ,5 CD 

on a24-hour basis. Here one has to balance the 
simplicity of the approach against possible > 
errors that can occur. In our model, the simplest V 
approach is preferred. Our moisture sites are all 7 
on land with little slope, so that no adjustment 03 
for slope is made. An antecedent precipitation > 
index is used to determinethe runoff. This index uJ 
varies slightly for spring and summer periods. 2 - , ' ' 

15 15 15 15 15 
May June July Aug Sept

S oil Moisture Inputs F g r . R t o o v p t a s i a i n oAll calculations are made on the amount of Figure 2. Ratiomaize ofto evapotranspirationopen-pan evaporationof 
plant-available water per 12.7-cm increment throughout the growing season. 
down to a depth of 152 or 213 cm. The wilting
point (15-atmosphere percentage) and field The depth at which moisture extraction by
capacity (field-determined) are used as 	 the roots occurs must vary with crop development.
lower and upper limits. Two inputs are then For maize, on the deep soils of Iowa the extrac
required: tion patterns shown in Table 1 are used. A 

revised program allows for moisture extraction1. Plant-available soil-moisture capacity per to 213 cm.
 
12.7-cm increment.
 

2. 	Starting plant-available soil moisture per
12.7-cm increment Computation of Soil Moisture 

Crop Inputs 	 Computation up to 6 June 
The program does not calculate stages of de- Ground-cover conditions in the spring may 
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Table 1. Water extraction from different depths of the soil profile during the growing season. 
Values for each date are given as the percentage of evaporation or evapotranspiration 
that occurs from each of the depths listed. 

Dates 0 6 12 18 

Until 7 Jun 100 
8-14 Jun -100

15-27 Jun -67.7- -33.3
28-4 Jul -60- -20-
5-11 Jul -60- -20-

12-18 Jul -60- -15-
19-25 Jul -60- -15-
26 Jul- lAug -60-

-60-
-10-
-15-

After 1Aug -60- -10-
-60- -15-

SOIL DEPTH (in) 
24 30 36 42 48 54 60 

(% E or ET extracted) 

-20
-20
- 15- -10
- 15- -10
- 10- -10- 108 
- 15- -10 '-± 
- 10- - 10
- 15- -10

a. Usew only if first 4 ft all have 50% available moisture. 
b. 	Used if any of first 4 ft have 50% available moisture; however after 1Aug the percent evellable Isalways computed on the total 

available water in the 5-ft profile. 

vary. We have assumed avery simple approach 
to this problem by assuming loss takes place 
only from the top 12.7 cm. This may be as soil 
evaporation, or as transpiration from very small 
plants. Ideally it would be best to take into 
account the different sunshine conditions for 
each day, but we assume a loss of 2.54 mm per 
day, as long as available moisture is present in 
the top 12.7 cm of soil. 

Computation from 7 June 
through 30 September 

As the plant grows, considerable change in the 

ground cover tak.L. place. The date of 7 June 
(adjusted for silking date) was arbitrarily set as 
the day to consider thib effect; i.e., use pan 

evaporation multiplied by the appropriate ratio 
(Fig. 2) to get evapotranspiration. If no stress is 
occurring this amount is extracted according to 
data in Table 1. 

Evapotranspiration under Stress 

Co otransp o uindependently 
Conditions 

Data obtained by Denmead and Shaw (1962) 
showthatunderconditions of high atmospheric 
demand, transpiration from a plant will de-

crease at a higher level of soil moisture than it 
will for a lower atmospheric demand. This 
principle is accepted; the exact soil-moisture 
level at which this decrease occurs is still a 
matter of debate. Data from a large number of 
experiments (Tanner 1978, personal communi
cation) show that the percent extractable mois
ture that can be used under average demand 
conditions, without becoming limiting, is about 
35%. Ritchie (1973) has shown data with no 
decrease down to 20% extractable moisture, 
but this seems lower than most other data. 
Tanner (University of Wisonsin, Madison, Wis, 

USA) defined extractable water as follows: 

Plots of T/Trnax vs soil water depletion in the 
falling rate phase (T/Tmax decreasing) were 
extrapolated to T/Tmsx = 0 to find the total 
water extracted by the plants. Only data for 
T/Tmax > 0.2 were used in the extrapolation in 
order to avoid undue weighting by evapora
tion from the soil. At T/Timax =0.25, a tailing of 
the data was usually observed because evap
oration, which continues from the drying soil 

of transpiration, became sig
nificant. We call this total water extracted by 

the plants, at which TfTmax is zero, the "ex
tractable water" (after Ritchie et al. 1972) 
rather than "available water" for normaliza
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tior of the relations of the data presented. We 
use "extractable water" since this is what the 
plant removed, whereas "available water" 
usually is defined as the total soil water held 
in the root zone between field capacity and 
the permanent wilting percentage (or 15-bar 
retention) and does not allow for the effect of 
root distribution on soil water extraction, 
What this says is that plants do not remove all 

the available water from complete root zone 
under normal atmospheric conditions before 
the rate of water loss is greatly reduced. The 
permanent-wilting-point concept assumes the 
plants are grown under very lowdemand condi-
tions. Tanner cited one example for a Plain-field 
sand which has extractable water of 40 mm in 
thetop 100cm, but has availablewater of about 
58 mm. The fraction of extractable water left 
when TfTmax decreased below unity was 0.30, or 
28 mm had been extracted. If the same amount 
(28 mm) were removed of the total available 
before the transpiration rate decreased, 52% of 
the total available would remain. On that basis, 
thedata in Figure 3, using available water, are in 
agreement with Tanner's value of 35% extract-
ablewater. Weare saying aboutthesamething,
but using different terms of reference. 

Our field experiments have also shown a 
sensitivity to day-to-day demand. On a high

10oo 

90-

60-
Typ
demand day: 

50-
0 

High 

4;. Lo 

o30-
a: 

201 

10-

100 90 80 70 60 50 40 30 20 10 0 
%Available soil moisture 

Figure 3. Relative evapotranspiration rates 
for different levels of atmospheric 
demand. 

demand day, plants have shown extensive wilt
ing. On a subsequent day with medium atmos
pheric demand (and no water added), there was 
little or no wilting, and none if it was a low
demand day. On a following day with high 
demand, the plants were again wilted. For that 
reason, we have used three different curves to 
represent the different types of demand days. A 
day with pan evaporation > 7.6 mm is consi
dered a high-demand day; 5.1 to 7.6 mm a 
mediumday; < 5.1 mm, alow-demandday. The 
relationship (Fig. 3) is used during the period
that roots are growing to deeper depths. After 
silking, when we assume there is little further 
root development, a somewhat different rela
tionship is assumed, with the curves displaced 
to the left from these shown. These relation
ships have been shown to predict soil moisture 
quite well under Iowa conditions. 

To calculate evapotranspiration under stress 
conditions (STET), the following factors are 
multiplied: Pan evaporation x ratio for crop
development (Fig.2) x stress factor (Fig. 3). 

When evapotranspiration is reduced because 
of stress, weallowforupto2.54 mm soil surface 
evaporation to take place from the top 12.7 cm 
of soil. STET plus soil evaporation cannot be 
greater than nonstress ET. 

Stress Index 

We now have the basis for our current stress 

Actual ET + Adjusted sfc. evap. 

Potential ET 

It was not believed that surface evaporation
(under STET conditions) is as effective at reduc
ing stress as is transpiration, so limits were put 
on its use. 

a. Under high atmospheric demand (Pan 
evap > 7.6 mm) and STET -- 0.10 cm, use 
zero evaporation.

b. Otherwise, add all evaporation when it 
is < 0.13 cm and add 0.13 when evapora
tionis -0.13cm. 

If actual ET, or actual ET + adjusted surface 
evaporation, is equal to potential ET, there is no 
stress for that day. Stress is equal to the reduc
tion in water loss for that day, compared to the 
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potential. An actual-to-potential ratio of 0.60 
would mean a stress index for that day of 0.40. 

We also believe that the stage at which this 
stress occurs is important and has different 
degrees of effect or the crop. A number of 
researchers have worked on this. Based on their 
results, the weighting factors shown in Table 2 
were determined. A period of 85 days is used, 
covering the period from 40 days before silking 
to 45 days following silking. Stress-index 
values are summed and weighted by the 5-day 
periods shown. This assumes stress has no 
cumulative effect, which has been true under 
some experimental conditions (Mallett 1972). 
However, our field data indicate that extreme 
stress can have greater effects. We've added 
three additional weighting factors: 

a. 	 Ifthestressindexfortwoor moreconsecu-
tive 5-day periods is -- 4.50 (max of 5.0 
possible), an additional weighting factor of 
1.5 is used for each period. 

b. 	 If more than one of the three 5-day periods 
just before silking has an index > 3.0, these 
periods are multiplied by an additional 1.5. 
This takes into account the effect (reduced 
pollination) of relatively severe stress just 
before silking. 

c. 	 If the period before and the period after 
silking have a stress index -- 4.50, a crop 
failure is designated. Under these condi-
tions, fertilization apparently does not 
occur and silks do not emerge. 

Table 2. 	 Relative weighting factors used to 

evaluate the effect of stress on maize 
yield. Periods are consecutive 5-day 
periods prior to and following silk-
Ing. 

Weighting Weighting 
Period factor Period factor 

8 before 0.50 1 after 2.00 
7 before 0.50 2 after 1.30 
6 before 1.00 3 after 1.30 
5 before 1.00 4 after 1.30 
4 before 1.00 5 after 1.30 
3 before 1.00 6 after 1.30 
2 before 1.75 7 after 1.20 
1before 2.00 8 after 1.00 

9 after 0.50 

UAA of Stress Index 

How well has this done? Let me show you some 
results. Two items are evident from Figure 
4-which plots data for a northwest Iowa 
location the driest part of the state. The weight
ing factor for extreme stress properly adjusts 
the onb data point. The squares indicate years 
when there was excess moisture present in the 
spring. We've found under these conditions 
that our estimated yields are higher than those 
that actually occurred, i.e., excess wetness 
cause a yield reduction. Figure 5 is 'rom a 
location in central Iowa. It did not show the 
severe stress occurring, but noticethe number of 
years when excess moisture occurred. We do 
not estimate the effect of excess moisture in our 
procedure, but it must be kept in mind if all 
environmental effects are to be considered. 

Problems in Recent Years 

In developing a procedure of the type that has 
been explained, a wide range of weather condi
tions is necessary to evaluate it properly. In 
1976 we had a very dry spring, and this encour
aged deeper rooting than usual. In late July we 
took soil-moisture samples and found little or 
no available moisture down to 152 cm, yet the 
crop was still in fairly good condition. Obvi
ously, it must have been getting moisture from 
deeper depths. The first soil moisture-stress 

1E 

-8- Y= 9064.1 -83.2 x 
'0 0 0 " r=-0.91 
x 

75 4

22- exess moitusignificant 

>_2 AYears with significant excess moisture 
- Effect of severe stress weighting factor 

0- 1 1 I 1 I I 
10 20 30 40 50 60 70 80 
Accumulated weighted stress index 

for 85-day 	period 

Figure 4. 	 Relationship between weighted 
stress index and maize yield in 
northwest Iowa. 
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calculation showed most of the yield estimates 
close to the dashed line (Fig. 6), with a few 
points (triangles) near the 1-1 line. Other infor-
mation indicated that at most sites maize was 
probably rooted to about 213 cm. The program 
was rerun using a rooting zone of 213 cm 

Marshalltown 

8- Y9647.3-112.5x 
&A 0 .3",'9_6..- r-110.5 xprior 

0.86 6only 

4-


0 Years without significant excess 
2- moisture 


A Years with significant excess 
moisture 

0 I I 6010 20 30 40 50 60 

Accumulated weighted-stress index 
for 8 5-day period 

Figure 5. Relationship between weighted
stress index and maize yieldin cent
ral Iowa. 
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o / 
2-	 0 213cm rooting depth 

A 152cm rooting depth
SI I I0 

II I 112 
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(kg/ha x i0) 

Figure 6. Predicted and measured yield in 
1976. 

rather than 152 cm for all data points that had 
not reached saturation of the 152-cm profile in 
May orJune. The triangles represent thepoints 
which did, and only the 152-cm profilewas used 
forthesesites. Thefinal results were very good, 
indicating that under different conditions, differ
ent rooting depths must be used. 

In 1977 we ran into an unusual stress condi
tion before silking. The points shown as open 
circle (Fig. 7) all had stress-index values >3 for 
more than one of the three, 5-day periods just 

to silking. This situation had occurred at 
13 sites in 23 years of prior sampling (450site years). The additional weighting factor just

prior to silking was added because of this 
severe stress and it adjusts the points to around 
the 1-1 line. The labeled (solid circle) data points 
in the figure almost reached this condition. 
These locations all have very heavy subsoils, 
and maize growing here apparently was not 
able to respond as well, in comparison with that 
growing on the better soils, to 'he raoidly
deteriorating moisture conditions. It points outthat understanding the difference in soils is 
important, and that not all soils should be 

treated the same. 

0 Sites with str'uss index > 3
 
for more than one of three
 

12- 5-day periods just prior
 
to silking
 

00o0 

00 
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Figure Z Predicted and measured yields in 
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An approach like this should be adaptable to 
the semi-arid tropics, once the necessary ex
perimental data for these climatic conditions 
are available. 
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Use and Requirements of Agrometeorological 
Data for Quantifying Crop-moisture Stress 

and Needs 

S. Venkataraman* 

Summary 

The terms "crop-moisture need" and "stress" are defined and factors affecting them are 
detailed, as one criterion for quantifying crop moisture stresses for irrigated and rainfed 
crops. The limitations and use of the concept of potential evapotranspiration are 
discussed; methodologies for quantifying moisture stress for rainfed crops and dryland 
use-planning are outlined. Timing of irrigation to avoid moisture stress in various crop 
phases is examined. Agrometeorological data requirements in certain critical areas and 
scope of further studies are indicated. 

The "Transpiration Requirement (TR)" consti-
tutes the minimum crop-water need and is 
provided by root-zone soil moisture. TR is 
affected in all stages of crop development by 
the evaporative demand of air (ED). TR nearly 
equals ED from the stage of ground shading to 
maturity. From germination tothegroundshad-
ing stage, TR is less than ED and the ratio of 
TRiED is influenced by the leaf-area index/ 
fractional ground cover. During maturity TR is 
dependent on the nature of crop physiology 
(Tanner and Lemon 1962; Gates and Hanks 
1967; Ritchie and Burnett 1971; Venkataraman 
et al. 1976a; Venkataraman et al. 1976b; Sarker 
et al. 1976; Subba Rao et al. 1976). 

The actual transpiration (AT) of the crop, 
expressed as equivalent depths of water per 
unit ground area, is at all crop stages influenced 
by the quantity and ease of availability of 
root-zone moisture in the range from field 
capacity to permanent wilting point. For agiven 
crop stage and ED, the rate at which transpira-
tion can proceed when root-zone moisture is at 
field capacity may be termed "Potential Trans-
piration (PT)." A water stress may be said to 
occur when the rate of AT begins to fall off 
sharply from PT. In the available soil-moisture 
range, the point at which a sharp drop in AT 
occurs may be termed the Critical Moisture 

* 	 Division of Agricultural Meteorology, Meteorologi-
cal office, Pune, India. 

Level (CML). Ease of soil moisture availability 
(and hence the value of CML) is affected by 
factors such as soil types, level of evaporative 
power of air, and the amount of water ne crop 
can draw upon from its root zone (3aier 1965). 
The last quantity, termed the " *oot Constant 
(RC)," varies with crop types and stages. The 
variationof RCfora given crop and crop stage is 
thought to be small in various soil types (Flem
ing 1966) on accountof thecompensating effect 
of root proliferation and unit volumetric content 
of available root-zone moisture. Generallythere 
is a reduction in soil moisture availability with 
an increase in(1)theclay content of thesoil, and 
(2) the evaporative power of air, while an 
increase in RC tends to delay the incidence of 
CML (Holmes 1961). 

Nontranspiratory Components 

When moisture falls and moves into the soil 
surface, either as irrigation or as rain, evapo
rative loss becomes inevitable. This combined 
loss is called Evapotranspiration (ET). For 
moisture-stressquantification, it is necessary to 
separate out the evaporation component of ET 
(Monteith 1965; Black et al. 1970; Goltz et al. 
1971; Burn et al. 1972; Ritchie 1972; Tannerand 
Jury 1976).

The crop-field moisture losses, such as sur
face runoff and percolation beyond the root 
zone are controllable for irrigated crops but are 

162 



weather dependent for rainfed crops.Again, the 
contribution of rainfall to crop-water needs is 
enhanced for a standing crop, and even light
rainfall can be effective (Owen and Watson 
1956; Glover and Gwynee 1962). 

Need for Agrometeorological
Approach 

Studies in which crop-water need, soil-moisture 
storage, and crop-water stress are considered 
to be solely weather-determined can only pro-
vide comparative estimates of moisture stress 
in space or time. For quantification of moisture 
stress, of either irrigated or rainfed crops, neg-
lect of the crop or soil factors is not, a priori, 
permissible- especially in the semi-ari, 
tracts. 

Criteria fai,' Stress 
Quantification 

A perusal of the investigations reported in the 
references cited previously is helpful in spelling 
out the criteria for quantification of crop-
moisture stresses. For irrigated crops the 
parameters required to determine incidence of 
moisture stress are: (1)permissible amounts of 
moisture depletion in rootzone, and (2)thetime 
interval over which this would occur. In the case 
of rainfed crops, moisture stress can be quan-
tified by finding out the march of the ratio of 
AT/PT on a short-period basis, thereby locating 
the periods and duration of occurrence of sub-
potential transpiration and assessing the feasi-
bility of crop survival in the stress periods so 
delineated. 

Potential Evapotranspiration 

The Concept 

With a short green active ground-shading crop 
growing on a soil with adequate root-zone-
moisture the water need nearly equals the ET 
loss. The water need is termed "Potential 
Evapotranspiration" (PET). PET can be stated as 
representing the upper limit of the crop-v, ater 
need and is of obvious importance in 
moisture-stress quantification. 

Computation of Climatological 
Averages 

Penman (1948) has outlined a sound theoretical 
approach to estimate PET; he has also post
ulated an empirical method to obtain PET from 
more simple data, a method that has been used 
extensively. For computation of PET, Penman 
(1956) has advocated the testing of his theoreti
cal approach, instead of relying on the repetitive
use of his empirical formula. 

The "testing" of Penman's approach has 
been handicapped by lack of observational data 
on (1)net radiation corresponding to an exten
sive green cover, and (2) low-level (2-m) wind 
runs and difficulties in calibration of the con
stants in the wind-function term. Monteith's 
classical work (1964) therefore assumes sig
nificance, leading as it does to the use of the 
averages of the range of experimentally deter
mined values of various forms of resistance to 
the movement of water from the soil through 
the plant to the air, in place of the wirrd function. 
Venkataraman (1977b) has pointed out that 
pyrgeometric estimates of the nocturnal long
wave flux would correspond to that of a crop 
cover envisaged for estimating PET, and has 
shown that the average of the ratios of net to 
back radiation obtained from pyrgeometric 
measurements of atmospheric long-wave flux 
are applicable, for climatological purposes, to 
the day as a whole. 

A combination of the postulations of Mon
teith (1964) and Venkataraman (1977a) should 
provide reasonably accurate estimation of 
climatological values of PET at radiation mea
surement stations having 10 or more years of 
shortwave radiation and pyrgeometric data. 

Computation for Operational 
Purposes 
For many climatological applications, use of 
single values of monthly PET may be permissi
ble because of small interannual variations. 
However, for operational purposes, dailyvalues 
of PET would be required. To achieve this, the 
mean monthly climatological values of PET 
have to be empirically related to the average 
values of a climatological parameter that is and/ 
or can be routinely measured. Of the various 
parameters that have been considered for this 
purpose (solar radiation, net radiation, pan 
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evaporation, and air temperature), evaporation 
from standard shallow mesh-covered pans (EP) 
is the most suited, as pan data is an integration 
of the energy, wind, and vapor pressure-deficit 
factors - which aJso control the PET quantum. 
Calibration of the ratios of climatological esti-
mates of PET to average values of EP, on a 
monthly and regional basis, would make feasi-
ble the use of EP data as an operational tool for 
quantification of crop-water stresses. 

There is an urgent need for making reasona-
bly sotnd estimates of monthly PET and work-
ing out empirical relations between PET and 
other climatological parameters such as EP for 
as many stations as possible in the Semi-Arid 
Tropics (SAT). 

Feasible Uses 

Taking PET as the optimum water need works 
only with crops that are in the vegetative phase 
of development and that shade the ground fully.
Inthe SATthere are considerable areas in which 
cash crops are raised with irrigation. These 
crops pass a good fraction of their life cycle in 
the rainy season and are often at the ground-
shading stage at the start of the rainy season; 
they enter the maturity phase after the ces-
sation of rains. Reasonably good estimates of 
water-stress quantification for such crops can 
be made through a simple budgeting of weekly 
rainfall against weekly PET after allowing for 
soil-moisture storage as appropriate to the crop 
under consideration. 

In high-altitude regions of theSAT, plantation 
crops generally have field-capacity moisture 
status when the rains cease. It is easy to deter-
mine this quantum from conventional soil-
moisture measurements. Budgeting of the 
stored soil moisture plus any incidental rainfall 
against PET can be used (Willat 1971) to gauge 
the time of onset, duration, and severity of 
moisture stress for plantation crops. 

Perennial orchard crops are also of impor-
tance in SAT areas, as the water needs of these 
crops are considerably less than PET (due to the 
presence of stomata mostly on the underside of 
the leaves and their relatively high RC values), 
Budgeting of rainfall versus the reduced PET 
need and appropriate RC values could be used 
to quantify moisture stress for perennial 
orchard crops. 

Feasible Improvements 

In the above three types of studies, the quan
tification can be improved by (1) allowing sepa
rately for evaporative depletion of rainfall or 
stored moisture at rates equal to ED at the soil 
surface (EDS), (2) budgeting of available 
rainfall/soil moisture against PT, and (3) provid
ing for appropriate reductions in AT when 
available rainfall/soil moisture is less than RC. 
For example, EDS for a ground-shading crop 
may be 20 ± 5% of PET (Hanks et al. 1969; 
Ritchie and Burnett 1971; Burn et al. 1972; 
Venkataraman et al. 1976a, 1977), and hence PT 
would be8O ± 5% of PET. Similarly, reasonable 
assumptions regarding ease of soil-moisture 
availability in various soils and for various 
evaporative demands can be made to fix values 
of likely AT for one filling of the root zoneto field 
capacity. 

Mc.Liure-Stress Quantification 
for Dryland Crops 

Effective Rainfall 

Rainfall that is not lost by way of evaporation, 
surface runoff, and percolation beyond the 
crop-rootzone may betermed Effective Rainfall 
(ER), which provides the sustenance moisture 
for rainfed crops. For crops seeded early in the 
season, assessment of evaporative depletion 
only may suffice in the presowing period. How
ever, compared to bare soil, there would be 
significant additional accretions of effective 
rainfall when the crop reaches the ground
shading stage. Thiswouldcomeaboutthrough: 
(a) reduction in evaporative depletion via the 
soil surface and reduction in surface runoff, (b) 
foliar interception of rainfall, and (c) increase in 
moisture-storage capacity provided by the 
transpiratory withdrawal. The influence of the 
crop factor on evaporative depletion of rainfall 
till the crop reaches the ground-shading stage 
may be considered as negligible. Again, from 
the ground-shading crop stage the reduction in 
surface runoff due to the crop cover may be 
offset by the enhanced moisture status of the 
soil. 

Thus, for assessing moisture adequacy, the 
appropriate estimate of ER would be that relat
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ing to: (1) bare ground in the crop-
establishment phase and (2) a soil surface fully 
shaded by foliage, from the ground-shading 
stage onwards. 

Evaporative Loss 

Under the type of rainfall distribution that occurs 
in SAT areas, sophisticated and complex 
methodologies may not be necessary to account 
for evaporative losses in terms of PET and 
evaporable moisture on daysfollowing a wetting 
(Rkchie 1972). Hence, assessment of evaporative 
depletion of rainfall appears more straightfor-
ward. For example, total daily falls of rain that are 
less than PET may be ignored, and evaporative 
depletion in a wet spell following an amount of 
rain greater than PET may be allowed for at PET 
rates till no moisture is left for liquid-phase 
evaporation or till the accumulated storage ex-
ceeds the moisture capacity of the evaporative 
desiccation layer (Venkataraman et al. 1973). In 
the former case, the process is repeated when 
another wet spell comes along. Inthe latter case, 
the accumulated total in excess of the moisture 
capacity of the evaporative zone is put down as 
soil-moisturr storage on that date and the pro-
cess recommenced with the above moisture 
capacity as the input for evaporative depletion in 
subsequent days. If one uses the EDS values 
instead of PET val :es one can get estimates of ER 
relating to a ground-shading crop. 

Thus for the SAT areas, data are needed on(1) 
the maximal quantity of evaporative depletion 
perwetting of the surface-evaporativezoneof 15 
cm or so under low, medium, and high evapora-
tive demands and (2) the factorial evaporative 
potential in relation to PET at a fully shaded soil 
surface - under various crops, layout 
geometry, and soil types. 

Surface RumIoff 

Thequestion of accounting for surface runoff is 
more difficult, as this quantum would be highly 
location specific. However, where experimental 
data on surface runoff under various crop cov- 
ers, soil slopes, and soil types are available, an 
examination of these in relation to daily totals of 
rainfall may enable one to fix criteria for allow
ing for surface runoff (e.g., Kanitkar et al. 1960, 
Venkataraman et al. 1973) for given types of 
slopes and covers of soils. Russell (1978) had 

observed surface runoff to occur on days on 
which daily rainfall totals or peak rainfall in
tensities exceed the moisture-holding capacity 
of the surface 30-cm depth of soil. The latter 
quantum would depend on the moisture status 
of the soil at the onset of rainfall. 

Hence, in the SAT areas, there is an obvious 
need for publication of available data on fre
quencies of occurrence of daily rainfall totals 
and peak-rainfall intensities in various ranges; 
for studies on the relationship between daily 
and peak-rainfail intensities; for collection of 
data on surface runoff under various soil coy
ers, types, and slopes; and for augmentation of 
a network of recording raingauges. 

Moisture Needs 

For quantifying moisture stress, it is necessaiy 
to determinethe durations in which the amount 
and distribution of effective rainfall (estimated 
as detailed above) would have been able to 
maintain crop transpiration at potential and 
subpotential levels from the actual/propitious 
date of sowing. For this, information on the 
progression of transpiration need of the crop is 
required. Before dealing with the phasic mois
ture requirements of crops, it is necessary to 
consider moisture availability and require
ments for sowing. 

Moisture Needed for Sowing 
In this, one needs to consider only evaporative 
depletion of rainfall and availability of small 
storages to tide over postemergence dry spells. 
For example, wet weeks in which the total 
rainfall exceeds PET or there is a moisture 
storage of 15 mm can be considered suitable. 
(Fitzpatrick and Nix 1969; Venkataraman 
1977b). For meaningful application, these 
studies must take into account the frequencies 
of occurrence of certain situations - e.g., a wet 
week and a dry week being preceded or suc
ceeded by awet week. These data, expressed in 
terms of conditional frequencies or prob
abilities (Venkataramar; 1977b; Virmani et al. 
1978), are of great value in estimating the 
probable best date of sowing. 

Moisture Needed for Crop Establishment 

Experimental data on consumptive use of 
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rainfed crops, when corrected for evaporative 
depletion of daily falls of rains, as in the case 
of bare soil, can give a measure of the transpira-
tional consumption of the crop during the es-
tablishment phase. Alternatively, when 
consumptive-use data for the same crop under 
irrigated conditions are available, the transpira-
tional consumption can be worked out by allow
ing for a fixed quantum of evaporative deple
tion in the interval between irrigations. The 
transpirational consumption can be related to a 
measure like PET in order to obtain the ratio of 
relative transpiration. The data on relative 
transpiration could then serve to estimate the 
transpirational need of the crop in the estab-
lishment phase for any given crop-weather 
situation. It is obvious that this will require 
reliable daily data on ET losses, which only 
careful lysimetry can provide, 

Moisture Needed from Ground-Shading 
to Maturity 

Gauging the transpirational need of the crop 
during the ground-shading to maturity stage is 
relatively easy, as one needs only to evaluate 
the component of evaporative potential at the 
soil surface in PET. As mentioned, this infor-
mation is available for typical crops and is 
adequate; the transpirationa! need of a 
ground-shading cropwould be80 ± 5% of PET. 

Moisture Needed During Maturity 

Under normal management, dryland crops 
enter the maturity phase after cessation of 
rains. Consumptive-use data for this phase are 
free of intermittent spurts in the evaporative 
losses. However, the transpiration need in this 
phasewould, as alreadypointed out, dependon 
the physiological natureof thecrop. Determina-
tionoftheratiosofrelativetranspirationforthis 
phase should be done for specific crop types. 

Computation of Actual 
Transpiration 

In any crop phase, estimating the time of inci-
dence of the moisture stress from a budgeting 
of effective rainfall against transpiration needs 
is facilitated by the fact that in the rainy season 
(which generally covers the vegetative crop 

phase) the evaporative regime is more or less 
equable. This, in turn, means that the pattern of 
extraction of available soil moisture for a given 
soil typ( v'ould be the same in all phases. This 
pattern can be rationally characterized and used 
to locate the commencement and end of the 
stress periods. 

Fitting of Crops to Rain 

The methodology suggested above is applica
ble to crops of given growth rhythms and root 
constants. The above type of agrometeorologi
cal analyses, when carried out for a set of 
root-constant values, can help locate the favor
able times and duration for completion of the 
variouscropphasesandhenceoffeasiblecrop
life period and duration for each value of RC. It is 
then agrometeorologically feasible to specify 

the crop type that - in the light of its life 

duration, growth rhythm, and root constant -
would have adapted itself to the moisture 
stresses generated under a given rainfall dis
tribution. 

Such analyses carried out on a year-to-year 
basis can be used to (1) determine the most 
desirable value of root-zone moisture capacity 
and (2) work out the frequencies of occurrence 
of various ranges of crop-life durations. This 
can in turn be used to plan cropping patterns 
that would serve to alleviate the risks of mois

ture stresses due to rainfall variations in a 
particular area. 

Rainfall Zoning 

Analyses of the above type of analyses require 
delineation of homogeneous rainfall zones in 
SAT areas. Probabilistic estimates of assured 
weekly rainfall amounts can be used (1) to 
demarcate rainfall zones (Biswas and Kham

bete 1977) and (2) to (a) locate time of start of the 
crop season, end of the period of effective rains, 
and midseasonal dry spells; (b)indicate end of 
the crop season; and (c) delineate agronomi

cally homogeneous areas (Venkataraman 
1978). Various techniques to estimate assured 
weekly rainfall amounts on a probability basis 
have been advocated (Thorm 1958; Gabriel and 
Neumann 1962) and are being adopted. There is 
a need to compare estimates obtained by vari

166 



ous methods, examine features revealed by 
them at typical locations, and select the most 
suitable and least complicated method to work 
on rainfall reliability, especially with a short 
data series. 

Irrigation Timings 

To prevent moisture stress in irrigated crops 
and maximize water-use efficiency, correct 
amounts of water have to be applied at correct 
intervals of time. Quantification of the optimum 
irrigation need over given intervals of time is 
easier. The question of irrigation timing/interval 
becomes important, not so much for water-
conservation, as for maximization of the com-
mand area and distribution of crops in it. 

For scheduling the amounts and intervals of 
irrigation, the daily ratios of relative evapo-
transpiration (ET/PET) and the quantum of avail-
able water the crop can draw upon in various 
growth stages are needed. The latter informa-
tion is extremely difficult to obtain, but can be 
avoided by adopting the following reasoning: 

In regard to the time of incidence of crop-
moisture stress following an irrigation, it may 
be argued that the influence of fractional 
ground cover would be of secondary impor-
tance. Such influence could be ignored if the 
ratio of relative transpiration [for any given crop 
stage(s)] is the same as of relative water avail-
ability, which may be defined as the ratio of the 
actual root constant to the maximum value 
pertaining to afully developed croproot system. 
Allowances for influence of fractional ground 
cover can be made if the progressive relation-
ship of relative transpiration to relative water 
availability can be established. For example, 
many crops reach the groundshading stage at a 
leaf-area index of 3(Monteith et al. 1965; Ritchie 
and Burnett 1971), the maximum ieaf-area 
index may be as high as 5. If there is an increase 
in the root-constant value between the 
ground-shading crop stage and the attainment 
of full leaf canopy, the irrigation interval can be 
extended if the evaporative regime continues to 
be the same. 

Such information would also be useful in 
determining the time of incidence of crop-
moisture stress at any stage of the crop, using 
computations of the maximum root constant at 

potential transpiration rates in fully established 
stands. The latter is easier to do, as the relevant 
data can be more readily obtained. 

Agrometeorological 
Data Requirements 

From the above review of factors involved in, 
and the feasibility of, quantification of crop
moisture stress and needs, it appears that the 
following studies/data acquisition would be 
useful in SAT areas: 

1. Standardization of the methodology for 
estimating occurrence of specific/assured 
rainfall amounts over weekly periods at 
various probability le,,els. 

2. Development 	 of agrometeorological 
criteria for use of rainfall probabilities in 
demarcation of homogeneous rainfall 
zones. 

3. Computation of climatological values of 
PET at all radiation-measurement stations 
and use of the same to develop empirical 
formulae based on simple meteorological 
parameters for local and operational appli
cations. 

4. 	Acquisition and compilation of data of total 
nonvapor-phase evaporation losses per 
wetting of thesurface 15 cm in different soil 
types and under low, medium and high 
evaporative demands. 

5. Acquisition and compilation of data on the 
fraction of the evaporative component in 
PET for typical crops and crop layouts. 

6. Augmentation of the network of self
recording raingauge stations. 

7. 	Publication of data on frequencies of oc
currence of specified amounts of daily total 
rainfall and peak-rainfal! intensities. 

8. Acquisition of concurrent data on surface 
runoff and daily and peak-rainfall inten
sities. 

9. 	Collection and/or analysis of available daily 
evapotranspiration data and development 
of simple models for screening out the 
evaporation component of the ET losses, 
especially under incomplete crop cover and 
inadequate inputs of soil moisture. 

10. 	 Acquisition of data on progressive changes 
in relative transpiration in relation to rela
tive moisture availability. 
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11. 	 Testing of models on the accretion and use 
of effective rainfall. 

12. 	 Development of methodology for fitting 
crop types and crop phases to givenrainfall-distribution patterns, and use of the 

same for dryland-use planning to mitigate 
the influence of periodic variations in rain-
fall. 
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Research on crop Water Use and Drought 

Responses 41 East Africa 

J. Ian Stewart and Fred J. Wang'ati* 

Summary 

A research projectaimed at development of cropping sy,:ems for the marginal rainfall 
areas of Kenya is introduced, tope.U;;er with a brief review ofpertinent research in East 
Africa. The phrase "sequeitial r'-,3'rch on limiting factors" is used to characteriza the 
research concepts and approach taken in the project. A broad relationship between 
potentialyield ofmaize and energy available forgrowth, using Class-A pan evaporation 
as the integrator ofenergy, is fittedwithin the weatherpattern atKatumanito show yield 
potentials as related to planting dates at that site. 

Modification of yield potentials of Katumani maize by reducing plant population is 
shown next, using experimental data developed in the project. The final step, in two 
parts, consists ofestimating water requirements, which (like yieldpotentials) are related 
to evaporative conditions and modified by plant population, followed by arbitrary
assignment ofa "yield reduction ratio" which characterizes the relative yield loss rate of 
Katumani maize with increasing ET deficit due to insufficient rainfall. 

Nine water production functions are estimated, showing yieldexpectations at varying 
levels of ETA, for Katumani maize planted on three dates that accord with the rainfall 
pattern, and a: :hree plant populations on each planting date. The family of water 
production fun..ions offers clear guidance on optimal planting dates and plant 
populations in accordance with anticipated crop water supply. Crop yields are also 
predicted. 

it is concluded that development of water production functions of the type described 
fora number ofcrops suited .o a given area, together with development ofmethodology
forestimating expected crop water supply, wouldprovide the basis forsele.ting among
cropping alternatives, and 'ormulatingoptimal cropping systems from the technical 
standpoint. It would also provide the data required to carry out economic analyses,
which, when considered together with socialconstraints, could serve to modify final 
cropping system recommendations. 

Until the early 50s, the main effort in agricultural drier savanna regions. For these individual 
production and hence agricultural research in crops, therefore, the major limiting factors were 
East Africa was devoted to industrial crops like diseases and maintenance of soil fertility.
coffee, tea, cotton, and sisal. Tea presented no With the largo profits to begained from coffee 
problems as it is grown on fertile, well-watered production, farmers started to extend coffee 
highlands. Most coffee estates were also lo- production to the somewhat drier areas where 
cated in areas of sufficient rainfall, and simi- supplemental irrigation could be applied from 
lady, the lowland areas with high convective nearby rivers. At this point, the cost of such 
rainfall proved appropriate for cotton. Forthose irrigation was of little consequence and the 
expatriate farmers who could not get into the farmers applied quantities they judged 'from 
highlands, sisal proved well-adapted to the experience) to be adequate. As irrigatiofi costs 

increased, coffee farmers became interasted in 
better methods of irrigation control anc studies 

* 	USAIDJSDAJKARI research project, Muguga, and we initiated on the variation of soil moisture 
Kenya Agriculture Research Institute, Mugaga, in L% .ee plantations in relation to rainfall 
Kenya, respectively. (Pereira 1957). It was then soon realized that 
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total rainfall alone was not a sufficient criterion 
for determination of suitability of an area for a 
given crop, and intensive studies were initiated 
to estimate potential evaporation as an aid to 
the determination of effective rainfall or avail-
able water. The work of Penman (1948), 
Thornthwaite 1948), Blaney and Criddle (1950), 
and many others was therefore adopted in East 
Africa and a network of evaporation pans and 
agrometeorological stations was quickly estab-
lished. By the mid-1960s sufficient data had 
been accumulated to facilitate the production of 
the first maps uf potential evaporation (Penman 
Eo) for the whole of East Africa (Dagg et al. 
1970). 

While the hydrometeorological studies were 
in progress, it was recognized that crops did not 
necessarily transpire at the potential rates as 
defined by Penman (1948), and parallel re-
search work was set up to estimate the actual 
water balance of a field crop. This work would 
aid in determination of crop-water require-
ments. The recognition of the variation of 
crop-water requirement with stage of develop-
ment (ground cover and rooting depth) opened 
the way to a rational approach to the whole 
concept of matching crops, including long-
season crops like maize and sorghum, to envi-
ronments described by effective rainfall and soil 
water storage characteristics (Dagg 1965). 
These studies also had an impact on maize 
breeding in Kenya where breeders soon pro-
duced short- and medium-maturity maize va-
rieties to fit within periods of available water in 
different ecozones. The precision required in 
the water balance could not, however, be eisily 
achieved in monitoring field soil profiles, in 
spite of the improvements in techniques of 
soil-moisture measurements from gravimetric 
sampling through soil-moisture resistance 
units to neutron-scattering techniques. Re-
search work, therefore, started on the design 
and installation of weighing lysimeters (Glover 
and Forsgate, 1964; Forsgate et al. 1965). 

Successful development of a simple, inex-
pensive hydraulic weighing lysimeter has facili-
tated in the last ten years determination of crop 
water-use patterns for sugarcane (Blackie 
1969), maize and beans (Wang'ati 1972), tea 
(Dagg 1970) and, to a limited extent, bananas 
(Nkedi-Kizza 1973). Most of these experiments 
were, however, designed to provide general 
water-use patterns under conditions of opti-

mum soil-moisture availability and good soil 
fertility. The expectation was that if accurate 
estimates of growth stage-related crop-water 
requirements, ETM, could be related to the 
potential evaporation or atmospheric demand, 
Eo, which is a climatological parameter, then 
not only could crops be matched with effective 
rainfall, but also this would lead to a more 
rational determination of supplemental
irrigation requirements and hydrological impli
cations for changes in land use. 

Inrecent years, it has been recognized that for 
crop water-use studies to be meaningful, the 
yield response of the croptowaterdeficits must 
be known. Observations also showed that, for 
maize, severe water deficits at the fertilization 
and grain-filling stages resulted in marked yield 
reduction. The concept of crop water-use ef
ficiency, which combines studies of crop-water 
use and drought response, has thereforegained 
prominence, especially when deali,.g with 
selection of crops for adaptation to marginal 
rainfall areas. It is known that different varieties 
of a crop have varying degrees of drought 
tolerance in relation to survival and to yield 
reduction. Current and tuture reseirch is there
fore oriented to elucidating this phenomenon 
and its use in the development of cropping 
systems. 

The current project on development of crop
ping systems is aimed at rainfed crop produc
tion on small farms in the marginal rainfall 
areas of Kenya. It began in October 1977 and is 
being carried out by the Agriculture Rescach 
Department of the Kenya Agriculture Research 
Institute. Scientists and funding are being pro
vided in the initial years of the study by USAID. 
Details of the background, functioning, and 
goals of the project are set forth by Stewart and 
Wang'ati (1978). 

This omper utilizes asequence of sixfiguresto 
illustrate concepts and esearch approaches of 
the project.' The intent of the figures is outlined 
briefly here, after which they will be discussed 
in detail. Figures 1 and 2 show broad relation
ships between climate (available energy) and 
potential yields of cotton and alfalfa. Such 
relationships may be transferable from one 
place to another, even between countries. They 

1. Some symbols and definitions used are explained 
at the end of this paper. 
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are the starting point for development of site-
specific water-production functions to be used 
to guide crop management for optimal use of 
available water, and to predict crop yields in 
accordance with waterexpectations. Such func-
tions are illustrated in the final figure but first 
there are intermaxdiate steps to take. 
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Figure 1. 	 Yields of mid-July planted seed cot-

ton versus Sept-Nov sunshine 

hoursin theManagua-Granada area 

of Nicaragua, 1965-1973 inclusive. 
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Figure 2. 	 Broad correlation between rates of 
Alfaffa production andpan evapora-
tion. Well-managed first- and 
second-year stands with adequate 
water. Four climate zones, 11 years, 
six locally adapted varieties, 

Figure 3 combines data from a coordinated 
research effort at four sites in the western USA 
(Stewart et al. 1977a) with local data developed 
In the current project to suggest a climatic 
lEmitation on maize yields, applicable to the 
USA and East Africa and elsewhere. The au
thors wish to emphasize at this point that 
Figures 3, 4, and 6 represent research in prog
ress, and are thus primarily illustrative -i.e., 
they incorporate all available data and the
operative research concepts and assumptios, 
but are not presented as definitive in quantita
tive terms. 

Figure 4 illustrates the adaptation of the
broad relationship in Figure 3 to a specific site,the Katumani DiVIand Farming Research Sta-

Machakos 	District, Kenya. Three maize
experiments have been 	completed under the 
project, and fourth will be harvested in 
November, 1970. Figure 4 emphasizes the im

of planting date to potential yield. 

mined relationship between yield of "Katumanimaize" and plant population. Katumani maize, 

0 1975, Ft. Collins 
(frosts end season early) 

j] Katumani, planted 16 Nov 1977 
(nonirrigated some water dficit) 

o 	 1974, Logan 
(low soil fertility) 

12 1975, Davi s 
1974, 	Ft. Collins 1974, 

Davis 

R 8- 1975, Logan
 
-o Katumani, planted
E 6 -	 13 Mar78 

4-	 1974. Y 11a
 

2-
 (see text) 1975, Yuma 
0 / 	 O 

0123456789 
Class-A pan evaporation(Average mm/day during 120-day season) 

Figure 3. 	 Suggested climatic limitation on 
maizc yields, with weather integ
rated by class-A pan evaporation. 
Locally adapted maize hybrids, 
well-managed with adequate water, 
except as noted. 
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with maturity of 110-120 days, is a composite 
bred and selected in Kenya for marginal rainfall 
areas. Figure 5 emphasizes the important role 
plant population plays in determining yield 
potential in field plantings. 

Hopefully, by this time the approach being 
taken is becoming clear. It might be termed
"sequential research on limiting factors." In 
marginal rainfall areas, water i- commonly 
termed the most limiting factor. Our approach 
would place it instead as the final limiting factor 
in a succession of limiting factors - beginning 
with available energy, then becoming site 
specific in the form of planting date, then 
considering plant population, after which other 
factors are considered as required, e.g., soil 
fertility, salinity, weeds, pests and diseases, 
etc., and finally, water availability. At each step, 
all factors not yet considered are taken to be at 
the optimal level, 

11-
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Through consideratic, of all possible yield
limiting factors is beyond the scope of this 
paper. Figure 6 moves directly to the water 
factor. First it shows potentia! yields of Katu
mani maize planted in the Katumani area on 
three different dates at three different popula
tion levels. Next, relationships from recent re
search (Stewart 1972; Stewart et al. 1973; 
Stewart and Hagan 1973; Stewart et al. 1977) 
are used to calculate water requirements to 
attain potential yields in each of the nine crop
ping situations, and to suggest rates of decline 
of yield with declining water availability. In 
keeping with what was said in the preceding 
paragraph, all yield levels shown in Figure 6 
(including all points along the lines represent
ing inadequate water) are predicted on the 
assumption that fertility and other factors not 
evaluated are at levels which permit theyield in 
question to be produced. 
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Figure 4. Suggested effects of growing-season evaporative conditions on potential yield of 
Katumani maize, relative to planting date (Preliminary data. Additional study required). 
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Recommending a particular cropping system 
over others implies a knowledge of expec-
tations from each. Thus the key word is predic-
tion, the very essence of planning. Every plan-
ner predicts; probably every farmer who plants 
a crop bases that action on a prediction, al-
thouqh perhaps intuitively. Therefore our goal 
is not to change the system, but simply to 
sharpen it to gain a more quantitative prediction 
ability, 

Two types of models require development, 
One, when fed all the information on the envi- 
ronment and management proposed for aspeci-
fied crop, will simulate reality and predict the 
yield. The second model should be able to scan 
all feasible cropping alternatives, optimize 
each, and predict their yields, together with a 
package of management recommendations, 
Only the demands on (and therefore the 
mathematical procedures of) these models dif-
fer, the input requirements for both being the 
same. What is needed in the way of input are 
transferable relations quantifying genetically 
controlled crop responses to environment, and 

Katumani maize 
8- Y= -5.51 - .087X + 2.29 

0) 

.2 R' 0.70 

07 

site-specific measurements of the latter. Details 
of the needed relations and measurements will 
be developed with rfference to the figures in 
this papr,. 

Transforablia-h lations between 
Crops and Their Environment 

The most broadly applicable relationship, and 
the most readily quantified with available data, 
is that between energy available for photosyn
thesis and other biological processes and yield 
of a given crop species when managed with the 
best technology known. Recognition of such a 
relation in the tropics is made by Ciements 
(1094), who, in citing an earlier study (Clements 
1940), notes: "Despite similar soils, mean 
temperatures, and adequate moisture, differ
ences due mostly to the absorbed sunlight 
caused about doublethe growth of (sugar) cane 
in one area of Hawaii as compared with 
another." Such an observation, if valid, has 
far-reaching implications for the siting of sugar 
plantations and selection of crop technology. 
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Figure 5. 	 Maize grain yield versus plant population, at Katumani Drylands Farming Research 
Station, Kenya. Experimert planted 16 Nov 1977. USAIDIKARI Project: Cropping 
systems for marginal rainfall areas (Experimental conditions: High fertlity, nearly 
adequate water). 
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Figure 6. 	 Suggested family of Y vs ET func-

tions for Katumani maize planted on 

three dates at three plant popula-
tions. Water requirements, ETg (I 

maximum yield, YM vary greatly, 
but the yield reduction ratio, YRR, 

remains constant (see text). Illustra-
tive only. Research in progress. 

Cotton is produced unde, rainfed conditions 

in the Pacific Coast Region of Nicaragua. The 

volcanic soils of the area are generally fertile, 

well-drained, fairly deep, and of moderate to 

high water-holding capacity. Technology of 
at a high standard.production 	 is uniformly 

Fields are large and machine-worked, and fer

tilizers and insect sprays are applied routinely. 
controlled byProcessing and marketing are 

government, so yields are measured and pub
lished for each district individually bytheComi

sion Nacional del Algodon. 
It is generally believed that crop yields in the 

Managua-Granada area are often limited by 

water availability, and thefeasibility of develop
ing groundwater for irrigation of cotton and 

crops was under study by a UNDP team in 

1974. Acting as a consultant, I developed the 
findings in Figure 1,where, forthe 9-year period 

(1965-1973) average seed-cotton yields from 

116 growers in four districts in the Managua-
Granada area are plotted versus total sunshine 

hours during the 3 principal growing months, 
starting 6 weeks after planting. 

For 8 of the 9 years, 79% of the annual 
variation in cotton yields may be explained by 

sunshine hours. Only in 1972 was water clearly 

(Fig. 1). On the face of it, irrigation 
development would not appear warranted. 
However, the answer is not quite that simple. 

Some of the advantages of irrigation are 
kg/ha more seed cottonobvious. First, 1000 

should have been produced in 1972. Averaged 

over the 9-year period, that amounts to 111 

kg/ha per year. Next, irrigation would permit 

planting at a later date, extending the season 

into the dry period, which is less cloudy, hence 

gaining sunshine hours and yield. The figure 

shows the expectations for sunshine hours and 

corresponding yields for plantings in mid-July 
(present practice), mid-August, and mid-
September. Moving the planting date to August 

would increase yields some 400 kg/ha, and to 

September, another300kg/ha. Thefeasibility of 

this suggestion is already established by some 

fortuiate growers in the Chinandega area who 

have extremely deep soils with high water

holding capacity. They do plant later and re

ceive markedly higher yields. 
Disregarding irrigation, Figure 1 offers gui

dance as to the level of crop technology that can 

be economically applied to a cotton crop in the 

area in question. For example, it would be 

wasteful to fertilize at levels sufficient for 4000 

kg/ha, when 3000 is the upper limit of yield 

expected. 
Figure 2 shows a high correlation between 

daily production of alfalfa and daily rates of 

evaporation, each taken as seasonal averages. 
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Stewart and Hagan (1969a) show that, due to 
cycling of photosynthates out of root reserves 
in the early season and into the root system in 
the late season, the apparent fodder production 
per unit of evaporation is higher in spring than 
indicated in Figure 2, and lower in fall. The 
mid-season production and the total season 
average are as shown. 

Evaporation integrates a number of weather 
factors, the principal one being solar radiation. 
Others include temperature, humidity, and 
wind. The crop-water requirement is governed 
directly by the same factors, and for alfalfa 
averages approximately 0.85xClass-A pan
evaporation. The average includes recovery 
periods after cutting. Therefore, Figure 2 pro-
vides the information required for predictive 
estimates of production, water use, and water-
use efficiency in different climatic zones. 

Another point of interest concerning the data 
shown in Figure 2 is that six different varieties 
of alfalfa are represented in the 11 years of data; 
each is known to be "well adapted" to the local 
area. This suggests defining an adapted variety 
as one which, when given adequate water and a 
high level of management, produces at the 
maximum level of water-use efficiency that 
accords with the climate, 

Figure 2 implies that a full-cover stand of 
well-adapted and vigorously growing alfalfa 
does not become light saturated within the 
ordinary range of agricultural climates. This is 
not true of many crops; e.g., Stewart and Hagan
(1969b) report that wheat requires twice as 
much water to produce a yield in Texas, where 
evaporative rates are high, as it needs for the 
same yield in Montana. 

Maize, the most important food crop in 
Kenya and of great importance in much of the 
semi-arid tropics, is intermediate between al-
faifa and wheat in light-saturation value, ac-
cording to findings in 2 years of coordinated 
experiments (Stewart et al. 1977a). 

In Figure 3, yields of maize grain from the 
eight coordinated experiments are plotted ver-
sus the averace daily rate of Class-A pan evap-
oration during the seeson. Well-adapted hyb-
rids of similar maturity (-120 days) were grown
in each instance, with adequate water and the 
best management practices known, except 
where noted. All of these conditions are met in 
four of the eight experiments (Logan, Utah, 
1975; Ft. Collins, Colo, 1974; and Davis, Calif, 

1974 and 1975), which are linked by the solld 
line to suggest a practical upper limit to yield of 
medium-maturity maize varieties in climates 
represented by the evaporation rates shown. 
The line is extrapolated to lower evaporation 
zones, suggesting zero grain yield below ap
proximately 2.8 mm per day. 

The maximum yield reached is 12 000 kg/ha 
at the suggestad evaporation rate of about 7.5 
mm/day. Preumably this represents the situa
tion when light saturation occurs. Yuma,
Arizona is a special case, with evaporation rates 
averaging more than 9 mm/day and daily
maximum temperatures averaging 41.20 and 
36.80C during the pollination periods in 1974 
and 1975, respectively. Even the highest irriga
tion treatments applied failed to completely 
supply the water requirement. 

At Fort Collins in 1975, planing was delayed 
until 27 May by cold wet conditions. Frost then 
foreshortened the grain-fill ing and maturation 
period with harvest on 19 September. Yields 
were I-elow normal all over Colorado, as well as 
in the experiment. At Logan in 1974, phos
phorus fertilizer app!ications were limited, with 
the result seen in Figure 3. Thus the figure 
shows both an overall climatic limitation to 
yield, and the additional effects of inclement 
weather and deficiencies of water and fertiliz
ers. Effects of such negative yield factors will 
receive further attention later. 

Yields from two maize experiments at Katu
mani, Kenya, are fitted within the framework of 
Figure3. Thefirst experimentwas not irrigated, 
and falls below the potential yield line. The 
second experiment was irrigated, hence is fitted 
along the (extrapolated) line. The indicated rate 
of Class-A pan evaporation is 5.1 mm/day,
whereas that actually measured was 3.8. The 
ratio (3.8/5.1) gives rise to a factor of 0.75, 
occasioned by the fact that all evaporation pans
in Kenya are screened against birds and ani
mals. It may be noted that fe=toring of evapora
tion pans for differences such as screeninj, 
siting, etc., is an important goal of the project, 
not as yet accomplished. Later studies will 
provide the correct factor, but for purposes of 
illustration, 0.75 is accepted as reasonable. 

Other transferable relationships between 
crops and their environment must be narrowed 
to the varietal level and translated into relative 
values in orderto betransferred from onesetof 
conditions to another. Examples of such rela
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tions are (a)yield per unit land area versus plant 
population, and (b) yield versus crop water 
supply or ET, i.e., Y vs ET functions. Both of 
these relations are discussed later, along with 
site-specific measurements of the environment 
It will be demonstrated how the relative value 
relationships are returned to absolute values 
fitting the new circumstances. 

Environmental Measurements 
and Fitting of Transferable 
Crop Relations 

The first stop in making the peneral relationship 
expressed in Figure 3 site specific is to collect 
and analyze Class-A pan-evaporation records. 
Figures covering the past year at Katumani 
(30 Jul, 1977-29 Jul, 1978) are shown as daily 
averages for 10-day periods in Figure 4. This 
figure "looks ahead" at evaporation expecta-
tions during the 120-day growing season fol-
lowing any given maize-planting date one 
might consider. Based on the 120-day average 
evaporation rate, the potential yield of maize 
(derived from Fig. 3) is plotted directly above the 
planting date. The continuous dark line linking 
potential yield to planting date is developed in 
this manner, 

Figure 4 also includes the 20-year rainfall 
pattern from the nearby town of Machakos, 
compiled by Dr. H.M. Nadar, Agronomist in the 
project. Rainfall does not influence potential 
yield, but as the curves indicate, it is the key 
dcterminant of planting date in rainfed agricul-
ture. Farmer practico is to wait until the rains 
have definitely begun before preparing the 
seedbed and planting. In Figure 4, arrows are 
affixed to the potential yield line, showing 
normal planting dates which accord with the 
bimodal rainfall pattern. On these dates, a 
potential of 9100 kg/ha is suggested for the 
short-rain season, but only 5400 kg/ha in a 
long-rain-season, 

Because of the nearly complete dryness from 
June through September and early October, 
little flexibility exists in the short-rains planting 
date. However, if the land is fallowed or a 
short-term crop like beans is grown during the 
short rains, and weeds are controlled in January 
and February, then planting could in many 
years be accoiaplished with the lighter rains 
around March 1.This would increase the poten-

tial yield to 6700 kg/ha, while making better use 
of the rains to come in two ways. First, the rains 
in early March would not be evaporated during 
land preparation and lost to the crop, and 
secondly, the rains would effectively cease30 to 
40 days before crop maturity, instead of the 
usual 50 to 60 days. In other words, the chance 
of realizing the higher potential created by early 
planting is greater than that of realizing the 
lower potential associated with the normal 
planting date. 

Following the sequence described in the in
troduction, the next influence on potential yield 
that requires attention is plant population. Fi
gure 5 plots relationships found between yield 
and plant population in the first experiment 
planted at Katumani in November, 1977. Katu
mani maize and another shorter-maturity com
posite were tested, but only the former is of 
interest here. Irrigation was not available, but 
rainfall was above normal, and although water 
deficits occurred, they were not severe. There
fore, a strong response is seen throughout the 
range of plant populations tested. 

It is apparent that the optimal plant popula
tion for realizing the potential yield levels 
reflected in Figure 4 is in excess of 60 000 
plants/ha. This agrees with many published 
results from plant-population studies in the 
USA and elsewhere, using medium-maturity 
maize cultivars. Also, in agreement with other 
studies is the finding that the optimal leaf-area 
index (LAI) is well above3, indicated in Figure 5 
at a population of 51 000/ha. 

The current recommendation to farmers is to 
plant Katumani maize at a spacing of 30 cm in 
rows 90 cm apart, thus at 37 000 plants per ha. 
Few farmers actually plant this heavily, so the 
level of 17 000/ha has been selected for the 
example (Fig. 6). When yields at different popu
lations in Figure 5 are made relative to the 
maximum (yield at 60 000 + plants per hec
tare = 100%), we find yield at 37 000 plants/ha 
equals 73% of maximum and 39% at 17 000 
plants/ha. Assuming this relative-value re
lationship to be valid for Katumani maize 
whenever water is adequate (or nearly 
adequate), and other management factors are 
at high levels, we are now able to predict 
potential yields not only for different planting 
dates, but modified by plant population as well. 

Our final interest is in quantifying responses 
to drought of various intensities, and we have 
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already determined yield with no drought, i.e., 
yield when actual evapotranspiration, ETA, is 
equal to ETm, and the water requirement is 
satisfied. The first step is to quantitatively esti-
mate what the water requirements are when 
planting maize at Katumani on different dates 
and different populations. Many workers have 
shown close relationships between crop ET 
rates and evaporative conditions, with chang-
ingcoefficientsasthecropprogressesfromone 
growth stage to another. Doorenbos and Pruitt 
(1977) summarize much of this worK. 

We favor relation of maximum ET rates to 
Class-A pan evaporation, thus enabling estima-
tion of seasonal ETM and maximum yield YM 
from the same set of (pan) readings. If only a 
total figure for seasonal ETM is desired, a quick
estimate can be made for medium-maturity 
maize by summing Class-A pan evaporation 
expected in theseason, and multiplying by 0.65. 
rhis assumes a full leaf canopy, i.e., LAI equal to 
or greater than 3.0. When plant population is 
reduced to 37 000/ha, LAI = 2.2, and the water 
requirement will be reduced approximately 
10%. At 17 000 plants/ha, LAI = 1.0 and the 
reduction in water raquirement is approxi-
mately 30%. These relationships have been 
used to estimate values of ETm corresponding 
to the values of potential yield YM in Figure 6. 

The final transferable relationship governed
by crop genetics is the relative value Y vs ET
function. This function has been demonstrated 
to be linear in form for a number of crops,
including maize (Stewart et al. 1975), pinto
beans (Stewart et al. 1976), pink beans and 
cotton (Stewart et al. 1977), and light red kidney
beans and the new UC-82 A square-round
processing tomato (unpublished). 

Stewart et al. (1975) have defined the "Yield-
reduction ratio," or YRR, as the relative value 
slope of the Y vs ET function. It is percent
reduction in yield, divided by the percent 
evapotranspiration deficit, ETo. ETo in turn is 
defined as ETM-ETA. Therefore, %ETp=
ETr /ETmx 100. Stewart et al. (1977a) show that 
YRR is a varietal characteristic in maize, and 
reproduces itself in different environments 
even though ETM and YMmay be quite changed.

In Figure6, a valueot 1.2 has been assigned to 
represent YRR of Katumani maize, and all nine Y 
vs ET functions are drawn accordingly. As with 
other portions of this illustration, a definitive 
determination of YRR for Katumani maize has 

not yet been made, but the value of 1.2 is 
reasonable and suits the present purpose.

The completed figure comparises a family of 
Y vs ET functions useful for making decisions 
about optimal dates of planting and plant popu
lations, based on anticipated crop-water sup
ply, i.e., on ETA expected to result from available 
soil water in storage at planting time, plus
effective rainfall during the growing season. 
Having selected the practices to follow, the 
appropriate Y vs ET function provides an esti
mate of expected yield, again according to 
anticipated ETA. 

One note of caution is indicated in Figure 6 by
thecurved linecutting through all 9functions at 
approximately the points where ETA = 0.5 ETM. 
This is to indicate that the functional relation 
cannot be relied upon after EToexceeds 50% of 
ETM. With such severe deficits, especially if 
grouped in certain growth stages rather than 
being spread throughout the season, growth 
may become quite abnormal, and grain yield 
may plunge to little or nothing. Therefore, for 
example, Figure 6 indicates that the nine plant
ing options are viable if the water supply 
guarantees an ETA f 250 mm or greater, but 
only the lower five options are open if expected
ETA is 200 mm, and only the lowest two options 
if expected ETA is 150 Mm. 

Symbols and Definitions 

Adapted variety 
Any crop variety which, when given
adequate water and a high level of man
agement, will produce at the maximum 
level of water-use efficiency which accords 
with the climate. 

LAI
 
Leaf-Area Index; the area of leaf surface 
(one side only) per unit land area. 

YM 
Maximum yield is the expectation when 
water is adequate, limited only by available 
energy and plant population. The starting
points for Y vs ET functions, as plotted in 
Figure 6. 

ETM
 
Maximum evapotranspiration is that which 
occurs when the crop-water requirement is 
fully satisfied. YM is the corresponding yield 
expectation. 
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ETA 
Actual evaratranspiration, which may 
equal ETM if water is adequate, or may be at 
any lesser level if water is limited. 

ETDEvapotranspiration deficit, or ETM- ETA. 

To express intensity, may be given as a 
percentage of ETM. 

Eo 
Evaporation from an extensive free water 
surface (after Penman). 

Water-Production Function 
Any functional relation between crop yield 
and water. 

Y vs ET 
A water-production function showing crop 
yield varsus seasonal total evapotranspira
tion over the range from ETM downward. 

This single-valued function does not spe-

cifically consider the linkage of ET deficits 

with particular growth stages, hence it rep-
resents the highest yield expectation at any 
given seasonal ETD level, i.e., it assumes 
optimal timing of ET deficits. 

YRR 
Yield Reduction Ratio; the relative value 

slope of the Y vs ET function as it declines 
from ETM, Ym Percent reduction in yield per 
percent ETo. YRR for a given crop and 

variety is thought to be a genetic charac-
teristic, reproducible in different environ-
ments. It is also a measure of drought 
resistance -the lower its YRR, the more 
drought resistant the variety. 

References 

B	LACKIE, J. R. 1969. Lysimeter study ofthewater useof 
sugar at Aursha Chini, Tanzania. Record of research 
for 1968. East African Agricultural aid Forestry 
Research Organization. 

BLANEY, H. F., and CRIDDLE, W. D. 1950. A method of 
estimating water requirements in irrigated areas 
from climatological data. USDA Soil Conservation 
Service Technical Publication 96, Washington, DC, 
USA. 

CLEMENTS, H. F.1964. Interaction of factors affecting 
yield. Review of Plant Physiology, 15: 409-422 
(citing: Clements, H. F. 1940. Hawaiian Planters 
Record, 44: 201-233.) 

DAGG, M.1965. A rational approach to theselection of 
crops for areas of marginal rainfall in East Africa. 
East African Agricultural and Froestry Journal, 30: 
296-300. 

DAGG, M.1970. A study of the water use of tea in East 
Africa, using a hydraulic lysimeter. Agricultural 
Meteorology, 7: 303-320. 

DAGG, M., WOODHEAD, T., and RIJKs, D. A. 1970. 
Evaporation in East Africa. Bulletin of International 
Association for Scientific Hydrology, 15: 61-67. 

DOORENBOS, J., and PRUITT, W. C. 1977. Crop water 
requirements. FAO Irrigation and DrainagePaper 24 

(revised). Rome, ltaly:FAOIUN. 144 pp. 

FORSGATE, J., HOSEGOOD, P.H., and MCCULLOCH, S. G. 
1965. Design and installation of semi-enclosed hyd
raulic lysimeters. Agricultural Meteorology, 2: 
43-52. 

GLoVER, J., and FORSGATE, J. 1964. Transpiration from 

short grass. Quarterly Journal of the Royal 
Meteorological Society, 90: 320-324. 

NKEDI-KIZZA, P. 1973. A study of the coi sumptive use 
of water by the nakyetengo banana (Musa 
acuminate). M.Sc. thesis, Univ. Makerere, Kampala, 
Uganda. 217 pp. 

PENMAN, H.L.1948. Natural evaporation from open 
water, bare soil and grass. Proceedings Royal Sool
ety London Series A. 193: 120-145. 

PEREIRA, H. C. 1957. Field measurements of water use 
for irrigation control in Kenya coffee. Journal of 
Agricultural Science, 49: 459-466. 

STEWAR1", J. I., and HAGAN, R.M. 1969a. Development 
of evapotransiiration-crop yield functions for man
aging limited water supplies (alfalfa). Proc. Seventh 
Cong. of ICID. Mexico City, Mexico. pp. 23.505
23.530. 

STEWART, J. I., and HAGAN, R.M. 1969b. Predicting 
effects of water shortage on crop yield. Journal of 
the Irrigation and Drainage Division, American Soc
iety of Civil Engineers 95:11: 91-104. 

STEWART, J. I. 1972. Prediction of water-production 
functions and associated irrigation programs to 
minimize crop yield and profit losses due to limited 

179 



water. Ph.D. Thesis (unpublished). University of 
California at Davis. 195 pp. 

STEWART, J. I., and HAGAN, R. M. 1973. Functions to 
predict effects of crop water deficits. Journal of the 
Irrigation and Drainage Division, American Society 
of Civil Engineers 99:1R4: 421-439. 

STEWART, J. I., HAGAN, R. M., PRUITT, W. 0., and HALL, 
W. A. 1973. Water production functions and irriga
tion programming for greater economy in project
and irrigation system design and for increased 
efficiency in water use. U.S. Dept. of the Interior, 
Bureau of Reclamation Engr. & Res. Center Report 
14-06-D7329. Denver, Colo, USA. 164 pp. 

STEWART, J. I., MISRA, R. D., PRUITT, W. 0., and HAGAN, 
R. M. 1975. Irrigating corn and grain sorghum with a 
deficient water supply. Transactions of the Ameri
can Society of Agricultural Engineers 18(2): 270
280. 

STEWART, J. I., CUENCA, R. H., PRUITT, W. 0., HAGAN, R. 
M., and Tosso, J. 1977. Determination and utiliza
tion of water production functions for principal 
California crops. Calif. Contributing Proj. Rep.,
Western Reg. Res. Proj. W-67. Univ. of Calif. Dept. of 
LAWR, 26 p. 

STEWART, J. I., HANKS, R. J., DANIELSON, R. E., JACKSON, 
E. B., PRUITT, W. 0., FRANKLIN, W. B., RILEY, J. P., and 
HAGAN, R. M. 1977. Optimizing crop production 
through control of water and salinity levets in the 
soil. Technical Completion Report to the U.S. Dept.
of the Interior, Office of Water Research and 
Technology. Joint research by the Consortium for 
International Development (Univ. of Ariz.; Univ. of 
Calif., Davis; Colo. State Univ., Utah State Univ.).
Utah Water Research Laboratory Report 
PRWG 151-1. 206 pp. 

STEWART, J. I., and WANG'ATI, F. J. 1978. Studies on 
methods to stabilize and increase food crop produc
tion in the marginal rainfall areas of Kenya. Proceed
ings of the International Symposium on Arid Zone 
Research and Development Jodhpur, India. 20 pp. 

THORNTHWAITE, C. W. 1948. An approach toward a 
rational classification of climate. Geographical Re
view, 38: 55-94. 

WANG'ATI, F. J. 1972. Lysimeter study of water use of 
maize and beans in East Africa. East African Agricul
tural and Forestry Journal 38: 141-156. 

180 



Plant and Atmospheric Parameters in Water
 

Stress Studies 

M. V. K. Sivakumar and S. M. Virmani* 

Summary 

In order to improve water-use efficiency in productive agriculture, an understandingof 

the crop-water deficits and the controlling parameters is essential. Plant-water deficit 

that develops in any particular situation is the result ofa complex combination of soil, 
of waterplant, and atmospheric factors, all of which interact to control the rate 

absorption and water loss. 
Some of the important atmospheric and plant parameters that could be effectively 

used in quantifying water stress effects have been examined here. Net radiation, air 

temperature, vapor-pressure deficit, and wind speed are the atmospheric parameters 

that help in the description ofcanony microclimate and the localpotential for water loss 

atdifferent points inside theplant canopy. The action of and the interaction among these 

parameters, depending on soil moisture conditions, produce crop-water deficits and 

such deficits could be quantified, using plant parameters such as stomatal resistance, 
leaf-water potential, leaf area, and leaf temperature. 

It is essential to note that a feedback mechanism exists in the soil-plant-atmosphere 
continuum and hence the parameters described here should be examined from the 

holistic aspect and not in isolation. Such an examination should aid in unde, standing of 

the canopy-moisture environment. 

Semi-arid tropical areas are usually charac-
terized by low to very low precipitation with a 
marked seasonal variability. Water is the limit-
ing factor for agricultural productivity, and field 
crops suffer - at times severely - from water 

deficits in these areas. 
Any solution to climatological water deficits 

in a given area must be evolved by the de-
velopment of effective crops and techniques for 
soil and water management. Evaluation of 
crop-water stress is an important prerequisite in 
such studies. Effective evaluation of crop-water 
stress should consider the plant response to 
environmental conditions and characterization 
of these conditions. 

Review of the extensive literature on evalua-
tion of crop-water stress is beyond the scope of 
this paper. The purpose here is to discuss 
semiquantitatively the importance of various 

SM. V. K. Sivakumar is Agroclimatologist and S. M. 

Virmani i3 Prircipal Agroclimatologist and Prog-

ram Leader, Farming Systems Research Program, 
ICRISAT. 

plant and atmospheric parameters that may be 
useful in water-stress experiments, drawing 
upon only a few data to illustrate the points. 

Water Transfer in the Soil
Plant-Atmosphere Continuum 
(SPAC) 

In evaluating the relationship between moisture 
stress and plant response, it is necessary to 
consider how water deficits develop. A simple 
pathway of water transfer in the SPAC (Perrier 
1973) is presented in Figure 1. Water moves in 
responsa to a potential gradient. The rate of 
absorption of water from the soil is controlled 
by the efficiency of root systems, soil tempera
ture, concentration of soil solution, and free
energy status of soil moisture. 

When plant roots are in equilibrium with soil 
water and when soil moisture is at field ca

pacity, a base level of leaf-water status can be 

defined (Slatyer 1963). Assuming a low or 

near-zero evaporative demand situation (as 

happens during the night), losses of water are 
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Water vapor 
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- Leaf water - Leaf area 
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Stomatal regulation 
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Root suction 
1ivailable 

Available water supply 

Figure 1. 	Water transfer in the soil-plant-
atmosphere continuum (after Per-
rier 1973). 

minimal and leaf-water status will be near the 
level of equilibrium with the soil water. But 
under field conditions, several components 
(such as temperature, vapor-pressure deficit, 
wind speed, etc.)causeadecrease in the turgor 
pressureofupperleavesinthecropcanopyand 
an increase in the rate of transpiration. Transpi-
ration is also controlled by leaf area and struc-
ture and extent of stomatal opening. Transpi-
ration and the factors driving this dynamic 
process have an important influence on leaf 
temperatures. 

Assuming a near-complete crop cover, mois-
turestress istheresult of an imbalance between 
the supply furnished by soil water and the 
amount needed by the plant as influenced by
the atmosphere. 

The pathway of water transfer (Fig. 1) 
suggests several important atmospheric and 
plant parameters useful in water-stress studies. 
The discussion presented below is intnded 
primarily to evoke intarest *n these important 

in order to quantify water-stresseffects under field conditions. 

Atmospheric Parameters 

The process of transpiration may be physically
described in terms of a resistanceto : diffusive 
and turbulent vapor flux in the external air and a 
similar diffusive resistance that is the resultant 
of internal leaf geometry, including the stomata 
and (parallel to the latter) a resistance to the 
vapor diffusion through the cuticle (Raschke 
1956). According to the theory of turbulence, 
the upward flow of water vapor in air is equal to 
the product of the vertical gradient of vapor 
pressure and the rate of mixing as determined 
by wind speed. The important atmospheric 
parameters that control the rate of transpiration 
appear to 	 be air temperature, wind, vapor
pressure deficit, and the energy (net radiation) 

to the canopy. 

Air Temperature 
The response of individual plant physiological 
processes 	to changes in temperature are not 
well known because of the interaction among 
processes 	 and other environmental factors. 
Temperature response varies from crop to crop
and also from variety to variety within a plant
species. 

Temperatures in the hot arid and semi-arid 
climates are the highest in the world (Critchfield 
1966). The generally clear skies facilitate maxi
mum radiation in daytime and rapid loss of 
heat at night, causing wide diurnal ra,iges of 
temperature, which in summer may reach 20 to 
300C in hot areas. The photosynthetic process 
appears to become heat-inactivated at exces
sively high temperatures while respiration is 
not inhibited; the apparent photosynthesis de
clines rapidly under these conditions (Moss et 
al. 1961). 

The harmful effect,; of excessive tempera
turesareusuallyaggravatedbylackofavailable 
moisture. Hotdrywindswillfurtherincreasethe 
damage. The yield of grain sorghum is ad
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versely affected by high temperatures occur-
rin, atflowering (Skerman 1956). The reduction 

to be due to highin grain set was found 
temperatures. Atmospheric temperature af

fects transpiration through its influence on leaf 
and hence un leaf-water-vaportemperature 


pressure (Kramer 1969). 

Stegman et al. (1976) showed that the 

change,. in the xylem sap pressure (leaf-water 
potential, as measured with a pressure bomb) 
to the available soil moisture are dependent on 
air temperatures (Fig. 2). At any given available 
soil-moisture level, an increase in the air temp-

erature from 15.6 to 37.8°C resulted in a de-
creased leaf-water status as reflected by in-
creased xylem sap pressures. Using the regres-
sionrelationshipsofleaf-xylernpressureversus 
ambient air temperature and available soil-
moisture level, allowable root-zone moisture 
depletion limits (expressed in % as 100 minus 
available moisture) were computed (Table 1). 
Wide ranges in allowable depletion limits are 

maize model, forshown for 	each crop. The 
example, predicts that at 37.80C ambient air 
te perature no soil moisture could be allowed 
to be depleted below 100%. At 26.70C,40% soil 
moisture could be depleted; at 15.60C, the 
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Figure 2. 	 Correlation between xylem pres-
sure of sugarbeet leaves and soil 
moisture at three ambient air temp-
eratures (after Stegman et al. 1576). 

xylem sap 	pressure is not likely to attain the 
astimated critical level until the available soil 
moisture is depleted to 8%. 

Vapor Pressure Deficit
 

rhe influence of air humicity on grv,,vth of 
pla:its has often been und.restimated (Went 
1957). Even with sufficient water supply, low air 

humidity is one of the causes of daily water 
deficit ana ;L -tht they may have e 

perrmianent and irreversible influence on the 
turn maystructure of i;.af surfaces which in 


influence the internal factors affecting transpi
ration (Slavik 1970).
 

Thevapur pressure of the bulk air is the actual
 
of the air which is a direct
vapor pressure 

indicator of the moisture content of the air. As 
air temperawJre changes, the relative humidity 
changes, even though the actual moisture con

of the air 	 remains the same. Relativetent 

humidity therefcre is meaningless in itself
 
when considering transpiration. Vapor
pressure deficit (VPD) - often used as an indi
cator of atmospheric-moisture content- is 

likewise not of much value in itself unless the 

leaf and air temperatures are identical. If the leaf 
temperature increases, the vapor pressure in
side the leaf also changes and this increases the 
vapor-pressure graoiont from leaf to air. The 
increase in transpiration from murning to 
midafternoon is due to this increase in leaf-air 
vapor-pressure deficit. 

Jarvis (1976) described the tanctional rela
tionship between s~omatal cor'luctance and 
leaf-water potentials at a given leaf-air vapor
pressure difference (Fig. 3). It is apparent that 

stomatal conductance rates are usually higher 
at low vapor-pressure deficits. An increase in 

the vapor-pressure difference at a given leaf
water potential reduces stomatal cond'wtance. 

From the data of controlled cabinet experi
ments with Trifolium repens, Lawlor and Lake 
11976) showed that 23% of the observed var
iance in stomatal conductance could be attri

buted to changes in leaf-water prtential and 
variance could be a.ributed to36% of the 

leaf-air vapor-pressure difference. They have 

concluded 	 ,'hat leaf-air vapor-pressure differ
ence was at least as important as leaf-water 
potJntial in controlling stomatal conductance. 
Work on detached leaves of maize (Raschke 
1970), and whole plants of maize (Schulze et al. 
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1972) showe;j *he effects of ambient water-
vapor concen ;tionr on s!,.,natal conductance. 
Idle (1977) showed that higher values of water-
vapor 	density deficit caused lower conduc-
tance. 

Be 0. 

.50 
1.0 

0.25 	 -rounding 

E 0 	 -2 -10 
Leaf-water potential (MPa) 

Figure 3. 	 Relation between stomatal conduc-
tance and leaf-water potential at 
three iovels of vapor pressure dif-
ference (0e) (after Jarvis 1976). 

Raschke (1976) points out that even at higher
relative water content of leaves, dry air may 
cause the epidermis to lose water more rapidly
than it can be replaced from within the leaf
which 	he believes would result in a narrower 
stomatal aperture than would be the case in
moist air.The ability of the leaves to cool, evapora
tive mechanisms would be restricted when 
relative humidity is high or when vapor
pressure deficit is low, because the air surthe leaf wou~d tend to be more satu
rated with water vapor than on days with low 
humidities or high VPD. Thus, thermal stress 
coufd be imposed on the leaves. 

Wind Speed 
Of -the atmospheric parameters, wind is the 
most complex in its effect on transpiration and
is generally least understood. Theorer,,;al and
leaf-model work by Monteith (1965) and Gates 

Table 1. Regression estimates of allowable root-zone soil moisture depletion. 

Estimated Estimated allowable depletions limits
critical at each temperature levela 

leaf xylem 
pressure Ambient air temperature *CCrop (bars) 37.8 32.2 26.7 21.1 15.6 

Carrlngton site- Heirndal loam 
Sugar beets 
Corn 
Potatoes 
Pinto 

-12 
-12 
-10 
-11.5 

0 
0 
0 
0 

0 
36 
0 

23 

Percent 
42 
65 
44 
69 

81 
85 
77 
91 

97 
95 
94 
99 

Average 0 15 55 84 96 
Oakes site- Maddock sandy loam 

Sugar beets 
Corn 
Potatoes 
Soybeans 
Alfalfa 

-12 
-12 
-10 
-12 
-14 

0 
0 
0 
0 
0 

17 
29 
0 
29 
25 

Percent
43 
60 
44 
56 
64 

63 
80 
89 
75 
86 

78 
92 
99 
87 
97 

Average 0 20 53 79 91 
- Root zone depletions at which leaf xylem pressure islikely to exceed the estimated critical xylem pressure. Adepletion limit of

10% means the remaining avaliable moisture percentage Is90. 
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(1968) showed that an increase in wind speed 
m;1. increase or decrease transpiration or have 
no effect, depending on the temperature and 
vapor-pressure differentials between leaf and 
air, concomitant changes in leaf-boundary-
layer resistance, and variations in internal leaf 
resistance. 

If the saturation deficit of the air exceeds that 
at the surface of the leaf, transpiration rate will 
increase with wind speed; transpiration rate 
will be independent of wind speed when the 
deficit is same; and transpiration will decrease 
with increasing wind speed if the deficit at the 
leaf surface is greater than in the air (Monteith 
1965). 

Gates (1968) :-as pointed out the close link 
between transpiration and leaf temperature, the 
latter adjusting the balance of the energy 
budget. If the air is warmer than the leaf be-
cause the radiant energy absorbed by the leaf i3 
low, an increase in wind speed will increase leaf 
temperature by forced convection. Hence the 
water-vapor pressure or concent'ation at satu-
ration within the leaf will also increase, 
thereby increasing the driving force for transpi-
ration. It can be expected therefore, that in-
creased water use with increase in wind speed 
will be most apparent under cloudy skies, high 
temperatures, and low humidity. 

Ifthe leaf is warmer than the surrounding air 
because of considerable absorpion of radiant 
energy, an increase in wind speed will cool the 
leaf by convection. Water-vapor pressure will 
then decline *n the leaf, reducing the leaf-air 
vapor-pressure difference. If this reduction is 
greater relative to the reduction in total resis-
tance caused by the reduced external resis-
tance, transpiration rate and hence water use 
will decrease with increasing wind speed. 

Obviously, as Monteith and Gates have 
shown, there will be times when wind causes a 
change of boundary resistance wh'ch is ba
lanced by achange of vapor pressure within the 
leaf, resulting in change of wind speed having 
relatively little effect on transpirational rate. 

Lomas and Lewin (1977) illustrated the 
hypothetical response of wheat, millet, and 
cotton to stomatal closure when submitted to 
two rates of wind speed. The ratio of mesophyl; 
resistance (r,) to boundary layer resistance (r) 
must be greater than 2 to obtain improved 
water-use efficiency from stomatal closure (at 
an air temperature of about 260C). The results 

are presented in Table 2. 
The values of rmare taken from the literature 

(Slatyer 1970) and the values for r.computed 
from the numerical relation ra = 3.4 /(b/u), 
where b is the leaf width (cm) and u is the wind 
speed (cm/sec). 

It can be observed that while wheat will 
benefit under al! conditions from stomatal 
closure- reducing its transpiration to a 
marked degree without affecting its 
assimilation-this will happen in millet and 
cotton at relatively high wind speeds only. At 
low wind speeds the assimilation rate in both 
crops will be reduced by stomatal closure at 
least as much as by transpiration. 

Net Radiation 

Net radiation is of basic importance in de.-'rib
ing the physical environment of the crop sZnce it 
represents, among other things, the energy 
available for growth. Knowledge of the spatial 
distribution of net radiation in a crop canopy 
can provide us with information about the 
possible magnitudes of evAporation, transpira
tion, and photosynthesis as well as information 
about the regions within the crop canopy which 
are most active in these processes (Denmead et 
al. 1962). 

In the absence of advected energy, potential 
evapotranspiration is determined by net radia
tion. Measurements of the energy budget at 
several locations indicated that in the tropics 
and in the middle latitudes, 80 to 90% of the net 
radiation is consumed in evapotranspiration. 
The lower values of 80 to 850% are probably 
correct, because a small amount of advected 
energy exists, even in humid climate (Chang 
1968). 

Table 2. 	 Effect of the relative magnitude of 
aerodynamic and mesophyll reael
tances on the water-use efficiency. 

ra. r., 
rmn (U= 10 cm/(U= 100 cm/ 

Crop (sec/cm) sec) sec) rm/r,r, 
Wheat 3.0 1.08 0.34 2.:.8 8.82 
Millet 0.9 1.08 0.34 0.82 2.65 
Cotton 2.6 3.40 1.08 0.77 2.41 
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Under conditions of high water availability a 
close correlation between net radiation and 
evapotranspiration (ET) was noted. Tanner 
(1957) showed that lysimeter-determined ET 
was highly correlated with net radiation over an 
alfalfa-brome hay field and over maize in Wis-
consin. Decker(1962), however, suggested that 
net radiation is partitioned preferentially to 
latent heat more than to sensible heat. Only 
where this is true can net radiation be used to 
estimate ET. 

Pruitt in California (1960) has shown that net 
radiation and evaporative flux are generally 
close, but ETconsistently exceeds net radiation 
during late afternoon, apparently due to con-
vective heat transfer from air to evaporative 
surfaces. Pruitt (1964) also reports that net 
radiation and ET are in generally good agree-
ment on a yearly basis at Davis, but that condi
tions of advection and low relative humidity 
cause ET to greatly exceed net radiation over 
short periods, 

In the presence of advected energy, the po-
tential maximum ET may well exceed net radia-
tion. Grable et al. (1966) reported a maximum 
ratio of ET and net radiation of 1.31 at Gunnison, 
Colorado. It appears, therefore, that ET cannot 
be approximated from net radiation alone in 
arid regions. Instrumentation to measure sen-
sible heat flux might help detect advective 
energy into a crop canopy and explain the 
observed variations in net radiation and ET. The 
energy balance of a surface can be determined 
from the relation: 

Rn-S = LE + A (1) 
where 

Rn is the net radiation, 
S is the soil heat flux, 
LE is the latent heat flux, and 
A is the sensible heat flux. 

If LE > (Rn-S), sensible heat (A) has been 
drawn from the air and consumed in evapora-
tion. This effect (consumption rather than gon-
eration of sensible heat) has often been consi, 
dered prima-facie evidence of advectin 
(Rosenberg et al. 1968). 

In the investigations of water-loss factor, 
measurements of net radiation were widely
used. Yao and Shaw (1964) have shown that 
differential maize spacing results in net radia-
tion differences which are in part reflected in 

water use from plots. Working with different 
row spacings of corn plants, Aubertin and 
Peters (1961) suggested that knowledge of total 
net radiation and the area planted in the crop 
should enable estimation of total water re
quirement of the crop. 

Sivakumar et al. (1978) reported that the 
difference in the transpiration rates between 
nonirrigated and irrigated sorghum could be 
explained by the integrated values of net radia
tion. Diurnal pattern of net radiation forthe two 
treatments is shown in Figure 4. Integrated over 
the day, the net radiation in irrigated sorghum 
could account for more than 0.5 mm of higher 
transpiration over the nonirrigated sorghum. 

Plant Parameters 

The status of water in plants represents an 
integration of atmospheric demand, soil-water 
potential, rooting density and distribution, and 
other plant characteristics (Kramer 1969). 
Therefore, to obtain a true measure of plant
water deficit,the measurement should be made 
on the plant. Important plant parameters that 
could be used to characterize water stress 
appear to be stomatal resistance, leaf-water 
potential, leaf area, and leaf temperature. 

Stomatal Resistance 
Intensive studies (Troughton 1969; Boyer 
1970b; Slatyer 1970) have provided evidence 
that observed reduction in net photosynthesis 
with increasing stress can be completely attri
buted to stomatal closure until severe stress 
exists. The similarity of the effect of water stress 
onthe rates of transpiration and photosynthesis 
(Brix 1962) and the close relationship between 
oscillations of photosynthesis and transpiration
(Troughton 1969) both point to a dominant 
stomatal control on transpiration. The effect of 
depletion and replenishment of soil water on 
transpiration, as regulated bytheleaf stomates, 
is of specific importance to water use and its 
efficiency in crop production. By for" ng air 
through the leaf at constant rate to overcome 
the effects of change in stomatal resistance 
accompanying changes in leaf-water deficit, 
Mederski et al. (1975) concluded that inhibition 
of net C02 assimilation with increasing leaf
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Figure 4. Diurnal variation over an irrigated and nonirrigated sorghum canopy on 20 Dec 1977 
(after Sivakumar et at 1978). 

water deficit is a consequence of an increase in 
diffusive resistance to gas exchange. 

Sivakumar and Shaw (1978a) showed that 
stomatal conductance (reciprocal of stomatal 
resistance) showed a linear response to 
changes in soil-water potential. When evapora-
tion from the soil is negligible, the transpira-
tional resistance of a crop may be close to the 
compound parallel resistance of alithe leaves in 
the canopy. When the mean leaf resistance and 
the leaf-area index in each canopy layer are 
known, meaiicanopy transpiration resistance 
can be calculated. 

The relationship between canopy transpira-
tional resistance and soil-water potential for 
soybeans described by Sivakumar (1977) is 
plotted in Figure 5. Soybean canopy offers 
considerable resistance to transpiration as the 
soil-water potential approaches - 10 bars. This 

is probably related to visible wilting associated 
with high moisture stress in the field. 

Sivakumar and Shaw (1978b) showed from 
the diurnal pattern of stom;-tal conductance in 
the canopy that stomatal conductance was 
influenced bythe time of the day and by canopy 
depth. Under conditions of adequate water 
supply, the stomata opened early in the morn
ing and remained open until about 1600 hours. 
With decreasing irradiance thereafter, the 
stomatal conductance showed a rapid drop. 
Under water-deficit conditions, stomata were 

open only for a short period of 2 hours in the 
morning, partially open until 1400 hours, and 
then closed completely thereafter. It appears 
that when the soil is dry, leaf conductances drop 
considerably to restrict transpiration. 

An extended drying cycle decreases the 
stomatal conductance of water vapor and of 
C02. With the decreasing supply of C02 to 
photosynthetic sites, it is reasonable to expect a 
decrease in photosynthetic activity to reduce 
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Figure 5. 	 Mean canopy transpirational resis
tance as a function of soil-water 
potential during the growing sea
son (after Sivakumar 1977). 
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the rate of dry-matter accumulation. Sivakumar completely halted by a drop of leaf-water poten
and Shaw (1978a) showed that relative growth tials to about -4 bars in sunflower (Boyer
rateof soybeanswas closely related to stomatal 1970a), -7 bars in maize (Acevedo ot al. 1971),
conductance. The indirect effect of loss of tur- and -12 bars in soybean (Boyer 1970a).
gidity on the regulation of stomatal conduc- Leaf-enlargement rate as a function of leaf
tance and hence on net photosynthesis is evi- waterpotential is plotted in Figure 7 (Sivakumar
denced by the reduced growth rates. Mainte- and Shaw 1978c). It appears that leaf enlarge
nance of higher stomatal conductance should ment is closely related to leaf-water potential. A 
be possible through effective water
management practices, leading to higher 20- Y= -5.17+0.86(X)
 
growth rates.
 

tance could be used as an ffective indicator of . -16-

water stress because of its close relationship . , • 

o°
 
0 * 

with soil-water potential and growth rates. - 1•2 
00
 

Laf-Water Potential 0.0
 
-

e r l8L 	e aP of -We tia t 
00 

The water potential of plant tissue has become a -4
standard means of expressing plant-water re
sponse. For example, Johnson et al. (1974) _J
 

reported that the rates of net photosynthesis 0
 
and transpiration of ring leaves and ears de-
 -2 -4 -6 -8 -10 -12 -14
creased linearly with creasing leaf-water po- Soil-water potential (bars)
 
tential. Brady et al. (1374) reported that estima
tion of plant-water potential is a possible aid in 
 Figure 6, Response of leaf-water potential to
irrigation scheduling. changes insoil waterpotential (after

According to Slatyer (1969), the level of Sivakumar and Shaw 1978a).

plant-water potential and hence of internal
 
water deficit is influenced by two main factors: 

1. level of soil-water potential, and 	 e 

2. 	 diurnal lag of absorption behind transpira
tion. ! 30
 

In 	turn, each of these is influenced by other E 
factors, both environmental and physiological. 0

C2
The response of leaf-water potential to .2
 

changes in soil-water potential are plotted in 
Figure 6 (Sivakumar and Shaw 1978a). When 0 

soil-water potential decreased, leaf-water po- -0 
tential also decreased. The relative scatter of _• 

leaf-water potential at any given soil-water 
potential is at least partially due to the different 
atmospheric evaporative demand conditions 0"
 
prevailing during the observational days. -4 -8 -12 -16 -20 

Boyer (1970a) showed that as leaf-water po- Leaf-water potential (bars)
tentials decreased, leaf enlargement was inhi
bited earlier and more severely than photosyn- Figure 7. Leaf-enlargement rates for soy
thesis or respiration. This fact suggests that beans as a function of leaf-water 
minimal leaf turgor must be present before pote itial (after Sivakumar and 
rapid leaf enlargement will occur. Growth was Shaw 1978c. 
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major decrease in leaf enlargement occurred leaf-water potential from emergence to sampl
near -8 bars, and at a leaf-water potential of ingdate. Amaximum relativeyield of 1.0 intheir 
- 12 barsthe growth was completely halted. In i investigations corresponded to an average sea
constant-environment chamber, Boyer (1970a) sonal leaf-water potential of -11 bars. When 
found that enlargement was 25% of the ob- the seasonal leaf-water potential averaged 
served ma&imum at -4 bars; at -12 bars, the -15.0 bars, relative yield was reduced to 0.6. At 
leaf enlargement dropped to zero. Soybean -21.0 bars, the relativeyield was only 0.1 that of 
plants under field conditions are more adapted the yield associated with the - 11 bar seasonal 
to moisture stress and this appears to be the average. 
reason why 25% of the observed maximum 
enlargement occurred at -8 bars leaf-water lea Area 
potential as against -4 bars reported by Boyer 
(1970a). Shawcroft et al. (1970) suggested that leaf-area 

In greenhouse studies, Jordan (1970) ob- could be used as a plant parameter to evaluate 
served that although potentials determined by water status of a crop under field conditions. 
pressure-chamber technique represent only in- Very little research has been done in this area 
stantaneous values, these values can be corre- because of the tedious work involved in 
lated with growth response. The relation bet- measuring leaf-area. Recent developmerts in 
ween leaf-water potential and relative growth leaf-area integrators, however, have eased the 
rates of soybeans presented by Sivakumar and task of measuring leaf-area. If leaf-area meters 
Shaw (1978a) is plotted in Figure 8. There is a are not available, one can use simple empirical 
considerable scatter around the regress ion line equations (Sivakumar 19/8) to predict leaf-area. 
but the trend shows that relative growth rates Sivakumar and Shaw (1978c) showed that 
increase as leaf-water potentials increase. Ob- leaf-area distributions may be used to describe 
served reduction in growth rates with low water-stress effects on canopy dev6lopments. 
leaf-water potentials could have been brought For example, leaf-area distribution with canopy 
about by increased respiration rates a~sociated height for stressed and nonstrevsed soybeans 
with increased plant temperatures and reduced is presented in Table 3. Analysis of variance 
photosynthetic rates resulting from reduced showed that there were significant differences 
C02 intake. in leaf-area index between the treatment for all 

Stegman and Bauer (1977) shovied that rela- canopy layers except the 15- to 30-cm layer. 
tive root-drymatter yield accumulation from Nonstressed soybean plants showed a larger 
emergcnce to each sampling datein sugarbeets leaf-area index in the top layers than did the 
was related to the corresponding average stressed plants. Soybcans under moisture 

stress showed higher leaf senescence, and 
hence lower area index values, in the lowest 
canopy layers. 

Using the change in average leaf-area (leaf
7 VY= 9.57 + 0.53X area/number of leaves) per p!ant over a period 

R2=70 Sy.x=l.9 of 7 days, Sivakumar and Shaw (1978a) de
veloped an index termed "rate of leaf-area 

4- expansion." Rate of leaf-area expansion 
2 showed that at low soil-water potentials, the cm 	 3
o 	2leaves show very little expansion (Fig. 9). In izct 

2- the rate of expansion shows negative values 
_ 1 because of the onset of senescence brought 

Ir 0 .. about by higher water deficits. Gandar and 
-6 -8 -10 -12 -14 -16 -18 Tanner (1970) observed that, over the growing 

Leaf-water potential (bars) season, diminisheda;'o r.,largement caused by 
short periods of water icits could result in a 

Figure 8. Relative growth rate ofsoybeans as substantial reduction in ; .!leaf growth. 
a function of leaf-water potential Because leaf-area is an important factor in 
(after Sivakumar and Shaw 1978a). carbon assimilation, it follows that changes in 

189 



Tabe 3. Leaf-arm index (leaf area/unit land am.) different sortlof thecropcanopy forutressed 

and nonatreeeed soybean&. Each obseatlon Is the man of 40 plants. 

Canopy depth (cm) from the top 

Stressed soybeans 
Days after 
planting 0-15 15-30 30-45 45-60 60-75 

71 2.1 1.0 0.4 0.2 
78 1.9 1.2 0.7 0.2 
85 1.5 1.2 0.8 0.4 0.1 
92 1.5 1.2 1.1 0.5 0.1 
99 1.4 1.0 0.8 0.5 0.2 

106 1.3 0.9 0.6 0.2 
111 1.1 0.8 0.6 0.2 0.2 

leaf-arGa are related to changes in growth rates. 
Relative growth rates of soybeans were related 
to the index, rate of leaf-area expansion. The 
decrease in growth raics with the rate of leaf-
area erpansion was linear. Sivakumar and 
Shaw (1978a) observed that since the rate of 
leaf-area expansion showed as good a correla-
tion with soil-water potential and growth rates 
as leaf-water potential and stomatal conduc-
tance, it appears to be one of the potential plant 
parameters which could be used to quantify 
water-deficit effects. 

Leaf Temperature 

Plant-leaf temperatures are controlled by radi-
ational, convectional, and transpirational 
energy-exchange processes. When the dispari- 
ty between transpiration and absorption of 
water increases, leaf-water deficits develop. 
Subsequently stomata close, transpiration de-
creases, and leaf temperatures rise. !t was 
shcwn that transpiration reduces leaf tempera-
ture considerably (Gates 1968; van Bavel and 
Ehler 1968). Miller et al. (1971) reported that leaf 
temperatuJre and relative water content were 
highly correlated, stating that difference in 
temperatures of leaves similarly exposed is a 
sensitive indicator of plant-water stress. Myers 
(1970) also suggested that crop temperatures 
may be used as an estimate of moisture stress. 

The environmental stress imposed on a leaf 
could be better explained by considering the 
difference between leaf temperature and air 
temperature - the leaf-air temperature differ-
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Nonstressed voybeans 

Total 0-15 15-30 30-45 45-60 60-75 Total 

3.7 2.2 1.1 0.7 0.5 - 4.5 
4.0 2.4 1,2 0.9 0.6 0.3 5.4 
4.0 2.3 1.2 1.2 0.9 0.5 6.1 
4.4 2.1 1.5 1.2 1.1 0.6 6.5 
3.9 1.7 1.4 1.2 1.0 0.5 5.8 
3.0 1.7 1.2 1.1 0.7 0.4 5.1 
2.9 1.4 1.0 0.3 0.5 0.4 4.1 

ential. Ehler and van Bavel (1967) showed that 
this differentia! i!4 strongiy related to soi!-water 
availability (Fig. 10). Six days following irriga
tion, on 20 July, leaf temperatures were consid
erablybelowairtemperaturesthroughoutmost 
of the 24-hourperiod. But on 13 July, just before 
irrigation, leaf temperatures in the dry soil 
remained above air temperature essentially 
from dawn to dusk; in late afternoon, they rose 
to as much as 5 degrees C above air tempera
ture. This effect was explained to be a direct 
consequence oi the diminished rate of transpi
ration due to the significant stomatal closure. 
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Figure 9. Rate of leaf-area expansion ofsoy
beans as a functicn of soil-water 
potential (after Sivakumar and 
Shaw 1978a). 
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Figure 10. 	 Hourly average of leaf temperature minus air temperature (2m above the canopy) 
before irrigF tion on 13 July 1965 and after irrigation on 20 July 1965 in Arizona, USA 
(after Ehrl&r and van Bavel 1967). 

Carlson et al. (1972) observed an increase in NSDD =Z"(Tc- T,)n (2) 
leaf-air temperature differential corresponding n- T( 
to a decrease in relative water content, again a An expression relating evapotranspiration 
direct consequence of stomatal closure and (ET) to net radiation (Rn) and Te-Te was de
reduced rate of evapcrative cooling. Clark and veloped: 
Hiler (1973) suggested that leaf-air temperature 
differential could be used as an indicator for the ET = Rn - B (To- Ta) (3) 
stress-day factor. 

Jackson et al. (1977) were ableto successfully where B is a composite constant determined by 
describe the water status and requirements of a using daily values of ET from the lysimeter and 
durum wheat crop by using plant canopy temp- daily values of Rnover the lysimeter. Measured 
eratures obtained with portable radiation ther- water depletion and calculated ET using Equa
mometers. Air temperaturos measured at 150 tion 3 agreed reasonably well. 
cm above the soil surface were subtracted from It appears that leaf-temperature measure
the canopy temperatures to obtain the canopy ments, when obtained in conjunction with other 
air temperature differentials (Tc-T.). The atmospheric parameters such as net radiation, 
summation of Tc- Ta over time yielded a factor air temperature, and wind speed, could be 

termed the "Stress Degree Day" (SDD). effectively used to characterize water stress. 

191 



References 

ACEVEDO, E., HSIAO, T. C., and HENDERSON, D. W. 1971. 
Immediate and subsequent growth response of 
maize leaves to changes in water status. Plant 
Physiology, 48: 631-636. 

AUBERTIN, G. M. and PETERS, D. B. 1961. Net radiation 
determinations in a corn field. Agronomy Journal 
53: 269-272. 

BOYER, J. S. 1970a. Leaf enlargement and metabolic 
rates in corn, soybeans and sunflower at various leaf 
water potentials. Plant Physiology, 46: 232-235. 

BOYER, J. S. 1970b. Differing sensitivity of photosyn-
thesis to low leaf water potentials in corn and 
soybean, Plant Physiology, 46: 236-239. 

BRADY, R.A.,POWERS, W.L.,STONE, L.R.,andGOLTZ, S. 
M. 1974. Relation of soybean leaf-water potential to 
soil water potential. Agronomy Journal, 66: 795-
798. 

BRix, H. 1962. The effect of water stress on rates of 
photosynthesis and respiration in tomato plants and 
lolbolly pine seedlings. Physiologia Plantarum, 15: 
10-20. 

CARLSON, R. E., YARGER, D. N., and SHAW, R. H. 1972. 
Environmental influences on leaf temperatures of 
two soybean varieties grown under controlled irri-
gation. Agronomy Journal 64: 224-229. 

CHANG, JEN-Hu. 1968. Climate and agriculture. An 
ecological survey. Chicago, USA: Aldine P:Jl. 

CLARK, R. N., and HILER, E. A. 1973. Plant measure-
mento as indicators of crop water deficit. Crop 
Science, 13: 466-469. 

En-CRITCHFIELD, H. J. 1966. General climatology. 
glewood Cliffs, NJ, USA: Prentice-Hall. 

DECKER, W. L. 1962. Precision of estimates of evapot-
ranspiratiun in Missouri climate. Agronomy Jour-
nal, 54: 529-531. 

DENMEAD, O.T.,FRITSCHEN, L.J.,fandSHAW,R.H. 1962. 
Spatial distribution of net radiation in a corn field. 
Agronomy Journal 54: 505-510. 

EHRLER, W. L., and VAN BAVEL, C. H. M. 1967. Leaf 
diffusion resistance, illumination and transpiration. 
Plant Physiology, 43: 208-214. 

GANDAR, P. W., and TANNER, C. B. 1976. Leaf growth, 
tuber growth and water potentid in potatoes. Crop 
Science, 16: 534-538. 

GATES, D.M. 1968. Transpiration and leaf tempera
ture. Annual Review of Plant Physiology, 19: 211
238. 

GRABLE, A. R., HANKS, R. J., WHILLHITE, F. M., and 
HAISE, H. R. 1966. Influence of fertilization and 
altitude on energy budgets for native meadows. 
Agronomy Journal 58: 234-237. 

IDLE, D. B. 1977. The effects of leaf position and water 
vapor density deficit on the transpiration rate of 
detached leaves. Annals of Botany, 41: 959-968. 

JACKSON, R. D., REGINATO, R.J., and IDSO, S. B. 1977. 
Wheat temperature: A practical tool for evaluating 
water requirements. Water Resources Research 13: 
651-656. 

JARVIS, P. G. 1976. The interpretation of variations in 
leaf water potential and stomatal conductance 
found in canopies in the field. Philosophical Trans
actions of Royal Society of London Series B. 273: 
593-610. 

JOHNSON, R. R., FREY, N. M., and Moss, D. N. 1974. 
Effect of water stress on photosynthesis and trans
piration of flag leaves and spikes of barley and 
wheat. Crop Science, 14: 728-731. 

JORDAN, W. R. 1970. Growth of cotton seedlings In 
relation to maximum daily plant-water potential. 
Agronomy Journal 62: 699-701. 

KRAMER, P. J. 1969. Plant and soil water relationships:modern synthesis. New York, NY, USA: McGraw-
Hill. 

LAWLOR, D. W., and LAKE, J. V. 1976. Evaporation rate, 
leaf water potential and stomatal conductance in 
Lolium, Trifolium and Lysimachia in drying soil.
Journal of Applied Ecology, 13: 634-646. 

LOMAS, J., and LEWIN, J. 1977. Water use efficiency of 
maize and its response to some physical parameters
of the environment. In Agrometeorology of the 
maize (corn) crop. WMO No. 481, Geneva, Switzer
land, World Meteorological Organisation. 

MEDERSKI, H. J., CURRY, R. B., and CHEN, L. H. 1975. 
Effects of irradiance and leaf water deficit on net 
carbon dioxide assimilation and mesophyll and 
transport resistances. Plant Physiology, 55: 594
597. 

MILLER, A. A., JENSON, R.E., BAUER, A., and NORUM, E. 
B. 1971. Influence of atmospheric and soil environ
mental parameters on the diurnal fluctuations of 
leaf water status of barley. Agricultural Meteorol. 
ogy, 8: 93-105. 

192 



MONTEITH, J. L. 1965. Evaporation and environment. 
In The State and movement of water in living 
organisms: Symposium of the Society of Experi-
mental Bilogoy, 19: 205-234. 

Moss, D. N., MUSGRAVE, R. B., and LEMON, E. R. 1961. 
Photosynthesis under field conditions. II. Some 
effects of light,carbon dioxide, temperature and soil 
moisture on photosynthesis, respiration and trans-
piration of corn. Crop Science, 1: 83-87. 

MYERS, V. I. 1970. Soil, water and plant relations. 
Pagei 253-297. In Remote sensing: with special 
reference to agriculture and forestry. Washington, 
DC, USA. National Acad. Sci. 

PERRIER, A. 1973. Quelques orientations de Ia station 
de bioclimatologle (Versailles). In Agroclimatology 
in the semi-arid areas south of the Sahara WMO No. 
340, World Meteorological Organisation, Geneva, 
Switzerland. 

PRUITT, W. 0. 1960. Correlation of climatological data 
with water requirement of crops. Dept. of Irrigation, 
University of California. Davis, CA, USA. (mimeog-
raphed.) 

PRUITT, W. 0. 1964. Evapotranspiration - a guide to 
irrigation. California Turfgrass Culture 14: 27-32. 

RASCHKE, K. 1956. Uber die Physikalischen. Be
ziehungen Zweischen Warmeubergangsahl, 
Strahlungasaustausch, Temperatur und Transpira- 
tion eines Blattes. Planta 48: 200-238. 

RASCHKE, K. 1970. Temperature dependence of C02 
assimilation and stomatal aperture in leaf sections 
of Zea mays. Planta 91: 336-363. 

RASCHKE, K. 1976. How stomata resolvetheir dilemma 
of opposing priorities. PhilosophicalTransactions of 
Royal Society of London Ser. B. 273: 551-560. 

ROSENBERG, N. J., HOYT, E. H., and BROWN, K. W. 1968. 
Evapotranspiration, Review of Research. Univ. Neb-
raska, Agr. Exp. Stn., MP-20 Lincoln, Nebraska, USA. 

SCHULZE, E.D, LANGE, 0. L., BUSCHBOM, U., KAPPEN, L., 
and EVENARI, M. 1972. Stomatal responses to 
change in humidity in plants growing in the desert. 
Planta 108: 259-270. 

SHAWCROFT, R. H., LEMON, E. R., and STEWART, D. W. 
1970. Estimation of internal crop water status from 
meteorological and plant parameters. Pages 449-
459. In R.0. Slayter (ed.) Plant re-oonse to climatic 
factors. Proc. Uppsala Symposium. UNESCO, Paris, 
France. 

SIVAKUMAR, M. V. K. 1977. Soil-plant-water relations, 
growth and nutrient uptake patterns of fielk-grown 
soybeans under moisture stress. Ph.D. dissertation, 
(unpublished), Iowa State Univ. Ames, Iowa, USA. 

SIVAKUMAR, M. V. K. 1978. Prediction of leaf area index 
in soybean. Annals of Botany, 42: 251-253. 

SIVAKUMAR, M. V. K., and SHAW, R. H. 1978a. Relative 
evaluation of water stress indicators for soybeans. 
Agronomy Journal 70: 619-623. 

SIVAKUMAR, M. V. K., and SHAW, R. H. 1978b. Stomatal 
conductance and leaf-water potential of soybeans 
under water stress. Iowa State Journal of Research, 
54: 17-27. 

SIVAKUMAR, M. V. K., and SHAW, R. H. 1978c. Leaf 
response to water deficits in soybeans. Physiologia 
Plantarum, 42: 134-138. 

SIVAKUMAR, M. V. K., SEETHARAMA, N., SARDAR SINGH, 

and BIDINGER, F. R. 1978. Water relations, growth 
and dry-matter accumulation of sorghum under 
post-rainy season conditions. Agronomy Journal 
71: 843-847. 

SKERMAN, P. J. 1956. Heat waves and their significance 
in Queensland's primary Industries. Arid Zone Re
search, 11: 195-198. 

SLATYER, R.0. 1969. Physiological significance of in
ternal water relations to crop yield. Pages 53-88 in 
Physiological aspects of crop yield. eds. J. D. Eastin 
et al. Madison, Wis, USA: Am. Soc. Agron. and Crop 
Sci. Soc. Am. 

SL,,TYER, R.O. 1970. The effect of internal water stress 

on plant growth, development and yield. Pages 
177-191 in Plant response to climatic factors, ed. R..SaerPocdigofUsaaymsu.
U. Slatyer. Proceedings of Uppsala Symposium. 
UNESCO, Paris, France. 

SLAVIK, B. 1970. Transpiration resistance in leaves of 
maize grown in humid and dry air. Pages 267-269in 
Plant response to climatic factors. Proceedings of 
Uppsala Symposium. UNESCO, Paris, France. 

STEGMAN, E. C., SCHIELE, L. H., and BAUER, A. 1976. 
Plant water stress criteria for irrigation scheduling. 
Tranoactions of the American Society of Agricultural 
Engineers, 19: 850-855. 

STEGMAN, E. C., and BAUER, A. 1977. Sugarbeet re
sponse to water stress in sandy soils. Transactions 
of the American Society of Agricultural Engineers, 
20: 469-477. 

193 



TANNER, C. B. 1957. Factors affecting eval'oration 
from plants and soil.Journal of Soil and Water Con
servation, 12: 221-227. 

TROUGHTON, J. H, 1969. Plant water status and C02 
exchange of cotton leaves. Australian Journal of 
Biological Science, 22: 289-302. 

VAN BAVEL, C. H. M., and EHRLER, W. L. 1968. Water 
loss from a sorghum field and stomatal control. Ag
ronomy Journal, 60: 84-86. 

WENT, F. W. 1957. The experimental control of plant 
growth. Waltham, MA, USA: Chronica Botanica. 

YAO, A. Y. M., and SHAW, R. H. 1964. Effect of plant 
population and planting pattern of corn on water 
use and yield. Agronomy Journal 56: 147-152. 

194 



Session 4
 

Interdisciplinary Research Needs
 
of Agroclimatological Studies:
 

Modeling, Approaches
 
and Minimum Data Set
 

Chairman: R. C. McGinnis Rapporteur: S. J. Reddy 
Moderator 
and Discussant: M. B. Russell 



Interdisciplinary Research Needs
 
of Agroclimatological Studies: Modeling
 

Approaches and Minimu;' Data Set
 

A. K. S. Huda, M. V. K. Sivakumar, and S. M. Virmani* 

Summary 

Agricultural production is primarily dependant upon crop variety, soil, weather and 
management practices. Crop weather models are useful in quantifying the response of 
specificproduction factors singly or incombinations on crop growth and development 
These models could be used as research tools in planning alternative strategies for 
cropping, land use and water management practices for a range of agroclimatic 
situations. Several other advantages ofcrop weather models are discussed in this paper. 
The various approaches used in crop growth, development and yield mudels are also 
described. These approaches could be generalized as regression, physiological and 
combination type. The merits and demerits ofeach of these approaches are discussed. It 
is believed that a dynamic crop growth and development modeling approach that 
utilizes input data on crop, soil and weather will be suitable to initiate the modeling 
studies at ICRISA T. It seems desirable to test the existing sorghum model (SORGF) 
developed byArkin et al, (1976) at Texas for adoption in the SAT rather than developing 
new models. It is suggested that collaborative multilocation trials should be initiated to 
help overcome the location specificity problem. This needs an interdisciplinary ap
proach involving the voluntary participation ofspecialists from different disciplines and 
institutions. Emphasis has been given in this paper to identify a minimum data set that 
needs to be collected from each center. It is hoped that data collected from these 
multilocation trials will be useful in developing and testing models that have wider 
applications. 

Soil, water, and climate have a pervasive responses in terms of cropyields often become 
influence on crop production in the semi-arid highly specific to a particular location, 
tropics. Development of improved production genotyp;., management, and time. Therefore, 
technology to increase and stabilize food pro- there is an urgent need to develop an under
duction in these aroas requires amore complete standing for the quantification of the response 
and quant;tative understanding of the time and functions of specific environmental factors on 
spatial variations of these natural resources and te growth, physiologist! bhehavior, ind yield of 
the manner and degree to which they influence crops. Such data can be used to develop models 
crop growth and productivity, to predict crop yields on small and large scs!r's. 

Quantification of the phasic development For carrying out modeling exercises, results 
(phenology) of plants as influenced by climate from diverse experimental sites with acommon 
is not simply a heat sum problem in the general or standardized set of treatments and a 
sense, but is influenced by daylength, water minimum set of observed data on crop, man
deficit or excess, carbon dioxide supply, nut- agement, soil, and m tcorological factors is 
rient deficits, etc. Due to the effects of these required. Our search for data crops of inon 
factors singly and in combination, thetreatment terest to us and grown under semi-arid tropical 

conditions showee, that few stch research re
ports exist. In most cases adequate information 

Farm'ng Systems Research Program, ICRISAT. on crop, soil, and management treatments is 
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available butlittle, if any, microclimatic data are 
available. Reports on weather elements are 
generalized. We believe groclimatologists
have a very important role to play in this 
interdisciplinary effort. 

In the dry semi-arid tropical areas, due to the 
characteristic distribution of the natural en-
dowments (soils, and climate), location spec-
ificity is strongly exhibited in terms of crop-
growing environment. Crop-growth models 
may be useful in planning alternative strategies 
for cropping, land use, and water management.
To economists these are helpful in cost benefit 
ratio analysis. Definition of genetic characteris-
tics of crops may enable plant breeders to 
develop crops "tailored" to different climatic 
and physiographic conditions. According to 
current evidence, minor modifications of crops 
or microclimate within the realm of our current 
biological and technological capabilities could 
markedly increase crop productivity. Crop-
growth simulation modeling could substan-
tially assist in an improved management-
decision process for crop production, and in 
delineating the potentially most rewarding 
areas for agricultural research. 

Type of Models 

The various approaches used in crop growth, 
development, and yield models are not easily
summarized. Lack of agreement between re-
searchers on how to summarize or categorize 
previously reported approaches is readily appa-
rent and is not consistent between or even 
within disciplines, 

Newman (1974) distinguished basically be-
tween two modeling approaches: modeling
based on mathematically formulated relation-
ships with empirical constants when necessary 
("deterministic approach"), and modeling in-
volving some type of statistical-regression 
technique for fitting empirical relationships be-
tween climatological variables and crop-
production statistics ("stochastic approach"), 
Jensen (1975) categorized models into three 
types: statistical models, state-of-the-art 
physiological models, and statistically based 
crop/weather soil-moisture models. Baier 
(1977) suggested three categories of models on 
the basis of data source, predominant purpose 
of the model and its potential application. The 

models proposed were crop-growth simula
tion, statistically based crop-weather analysis 
models, and multiple-regression moaels. Three 
categories of Models wero also suggested by 
Shaw (1977): mathematical or statistical, where 
a predictive equation is probably the primary 
interest; a biological or physical model where 
an explanation of why events occur and how 
they affect growth and/or yield (importance of 
each parameter) is as important or more impor
tant than the final predictive equation; and 
combinations of these two. 

Thus it is apparent that many different ap
proaches have been utilized by researchers 
depending on their needs, sources of data, and 
experience. It follows that anyone attempting to 
add to the knowledge in this area must deter
mine which approach might best serve his 
objectives. 

One of the problems with statistical modeling 
is that the assumptions in the reeession model 
are often not met. Regression analysis uses a 
least-square tec iniqu eand as such will give -fit 
minimizing the sum of squares. The few obser
vations that depart significantly from most ai 
the data may be the points having the greatest 
information (drought or high-rainfall years), but 
will generally not be as well fitted. Many sets of 
data may show asignificant trend over s period 
of years, but once this factor is put into a 
regression equation it may force a relatively 
good fit, regardless of whether it is actually
associated with other independent variables or 
confounded with independent variables al
reac'y used. 

Physiologicalmodelstakeamoredeterminis
tic mathematical approach and shoulc help1 

explain how various parameters interact. For
 
this reason, they should be useful in identifying
deficiencies in our knowledge. On the other 
hand, it is difficult to apply these models to a 
large area because of data-base requirements.
Some of these models are very complex in that 
they attempt to reconstruct the vital processes 
of the plant step by step. "here is a limit to 
complexity; beyond this linit it ceases to be 
useful, parlicularly ifaccurate yield forecasts for 
large areas are desired. 

Therefore, a combination approach could be 
more useful irn the crop-growth-development 
and yield-modelng studies. The scientific em
phasis perhaps ought to be not on the question 
of amodel's uniquoness or even on howclosely 
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its predictions fit a particular set of data, but on 
the clarity with which discrepancies between 
model predictions and experimental data might 
lead to profitable new inferences. 

Itshouldberememberedthatmodelingisfnot 
a substitute for experimentation, but it may 
provide a more rational basia for experimenta-
tion. We need detailed sound and comprehen-
sive experimentation as a basi.q for devising 
models, as well as for supplying the necessary 
parameters and for validating (or refuting) their 
results. Reciprocally, such results can help 
economize experimentatiun by showing where 
it is needed most. 

Advantages of Modeling 

Modelirng of plant growth and development has 
a number of potential advantages, as outlined 
by Thornley (1976). 

* 	A mathematical basis for hypotheses ena-
hies progress towards a quantitative un-
derstanding of plants and their responseto 
environment, 

* 	 An attempt at model construction can help 
in pinpointing areas where knowledge ai'd 
.ata are lacking. 

* 	 Modeling can stimulate new ideas and 
experimental approaches. 

0 	 Modeling may lead to a reduction in the 
am unt of ad hoc experiment3tion, enabl-
ing design of experiments which answer 
particular questions and discriminate bet
ween alternative hypotheses. 

* 	Compared with traditional methods, mod-
els often make better use of data (which are 
becoming increasingly precise but more 
expensive to obtain), 

* 	 Information on different aspects of plant 
growth can often be brought together, 
providing a unified picture and sometimes 
a valuable stimulus to collaboration and 
team work. 

* 	A model frequently provides a convenient 
data summary. 

* 	 Models can give a method for interpola-
tion, extrapolation, and prediction. 

0 	 A successful model may be used to 
suggest priorities for applied research and 
development and, if used cautiously, to aid 
the crop manager in making decisions. 

Current Status of Modeling 

A great deal of modeling work has been di
rected to individual processes involved in crop 
growth and development such an modeling 
evaporation (Ritchie 1972), photc, .nthesis 
(Duncan et al. 1967), respiration (Baker et al. 
1972), water balance (Bair and Dyer 1978), 
probability of occurrence of particular weather 
events (Virmani et al. 1978), technological effecf 
(Thompson 1969), etc. Growth-simulation 
models are available for corn (Splinter 1973), 
soybean (Curry et al. 1975), cotton (Stapleton et 
al. 1973), alfalfa (Miles et al. 1973), wheat 
(Rickman et al. 1975), and sorgh,;m ;Arkin et al. 
1976). Few, if any, crop-gro,.ith models are at 
present being used (or management 
decision-making, they a,e primarily research 
tools. 

One of the major problems in modeling work 
is the specificity exhibited by a particular model 
with respect to crop and location. Modeling 
scientists are much concerned about this prob
lem. (Suggestions are sought from participant 
scientists regarding remedial measures for 

weovercoming this problem.) At this time, 
visualize that a multilocation experiment could 
be useful. A variety of climatic, crop, and soil 
environrnients can be obtained by using few 
SAi bench-mark locations as experimental 
sites. Data from these areas could be pooled 
and mathematical and statistical analysis 
employed to build a model with (probably) 
wider applications. 

Suggested Approach 

We believe that dynamic crop-growth modeling 
will suit our purpose. In this kind ,nfapproach, 
the inputs to the model include the crop, soil, 
and weather factors affecting crop yields. 
Physiological data enable the model to identify 
plant traits, including such parameters as leaf 
number and leaf area; environmental data, 
such as daily weather variables, allow the mod
eled plant to produce a specific response to its 
surroundings. Examples would include the rate 
at which the plant grows and develops; data on 
row spacings, plant populations, etc. relate the 
modeled plant to surrounding field community. 
In most cases daily ET and PET are .;alculated 
and these are ,jsed for generating a water 
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balance. Wherever open-pan data are available, 
these could be used directly as a measure of Eo 
or PET. 

In crop-weather modeling, where we are 
dealing with the biological system, the model 
should have the capability of updating the 
computation at any point in the growing sea-
son, i.e., a feedback 	capabifty. This would 
represent a very important feature in its opera-
tional application, in which the development of 
a field crop is observed through the growing 
season (Maas and Arkin, 197). The basic crop
growth model should, however, simulate the 
growth, development, and yield. 

Proposal for a Multilocation
Experiment 

We are keen on getting your suggestions re-
garding the minimum amount of data to be 
collected to derive the growth, development, 
and yield model for sorghum. Arkin et al. (1976)
suggested the following Input data for the 
sorghum model. 

Table 1. Input data required for a sorghum-
simulation model. 

Plant Data 
Lebf number- total number of leaves produced 
Leaf Prea - maximum area of each individual leaf 

(cm 2) 
Planting data 

Planting date, month, day, year 
Plant population (plants/ha) 
Row width (cm)
Row direction (degrees) 

Climatic data (daily, from planting to maturity)
Maximum temperature (°C)
Minimum temperature (°C) 
Solar radiation (ly/day) 
Rainfall (cm/day) 

Soil data 
Available water-holding capacity (cm)
Initial available water content (cm)

Location data 
Latitude (degrees) 

Shaw(1963) utilized Class-A pan-evaporation 
data instead of solar radiation for the Iowa corn 
model. We have not come across work where 
these were compared for tropical areas. Utiliza-

tion of Class-A pan data has the advantage that 
most of the meteorological serv!ces have re
corded it for fairly long periods. It integrates
meteorological factors (radiation, temperature, 
humidity, and wind) which mainly cause evap
oration. 

We feel there is a need for interdisciplinary 
research for crops in the semi-arid tropical 
regions. We propose the following experiment 
for your consideration and discusson. 

Table 2. Proposal for multilocational experi
ment. 

Cp 	 :Sorghum 
Varieties 	 One to three (depending 

upon availability of cultivars; tolerant, inter

mediate, and rusceptible
to drought). 

Treatments Two to four moisture re
gimes
 

Replications Three
 
Met data collection Daily solar radiation
 

Pan evaporation
Rainfall 
TemperatureCrop data :Dry weight at important
phegcats ta 	 t
phenological stages LAI,leaf number, light intercep

tion, and days to flowering. 
Soil data 	 Moisture characteristics 

Depth 
Initial moisture and final 
moisture 
Moisture at itw other 
stages during growing 
season. 

Location 	 Some SAT locations 

Conclusions 

Generation of a suitable crop-production
technology for increased and stabilized crop
production in the seasonally dry semi-arid 
tropics - spread over large areas characterized 
by a variety of agroclimatic conditions - needs 
a thorough understanding of the soil-plant
atmosphere continuum. Often experiments in
volving one or two treatments give excellent 
single-factor response functions, but with the 
addition of afew essential variables could give a 
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holistic explanation. Hence it is essential to 
identify a minimum data set required for an 
integration of different response functions in 
the simulation of plant growth and development. It isobvious that interdisciplinary studies 

agrtItIsobv oistandociatt 
involving agroclmatologists, crop
physiologists, soil physicists, and crop 
simulators would go a long way in such an 
understanding. 

Multilocation experiments now being prop 
osed could help us include a wide variety of 
agroclimatic situations in a single model and 
would aid immensely in our efforts to overcome 
the problem of location specificity. 
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Bilan Hydrique ot Pdriode Fr quentielle 

do Veg6tation 

P. Franquin* 

REsumd 

S'il fait appel a un modale stochastique, le blan hydrique est tr6s codteux. A condition 
qua l'dchantillon pluviomdtrique soit assez important,une solution est de se contenter 
de faire I'analysestatistIque des sorties. Mais le bilan hydrique est encore trascodteux 
parce qu'il restitue une information gdndralement tr~s spdclalisde, dont le champ 
d'applicationest donc forcdment limito. Une solution a cet inconvdnient consiste 6 
dtablirun modtleprobabiliste de (a pdfrode de v#gdtation,mod lequl int gre ensemble 
des caractoristiques de climat at des caractoristiques de sol, permet dotendre les 
rsultatsdune simulation de bilans hydriques de rensemble des cultures, des sols at 
des pratiques culturales d'une r6gion couverte par une mame station climatique. 

Un Model. do Bilan Hydrique 

Les pluies sont toujours aldatuires, meme en 
regions humides. Et comma un d~ficit, un exc~s 
d'eau pout btre tros dommageable pour Ia 
culture, meme en regions arides, en particulier 
dans Ia pratique de l'irrigation compldmentaire 
aux pluies. Pour rendre compte du caract~re 
aldatoire des ressources en eau, un modble de 
bilan hydrique devrait tro de nature stochas- 
tique. Mais un syst~me stochastique s'accom-
moderait mal d'un pas de temps de 5, 7 ou 10 
jours, parce qu'iI n'y a pas independance des 
distributionsiefrdquencesdespluiesentredes 
intervalls de temps aussi courts: il y a un effet 
de persistance. De plus, gdndrer des pluies au 
hasard Apartir de 73, 52 ou 36 distributicns de 
frequences (sur une annde enti~re) - qui pIL." 
est, compte tenu de Ia persistance- serait trbs 
lourd et extr~mement ondreux. Or, pour servir 
reellement, un programme de bilan hydrique 
dolt tre d'un usage aussi peu cot3teux quo 
possible. Ce sera le cas avec un rnodble ddter-
ministe qui rendra les m~mes services qu'un 
modble stochastique pourvu quo I'6chantillon 
pluviomotrique soit suffisamment important. 

*Director, Central Scieptific Service, ORSTOM, 
Bondy, France. 

L'analyse statistique est alors applique aux 

sorties, au lieu de I'btro aux entrdes. 

Cost ainsi qu'a 6t6 congu ORBVCR, celul des 
modbles de bilan hydriquedo I'ORSTOM qui est 
adaptd aux regions a tendance aride. Dons 
ces rdgions, les cultures partent en vegetation 
sur un sol dont le profil, dsseche plus ou moins 
profonddment avant le retour des pluies, va se 
rdhumecter progressivement vers l bas. Pour 
simuler ce processus de r6humectation, on 
compartimente habituellement le sol en reser
voirs qui s'alimentent en cascade. Mais, encore 
ici, leproceddesttropondreux. Laseuioorigina
lit de ORBVCR, par rapport A ce genre de 
modules, c'est de faire appel A un syst~me 
extr~mement simple de simulation de Ia re
humectation progressive. 

Pour le reste, ORBVCR use de Ia relation 
d'Eagleman pour le calcul de I'dvapotranspira
tion r~elle (ETR). Con~u dans l'optique d'un 
niveau technique de I'agriculture relativement 
6levd, le systbme ne prddit Ia ruisselle quo pour 
Ia partie des fortes pluies qui est on excbs de Ia 
capacite maximale de mise en rserve (RU). II 
permet encore le d6part du bilan I date fixe ou h 
partird'unepdriodede5,7 ou l0jourstotalisant 
une hauteur de pluie donnde, compte tenu ou 
non d'une certaine quantito d'eau presente au 
d~part. Dos quantitds d'eau d'irrigation Adates 
fixes peuvent btre ajoutoes aux pluies. Enfin lo 
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systme est muni do coefficients de r6glage considbredes6v6nernentsclimatiquesvalables
parmettant de I'amener b s'ajuster au mleux A dans tous les cas, comma par example les
des donnoes d'observation des variations de instants oa se recoupent (Graphique 1) lesI'humiditd du sol. courbes d'6vapotranspiration potentielle (ETP) 

at de pluviom6trie (P). Mais surtout, en lulP od Fr nteconf6rant l'expression frdquentielle, laquellede Fr6quentleI permattra do cholsir un niveau de risque ondo Vgtation rapport avec tout problbme sp~cifique. 

Si le bilan hydrique est d'usage ondreux, c'est P(R)
aussi parce qu'il restitue une information 
6labor~e, forcgrnent sp~cialisde, dont le champ 
d'application sera donc mains tendu quo celul 
d'une information plus rudimentaire. En termes 
do simples hauteurs de pluie, on approchora, au 
mains dans un premier temps, tous les prob
lamos do nature hydrique qui so posent a 
I'agriculture; l'impact d'un bilan hydrique dtabli 
pour un cultivar do cycle de v6g6tation defini, 
sem bAune 6poque ddtermin6e sur un sol de 
caractdristiques hydriques donndes, sora par 
contre n~cessairement lus 6trait. 

Jne solution, pourtant,permetdeg(ndraliser
b 'ensemble des cultures, des sols at des -B----B '
 
opdrations culturales d'une rdgion couverte par F M A M J J A S2 0 N
 
une m~me station climatique, les rdsultats
 
d'une simulation de 
 bilans dtablis pour une Graphique 1. Une relation g6ndralisde entre
srie suffisamment longue d'arnndes. Cotte sol- la pluviomdtrie et 'dvapotrans
ution passe par la notion de "pdriode froquen- piration.
tielle de vdgdtation."

Ce dernier concept r~pond a l'int6rdt de r6- Cette expression fr~quentielle de la p(riodeduire a une seule expression, aussi synth6tique de vdgdtation s'inscrit dans un systbme de qua possible, la relation entre climat at produc- coordonndes dont l'axe des abscisses est celui
tion, ne serait-ce d'ailleurs qu'en raison des dutemps, l'axedesordonnesdtantunechelle 
difficultds quo soulbvent les probabilit~s com- de frdquences relatives. Dans ce systeme, la
posdes. L'expression synthdtique la plus variabilit6 de chacun des dvdnements remarachev~e, parce qu'elle intogre tous les 6lments quables qui caractdrisent la pdriode de v~g~taqui participant a ia production, est la "pdriode tion pout OtrG figurde (Graphique 2A):
de vdgdtation." Or, tandis que cette entit6 in
t~gre de faqon continue ces m~mes 6h6ments, • par un histogramme de frdquences con
son traitement statistiquenepeutprocderque struit sur un intervalle do temps de 10de fagon discontinue: notamment, on ne con- jours, par example.
siddrant, dans son deroulement, qu'un certain e par un polygoneintgraldefrquences renombre d'6vbnements remarquables. latives, ou une courbe sigmoidale de prob

C'est un 6vdnement remarquable pour. le abilitos totales si N'Achantillon est assez
dscoupage, dans le cycle annual, de la pdriode important pour Otre reprosentatif de la
de v(gtation, tout dvdnement, climatique ou population gindrale.
ph~nologique, dont l'int6rbt r6pond 6 un objec
tif. IIpourra doncy avoir, on un m~me point, La pdriode de v~gtation sera donc jalorin~e
autant do pdriodes de v~gtation en partie de distributions de frdquences (histogra nmesdifforentes qua de projects sp6cifiques. Pour- mais surtout sigmoides) qui, prises . A 2,tant, il est possible de donner 9 cette entitd successivement ou non, d~limitent desrationnelle un caractbre de g~n~ralit6 si l'on p6riodes at sous-pdriodes. Soit, par example, 
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es 6vdnements D(debut) et F(fin) de Iapdriode leas operations c'u calendrier cultural, avec leurs 
n:onsidErEe: la sigmdide D donne leas probabi- chances de r6ussite. De la forme et des dimen
litms ,qu'elle soit ddj6 ouverte A toute date sions de cette surface d~pend aussi la vocation 
donnde; la sigmoide F, les probabilitEs qu'elle d'une culture ou d'un cultivar a s'adapter aux 
soit ddjl fermde. Mais ce qui nous intEresse, ce conditions ainsi figurEes entre les deux sig
sont les probabilitds qu'elle soit encore moTdes, en rapport avec le calage de son cycle 
ouverte: elles seront donneas par la sigmoTde qui presente la meilleure probabilitE. Enfin si, 
symotrique de F (Fig. 2). On pourra de m6me comma ce sera le cas en regions tropicales, le 
cunstruire les symdtriques des sigmdfdes des modele a Etd construit en termes de probabi-
EvEnements intermddiaires I (Graphique 2B). lit'is de dEpassement de niveaux d'ETP par les 

L'intErbt de ce modele gE' mdtrique reside pluies (ou de niveaux de ETR/ETP), I'aire de la 
dans l'intEgration de la variabilitE de la position surface, qua l'on pourra ponderer encore par un 
et de la dure de la pEriode de vdgEtation qua facteur radiatif de production photosyn
rEalisent I'aire et la forma de la surface d6- thEtique, reprEsentera une capacitE de produc
limite par deux sigmdides. IIdonne d'abord tion de matiere sbche: ce sera un indice 
une "vue" de toutes les pEriodes de vegetation climatique relatif de productivitE. 
possibles, avec la probabilitE compose (pro
duit des deux probabilitds Eldmentaires), si les 
dvdnements sont inddpendants ou peu cor- Bilan Hydriquo ot Perlode 
rElEs, qu'elle soit ouverte entre deux dates Fr6quentielle do Vegetation 
quelconques. 1i constitue par ailleurs le cadre 
statistique dans lequel vont se ddrouler toutes Ce modble pout 6tre construit, en termes hyd-

Mars Avril Mai Juin Juillet Ao~t Septembre Octobre Novembre 
(March)I (April) (May) (June) (July) (August) (Septem- (Octo- (November) 

bar) bcr) 

1.00

0.80
 

0.60

0.40 

1.00-
Graphlque A (Figure A) 

o.o\ 	 ,/"

0.00" 1 1 _"_ ~ .,' * I ' ' 
0.60- % 

0.2-J 

D:B) F(E) 

Graphique B (Figure B) 

Graphique 2A et B. 	Des histogrammes reprdsentant le temps et la durOea d'une periode de 
v~dg~ation. 
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Tableau 1. S1mulaton do hban hydrique pour lea pdodm do 10 jour*pour I'annie 1973 a Ouagadougou, Haute-Vote. 

Periodes P I HD HR ETP K ETM ETR RS RDR RDRC D(RS) D(RS)/RU ETRIETP ETM-ETR RU' 

Juln 
Juin 
Juin 

lbre 
26me 
36me 

55.2 .0 
7.5 .0 

24.9 .0 

55.2 
28.2 
24.9 

1.00 
.51 
.45 

69.0 
64.0 
62.0 

.50 

.50 

.55 

34.5 
32.0 
34.1 

34.5 
28.2 
24.9 

20.7 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

34.5 
55.2 
55.2 

.62 
1.00 
1.00 

.EO 
.44 
.40 

.0 
3.8 
9.2 

55.2 
55.2 
55.2 

Juil 
Juil 
Juil 

lre 
26me 
36me 

14.5 
49.4 

214.5 

.0 
.0 
.0 

14.5 
49.4 

100.0 

.26 
.89 

1.00 

60.0 
58.0 
60.5 

.6 

.70 

.85 

36.0 
40.6 
51.4 

14.5 
40.6 
51.4 

.0 
8.8 

48.6 

.0 
.0 

123.3 

.0 

.0 
123.0 

55.2 
46.4 
51.4 

1.00 
.84 
.51 

.24 
.70 
.85 

21.5 
.0 
.0 

55.2 
55.2 

100.0 
AoOt 
Aoit 
AoOt 

lre 
20me 
36me 

44.2 
84.2 
38.7 

.0 

.0 
.0 

92.8 
100.0 
88.9 

.93 
1.00 
.89 

53.0 
50.0 
55.0 

1.00 
1.00 
1.00 

53.0 
50.0 
55.0 

52.1 
49.8 
53.5 

40.7 
50.2 
35.4 

.0 
24.9 

.0 

123.0 
148.2 
148.2 

59.3 
49.8 
b4.6 

.59 

.50 

.65 

.98 
1.00 
.97 

.9 

.2 
1.5 

100.0 
100.0 
100.0 

Sept 
Sept 
Sept 

lre 
26me 
36me 

20.4 
34.4 
25.6 

.0 

.0 

.0 

55.8 
50.3 
38.5 

.56 

.50 

.39 

51.0 
51.0 
53.0 

1.00 
1.00 
1.00 

51.0 
51.0 
53.0 

39.9 
37.4 
31.5 

15.9 
12.9 
7.0 

.0 

.0 
.0 

148.2 
148.2 
148.2 

84.1 
87.1 
93.0 

.84 

.87 

.93 

.78 

.73 

.59 

11.1 
13.6 
21.5 

100.0 
100.0 
100.0 

Oct 
Oct 
Oct 

lOre 
26me 
36me 

30.3 .0 
.0 .0 

1.4 .0 

37.3 
6.4 
1.4 

.37 

.06 

.01 

56.0 
58.0 
61.6 

1.00 
1.00 
1.00 

56.0 
58.0 
61.6 

30.9 
6.4 
1.4 

6.4 
.0 
.0 

.0 
.0 
.0 

148.2 
148.2 
148.2 

93.6 
100.0 
101.0 

.94 
1.00 
1.00 

.55 

.11 

.02 

25.1 
51.6 
60.2 

100.0 
100.0 
100.0 

Nov 
Nov 
Nov 

lre 
26me 
36me 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.00 

.00 

.00 

53.0 
51.0 
50.0 

1.00 
1.00 
1.00 

53.0 
51.0 
50.0 

.0 

.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

148.2 
148.2 
148.2 

100.0 
100.0 
100.0 

1.00 
1.00 
1.00 

.00 

.00 

.00 

53.0 
51.0 
50.0 

100.0 
100.0 
100.0 

Doc 
Doc 
Dec 

lre 
26me 
36me 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.00 

.00 

.00 

50.0 
49.0 
56.1 

1.00 
1.00 
1.00 

50.0 
49.0 
56.1 

.0 

.0 

.0 

.0 

.0 

.0 

.0 
.0 
.0 

148.2 
148.2 
148.2 

100.0 
100.0 
100.0 

1.00 
1.00 
1.00 

.00 

.00 
.00 

50.0 
49.0 
56.1 

100.0 
100.0 
100.0 

Total 645.2 .0 11, 1.2 1026.3 497.0 529.3 

1. RU maxlmak. - 100 mm 
Bilan Climatique: total pluig - total ETP - -526.0 mm 



PERIODE FREQUENTIELLE DE VEGETATION 
(Growing Period) 

Lieu Ouagadougou Latitude 12°20N 
Pays Haute-Volta Longitude 1°30W 
Periode 1921 -1973 (50 Ans) Altitude 303 m 

Avril Mal Juin Juillet Aoat Septembre Octobre Novembre 

(April) (May) (June) (July) (August) (September) I(October) I (November) 

Probabllltd (Probability) 
1.00. 

0.80

0.60 50O0 0 mm 

0.40- eid uhmd 
-	 ETR/ETP >0.50 

0.20-	 (Partially wet period AE/PE >0.50) 

0.00.
1 5 10 14 25 36 43 48 49 30 50 48 41 21 8 2 1
 

50 49 47 28 7 4
 
50 48 41 14 5 1
 

Probabilltd (Probability) 
1.00

0.80 

0.60 

0.40-


Period Humide 
ETA/ETP >0.900.20 

period AE/PE> 0.90
0.00. 0.001(Wet 

5 15 22 43 47 49 50 
50 49 45 36 23 7 1 

50 45 37 16 2 1 1 
50 47 35 17 5 2 

Graphique 3. 	 La Iongueurprobabledes pdriodes semi-humide (ETRIETPO.50) et humide (ETRIETP 
0,90) chez trois sols a Ouagadougou, le Haute- Volta, a partir de 1921 a 1973. 
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riques ou dnergdtiques, b partir d'une informa-
tion tout Afaielmentaire, comme de simlles 
hauteurs pluviomdtriques ou des tempera-
tures; ou b partir d'une information plus corn-
plate, comme des valeurs du rapport P/ETP; ou 
encore a partir d'une information tras dlabor~e, 
comme cello qui r6sulte de la simulation de 
bilans hydriques. Le bilan hydrique, phrce qu'il
implique la d6finition d'une RU (capacit6 
maximale utilisable de I'eau du sol), permet
dans une certaine mesure d'incorporer au 
module les caractdristiques du sol qui d~terml-
nent, pour une culture, la valeur de la RU. On 
pourra construire to modble pour upe RU don-
nde, en particulier lorsque I'on aura pu r6gler le
modele du bilan sur des observations des varia-
tions do I'humiditd du sol. Mais on pourra aussi 
le construire, pour des applications plus
gondrales, sur la base de plusieurs RU: 50, 100 
et 200 mm par example, ce qui permettra
d'interpoler les rdsultats pour des RU inter-
mddiaires observes: 80 ou 130 mm, par exem-
ple.

Un exemple de simulation de bilan hydriqu e,
pourl 'annee1973aOuagadougou, avecuw.jRU
de 100 mm, est prd6ent6 en Tableau 1. Sur la 
base de telles simulations pour un nombre 
d'annees suffisamment grand (au moims 30), il 
sera possible, selon les b soins, de construire 
des modeles frequentiels en termes de ETR 
(6vapotranspiration rdelle), ETP-ETR ou ETM-
ETR (deficit en eau de la culture), RS (eau du 
sol) ... Mais c'est le rapport ETR/ETP (6vapo
transpiration relative) qui surtout nous interesse 
car ce rapport est un indice des disponibilitds en 
eau qui conditionne de faqon lindaire la produc
tion de matiLre seche. 

Dans le cas de cultures annuelles (gramindes, 
arachide, cotonnier, etc.. .), il sera generale
ment suffisant de considsrer deux niveaux du 
rapport ETR/ETP: l'un situd au voisinagedeo,50 
parce qu'il correspond aux conditions 
minimales requises pour assurer I'6tablisse
ment de la culture (germination-levee-seedling) 
ot sa maturation; I'autre, au voisinage de 1,00 
parce qu'il correspond aux conditions requises 
Pour assurer le developpement fructiftre. On 
peut voir, er Graphique 3, un modele frequen
tiel de la p'riode de vegetation construit pour
Ouagadou~ju: 

* d'une part sur la base des probabilitms de 
depassement de 0,50 (ETR/ETP). Les sig

moTdes d'ouverture et de fermeture 
d~finissent en frdquence ce que l'on pout 
nommer Ia pdriode "semi-humide" pour
les RU: 50, 100 et 200 mm. 
d'autre part pour les probabilitgs do d#
passement de 0,90 (ETR/ETP). Les sig
mdidesd6limitentenfrdquencecequel'on 
pei it nommer Ia "pdriode humide," pour 
les mbmes valeurs de la RU. 

Entre les sigmoTdes de fermature (les sig
moides d'ouverture sont pratiquement iden
tiques quelle quo soit la RU), on pourra inter
poler d'autres sigmoldes correspondant a des 
RU interm diaires. 

Concernant des cultures, annuelles ou per
manentes, dont on exploite non pas I'appareil 
fructif~re mais l'appareil vdgdtatif, lequel est to 
produit direct de I'dlaboration de Ia matibre 
seche, on pourra prendre en consideration de 
plus nombreux niveaux de ER/ETP, par exem
pie: 0,20-0,40-0,60-0,80-1,00-1,20, 

etc... 
Parce qu'il est statistique et qu'il permet donc 

de se fixer des niveaux de risque climatique
variables selon le probl~me particulier consi
dder, ce modble de la pdriode de vdgdtation 
pout effectivement 6tregendralisd 'ensemble 
des cultures, des operations culturales et des 
sols d'une region couverte par une m~me sta
tion climatique. 

Refdrdnces Bibllographiques 

EAGLEMAN, J. R. 1971. An experimentally derived 
model for actual evapotranspiration. Agricultural 
Meteorology u: 383-394. 
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Besoins on Eau et Adaptation du
 
Mil A la Saison des Pluies au Sndgal
 

C. Dancette* 

Rdsumd 

Los besoinsen eau du mil (Pennisetumtypho'des) ont dtdmesurds au CNRA de Bambey, 
entre 1973 et 1977. Des varitdsde; , 90 et 120jours ont t test es. En gros, les besoins 
en eau sontdirectemetitproportionnels ala dutdedu cycle vdgdtatif. En co qui concerne 
losrenifementsen grain et en paille, les choses sontbeaucoup monssimples, surtoutsi 
on considtre Ia quantitd d'eau n~cessaire pour produire 1 kg de matl.9re s~che. Les 
rdsultats sont interprdt~s dans une optique d'dconomie de l'eau et d'adaptatio,, aux 
conditions pluviomdtriques marginales. On ne se borne pas 6 I'dnumeration des 
rdsultats obtenus ponctuellement, mais on essaie de les gdndraliser a I'ensemble du 
Sdndgal, a partir de Ia caractdfisation de Ia demande dvaporative(gradient Nord-Sud 
notamment). 

L'alimentationhydrique nest pas 6tudide seulement en conditions optimales (avec 
irrigationcompldmentaire, pour/a mesure des besoins en eau optimaux ou ETM.) mais 
aussi en conditions hydriques limitantes; l'incidence des stress hydriques sur les 
rendements en grain et en paille est chiffrde lorsque les conditions pluviomdtriques et 
les varidtds s'y prbtent Quelques orientations de travail sont donndes quant 6 
l'utilisation pratique au niveau de Ia recherche et du ddveloppement, des rdsultats 
obtenus. 

Introduction 

Le mil pdnicillaire (Pennisetum typholdes) con-
stitue Ia cdrdale de base du Sdndgal, au point 
de vue alimentaire. On estime ainsi, en Pays 
Sdrbre, qu'il faut en moyenne 400g de mil par 
jour et par personne, pour satisfaire les besoins 
de nourriture (A. F.BILQUEZ 1975); cultivds sur 
plus de 600.000 ha, cos mils ont des rondo-
mentstrbs m6diocres (520 kg/ha, en moyenne), 
alors que los arachides peuvent ddpasser 
couramment 1.000 kg de gousse/ha, soit autour 
de 730 kg de grains. 

Si l'incitation A produire du mil est forte pour 
les paysans en ce qui concerne I'auto-
consommation, elle est par contrefaible actual-

Ing6ntour Agronome IRAT dotach6 6 I'ISRA, 
Centre National de Recherches Agronomiques 
(CNRA), Bambey, Senegal. 

Note: 	Ce papier avait t6 prepare pour A.A.A.S.A., 
Troisieme Conference Generale ot Dixieume 
Anniversaire, Avri 1978, Ibadar,, Nigeria. 

lement sur le plan financier: 36 F CFA/kg de 
grain pour le mil, au lieu de 42 Flkg de gousse 
d'arachide, sur le marcho officiel en 1977 avec, 
nous I'avons vu, des rendements bien plus 
faibles. II n'en demeure pas moins quo le cul
tivateur a toujours intdrbt b amdliorer sos ron
dements de mil, soit pour se garantir une 
meilleure autosuffisance alimentaire, soit pour 
consacrer des superficies plus grandes A des 
cultures plus rentables (arachide, coton, 
nidb ... ). De plus, Ia situation du mil pourralt 
dvoluer trbs vite, dans un sons favorable b Ia 
fois pour I'Etat et pour le cultivateur, par le 
politique des prix d'une part et par I'amrdliorm
tion de Iatechnologie du mil d'autre part (storc
age, battage, broyage, utilisation pour Ia pani
fication etc...). 

Sur le plan purement agronomique, I'au
gmentation des rendements de mil pout 6tre 
trbs raisonnablement envisagde a partir des 
efforts actuels de Ia recherche, dans los 

domaines de Ia sdlection, des techniques cul
turales, de Ia fertilisation et des traitements 
phytosanitaires entre autres. 

Los besoins en eau du mil ot I'adaptation 
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rationnelle de cette culture aux conditions 
sdndgalaises de sol et de pluviori trie font 
I'objet de la prdsernte communication. La con-
naissance des besoins en eau optimaux, ou 
6vapotranspiration maximale ETM,, at de la 
courbe de reponse du mil aux stress hydriques
subis pendant son cycle de v~gdtation, con-
ditionne en particulier une meilleure com-
prehension de la production du mil et par lb, de 
meilleurs choix (varidtds, techniques cul-
turales...) au niveau de la recherche et de la 
vulgarisation. 

Bosoins en Eau du Mil (ETM) 
Mesur6s au CNRA do Bambey 

Conditions Gondrales 

Lesbesoinsen eau du milontdtdmesurdsentre 
1973 et 1977, au CNRA de Bambey, dans la zone 
centrale du Sdndgal. Les varidtds testdes av-
aient des longueurs de cycle vdg~tatif de 75, 90 
et enfin 120 jours. 

Les cultures 6taient rdalis~es en grandes 
parcelles de 196 m2 (4 rdpdtitions) ot en bonnes 
conditions agronomiques (fumure forte prd-
conisdes, labours, traitement phytosanitaire, 
propretd, gardiennage contre les oiseaux, 
etc.. .). Le sol dtait qualifid de sableux, fer-
rugineuxtropical, faiblementlessivd, d'appella-
tion vernaculaire: DIOR, et profond. 

Les dcartements dtaient ceux recommandds 
par la recherche et par la vulgarisation: 100 cm 
sur 100 cm pour le mil Souna de 90 jours en 
1973 et 1974; 50 cm sur 20 cm en 1974, puis 45 
cm sur 15 cm en 1975, pour le mil nain de 75 
jours du GAM (Group d'amdlioration des mils);'
90 cm sur90cm en 1976, puis 100 cm sur 100 cm 
en 1977, pour les mils sanio de 120 jours.

L'irrigation en compldment des pluies 6tait 
rdalisde par aspersion au moyen de sprinklers 
d'angle, a secteur raglable; les apports d'eau 
dtaient contr6lds au moyen de pluviomatres 
installds juste au-dessus de la v~gjtation. 

Les bilans de consommation 6taient effec-
tudes de deux faqons diffdrentes: 

1. En place, au moyen de tubes d'acces de 4 
m deprofondeur et de relevds pdriodiques 
(hebdomadaires le plus souvent) d'hum;-
ditd du sol au moyen d'humidimbtres a 
neutrons franqais ou arndricains, fournis 
par I'Agence internationale de I'dnergie 

atomique (AIEA), par la Coopdration fran
qaise (assistance spdciale GERDAT) et 
enfin par le Centre d'dnergie nucl~aire de 
Cadorache (France). A chaque campagne, 
on partait d'un sol ass~chd au maximum, 
sur la plus grande profondeur possible. En 
1976 ot 1977, les flux ont 6td contrdlds par 
des tensiombtres "soil moisture" (aidi
AIEA.) install(s soit verticalement jusqu'A
150 cm de profondeur, soit horizontale
ment, de 150 a 400 cm de prdondeur, 6 
partir d'une fosse. Les mesures de bilan 
hydrique ont dtefacilitdes par des saisons 
des pluies exceptionnellement d~ficitaires 
ot telles que le sol n'dtait pas humect, 
profondoment (moins de 250 cm et le pius 
souvent moins de 150 cm). Le bilan hyd
rique pouvait donc btre maitrisd facile
ment au moyen d'irrigations non exces
sives, sans percolations incontrdldes ot 
sans ruissellement (lames verticales de 
protection autour des tubages). 

2. Au moyendecuvesdevdgdtation (dvapot
ranspirombtres) de 4 m2 de surface et 1 m 
de profondeur. Dans I'ensemble, aprfs 
une premibre campagne ", blanc" de mise 
en place ot de contr6le (en 1972), les 
Lsvapotranspirom~tres qui dtaient pr~vus 
pour relayer 6ventuellement la premikre 
methode "en place," en cas de pluies 
exc~dentaires ou mame normales et de 
percolations incontrdlables, n'ont pas
donnd de r(sultats tras diffdrents de cette 
prrnmiare m~thode de bilan hydrique. II 
apparait mame, au terme de ces cinq 
anndes ddficitaires en pluie, quo nous 
aurions pu nous dispenser de l'utilisation 
des dvapotranspiromatres, ce qui n'dtait 
pas 6vident au depart et qui pourrait 6tre 
infirm6 par des saisons plus pluvieuses. A 
noter quo des tubages d'accbs pour [a
sonde 6 neutrons 6taient installas au 
milieu des cuves ot permettaient de faire 
des bilans classiques de consommation, 
en attendant un drainage gravitaire 
naturel des cuves. En effect, il s'av~re quo
la saturation des cuves d~s le debut de la
culture, afin d'assurer le drainage et de 
procdder au bilan classique, n'est pas 
souhaitable et peut induire des diffdrences 
de traitement et donc de comportement 
des plantes, par rapport au reste de la 
parcelle de garde. 
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En plus du traitement ETM., il y avait 
aussi un traitement ETR. (evapotranspira-
tion rdelle) sans irrigation de complement 
et qui pouvait donc Otre plus ou moins 
stress6, selon les pluies recues. Nous en 
reparlerons b propos de [a satisfaction des 
besoins en eau du mil. 

Principaux Rdultats 

Nous en donnerons un rdsum6 seulement. En 
effet, d'autres r6sultats partiels mais d6taillds, 
peuvent btre consultds par aillaurs en ce qui 
concerne les mils a cycle court (DANCETTE 
1975). Dans le Tableau 1, les chiffres indiquds 
sont ume moyenne de quatre rdpdtitions; proci-
sons a ce sujet que les coefficients de variation 
sont le plus souvent inf~rieurs b 10% pour les 
consommations hydriques globales et pour les 
rendements en grain et en paille (voir Tableau 
5). Les rendements en grain sont parfois moins 
homogbnes que ceux en paille, car les ddgats 
dOs aux oiseaux ne peuvent pas toujours btre 
compltement 6vit6s. 

Variations Inter-annu1iles de I'ETM 
Global.s, pour une Mdmo Varidtd de 
MIl 
D'une annde a I'autre et avec Is mdme varidt6 
testde, on pout noter des diffdrencas dans les 
besoins en eau mesurds. IIpeut y avoir certes de 
Ilgbres modifications dans les pratiques cul
turales, dans la repartition des pluies et irriga

tions et dans le parasitisme, mais ce qui peut 
varier surw'at, c'est la dernande dvaporative. 
C'est pourquoi nous estimons jour par jour 
cette demande dvaporative, au moyen de me
sures d'dvaporation potentielle d'eau libre en 
bac normalisd classe A (modble O.M.M.) et 
nous la raccordons pour des pdriodes corres
pondantes, aux consommations hydriques des 
cultures. 

Ainsi, nous I'avons mesurde de 1972 A1977 
compris, pour des durdes de 75, 90, 105 et 120 
jours, correspondant aux cycles vdgdtatifs des 
principales cultures. Dans le Tableau 2, nous 
avons reportd les cumuls d'dvaporation bac en 
mm, pour les pdriodes mentionnes, et entre 
parentheses, un indice qui caractdrise cette 

Tableau 1. Prlncipaux rdsultats obtenus sur les mils do 120 A 75 jours do cycle. 

Rendements (kglha) 
Besoins en eau 

Culture 
Cycle Pluviom6trie 
(jours) Annie (mm) Traitement 

ou ETM 
(n,.x. 

Mil Sanio 120 1976 399 Arrosd 562 
(souche Maka) (ETM.) 

i = 215 mm 
K = 0,751 

Mil Sanio 120 1977 374 Arrosd 628 
(souche Bambey) (ETM) 

i = 283 mm 
K = 0,77 

Mil Souna III 90 1973 400 Arros6 417 
(ETM) K = 0,72 

i= 68 mm 
Mil Souna III 90 1974 492 Arroso 416 

(ETM) K = 0,74 
i = 73 mm 

Mil GAM. 75 1974 447 Arrosd 320 
(ETM) K= 0,67 

i = 51 mm 
Mil CAM. 75 1975 510 Non arroso 327 
(structure 

cdroalibre) 
(ETR = ETM) 

(pluies 
excddentaires) 

K = 0,63 

ETM.
1.K--

Ev bac 

Grain Rachis Paille
 
Humidito entre parentheses
 

2035 1426 13 950 
(7,5%) (10,1%) (3,2%) 

1623 1388 14425 
(3,5%) (4,0%) (7,5%) 

2690 1360 6680 
(7,8%) (7,8%) (4,3%) 

2948 1600 5760 
(5,4%) (5,4%) (5,2%) 

2151 2165 5943 
(9,0%) (9,0%) (8,4%) 

1721 1395 5652 
(9,2%) (9,2%) (10,2%) 
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1972-77 

Tableau 2. Evaporation d'oau libre on bec noonallI clasas A, cumuldo en mm, A dambey. 

Poriode 1972 1973 1974 

75 jours 550 486 477 
(1,12) (0,99) (0,98) 

90 jours 631 b83 564 
(1,10) (1,02) (0,99) 

105 jours 722 702 695 

(1,06) (1,03) (1,02) 

120 jours 811 817 809 

(1,03) (1,04) (1,03) 


Date de lre 
pluie utile 5 Juin 2 Juil 12 Juil 

demande 6vaporative, par rapport A la 
moyenne 1972-1977. Notons que les 
coefficients de variation vont de 5% pour des 
durdes de 120jours,a 7% pourdesdurdes de75 
jours. 

Pour toute comparaison, l'idial est donc de 
prendre comme rifdrence cette evaporation 
bac. Si l'on compare ainsi les deux cultures de 
mil 	 Sanio de 120 jours, on constate que les 
besoins en eau ont 6td: 

en 1976, de 562 mm, pour une 6vaporation bac 
de 774 mm et un indice de 0, 95 
en 1977, de 628 mm, pour une 6vaporation bac 
de 812Emm t un indice do 1,03. 
Cependant, le coefficient global K = ETM 

Ev bac 
reste voisin A0, 75 en 1976 et A0, 77 en 1977. En 
se ramenant A la demande 6vaporative moyenne 
(1972-1977) et A I'indice 1,00, on trouve re-
spectivement des besoins hydriques de: 

562 	 628 
--	 = 592 mm en 1976 et-,03 = 610mm, en0,95 	 13= 

1977 

Les resultants deviennent Jonc tri. compara-
bles et voisins. 3vec des 6carts bien en dessous 
des erreurs d'ordre expdriment.; possibles:
b, soins en eau mesuris en gros A ±8% pris,
lorsque le maximum de pricautions est pris. 

Bien que les variations de demande 6vapora-
tive, d'une annde AI'autre, soient de cot ordre de 

Annie 

1975 1976 1977 'Vloyenne 

438 489 496 489 
(0,90) (i,00) (1,01) 
523 560 573 572 

(0,91) (0,98) (1,00) 
620 648 687 679
 

(0,91) (0,95) (1,01) 
714 744 812 
 785
 

(0,91) (0,95) (1,03)
 

7 Juil 13 Juil 7 Jull 

grandeur et meme inforieures, ce nest pas une 
raison suffisante pour ne pas en tenir compte 
lorsqu'on le peut. Ainsi, les besoins en eau 
globaux peuvent Otre actuellement dvaluds de 
la sorte, en les ramenantA la derhande dvapora
tive moyenne (1972-1977). 

* 	 Mil Sanio de 120 jours: 
On fera la moyenne entre 592 et 610 mm, 
soit en gros 600 mm 

o 	 Mil Souna de 90 jours: 
On retiendra la moyenne entre 417 409 

416 
et 0- = 420 soit environ 415 mm 

099 
o 	 Mil nain do 75 jaurs: 

LA, les 6carts sont un peu plus grands, 
compte tenu du fait que les vari6tis 
n'6taient pas encore bien fixies en 1974 et 
19 7 5 et, qu'entre ces deux annies, on avait 
chang6 de matbriel vbgbtal, en adoptant un 
composite d'architecture Ig~rement dif
firente (structure dite c6r~ali~re). On poutcependant retenir valablement la rr.oyenne 
entre: 

320 327 
0,98 0,930 

De la mdmefagon, nous pouvons caractdriser 
les extrdmes, compte tenu des demandes 
dvaporatives les plus fortes et les plus faibles, 
enregistrdes au cours de ces 6 annoes. On 
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retiendra en dfinitive los chiffres du Tableau 3, 
en attendant de disposer d'une pdriode d'ob-
servation plus tongue. 
Cod peut Otre mis sous forme graphique 
(Graphique 1). 

Tableau 3. Variations dos besoiis ansau an 
fonction do Is durra du cycle v6-
*atif et do Ia domende evapore-
tive aut CNRA, Bambay. 

ETM ETM ETM 
minimale moyennemaximale 

Mil Sanio de 120 jours 546 600 624 
Ml Sauna d&90 jours 378 415 457 
Milnain de75 jours 311 345 386 

E
E Demande evaporative elevee , 

600 Demande evaporative moyenne -, 

(1972-1977) ,- -, 

500-- ~,-/ 	 .-

500 	 - , 
"normalis6-- -. 

00M4, 	 -dents 

CU 

0 300 Demande 
evaporative 
faible 

200 75 9 120 

Nombre de jours du cycle vegetatif 

Graphique 1. 	Variation; des besoins en eau 
globauxiu mil en fonction de la 
durre du cycle v~getatif et de la 
demrande evaporative, au 
CNFi Bambey. 

-.Variation do I'ETM du Mil at des 
Facteurs Culturaux K, au cours 
d'un Memo Cycle Cultural 

La demande dvaporztive varie au cours de la 
saison des pluies: trbs forte au debut (jusqu'b 8 
mm par jour d'6vaporation bac A Bambesr, en 
juin) ellediminueensuiteavecl'installationdes 
pluies et avec I'augmentation de I'humiditd 

ambiante (4 A4, 5 mmljour en septembre), puis 
elle remonte avec le ralentissement des pluies 
(7 a 8 mm en octobre). 

Elle peut subir des iuctuations brusques, du 
fait des sdcheresses anormales en cours de 
saison, ou au contraire, de phases pluvieuses 
surabondantes. 

Quant aux besoins en eau, ils varient surtout 

en fonction du degr etde la rapiditdde couver
ture du sol nu au depart de la culture, par la 
vegetation: ainsi, des varidtds tr~s prdcoces 
(croissance et developpement accoldrds) ou 
semdes b des densitos fortes, couvrent plus 
rapidement le sol q- .'autreb, et expriment 
des besoins hydriques plus importants. Ces 
besoins en eau d~croissent aussi avec to vieil
lissement de la culture; or ce vieillissement pout 
cdncider avec une demande 6vaporative faible, 

au coeur de la saison des pluies, pour une 
varidtd tris hAtive comme le mil de 75 jours, ou 
au contraire coYncider avec une demande 
evaporative de plus en plus dlevde, en fin de 
saison des pluies, pour une varidte de cycle 
long, comme un mil de 120 jours. 

C'est pourquoi, IA encore, il convient de 
ramener les besoins on eau b la demande 
vaporative (6vaporation d'eau libro en bac 

classe A) et de calculer les coeffi-
EK atout au 	 long du cycle. Nous 

cin- Ev bac 

avons donc fait celA, pour les trois sortes de mil 
testbes et pour des pdriodes successives de 15 
jours, ce qui 	 donne le Tableau 4. Comme 

chaquetypedemil a dtdtestd au moins pendant 

2 annees successives, nous avons compare les 
coefficients K obtenus et retenu une valeur 

moyenne caractdristique. 
Le Graphique 2, dans lequel ne sont utilises 

quo les valeurs de K retenues, met trbs bien en 
dvidence les diffdences entre les trois sortes de 
mil. On remarquera en particulier les valeurs 
maximales de K atteintes: 

1,20 pour le mil Sanio; 1,10 pour le mil Souna; 

0,97 pour le mil GAM. 

De la m~me fagon, nous avions vu dans le 

Tableau 1,quo les coefficients Kglobaux dtaient 
de I'ordre deo0,76 pour le mil Sanio; 0,73 pour le 
mil Souna et 0,65 pour le ril GAM. It semble 
quo ces deux faits soient lids a la taille respec
tive de ces mils: les mils Sanio sont trbs hauts 
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Tableau 4. Evolutin doscoefficlient K = ETM au€oaducyclepourdssvarIttsdemilsd.75 
A 120Jours. Evbac 

Mil Sanio 
120 jours 

Mil Souna 
90 jours 

Mil GAM, nain 
75 jours 

Poriode 
(jours) 1976 1977 

Valeur 
retenue 1973 1974 

Valeur 
retenue 1974 1975 

Valeur 
retenue 

0-15 
75-30 
0-30 

30-45 
45-60 
30-60 
60-75 
75-90 
60-90 
90-105 

105-120 
90-120 

0.15 
0.35 
0.25 
0.77 
1.07 
0.92 
1.12 
1.24 
1.18 
1.09 
0.71 
0.30 

0.30 
0.44 
0.37 
0.70 
0.99 
0.84 
1.24 
1.15 
1.20 
0.94 
0.82 
0.88 

0.23 
0.40 
0.31 
0.74 
1.03 
0.88 
1.18 
1.20 
1.19 
1.02 
0.77 
0.89 

026 
0.49 
0.38 
1.09 
1.2G 
1.18 
0.98 
0.72 
0.85 

0.38 
0.66 
0.52 
1.01 
0.94 
0.98 
0.82 
0.65 
0.74 

0.32 
0.58 
0.45 
1.05 
1.10 
1.08 
0.90 
0.69 
0.80 

0.44 
0.61 
0.53 
0.84 
0.79 
0.82 
0.75 

0.49 
0.80 
0.65 
1.10 
0.65 
0.88 
0.80 

0.47 
0.71 
0.59 
0.97 
0.72 
0.85 
0.77 

-- Mil Sanio do 120 !ours (K global 0.76)
 

Mil Souna de 90 joura (K global 0.73)
 

eoesese Mil G.A.M. de 75 jours (K global 0.65)
 
1.201 20

1.101.10
1.03 

1.00-	 0.97 
1.00 

0.90

0.80 
M 

W0.70

u L>O.60_ 
0.50

0.50-

0.4
 

0.4 

0.20 
,
 

0. 10

15 30 45 60 75 90 100 120 

Nombre do jours du cycle vegetatif 

Graphique 2. 	 Evolution des coefficients K = ETMau cours du cycle de trois vari;tds de ,ilde 
75, 90 et 120 jours. Er Bac 

216 

http:au�oaducyclepourdssvarIttsdemilsd.75


(plus de 3,5 m), les mils Souna sont inter-
mediaires (2-2,5 m) et les mils nains ont autour 
d'1,0 de haut. De plus, alorsque la surfacec'un 
champ de mil Sanio est trbs irreg.iere (en 
vagues), celles du ml Sanio et surtout du mil 

GAM sont beaucoup plus homogpnes: tous cas 
facteus font que les advections d'6nergie sont 
certainement pius dleves pour le Sanio quo 
pour los avures cultures et qua Is besoins en 
eau sont ainsi majorites. 11n'est cependant pas 
6vident que les rnmes resultats soient trouv6s 
en tr/s grandes parceles (>1 ha) o0 les advec-
tions d*6nergie seraient probablement r~iuits. 
Ceci repose en fait le problbme de I'6chelle de la 
caractdrisation agroclirnatiquo: petite parcelle, 
champouzone cologique. Maisilsepeutaussi 
que los differences trouvees, soient vraiment 
liees a la physiologie ou b I'architecture des 
plantes testbes, ce qui roste ) dsmontrer; la 
verit, se trouve peut-Otre entre ces diverses 
hypotheses. 

A partir des valeurs K retenues et de 'evap-
oration du bac normalis6 classe A, par quin-
zainesdejourssuccessivesetmoyenn~essurla 
periode 1972-1977, b compter de la date de 
demarrage de la culture, i! devient possible de 
comparer valablement les tiois varidtes 
(Graphique 3). De cette comparaison ressortent 

tri-sbenlesbes oins reaUsuperieurspourles 
varietds de cyclo court, in debut de culture, et 
noir les vario.ts de cycle plus long, en fin de 
cmpagne. 

Gin6ralisation des 16suItats A 
I'Echelle du Smndga 

Mthode 

On sait qu'au Sdndgal, la demande 6vaporative 
varie au cours d'une m~me periode, en allant du 
Ndrd vers le Sud et m~me de la c6te vers 
l'interieur des terres. Elle est 6lev6e vers le Nord 
et plus faible vers le Sud; elle augmente en 
allant Al'intdrieur du contirdnt. Cette dernande 
evaporative est bien sO: en liaison avecl'humi
ditLdelazone,cest-.direaveclefacteurPluie, 
principal responsable de I'humidification. 

La remont66 du front intertropical, vers le 
Nord, amene des masses d'air humide; les 
pluies s'installent et humectent le sol. La vdg 
tation commence b couvrir le sol et I'evapo
transpiration des cultures contribue, de m6me 
que les conditions caracteristiques de la saison 
des pluies (diminution des durdes d'insolation 
et des temperatures, augmentation de l'humi-

ETM globale Sanvi 120 joulS 620 mm
 

-wwee=vETM globale Sourco 90 jours 430 mm
 

10- o---- ETM globale M.I nain G.A.M. 75 jours 350 mm
 

o 9- 0000* Evaporation Bac N. CI. A. 

E 87-	 1. 

6- e 9 6*	 ,,......09 

0,71 0.97 1.031 000oe0e eeo
 

"5- i "-:": 0.74 l0.72 t -'-'..0
 
0 0 5 . . . .7" 0 . 94 K 0.47 

- 0.4 

3- K 0.323 

cn 	 Ev. Bac 
0 

04 -i I I I I II 

0 15 30 45 60 75 90 105 120 
Nombre de jours du cycle 

a uneGraphique 3. 	 Besoins en eau compares de trois varidtes de mil, a Bambey, ramends 


demande evaporative moyenne (1972-1977).
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dit6 relative de l'air, :duction de la vitesse des 
vents, etc...) A reduire la demande ovapora-
tive. 

Des correlationsn 6gativesantrelesquantites 
de pluie reiues et I'°vapotranspiration poten-
tielle mesuree sur gazon (DANCETTE 1973), 
entre la pluie et I'dvaporation potentielle d'eau 
libre en bac normrise classe A (DANCETTE 
1977), ant pu btre etablies et permettent de 
caracteriser localement la demande evapora-
tive pendant la saison des pluies. Ceci etait 
essentirI pour nos travaux d'adaptation des 
cultures pluviales, bases sur la generalisation a 
I'ensemble du pays, de mesures de besoins er, 
eau realis .eseponctuellcment. On peut ainsi 
valoriser un reseau pluviometrique relative-
ment dense et ancien, ce qui nest pas le cas du 
reseau de mesure de I'evaporation. 

En ce qui concerne les relations entre la 
pluviometrie et 'evaporation bac, elles sont 
mensuelles ou globales pour la duree de la 
saison des pluies, Pt du type: 

Ev bac = A - BX - CY + DZ 
oiu X est la pluviometrie du mois ou de la saison 

consideree 
Y est la pluv;metrie moyenne annuelle de la 
station (liaison avec la latitude) 
Z est la continentalite, c'est-a-dire la distance 
separant la c6te oceanique de la station 
(liaison avec la longitude surtout). 

Ce type de relation est determine pour des 
mois de transition (debut de saison des pluies) 
oupourdesmoisdepleinesaisondespluies, ou 
enfin pour toute une periode depluies possibles 
(juin a octobre compris); les coefficients de 
correlation trouves sont respectivement de 
0,73; 0,78 et 0,86. 

II existe un genre de relation plus simple, a 
rechelle des 5 mois de saison des pluies, de la 
forme: 

Ev bac = 10,4-2,76 Ln P (r = 0,92) 
ou Ev est I'evaporation bac moyenne en mm, 

jour pour les 5 mois consideres 
et P est la pluviometrie moyenne par jour 

pendant la meme duree. 

A partir de ces relations, on peut etablir le 
genre de carte suivant, pour caracteriser 
localement la demande evaporative (traduite 
par ['evaporation en bac normalise classe A), 

pendant la saison des pluies au Sdnegal. Sur 
cette carte, sont chiffrees les evaporations 
moyennes en mm/jour (juin octobre compris) 
et, entre parentheses, un indice calculd par 
rapport b la station de Bambey, ou nous avons 
mesurelesbesoinseneaudumil(Graphique4). 

Critiques 

Elles peuvent porter sur de nombreux points, 
entre autres: 

la relativite des donnees mensuelles dans 
ce domaine (la pluie peut tomber en debut 
de mois, ou en fin de mois, sans ,tre bien 
repartie au cours de ce mois; ISpluie d'un 
mois donne peut influencer le mois suivant 
par le biais des reserves hydriques du sol, 
etc...); 

* 	 la duree globale de 5 mois retenue; selon 
que I'on retient ces 5 mois, ou la duree 
exacte entre la premiere pluie utile et la 
date de fin de saison des pluies utiles 
(derniere pluie+periode d'utilisation des 
reserves hydriques du sol), ou un rombre 
de mois entiers beneficiant vraiment de 
pluies ;otables, les relations restent tres 
voisines et ne justifient pas a notre avis, de 
compliquer davantage les calculs. 
Le probleme qui se pose de fa~on plus 
cruciale estdesavoirquelleperiodeonveut 
ou doit retenir pour caracteriser cette de
mande evaporative. En 1973, pour la rela
tion entre la pluie et I'ETP pendant la saison 
des pluies utile et la carte d'ETP alors 
esquissee, nous avions ccnsidere une 
grande periode (1931-1965); ce qui at
tenuait beaucoup le gradient de demande 
evaporative: 1,20 en gros a l'extrbme Nord 
du pays et 0,80 a I'extrme Sud du Senegal, 
par rapport a Bambey. 
Par contre, entre 1971 et 1976, periode de 
mise en place et extension de notre reseau 
de bacs normalises classe A, nous avons 
subi une periode de secheresse exception
nelle. Nous n'avons pas osegeneraliser a la 
periode 1931-1976, notre relation entre la 
pluie et 'evaporation bac. Cette relation, en 
attendant confirmation sur une periode
plus longue de releves d'evaporation et de 
pluie, est caracteristique d'annees 
deficitaires en pluie et a demande evapora
tive anormalement elevee. 
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Graphique 4. 	 Carte des variations de demande 6vaporative(mm/jour) au S6,dga' ,endant les 

mois d'hivernage (juin a octobre compris, 1971-1976). 

Ainsi, la carte exprimant la demande 
dvaporative et son gradient Nord-Sud, in
dique des indices par rapport ABambey, 
compris cette fois entre 1,40 au Nord du 
pays et 0,65 au Sud. Cependant, a notre 
avis, ilvaut mieux orienter nos travaux vers 
une adaptation des cultures aux conditions 
d~favorahles de ces dix derniLres anndes, 
sachant qu'il n'en sera que plus facile de 
s'adapter a des conditions meilleures. 

0 utilisation de la carte de demande 6vapora.. 
tive et des indices calculds par rapport a 
Bambey 
D'apres cette carte, un mil de 120 jours qui 
aurait besoin en moyenne de 620 mm a 
Bambey, exigerait: 

620 x 0,82 = 530 mm a Nioro-du-Rip 
et 620 x 0,67 = 420 mm a SOfa. 
De meme pour un mil de 75 jours qui 
exigerait 350 mm d'eau b Bambey, if faud-
rait: 

350x 1,16 = 410 mm 6 Louga 

et 350 x 1,30 = 460 rmim vers Dagana. 

Quelques Commentaires 
et Applications 

Potentialitda des Variftes do Mil 
Actuelles dans Ia Centre 
du S6ndgai 

A partir du Tableau 5, on peut constater que les 
meilleurs rendements grain sont obtenus ac
tuellement avec le mil Souna de 90 jours (prOs 
de 3 Vha). D'ores et dejA, les mils de 75 jours 
(GAM) en cours d'amdlioration varidtale per
mettent d'obtenir les mbmes rendements grain 
que le mil Sanio do 120 jours (en cours d'aban
don total dans la rgion de Diourbel): cedernier 
plafonnea2 toutenconsommant prisdedeux 
fois plus d'eau que le mil GAM. 

Si on chiffre la valorisation de I'eau par le mil, 
en nombre de litres d'eau effectivement con
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Tableau 5. Consormmatlon hydrique et rendements du ml. 

Rendement3 Quantit d'eau necessaire 
(kg/ha) (litreslkg) 

Culture Annia 
Pluviamatrie 

(mm) Traitement 
Evapotranspiration 

(mm) Grain Paille 
Grain 
sac 

M.s. 
a6rienne totale 

Taux de satisfaction 
des besoins en eau 

Sanio 1976 399 ArrosO 562 2035 (7,5) 13950 (3,2) 2986 337 100% 
215 m.m, C.V.6% C.V.7%b C.V. 11% 

Non 403 1092 (7,4) 10 478 (2,2) 4045 334 72% 

Sanio 1977 374 
arrosO 
Arros6 

C.V.3% 
628 

C.V. 16% 
1623 (3,5)' 

C.V. 10% 
14425 (7,5) 4C10 387 100% 

283 mm C.V.4% C.V. 8% C.V.4% 
Non 397 153 (3,5) 11172(8,5) 26890 364 63% 

arrose C.V. 4% C.V. 71% C.V.14% 
Souna 1973 400 Arrosd 417 2690(7,8) 6680 (4,3) 1681 412 100% 

68 mm C.V.3% C.V.5% C.V. 7% 
Non 378 2770 (7,8) 6240 (4,3) 1443 383 91% 

Souna 1974 492 
arrosd 
AkrrosO 

C.V.3% 
416 

C.V. 3% 
2948 (5,4) 

C.V. 6% 
5760 (5,2) 1492 426 100% 

73 mm C.V.7% C.V. 3% C.V. 4% 
Non 415 2951 (5,2) 5590 (5,1) 1483 434 100% 

Mil GA.M 19 74 d 447 
arrost 
Arros6 

C.V.8% 
320 

C.V. 2% 
2151 (9,0) 

C.V 8% 
5943 (8,4) 1635 342 100% 

51 mm 
Non 324 2288 (8,3) 5780 (8,4) 1544 350 100% 

arrosO 
Mil G.A.M 1975 510 Non 327 1721 (9,2) 5652 (10,2) 2093 414 100% 

arrosd C.V.6% C.V. 12% C.V. 10% 
(Pluies suffisantes) 

a. La matiro seche a6rienne comprond:paille, grain. onveloppes ot rachis. 
b. A c6tb des rendement sont not6et ontre parenthhass lets humidit6s at en dessous, les coefficients do variation C.V. 
c.3 parcellets sur 4 ont 6t6 gardios soulement. 
d. En 1974. on oat p rutaI'es i mi GA.M.. do 2 points do mesure 6 5 an fin do campagna d'o 'impossibilits de faire une anatya stetistique. 



sommes par Ia culture St necessairos pour 
fabriquer un kilo de grain sec, ella est peu 
differente entre les mils Souna et GAM.; par 
contre elle est beaucoup plus mauvaise pour le 
mil Sanio (3.000-4.000 litres/kg de grain au 
lieu de 1.500-1.600 litres pour les autres mils). 

En ce qui concerns la paille, il faut reconnaltre 
les potontialitos do production elovees du mil 
Sanio: autour de 14 t/ha, soit plus du double Oes 
mils Souna et GAM. Pour fabriquer un kilo de 
paille, il faut on moyenne: 

* 	440 litres d'eau pour Is mil Sanio irrigud 
(moyenne entre 1976 et 1977) 

* 	616 litres d'eau pour Is mil GAM (moyenne 
entre 1974 St 1975) 

* 	707 litres d'eau pour le mil Souna irrigue 
(moyenne entre 1973 et 1974). 

On remarquera quo Is mil nain de 75 jours ne 
fait rien perdre par rapport au mil Souna, on 
production de paille: les rendemonts paille sont 
trbs voi3ins, mais bien sOr, ils sont obtenus on 
75 jours au lieu de 90, ce qui est appreciable. 

On ne pout pas actuellement negliger cat 
aspect "production do paille," compte tenu de 
son utilisation croissante pour I'alimentation du 
betail, Ia fabrication du fumier et I'habitat (toi-
tures, cl6tures, combustibles, etc.. .). 

Sans vouloir revenir au mil Sanio do 120 
jours, a proscrire pour sa faible potentialite on 
grain et pour sa consonmation hydrique 3X-

cessive, on pout se deman-:er si I'abandon du 
mil Sanio, dans Ia region de Diourbel, n' pas 
contribue A accrcitre le deficit en paille des 
exploitations (un des freins actuels au develop-
pement de I'etevage fixe); il on est de m1me 
lorsqu'on passe des arachid.s de 120 jours a 
colles da 90 jour.. La "securisation" dos rende-
ments on grain est peu compatible avec des 
productions do paillo elevees. 

Influence doe Strew Hydriquea 
our InmProduction do V-3 

trbs bien adaptesLes mils Souna et GAM. 
dans 'ensemble aux conditions hydriques de 
Ia zone de Bamby, n'ont pas t6 vraiment 
stresses au cours de cec annees d'expdrimerva-
ticon, pourtant deficitaires en pluie. Ainsi, an 
1973, le mil Souna non arrose a vu ses busoins 
on eau satisfaits A91% St , s rendements en 

grain et paille, trbs peu differents de ceux du mil 
arrose en compl6ment. Pour les autres annees, 
I'irrigation d'appoint na rien apport6 de plus, 
tant pour Io mil Souna que pour Is mil GAM. 
T.M. DUC (1977) sur Ia ferme irrigu6e do Barn
boy a eu des r6sultats assez voisins en ce qui 
concerne les mils Souna pendant Iasaison des 
pluies: l'irrigation d'appoint est suttout val
oris6e en remontant plus au Nord. Par ailleurs, il 
existe d'autres moyens quo l'irrigation pour 
"securiser" Iaproduction do mil dans IsCentre 
du pays: ce sont en particulier les techniques d. 
dry farming, avec un report de reserves hyd
riques dans Is sol, d'une annee sur I'autre 
(CHOPART ot NICOU 1976). 

Par contre, pour le mil Sanio, irbs mal adapta 
b cos annee& deficitaires (470 mm do plule A 
Bambey, au cours des 10 dernibres annees, au 
lieu de 640 pour Ia pdriode 1921-1976) lea 
differences entre parcelles irriguees et non, 
sornt tr1s fortes. Un mil Sanio dont les besoins 
on eau ont et satisfaits globalement a 72% on 
1976, voit son rendement grain chuter do 46% 
or son rendement paille de 25%. Pour un mil 
Sanio dont les besoins ont 6t0 couverts ba63% 
en 1977, le renderent grain tombe de 1.623 6 
153 kg/ha, soit une chutede 91% I Le rendement 
paille est moins affecte, puisqu'll ne chute quo 
de 23%. 

En regardant de plus prbs ce qui se passe au 
moment de Iafloraison qui a eu lieu pour lo mil 
;rrigu6: 

• 	 le 2 octobre (826me jour de cycle)en 1976, 
a Ia mi-epiaison 

6 	Is 7 octobre (92eme jour de cycle) en 1977 
(aloraison plus dtalee) 

On s'apercoit qua le stres hydrique pendant les 
20 jours encadrant cs dates moyennes, peut 6tre 
chiffrb 1: 

(ETM-ETR)% /= 5,8-4,7- = 20% an 1976,
ETM - 5,8 

ce qui correspond 1 une chute de rendement 

grain do 46% et: 

6, 5-2,9 
6,5 

dent A une r6duction de rendement grain de 
91%. 

Plus quo le stress global sur toute Ia dur6e 
du cycle, il convient donc do surveiller par
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ticulibrement ce qui se passe au moment de 
I'dpiaison. 

En I'absen,;e de veritable essal de courbe de 
r~ponse bI'eau, pendant la saison des p;uies, ce 
qui implique des toitures mobiles ou des serres 
parfaitement climatisdes. nous avons essayd
d'approcher cerue courbe, en utilisant les divers 
essais agronomiques de Bambey et des autres 
stations. Soit 	 les consommations hydriques
Otaient effectivement mosurdes par bilan hyd-
rique in situ, soit elles ataient assimildes b la 
pluie utile relev6e, lorsque cette dernibre 6tait 
relativement bien r~partie (at donc stocke b 
une profondeur du sol prospectable par les 
racines) et nettenent infdrieure aux besoins. 
Cecinousapermisd'obtenir, acepremierstade
d'investigation, la courbe de roponse 6 I'eau du 
mil souna de 90 jeurs, pour a zone centrale 
(Thibs-Bambey Dicurbel), en trbs bonnes condi-
tions de techniciii (Graphique 5).

Nous essayerons prochainement de faire le 
mbme travail, pour les mils de 75 et de 120 
jours, non seulement en conditions de station, 
mais aussi en conditions paysannes. Ce genre 

3000 

S* •Nou-
N." 


c: 2000 
(D 
C 

1000-

0 , 

100 200 300 400 
Besoins en eau pluie utile 

Graphique 5. 	 Courbe de reponsea I'eau des 
mils Souns (90 jours) en tres 
bonnes conditions de travail, 
fumure et entretien (Stations et 
Papem, ISRA, 	Centre - Nord). 
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d'enqubte permet e.tre autres informations, 
demieux expliquer la production, etd'appr6cier 
plus objectivement I'impact des efforts de vul
garisation, en dissociant les facteurstechniques 
at les facteurs climatiques par exemple. Le 
Graphiqu e6 est une premibre tentative dans ce 
sans, bin que trbs critiquable: les mils de 90 et 
120 jours et les sorghos n'6tant pas diffdrencies 
et l'estimation des rendements Otant sujette b 
caution. Quelle que soit la valeur exacte des 
chiffres, on retrouvetoutefois une logique dans
les tendances discerndes: l'effet des s~cheres
ses exceptionnelles de 1968 (record de sec
heresse sur 50 ans), 1972 at 1973, et peut-Atre 
une 
tendance qui demande 6 btre confirmoe,
dans I'augmentation des rendements de mil 
constate en 1974 et 1975. Les r-isons qui
peuvent Otre invoqudes sont les suivantes: 
abandonquasi-totaldesmilsde120joursetdes 
sorghos dans la zone consid~r~e; changement
de methode d'estimation au niveau de la DGPA;
progrbs technique (ddmariage, fertilisation, 
etc.. .). IIest utile, aussi bien pour la recherche 
que pour la vulgarisation, de mieux corn
prendre les m6canismes de la production, afin 
demieux orienter les interventions ultdrieures. 

Cartes d'AdaptatIon du Mi1 
aux Conditions Pluviales 

n'insisterons pas beaucoup sur ce point 
qui afait l'objet d'une communication au Com

(Rapport globale production departamentale/ 
surface emblavee) 

o e74
 

c 761 

97.19 .70 

ca 68 
0 

-50% -25% 0 25% 
324 nmn 486 mm 648 rn-w 

Defcit pluviom(irque ou excedent. pa, rapport 
d lanormale ot quanlite do pluie utile pour les 

cultures 

Graphique 6. 	 Evolution des rendements de 
mil et sorgho en conditions 
paysannes dans le ddparte
ment de Bambey (Evaluation 
D.G.P.A). 



it Consultatif AIEA de 1975 b Bambey (DAN-
CETTE 1975). Cette note concernait les mils b 
cycle court de 75 et 90 jours, dans Ia moiti6 
Nord du Senegal. IIfaudrait 6tendre ce travail a 
I'ensembledu territoire, enconsiddrant en plus 
les mils Sanio de 120 jours, pour le Centre et le 
Sud du Pays. 

Nous rappellerons qu'en 1975, le gradient de 
demande 6vaporative avait Et6 chiffr6 a partir 
d'une carte d'ETP dtablie pour Iapdriode 1931-
1965 (correlation pluie-ETP); les resultats 
seraient encore plus pessimistes si on con-
siderait Ia demande evaporative des 10 der-
nidres annies, a partir des correlations pluie-
evaporation bac. 

La methode est basee sur I'etude de Iasaison 
des pluies utiles pour une culture de mil sem6e 
en sec, et sur Ia confrontation entre Ia pluie 
revie et stockde dans le sol (Aconcurrence de 
100 mm) et les besoins en eau du mil estimds 
a±10%, au cours de Iaculture. IIfaut donc tenir 

30
 

compte a Iafois de Ia longueur da Iasaison des 
pluies utiles et de Ia satisfaction des besoins en 
eau, pour savoir si, r6trospectivement, chaque 
annde analysde dans une station, avait dtd 
favorablo ou non sur le plan hydrique. Ceci 
n6cessite d'analyser en detail une quarantaine 
d'anndes par station et d'otudier toutes les 
stations disposant d'une sdrie d'observations 
relativement longue et complbte, et par ailleurs 
bien reparties sur le territoire. La carte ci-jointe 
(Graphique 7) donne une ideo des renseigne
ments que l'on peut obtenir. La partie h~churde 
represente Ia zone de securite accrue (80% de 
chances de rdussite et plus) que I'on peut 
gagner en passant d'une varidtd de 90 jours 
(Souna) A une varidtd de 75 jours (mil nain 
GAM). 

Suvi do inC lmpagnAgricole 
tExplication do Ia Production 

Nous avons tente en 1977 (DANCETTE 1977), un 

%Podor 10% 
M A U R IT A N I E
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Graphique 7. Lignes d'ogaleprobabi/it6pour que les conditionshydriques soientfa vorables aune 
culture de mil G.A. M. de 75jo urs. 
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suivi trbs general de la campagne agricole, axd 
essentiellement sur;es cultures de mil, arachide 
et nidb6, dont les besoins en eau, sont en fin de 
compte assez voisins, A longueur de cycle 
6gale. Pour cescultjres, les besoins en eau sont 
directement proportionnels a la longueur du 
cyclevdgdtatif (Graphique8). Aussi est-il possi-
ble graphiquement de porter les courbes 
cumules de besoins en eau et de pluviomdtrie, 
a partir du jour de premibre pluie utile 

600 Mit 120 Iours 
Afchde Arachide 120 jours 

500 
Mit 90 louts 


400 Ar ide 0 


75 jou 
MI 


S300 7M51tOurS
 

200 75 90 105 120 

Duree totale du cycle (sumis-recotte) en jours 

Graphique 8. 	 Les besoins en eau des cultures 
auS6negalsontproportionnels 
a la Iongueur du cycle de vdgd-
tation. 

1000. 

S800
iNormale 

Es 

'~400

0 


: 	 / 

275E 200

Juin JuIttet Aout I 

(Graphique 9). 	Cette premibre pluie utile est 
celle qui permet a la culture de mil semde en sol 
sec, de commencer I pousser. L'iddal seralt de 
pouvoirdventuellementtranslatercettecourbe 
des besoins en eau, le long de I'axe des abscis
ses (jours), et aussi de la dca'er le long de l'axe 
des ordonndes (mm), en cas de resemis d'une 
part ou de retard au semis tout simplement. 

En effet, dans ces cas, soit la culture com
mence avec un stock d'eau initial que l'on peut 
estimer, soit toute la pluie a 6te perdue (6vap
oration) et il faut faire partir la courbe de
besoins en eau, du niveau de la pluviomdtrie 
accumulde atteinte (cas da Thibs en 1977). 
Enfin, dans cerains cas exceptionnels (stations
de recherche), il peut exister un stock hydrique
initial dO a des techniques de dry farming 

(labour de fin de cycle par exemple): dans ce 
cas, il conviendrait d'en tenir compte, en abais
sant par rapport a la simple pluviomdtrie, lepoint de departde la courbe de besoins en eau. 

Pour le suivi de la campagne de mil propre
ment dite, il suffirait de reprendre exactement 
les r~sultats de besoins en eau specifiques 
exposes plus haut et de leur affecter par station, 
un indice tenant compte du gradient de de
mande dvaporative. On peut voir ainsi tros 
facilement, quelles sont les pdriodes de stress 

1931-1960 

/ 100% 

en eau
 

80 

~1977 . - B./ 

19o0 105 120 
tours tours tours lous
 

Soptembre I Octobre I Novernbre 

Mois et louts I mm/tour 

Graphique 9. 	 Suivi de la saison des pluies 1977 (Thies-M'two.). Trois resemis de mil en sec; Pluie 
de semis de 14 AoOt (52 mm); Date mcyenne dernitre pluie = 5 Octobre. 
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et mtme avoir une idde de l'intensit6 de ce 
stress et de ses effets possibles sur les rende-
ments (en s'aidant aussi des courbes de rd-
ponse a I'eau). Dans le cas de Thies, extrait des 
25 autres cas 6tudids en 1977, on voit que le 
debut de la culture a 6W exceptionnellement 
tardif, et [a pluviomdtrie trbs faible. A supposer 
qu'il y ait eu un ruissellement et une percola-
tion negligeables, et que toute la pluie ait pu 
btre stockde dans le sol et utilis6e par [a culture, 
on peut se rendre compte que seules les var-
it~s de 75 jours avaient quelque chance de 
reussite (besoins en eau satisfaits au mieux b 
76%); les mils de 90 jours avaient dej,) com-
menc6 b souffrir au moment de I'epiaison (vers
le 60me jour) et leurs besoins hydriques n'ont 

dte couverts globalement qu'a 62% (1 sur le 
Graphique 9). A C' 

Conclusion 

La mesure des besoins en eau est un prealable b 
tout travail portant sur I'adaptation des cultures 
a un milieu p~doclimatique donne. Ainsi, pour 
If, mil, on sait maintenant assez bien quelles 
'.ont ses exigeances hydriques, b un haut 
niveau de technicit6. On sait moins ce 
qu'exigeraitunmilmodiocrementcultivdetmal 
alimentd sur le plan mineral. Cependant, il est 
normal que la recherche vise b l'obtention de 
hauts rendements et donc A I'adaptation de 
plantes relativement plus exigeante en eau que 
des plantes chetives. Par ailleurs, nous avons vu 
que [a production de paille devait, elle aussi, 
tre considere avec intert, au niveau d'une 

exploitation integrant I'6levage et d'autres be
soins. 

Ces diverses raisons font que plus qu'au-
trefois, (on disposait alors de varietds 
mediocres, mais pwit-,tre plus plastiques), il 
faut btre trbs strict en ce qui concerne les 
criteres de selection varietale et la delimitation 
gdographique, sur des bases pedo-
pluviometriques entres autres, des aires de 
vulgarisation des principales varietes. On peut
dire qu'au Senegal, c'est la demarche qui a et 
adopte6 par le Groupe d'amelioration des mils 
(GAM), dont les travaux de selection et de 
creation varietales sont bases sur une concerta-
tion permanente avec les agronomes et les 
agro-economistes. Ces derniers peuvent prd-

ciser ce que veulent vraiment les cultivateurs, 
comment ils utilisent les produits et sous
produits de culture et 6 quelles contraintes ils 
sont soumis (temps, materiel, march6, etc...).
Quant aux agronomes, ils peuvent prdciser 
comment cas diverseq contraintes peuvent btre 
levees (pluviomdtrie, travail du sol, fumure et 
matibre organique) et quelle sorte de materiel 
vegetal serait pour eux la plus commode afin do 
resoudre les divers problbmes agronomiques. 

Sdlectionneurs et physiologistes peuvent 
ainsi tendre leurs efforts vers des objectifs 
precis et repondant exactement aux besoins du 
developpement, m~me si ces besoins ne sont 
pas toujours dMfinis de fagon aussi claire qu'il le 
faudrait, ou s'ils dvoluent trop rapidement. 
Ainsi, le grand developpement de I'dlevage fixd 
et de l'embouche, semble incompatible avec los 
labours d'enfouissement des pailles de mil, 
autrefois preconis6s. II est necessaire en re
vanche de preserver la fertilit6 des sols, par des 
apports de fumier dont les modalites de fabrica
tion et d'dpandage demandent encore a tre 
tudiees. 
Tout ceci demande beaucoup de vigilance et 

de concertation et suppose des dquipes 
pluridisciplinaires importantes et mobilisables 
pour des operations planifies, prcises et r6
gionalisees, comme le serait par exemple: I'au
gmentation de la production de mil, en vue 
d'assurer I'autosuffisance vivribre, dans une 
zone dcologique donnee qui pourrait recouvrir 
une ou plusieurs r6gions administratives. 
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