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Abstract 

The crop yields in the dry semi-arid tropics are low due to the temporal and spatial 
variations in rainfall. These areas are characterized by high climatic water demand, and 
the rainfall exceeds evapotranspiration only from 2 to 4112 months in a year. Due to the 
wide spatial distribution of the natural endowments, there exists a strong element of 
location specificity in terms ofmoisture environment during the crop growing season. 
Some techniques employed for quantification ofrainfall distribution and soil-moisture 
availability in relation to crop water needs have been described. Examples of the 
relevance of agroclimatological analysis for the translocation of farming systems 
technology are discussed. 

The tropical semi-arid regions lieto each side of 
the tropical rain forest climates and at higher 
latitudes in both hemispheres. Rainfed agricul-
ture, laden with uncertainty and instability in its 
precipitation patterns, has failad to provide 
even the minimum food requirements for 
the rapidly increasing populations of many 
developing countries in the semi-arid tropics 
(SAT). The mean annual temperature of the SAT 
exceeds 18'C. The rainfall exceeds potential 
evapotranspiration for 2 to 41/2 months in the 
dry SAT and 4,/2 to 7 months in the wet-dry SAT 
(Troll 1965). These areas are characterized by a 
high climatic water demand and by variable and 
erratic rainfall. It is imperative that any technol-
ogy for land and water management and crop 
production in the SAT areas must be aimed 
at improved resource management that con-
serves and utilizes rainfall and soil more 
efficiently and at new crop production systems 
that maintain productivity and assure depend-
able harvests (Kampen 1979). 

The intimate relationship between the 
weather and agricultural production systems, 
especially the complexities associated with 
vagaries of weather in terms of yield fluctu-
ations, has been a subject of wide concern in 
national and international crop production 
planning. In this context, the situation in the 
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SAT areas is even more complex because of the 
large variations in the weather parameters that 
affect agricultural production. A proper descrip­
tion and analysis of these weather parameters 
is an essential element in the application of ag­
rometeorological knowledge for the generation 
and transfer of farming systems technology in 
the SAT areas. 

Climatic Approach in Farming 
Systems Technology 

Over the past 6years, aconsiderable amount of 
farming systems research at ICRISAT has con­
centrated on analysis of the agricultural process 
for identifying the constraints to agricultural 
production and for evolving suitable production 
practices in the removal of these constraints. As 
a useful corollary to this exercise, efforts in the 
agroclimatology subprogram are aimed at 
analyzing the meteorological conditions of a 
region in order to characterize its agricultural 
potential and identify suitable crops/cropping 
systems to reap the full benefit of this potential. 
A systematic climatological approach in this 
context comprises the following steps: 

1. Description of the rainfall regime in a par­
ticular area, including studies on the total 
rainfall, rainfall intensities, and rainfall 

probabilities.
2. Calculations of potential evapotranspir­
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ation and its relationships with rainfall 
regimes to identify the water surplus and 
deficit periods. 

3. 	 Evaluation of the soil water-holding ca-
pacity and other soil physical characteris-
tics such as texture, structure, infiltration 
rates. 

4. 	 Water-balance calculations using the rain-
fall and potential evaporation data in 
conjunction with soil water storage. 

Description of Rainfall Regime 

Rainfall in the SAT mostly occurs April to October 
in the Northern Hemisphere and October 
to April in the Southern Hemisphere; the per-

centage of seasonal rainfall toannualtotal often 
exceeds 90%. Data pertaining to the monthly 
rainfall, annual total, and seasonal rainfall per-
centage forsixselected locations intheSATare 
shown in Table 1.Forall the locationsthe strong 
seasonality in the rainfall is evident. 

Hyderabad, located somewhat in the center 
of the "heartland" of the SAT, has annual pre-
cipitation concentrated in 4 rainy months from 
mid-June to mid-October. The rainfall is highly 
erratic; data for the last 78 years show that :t 

may vary from 320 mm (1972) to 1400 mm 
(1971) with a CV of 26%. Variability is by years 
as well as by seasons. Rainfall distribution dur-
ing the last 6 years at ICRISAT Center and the 

normals (1940-70) for Hyderabad are shown in 

Table 2. During 1972-73, June was the wettest 
month, with 107 mm, whereas in 1974-75, 
October recorded the highest monthly total of 

279 mm. In 1978, August received a record 
amount of rainfall (516 mm), while in 1975 Au­
g;ist was the driest of the last 6 years. The relia­
bility of the seasonal rainfall from April to Oc­
tober is indicated by the rnean amounts as well 
as by the low CV. 

The marked seasonality of the rainfall in the 
SAT exerts an overall control on the water 

availability and agricultural systems. The 
characteristics of individual rainstorms are also 
of importance, particularly their intensity and 

duration. In the SAT, a high proportion of rain­

fall occurs in large storms of high intensity. 
Hudson (1971) concluded that 40% of the rain­

fall in the tropics occurs at intensities of at least 
25 mm/hr, a figure considered as a threshold 
value at which rainfall becomes erosive. The 
highest rainfall intensity observed at ICRISAT 
Center was 88 mm/hr recorded on 24 Sep­
tember 1975. On 18 August 1976, a rainfall in­
tensity of 60 mm/hr was experienced. These 
characteristics are of great importance to both 
soil erosion and the effectiveness of rainfall to 
agriculture; large storms of high intensity result 
in 	considerable loss as surface runoff and as 
drainage beyond the root zone. 

Despite the complexity of the moisture sup­
ply, certain generalizations can be made. Use of 
monthly average to describe seasonal rainfall 

Average monthly rainfall (mm) for selected SAT locations.Table 1. 

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Annual*Location Lat Long 
o I o I 

5 7611.Hyderabad 17 27N 78 28E 2 10 13 23 30 107 165 147 163 71 25 
(93)(India) 

249 163 49 5 6 5782. Dakar 14 44N 17 30W 0 2 0 0 1 15 88 
(98)(Senegal) 


15 60 145 251 334 220 58 12 0 10993. Bamako 12 38N 08 02W 1 0 3 
(99)(Mali) 

4. 	Maradi 13 28N 07 05E 0 0 0 4 32 60 164 260 110 12 0 0 642 
(100)(Niger) 

0 13 53 89 165 252 147 15 0 0 734
5.Sokoto 13 01N 05 15E 0 0 


(100)(Nigeria) 
84 118 193 265 153 37 2 0 8826. 	Ouagadougou 12 21N 01 31W 0 3 8 19 

(99)(Upper Volta) 


Percentage of seasonal rainfall (April to October) to annual total Isshown Inparentheses.
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Table 2. Rainfall at ICRISAT Center during 1973-78 and normals (1940-7C) for Hyderabad. 

Normal 

Mean CV 
Month (mm) (%) 1973 1974 1975 1976 1977 1978 

Jan 5.5 319 0.0 0.0 35.0 0.0 0.0 17.2 
Feb 11.0 204 0.0 0.0 0.0 0.0 0.0 20.5 
Mar 12.5 199 0.0 0.0 23.9 0.5 0.0 3.8 
Apr 24.0 122 0.0 14.8 0.0 91.0 7.5 56.4 
May 26.5 95 3.0 15.0 1.7 22.4 36.0 15.0 
June 115.5 57 59.8 119.8 98.4 86.0 66.5 181.4 

July 171.5 45 161.0 89.3 195.2 219.3 183.5 228.2 
Aug 156.0 52 230.8 160.2 139.4 298.7 196.4 515.8 
Sept 181.0 57 68.9 185.5 422.3 74.0 40.0 81.5 
Oct 67.0 94 216.4 278.6 173.5 0.6 48.9 70.5 
Nov 23.5 167 10.6 4.5 15.0 29.7 27.8 10.4 
Dec 6.0 254 1.3 0.0 0.0 0.0 2.0 0.9 
Annual 800.0 751.8 867.7 1104.4 822.2 608.6 1201.6 

regimes is often not sufficiently accurate; at cer-
tain times in the crop growing season, the pre-
sence or absence of water is not critical, and 
indications of variability over shorter time 
periods are of great importance. Many agricul-
tural operations revolve around the probability 
of receiving given amounts of rainfall. Farm-
scale operational planning often requires de-
cision-making with respect to resources, man-
power needs, available work days, cropping 
schemes, and several other factors. A com-
prehensive idea regarding the probability of 
rainfall is essential in view of the economic im-
plications of certain weather-sensitive oper-
ations - dry seeding, harvesting, etc. 

In agronomic terms, once a seed is planted, 
water is required on a continual basis until the 
crop matures. We therefore utilized the concept 
of the Markov Chain to define the probabiity of 
rainfall of a given amount during a given week: 
initial probabilities or P(W); the probability of 
rain next week if rain was received this week 
P(W/W); and the probability of next week being 
wet if the current week has been dry P(W/D). 
These are called conditional probabilities, 

Potential Evapotranspiration 
or Evaporative Demand 

Another significant feature of the tropical envi-
ronment is the high climatic water demand. 

The meteorological factors affecting evaporation 
include solar radiation, temperature of the 
evaporating surface, vapor pressure gradient, 
and wind and air turbulence. Solar radiat;on is 
the dominant source of energy and sets the 
broad limits of evaporation. Values of solar 
radiation tendto be high inthetropics, modified 
by cloud cover, making the evaporative de­
mand of the atmosphere considerable (Jackson 
1977). The annual values of potential evapo­
transpiration (PE) often exceed 1750 mm. Dur­
ing the growing season these values are of the 
order of 8 to 10 mm/day on clear nonrainy days 
and usually are around 3 mm/day on cloudy or 
rainy days. 

When rainfall exceeds PE, soil moisture re­
serves are recharged. When rainfall is less than 
PE, soil moisture reserves are utilized. Most of 
the time in the SAT areas, rainfall is less than PE 
and aciual evapotranspiration (AE) may equal 
rainfall. As shown in Figure 1, all six selected 
locations show only 2 to 3 months when rainfall 
exceeds PE, allowing some soil moisture re­
charge followed by utilization in the succeeding 
months 

Denmead and Shaw (1962), working with 
corn in Iowa, reported that on a clear day, when 
the potential transpiration was as high as 6 to 7 
rnm/day, the decline in the transpiration rate 
occurred at a very low moisture tension, close 
to field capacity (Fig. 2). On a heavily overcast 
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of growth. Since the crop yields are propor­

tional to moisture availability, the semi-arid
tropical environment introduces a strong ele­

ment of risk to high and stable crop yields. 

Soil Moisture Storage 

rThe soils of the SAT show great diversity in
 

and depth. Among other thirs, the
 
precipitation actually entering the soil depends 

upon the type, surface conditions, and moisture 
Figue 1.Morttyvaratio in aitexturolestructure te ofalze claurgani mhwtat 

at sixstatus 	 of the soil. 

Figure 1. 	 Montly vaiaton in rainfall ( ) 
and potential evapotranspiration
(--..-) at six selected locations in the 

SAT.mmia4 i Water deficiency .te .i 
soil moisture recharge. 

day, when the potential transpiration rate was 
only 1 to 4 mmfday, the transpiration rate did 

not decline until the soil moisture reached 12 
bars, not much above the permanent wilting 

point. Sincethe rainfall dist ibution in theSATis 
highly erratic, and rainy spells are interspersed 
with unpredictable droughts, the crops are ex-
posed to considerable stress at different stages 

As shown in Figure 3, the moisture depletion 
from a given soil varies with the soil type 

(Holmes 1961). The idealized curves show that 
in the case of low colloid contentsandy soils, the low moisture­holding capacity and the 

permit a rapid removal of much of the soil mois­
ture. The depletion rate remains at a high level 
almost to the wilting point. Fora heavy clay soil, 
on the other hand, the moisture cannot 
be removed rapidly. 

The average values of changes in the profile 

moisture on the weekly basis in three typical 
soils of the Hyderabad region are plotted in Fig­

ure 4. These curves are based on the 1901-70 
rainfall records. It is apparentthat in the shallow 
Alfisols there is very little soil moisture storage 
for use over extended drought periods. In deep 
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Figure 3. 	 Drying rates of three types of soils 

as a function of soil moisture con-
tent (Source: Holmes 196 1). 

Alfisols, medium deep Vertisols, and in deep 
Vertisols, there is a fair degree of moisture stor­
age for a substantially longer time during the 

growing season compared with shallow 
Alfisols. Thus, under identical rainfall condi-
tions, the effects of short-term intraseasonal 
droughts on crop moisture status will differ in 
different soil types. The amounts of water lost 
by runoff would be much higher in the shallow 
Alfisols compared with the othertwo soil types, 
and the potential benefits derived from sup-
plemental applications of water would vary 
with the soil type. Our experience has shown 
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Figure 4. 	 Weekly .'oil-moisture storage in 
three soils (based on Hyderabad 
data, 1901-1970). 

that it is on the shallow Alfisols that reuse of 
runoff is usually profitable under Hyderabad 
conditions. 

Water Balance Calculations 

It is possible to calculate the water balance for a 
given region for any given crop from the actual 
rainfall evapotranspiration and soil moisture 
characteristics over a series of years. The use of 

computers for fast and accurate calculation of 
water balance using various simulation models 
has made this task relatively easy. Water­
balance results find useful application in the 

deteimination of the length of the growing 
season and the optimum sowing date;
 
maximum water use of a crop and maximum 
waer availability can be matched for optimal 

use of available resources.
 

Transfer of Farming Systems 
Technology: 
Some Case Studies 

For over 2 decades agricultural research has 
focused its major attention on improved crop 
yields under irrigated agricultural systems. Re­
cent crop failures and widespread famines in 
thearidandsemi-aridareashavebroughttothe 
attention of researchers the need for improved 
technologies for greater yields and production 
stability in these areas. The ge.ographical diver­
sity and the distance between SAT locations 
impose definite limitations on the technical and 
financial resources for intensive investigations 
over large areas in the SAT. Hence, research 
conducted at a few important locations for the 
generation of improved technology will have to 
find application over large areas. 

The climatic approaches for the transfer of 
agrotechnology have been described earlier. A 
few case studies are presented here to showthe 
application of these approaches for some prac­

tical problems. These case studies are by no 
means exhaustive but can serve as useful 

to illustrate the idea behind these 
exercises. 

Location Specificity of Moisture 
Environmsnt 

The distinctive characteristics of the SAT 
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influence the distribution of natural 
endowments-soils, rainfall, and climate-
introducing a strong element of location spec-
ificity in terms of the agricultural environ-
ment. This is exemplified by a comparison of 
two locations- Hyderabad and Sholapur, 
India - situated about 500 km apart at similar 
latitude and altitude. They seem agrocli-
matologically, ecologically, and edaphically 
similar (Virmani et al. 1978). At both locations, 
soils are deep to medium deep Vertisols. The 
mean annual rainfall at both the locations is 
about the same (764 mm at Hyderabad and 742 
mm at Sholapur) and, on an average, more than 
75% of their precipitation is received between 
June and September. Krishnan (1974) com-
puted the annual PE at 1757 and 1802 mm, 
respectively, for Hyderabad and Sholapur; the 
actual length of the growing season was 
estimated to be 130 and 148 days, respectively. 
The CV of the annual rainfall is 26.1% for 
Hyderabad and 28.6% for Sholapur. Rao et al. 
(1971) computed Thornthwaite's moisture 
index at -56.4 and -58.7, respectively, 

With this information, one could expect simi­
laragricultural potentials at these two locations. 
However, research has shown that this is not 
true. At Hyderabad, on Vertisols, yields in ex­
cess of 5000 kg/ha are common in pigeonpea/ 
maize intercropping and in maizelchickpea 
sequential cropping; rainfall-use efficiencies of 
the order of 6 to 10 kg/rnm can he obtained 
regularly. However, at Sholapur, rainy-season 
cropping is undependable with sorghum or 
maize; a short-duration crop of pearl millet or a 
grain legume followed by sorghum grown on 
conserved moisture is somewhat successful, 
Furthermore, yields from yeartoyearare highly 
variable, ranging from 1000 to 2000 kg/ha; the 
rainfall-use efficiencies are quite low. 

Hargreaves (1975) reported extensive rainfall 
analyses for defining the agricultural poten-
tialities for rainfed agriculture of semi-arid 
tropical northeastern Brazil. He found that if the 
amount of r. nfz-ll -,,' sufficient to meet one-
third of the potential demand (RIPE 1-0.33), it 
was sufficient to meet water requirements of 
dryland crops in soils with a fair amount of 
available water-holding capacity. The rainfall is 
defined as "dependable precipitaton" when 
the probability of its receipt is at least 75%. In 
such a scheme of evaluation, consideration is 
given both tothe adequacy of rainfall in relation 

to crop water needs and the dependbbility of its 
occurrence. 

An analysis for initial and conditional prob­
abilities of R/PE5;0.33 explains most of the 
differences between Hyderabad and Sholapur 
(Fig. 5). The rainfall distribution is highly erratic; 
few of the initial probabilities P(W) exceed the 
70% threshold level and the (F(WiW) follows a 
similar pattern. In comparison, the rainfall 
analysis for Hyderabad shows that rainfall is 
dependable (as defined at 70% probability) 
between 18 June and the end of July, and from 
about mid-August to mid-September. Thus, 
rainfall characterization based on short-term 
periods can be particularly effective in explain­
ing differences in agricultural climate and crop 
yield potentialities. 

The illustration of location specificity, as 
exemplified by the rainfall analysis of 
Hyderabad and Sholapur, clearly brings outthat 
quantification of the moisture environment 
would be essential for identifying isoclimes and 
for the transfer of different elements of the 
farming systems technology. 

Possibilities of Dry Seeding 
on Vertisols in India 

The methodology of rainfall probabilities could 
be used for assessing the risk associated with 
dry seeding of rainy-season crops in the SAT. 
From our experience, we have observed that 
the dry seeding period of the 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 commencement of the 
rainy season and the probabilities of con­
tinuance of rain are fairly dependable. There­
fore, this location offers an excellent scope for 
dry seeding. At Sholapur, on the contrary, the 
onset of rains at the commencement of the 
season is not abrupt and the probabilities of the 
continuity of rainfall after onset are not high; 
such locations are prone to considerable risk in 
dry seeding. Based on rainfall probabilities of 
more than 90 locations in India, the areas 
offering possibilities of dry seeding on Vertisols 
are mapped in Figure 6. The technology for dry 
seeding of crops generated at ICRISAT Center 
could betranslated with a fair degree of success 
to Akola, Jabalpur, Indore, and Udaipur; 
whereas at Sholapur, Dharwar, Jalgaon, and 
Ahmedabad the likely success of dry seeding is 
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Figure 5. Comparison of probabilities of RIPE-0.33 at Hyderabad and Sholapur. 
a. Initial probabilities (P[ W) 
b. Conditional probabilities (P[ WIW 

low due to the high risk associated with this that may be used to employ this information in 
practice. Insuch cases itwould probably be best the planning of agricultural strategies/ 
to buildup some moisture in the upper horizons operations. The length of the growing season 
of the soil profile prior to seeding. depends upon the pattern of rainfall and also 

upon the type of the soil, particularly its 
moisture-holding characte istics. 

Length and Characteristics The soil-moisture availability characteriza­
of the Growing Season tion could have implications in crop planning 

and selection of crop cultivars, at least as a first 
Thus far our discussion has been mainly on the approximation. The length of the growing sea­
probabilities of rainfall and the methodologies son in the three soils is shown in Table 3. At the 
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Table 3. 	 Length of the growing season (in 
weeks)' for three soil conditions.b 

Available water-storage capacity 

Rainfall Low Medium High 
probability (50 mm) (150 mm) (300 mm) 

Mean 18 21 26 
75% 15 19 23 
25% 20 24 30 

a. From seed-germinating rains (25 June) to end of season 
(time when profile moisture reduces EAJPE to 0.5).

b. 	 Low: shallow Atfisol; medium: sh3llow to medium-deep
Vertlsols; high: deep Vertlsol. 

the crop growing periods and suitable crops, 
and in delineating isoclimes for the transfer of 
technology. 
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