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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 climate) in relation to
agriculture. Following 5 years of research in this area, ICRISAT sponsored an
International Workshop on the Agroclimatolagical 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 Acia, 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, its acvuracy and adequ-
acy. 4

¢. Available methods for the quantification of moisture environment and
its application in crop planning.

2. Tosuggest 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 tarceted 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 of America, and Upper
Voita, and representatives of the World i cteorological 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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Climatoclogical Features of the
SAT: Methodologies and
Techniques of Characterizaticn
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Summary and Recommendations

Summary of Papers

This session dealt with the importance of col-
lecting good agrometaorological 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 2 more meaningful interpretation
of climatologica! data in agricultural research,
development, and operations were prosented.
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 regior;, where temperatures are gener-
ally adequate, with fack of moisture as the key
limiting factor. Methods for quantifying rainfall
distribution, the soil moisture environment, and
water balance methodology werediscussed. He
emphasized the usefulness of the ET/Ep ratioin
analyzing crop-weather relationships. Similar
expressivns should be effective in crop-
production models and inimproved 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 personne!,
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 agrometeorological data are
used in research, for example, in preparing
crop-weather diagrams, crop-weather calen-
dars, and the agroclima. ic atlas. Awiderange of

rainfall analyses have besn made to help define
the water status of different zones in India.
Crop-weather relationships have been estab-
lished, which permit crop vield forecasts to be
mdde. 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 resuits appears to be a promising re-
search too! 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
sarvices (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 analyticai ap-
proaches to analyzing crop-weather data
and classifying climates for expediting the
transfer of agrotechnology should be en-
couraged.



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-arid tropics pose a unigue set of climatic features to those involved in
programs of agricultural development. Such areas, on the basis of temperature, are
suitable for the production of any crop that does not require a celd periodin its life cycle.
Lack of moisture is the key limiting factor to stabilized and improved agriculture in SAT
ragions. In recent years, there has been a growing appreciation of these climatic
constraints, ana attempts are being made to increase the length of the growing period by
improving soil and water management. Efforts to this end will involve the fitting of
appropriate cropsicuitivars to appropriate soil-climatic zones. In the SAT environment
this would primarily mean the matching of moisture 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 of the soils in relation to time and
quantum distribution of precipitation via water-balance methodology are presented. A
scheme for matching the crop-water demand and stochastic water supply is presented
for determining the “likely” suitability of crops to soil-rainfall environments.

Due to the characteristic spatial distribution of natural endovyments in the tropical
regions, the moisture environment for crop growth tends to be highly location specific.
The methodology of integrating rainfall, soil storage, 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 contribuies
substantially to delineating the potentially rewarding areas for agricultural research.

In the seasonally dry rainfed semi-arid tropics
(SAT), crop vyields are low and variable from
year to year. The instability in agricultural pro-
duction is caused primarily by undependable
rainfall. In any particular agroclimatic region,
therefore, the aim of an interdisciplinary farm-
ing systems research team is to derive a set of
practices for resource development, resource
management, and utilization that will lead to
substantial and sustained increases in agricul-
tura! production while conserving and improv-
ing the region’s resource base.

* S M. Virmani is Principal Agroclimatologist and
Program Leader; M. V. K. Sivakumar and S. J.
Ready are Agroclimatologists, Farming Systems
Research Program, ICRISAT.

The main focus of the Farming Systems
Research Program at ICRISAT is “resource-
centere’ for increasing and stabilizing agricul-
tural production in the SAT. Ths Agricultural
Climatology subprogram is concerned primari-
ly with resource assessment and classifica-
tion. The distinctive characteristics of the SAT
environment influence the distribution of
natural endowments — soils, rainfall, and cli-
mate. It tends to introduce a strong element of
location specificity in terms of the agricultural
environment. Therefore, the quantific- .n and
characterization of the natural resource base of
any SAT area is of fundamental importance for
the transter of agrotechnology. Given the vari-
ability of the SAT environment over time and
space, such a quantification also contributes
substantially in delineating the potentially most
rewarding areas for agricultural research,

Previous Pags Liank :



Characteristics of the SAT
Environment

Tha 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). In order to meet
the high climatic water demand during the
growing season, the study of the supply pattern
of water assumes great importance. SAT re-
gions are characterized by a highly veriable
rainfall. The coefficiant of variability of rainfall
in humid climates is about 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-

ratic, and data of the last 77 years (Fig. 1) show
thatit may 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 the wettest month
in 1975 and the driest month in 1977. In 1977,
August received fairly good amounts of rainfali;
in 1975, it was the driest of the rainy months. We
observed thet open-pan evaporation is highly
influencad by rainfall. The values go down to as
low as 3 mm onrainy days, and very high values
of open-pan evaporation were recorded during
dry days.

Effect of Atmospheric Demand
on Sail-Moisture Availability

At this stage it may be pertinent to consider
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some of the environmental characteristics that
are important in relation to supply and demand
of soil moisture. The work of Denmead and
Shaw (1962) and Shaw (1978) showed that the
ability of soil to supply water to a crop is
influenced by soil-moisture status and atmos-

100

pheric evaporative demand. As shown in Table
1, the volumetric moisture content and atimo-
spheric demand play an important role in drter-
mining the ratio of the actual supply of water to
the potential water supply (termed relative rate
of ET). If the volumetric soil moisture is about

1975 {1029 mm)
804

Daily rainfall (mm)

1
l
0 l| . I - '1'1 'l lh.l ! st 'I l:lll“ ] ! ||I 1':1 1 lllllllllnll N | II !'Il..nﬂllln m

166

100

1976 (679 mm)
80-

60-

404

Daily rainfall (mm)

204

0

100

112

'|I|l!..=||. H

1977 (543 mm}
804

604

404

Daily rainfall (mm)

204

e

lI ' L . ll. . l! Ih.l“'n

June July

Au

u| I‘II l|| "1 |
N ] L J
9

II[I lll 1 I
L) v 1] L)
Oct

Sept

Figure 2. Rainfall distribution at ICRISAT Center, 1975 to 1977.



field capacity, then (irrespective of the potential
evapotranspiration dernand; the plants will be
ableto 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 maisture stress
even though about one-third ..f the available
water is present inthe rootzone. Crop yields are
propertional 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 thres
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 ylelds using climatic data.
(This volume.)

to their growth pattern, for inaximum yield.
Hence (a) quantification of moisture environ-
ment for crop gcrowth and (b) crop response to
moisture stress and crop water needs are 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
evapotranspiraticn 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 seasen, 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. Hargreavas
{1975} has defined. dependable precipitation
(DP) as that amount of rainfall which could be
received at 75% probability. It is evident thatthe

Table 2. Climatic water availability at Hyderabad, Indie.

Mean rainfall Mean PE Dependable

Month {mm) {mm) RFIPE precipitation (mm)? MAJ¢
Jan 2 110 0

Feb 10 129 0

Mar 13 181 0

Apr 23 198 6 .03
May 30 220 7 .03
Jun 107 196 0.55 59 32
Jul 165 140 0.85 121 .75
Aug 147 135 1.09 86 .65
Sep 163 119 1.37 91 .65
Oct 71 124 0.57 30 21
Nov 25 104 0.24 0

Dec 5 99 0

8. At 75% probability, aiso referred to as DP.
b. Moisture Availability Inuax = PD/PE




dependable precipitation amounts are much
lower than the mean rainfall received at
Hyderabad, and so one must consider depend-
able precipitation rather than mean rainfall. The
moisture-availability index — defined as the
ratio of dependable precipitation to mean
rainfall — shows that adequate moisture is av-
ailable for the rainy months of July, August, and
September at Hyderabad. These analyses,
however, do not give information on the con-
tinuity or breaks in rainfall and its adequacy to
meet environmental demand on a short-term
basis.

Probabilities of rainfall at Hyderabad as a
function of time during the year are plotted in
Figure 3. It is seen that in the dry months of
January to June there is little chance of receiv-
ing an amount of rainfali that would be
adequate to satisfy at least a third cf the poten-
tial demend. But starting from the last week of
June, these probabilities exceed the 70% level.
The figure also shows that the onset of rainfall
at Hyderabad is abrupt and that there is also a
continuity in the rainfall once the rains begin.
The continuity is depicted by the dotted line,
which is a plot of the probability of a rainy week
followed by a rainy week (wet/wet). The plot
also shows another interesting feature in that
rainfall receipts to meet at least one-third of the

potential demand are fairly adequate through-
out the months of July and September. In the
month of August, however, a drought may be
encountered in about 40% of the years. After
October these probabilities again start going
down, due to recession of monsoon rains.

Comparison of Rainfall Pattern
of Two Locations

In order to illustrate the effe.tveness of this
kind of methodology in delineating some of the
important precipitation features of site spe-
cificity and also to investigate whether the
technology generated at ICRISAT Center can be
transferred to another place, two locations fairly
similar in their broad agroclimatic character-
istics ware selected (Hyderabad and Sholapur,
Fig. 4). From their moisture-availability indices
(Table 3), it is apparent that annual rainfall is
fairly similar at both locations, as is seasonal
rainfall. The rainfall is equally variable and the
potential evapotranspiration is fairly similar at
the two locations. The moisture-availability
index calculated by Thornthwaite's method
shows —56 for Hyderabad, but —58 for Shola-
pur. The growing season, as calculated by the ap-
proach of Cochemé and Franquin (1967), shows
that Hyderabad has a growing period of about

100

Probability (%)
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Figure 3. Probabilities of rairfa!l (RIPE=0.33) at Hyderabad (1901~-1970 data).



130 days, whereas at Sholapur the growing
season could extend to 148 days. Both locations
have deep Vertisols.

From the above, one would probably antici-
pate that the agricultural possibilities at the two
locations are fairly similar. Five years of re-
search, however, shows that rainy-season
crops are successful at Hyderabad and the

annual yields range from 5000 to 7000 kg/ha,
while at Sholapur rainy-season crops are risky
and annual yields range from 1000 to 2000
kg/ha. How does one explain such large differ-
ences in crop yields when the climatic charac-
teristics of the two places are, on a very broad
scale, fairly similar?

The reason can be seen from the plot of the
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initial probabilities tha. rainfell will meet atleast
Table 3. Mocisture availablilty Indices st two  one-third of the potential demand at Hyderabad

locations. and Sholapur (Fig. 5). At Hyderabad, once
rsinfall begins, there is continuity cf rainfall and

Index Hyderabad  Sholap:.. a high dagree of dependability tiiroughout the
Annual AF (mm) 764 742 months of July, August, and September. At
Seasonal  RF (mm) 580 556 Sholapur (the dotted lines) the continuity seen
cv RF (%) 26 28 in tainfall at Yiyderabad is not so obvious. At
PE {mm) 1757 1R02 Sholapur, the raing are highly erratic during the
In -56 ~58 growing season; hence the success of a rainy
Growing season (days) 130 148 geason crop is highly unpredictable. The con-
Soils Vertisols  Vertisols tinuity of the rains depicted by the conditional

probabilities in Figure 6 (the probability of

. Molsture inde .. . . . .
? ure Index receiving a rain this week if the previous waek
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has been wet) shows that at Hydarabad the
continuity in rainfall is fair, 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 and suitability of
crops for selected locations in India showthatin
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
Jocation. 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
commencement of the rainy season and the
probabilities of continuance of rain are high.
Therefcre this location offers excellent scope
for dry seeding. At Sholapur on the other hand,
the onset of rains ai the commencement of the
season is not marked and the chances of the
continuity of rains after onset are not as high.
Such locations therefore pose a risk to drv
seeding. Based on rainfall-probability analysis
of more than 90 stations in India, the areas
offering possibilities of dry seeding on Vertisols
are mapped in Figure 7. Again the methodolc gy
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
india. Fo example, the technolagy for dry
seeding of crops generated at ICRISAT Center
could be translated with a fair degree of success
to Akola, Jabalpur, Indore, and Udaipur,
whereas at Sholapur, Dharwar, Jalgaon, and
Ahmrdabad the likely success of dry seeding is
low due to the high risk associated with it.

Stochastic Modeling Usins the Water
Balance Approach

So far, our discussion has been mainly on the
probabilities of rainfall and the methodologies

12

that may be used to employ this informationin
the planning of agricultural strategies/
operations. One other important component
that affects iength of the growing season is the
water-holding capacity of the soils. The average
pattern of changes in profile moisture on a
weekly hasis in three typical soils of Hyderabad
region are piotted in Figure 8. These curves are
based on rainfall records from 1901 through
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. Indeep 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
short-term intraseasonal droughts on crop-
moisture status will differ in thethree soiltypes.
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-balarice 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
capacity of the soil (Table 4). At 75% probability
level in soils with relatively low water-storage
capacity under Hyderabad conditions, we have
15 weeks of growina season. Under high soil
water-storage conditions, the growing season
could be extended tc about 23 weeks. This
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
considerable variations over short distances,
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 demand, the
probabilities of water availability at pre-
determined levels ran be determined for a
particular soil type. Since the ET rates of crops
in relation to the potential evapotranspiration
rates are well defined under adequate moisture
conditions, a comparison of these to soil-



moisture availability estimates should give a
batter appreciation of the “likely” fitting of
crops in a given soil-rainfall-evaporation com-
plex. Figure 9 depicts such an exercise for
Hyderabad conditions in typical soils and for
short-, medium-, and long-duration crops. It is
apparent that a long-duration crop in a soil
with 50 mm available water-storage capacity

will be exposed to soil-moisture inadequacy at
several growth stages, but on the other hand if
the soil-moisture storage capacity were 150 or
300 mm, the risks of water deficiency are much
fess. Thus one might select for shallow soils a
drought-hardy crop (e.g., castor bean, Ricinus
communis), whereas in deeper or heavier soils
a crop with medium sensitivity to drought (such
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Figure 7. Possibilities of dry seeding on Vertisols.
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Figure 8 Weekly soil-moisture storage in
three soils (Hyderabad, 1901~1970).

as pigeonpea, Cajarus cajan) would be suitable.
Similarly one could fit in short- and medium-
duration creps. Effects of changes in seeding
dates and the influence of different phenclogi-
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 ditferent durations
(Tabie 5. Theimportance of such fieid work-day
probatilites in relation to the harvest of sor-
ghum in two soil types in shown in this table.
Farmers in this area grow 2 long-duration sor-
phum crop of 130 to 150 days duration. There is
a high degree oi probability for having at least 3
consecutive work days in either the Alfisois 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 8. Fisld-work day probabliities at har-
vast of gorghum and millet crops at

Hyderzbad.
3 Consecutive work day
probability
Alfisols Vertisols
Crop Duration (%) (%}
Miliet 65~ 70 50 4
Sorghum 90-100 77 29
Sorghum 130-~150 a3 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. {t is fairiy common to ha're intense
rain storms (of at least 60 to 70 mm) ir. tis area
in the month of August and September. In the
deep Vertisol areas, harvesting a medium-
duration sorghum cou!d be a problem. Since
the sorghum crop is affected with grain molid
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 moldirot resistant. The
analysis of field work day probabilities shows
thatitis not only important to grow a good crop
butitis alsoimportantto 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)

Tabla 4. Length of the growing ssason® for throo soli conditions®

Avuilable water-storage capacity

_l_.ow {50 mm)

Medium (150 mm)

High (300 mm)

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

a. From seed-germinating rains {25 Jun} to end of season {time when profile moisture reduces EA/PE to 0.5).
b. Low: shallow Alfisol; medium: shallow to madium-desp Vertisols; high: deep Vertisols.
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Figure 9a.

collection of meteorological data zt ICRISAT
Center and at cooperative research stations,
and its interpretation in terms of agronomic
relevance. These studies are conducte 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-
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b. Fitting of short— (65 to 70 days)
and medium ~(90 to 100 days)
duration crops in three soils.

iology, Economics, Hydrology, and the Cropping
Systems subprograms. We initiated a microc-
limatological studies programin 1977, and have
been able to acquire a good deal of instrumen-
tation that is needed in these 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 cne in the Alfisols. Our
results in relating the water-use efficiencias of
crops to the crop growth are quite intaresting.
For example, in sole maize (Zea mays) 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 rainfal}
variability across diverse locations for
quantifying associated risks in crop pro-
duction.

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

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

4. To davelop agronomically relevant clas-
sification of the climate for identifying
isoclimes for assisting the transfer of
technoiogy.

Our emphasis on the studies on rainfall prob-
abilities is likely to continue over the next 2
years so that we can chalacterize the ciimatic
environment of the different areas in which we
are interested. We also belisve that studies on
water balance (which give us the soil moisturs
probabilities) witl be continuing up to 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 io work out crop-yield
probabilities, using the climate-driven models
that would be develeped in the next few years.
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Agrometaoralogical Network over Africa:
Collection, Documentation, and
Analysis of Data

D. Rijks*

Sumrziery

The organization of ax effactive agrometeorclogical service is a long-renge program. Its
positive influence on agricultural production is beyond question, as experience in

countries elsewhere in the world has shown.

The basis of its success is the collection of accurate and representetive observations
that can be effectively and rapirly transmittad, &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, &ll 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 meking, 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 in equato-
rial areas with a birnodal rainfall pattern, even if
total annual rainfall in such areas may be well in
excess of 1000 mm per year. Such areas exist
notably in Kenya and Tanzania.

To be fully effective, an agrometeorcilogical
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

* CILSSWMO Agrhymet Programme,
Niger.

Niamey,

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

Recording piocedures for observations
Transmission of observations
Verification of observations

Maintanance operations

Metliodology

The Sahel countries cooperating in the CILSS
Agrhymet program cover an area of about 4000
km in an eact-west direction and sbout 1000 km
in the north-south direction. During the rainy
season, from sabout June to October, the
movement of rainfall zones is from east to 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
developed by agrometeoroiogists from all the
countries involved. This methodology is
founded on basic concepts and guidelines for-
m.ulated by WMO and by the FAOMWMO inter-
agency group on agrometeorology. it is being
developeu and detailed by twice-yeariv meet-
ings of the agrometeorologists of the 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. A short, summary-lika version of this
methodology will be provided to observers, as
an Observers’ Handbook.

Chasrver Training

In the past, agrometeorological observations
were generally made by meteorological observ-
ers who were taught, usually duning 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 observaticns were made on the
growth of natural vegetation, pasture, and con-
dition of the livestock. Observations on insect
attacks were made by specialized teams.
Meteoroiogical and agricultural services in the
Sahel countries now realize that a more full use
could ba made of staff in each of thesc services,
if suitable training were provided. In the context
of the Agriwmet program and the crop-
protsction 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. Furtner
components are soil-water observations, crop
phenology and agriculwral operations, and ~b-
servations of insects i:nd diseases. This training
can be given either at national agricultural or
meteorological training centers. The sy'!iabus
will be prepared by a team of CILSS/W?: DIFAQ
instructors at the Niamey Agrhyme: Center.
Instruction will be given by instructors tem-
porarily assigned for this purpose from national
meteorological and agricultural services, as-
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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 startin February 1979. Candidates
for training should have the junior high czhool
leaving-certificate (BEPC) or equivalent in-
service experience.

installation of Stations

The selection of sitas 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 Jifferent 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. Thelong-term
goal is to have a station in each major
agriculiural-productionzone; in somecountries
this could mean perhaps as many as 15 to 20
Stations.

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
ieight, wind-direction indicator, soil ther-
mometers, sunshine recorder, and a Class-A
evaporation pan.

Solar radiation is racorded 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.



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 baiance 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
thatdetermine 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 &
nurnber 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 meteoroiogical
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 agroineteorological 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 0300
an'4 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 forinclusion
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 regiona! headquarters.

Verification of Observations

Verification of observations received at national
headquarters will be effected by a check for
internal consistency of the massage once re-
corded on the minicomputer, by a check against
a norms file, and, if the system can bLe
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 repeatinformation, if
required. The precise definition of the criteria
for verification will evolve over a period of
years, taking into account the experience ac-
quired.

Maintenanco

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 nbservations 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, or an 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 cons'dered that certain routine analyses
should be ex >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 alsc allow easy
access for statistical analyses that are needed
by the planification services. At present,
meteorclogical 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
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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 with 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 tn 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 sociclogist.

It is essential that the agricultural depart-
ments and the agricultural extonsior. services
participate fuilly 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-
sults of such a study must be carefully
examined before implementation.

Role of the Regional
Agrhymet Center

The regional agrhymet center has three main



areas of activity:

® Training;

e 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

Thetraining of Class IV personnel (observers) is
assured by the national metesrological 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 Ill personnel in ag-
rometeorological or hydrological techniques
has been, and will continue to be, a major
activity of the center. Candidates with Senior
HighSchool 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
ctates have asked admission to tha center for
students from their countries.

One training course has been held for Class Il
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 | personnel in ag-
rometeorology or hydrology has so far been
undertaken. it has been considered that the
resources available at the center should, in the
first instance, be directed to the training of a
large number of technicians rather than of a
small number of Class | personnel.

Data Analysis

Data analysis will concern three major fields of
activity:

® Analysis of data in real-time or quasi-real-
time for operaiional purposes;

® Analysis of past data;

¢ Analysis to provide ground-truth data for
satellite imagery 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
agricultural services, give details on agricuitural
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 calculati~n of erosion hazard.

Water-b:..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 researchin 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
different crops and under different agricultural
conditions; the energy balance over different
surfaces; the radiation balance; the effect of
extreme temperatures on agriculwral produc-
tion; the wind regime and its exploiation; the
economic use of water in agriculture; grain
storage at the village level; and erosion contiol.
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.
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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 metearological
stations. There are 103 main climatological stations for collection of routine meteorolog-
ical observations. Most of the surface data collected by several organizations from these
stations have been computerized and stored on magnetic tapes. In addition, upper-air
data are also collected routinely by five different organizations. A recent survey
identified seven centers in the northeast Brazil which are starting or already carrying cut
agrometecrological data collection in northeast Brazil is characterized by duplication
and needs new and uptodate equipment and trained personnel. Procedures for
standardization and centrasization of data processing are urgently required.

Northeast Brazil occupies an area of about 1.5
miliion square kilometers' of which approxi-
mately 700 000 to 800 000 km?2 are within the
area usually known as the “Drought Pologon”
{Poligono das Secas); the area has a semi-arid
climate. This reglon is located between 2° ana
17°S and 34° and 47°W. it has according to the
official estimates for 19782 a population of
34 500 000 inhabitants, aimost 30% of Brazil's
total. The area is strongly affected by periodic
drought, which often depends more on social
and economic conditions than an 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 theinstallation of
a network of pluviometric 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.

Nacional de Obras Contra as Secas, or DNOCS
(National Department of Works Against the
Drought). The pluviometric data obtained from
a network of 3562 DNOCS stations are published
on a monthly basis.? 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 "Natural
Resources Department). SUDENE* also pub-
lished the “in natura’ data of 725 pluviometric
stations, on a monthly basis, using information
obtained from tha DNOCS network, filled out
with data obtained clsewhere.

Meteoroiogical Nutwork
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,

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

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

3. Observacfes Pluviométricas do Nordeste do
Brasil, 1969, DNOCS, Fortaleza, Ceara, Brasil.

4, Dados Pluviométricos Mensais in natura, 1970,
SUDENE-DRN, Recife, Pernambuco, Brasil.
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Figure 1. Annual mean rainfall in Northeast Brazil.
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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 internstional organizations such as the
WMO.

From the previous INEMET network, 38 sta-
tioris 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 staticns 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 staticns 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 pius 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 __Aerological Stations Pluvio- Pluvio-  Evaporimeters

State Stations  Radiosonde Pilot Balloon meters graphs Class-A Pan
Maranhao 13 2 1 113 6 1
Piaui 12 1 3 202 15 9
Ceara 12 1 2 257 34 16
Rio G. do Norte 5 - - 13 13 5
Paraiba 7 - 1 134 14 5
Pernambuco 10 - 275 25 9
Alagoas 6 - 65 1 1
Sergipe 3 - 1 62 3 3
Bahia 28 3 3 564 37 8
Minas Gerais 6 - 1 102 2 -
Fernando de Noronha 1 1 - 1 1 1

Total 103 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 distribution of pluviometers in Northeast Brazil.

Evaporation is measured by the known

“JSWB Class A land pan” utilizing a still-well

and a micrometer.

Rainfall is measured by standard raingauges
(Ville de Paris type). The rainfall record is made

The so-called Piche

through syphon pluviographs (Hellmann-type),

or by balance and syphon type.

evaporimeters are also installed in the shelters.
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Figure 6. Gecgraphical distribution of pluviographs in Northeast Brazil,
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Figure 7. Thermo-evaporimetric network in Northeast Brazil.

Direction and speed of the surface wind are
observed through the anemographs (Universal
type) located 10 m above the ground. As an
additional instrument, the wind vane (Wild
type) is utilized. Some stations are equipped
with an eleciric anemometer located 2 m above
the ground.

Soil temperatures are obtained through a set

of mercury-in-glass geothermometers at dif-
ferent depths, generally at 5, 10, 20, 50, and (in
some cases) 100 cm.

The duration of sunshineis obtained through
crystal-sphere heliographs (Campbell-Stokes
type), and the total incoming radiation is ob-
tained through bimetallic weekly recording
actinographs (Robitzsch-type).
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Theradiosonde stations utilize the equipment
“Vaisala”, model RS-21. 12, and the radio-
theodolite “METOX.”

Meteorological Data; the
Situation in Ssptember 1978

Surface Data

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

® !nstituto Nacional de Meteorologia (IN-
EMET), Ministério da Agricultura (National
Meteorological Institute, Ministry of Ag-
riculture);

® Diretoria de Electr6nica e Protecio ao Vo
{DEPV), Ministério da Aerondutica (Elec-
tronics and Flying Protection Manage-
ment, Air Force Ministry);

® Departamento Nacional de Obras Contra
as Secas (DNOCS), Ministério do Interior
(National Department of Works Against the
Drought, Interior Ministry);

® Superintendé&ncia do Deser +.nento do
Nordeste (SUDENE), Ministério do Intarior
(Northeast Development Superinteri-
dence, Interior Ministry);

® Diretoria de Hidrografia e Navegacao —
DHN, Ministério da Marinha (Hydrographic
and Navigation Managem:unt, Mavy Minis-
try);

® Universidade Federal da Paraiba (UFPb),
Ministério da Educacao e Cultura {Federal
University of the State of Paraiba, Educa-
tion and We'fare Ministry);

® Instituto de Atividades Espaciais, IAE Zo
Centro Técnico Aeroespacial CTA, “M.inig-
tério da Aerondutica” (Spacial Activities
Institute of Technical Aerospacial Center,
Air Force Ministry);

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

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

INEMET

The National Meteorological Institute, under an
agreement with SUDENE, operates 103 main
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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 the data 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 Sdo José
dos Campos, S8o Paulo, and by the “As-
sociacdo Técnico-Cientifica Luiz de Oliveira
Junior — ATECEL", ‘“'UFPb"” (Technical-
Scientific Association 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), in Sao José
dos Campos, S3o Paulo, utilizing the funds of
this Institute and “INEMET.” The data are in
magnetic tapes and can be obtained from “IN-
EMET" headquarters, in Brasilia or from “INPE”
headquarters in Sao José 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
rctivities.

DEPV/IAE-CTA

The “Diretoria de Electrénica e Protecdo ao
Voo — 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-
tionsin arelatively small area closeto Petrolina,
Pernambuco, and Juazeiro, Bahia, as a followup
to a research project on weather modification.



DNOCS

DKOCS had a network of hydrometric stations
{some of which were thermopluviometrics), but
the responsibility for operation was trensferred
to “SUDENE.” DNOCS still collects data from
pond basins and from representative river ba-
sins in the Northeast.

SUDENE

The “Divisdo de Hidrometeorologia” (Hydro-
meteorology Division) of SUDENE operates,
under an agreement with “INEMET", 103 main
climatological stations in the area covered by
this agency. The data are forwarded to INEMET.
This division also operates the old DNOCS
hydrometric network which now has 2006 sta-
tions; somewere functioning in the last century
(Fortateza, Ceard, in 1849; Quixeramobim,
Ceard, in 1896; Mossord, Rio Grande do Norte,
in 1899; Jodo Fessoa, 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 “Nucleo 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, pilotballoon, etc)

are basically collected by the following orgé&ni-
zations,

® Instituto Nacional de Meteorologia —
INEMET, Ministério da Agricultura (Na-
tional Meteorological Institute, Agricul-
tural Ministry).

e Diretoria de ElectrOnica e Protecdo ao
Voo — DEPV, Ministério da Aerondutica
{Electronics and Flying Protection Man-
agement, Air Force Ministry).

¢ Instituto de Atividades Espaciais — IAE do
Centro Técnico Aeroespacial —CTA,
“Ministério da Aeronautica” (Spacial Acti-
vities Institute of Technical Aerospacial
Center, Air Force Ministry).

@ Superintendéncia do Desenvolvimento do
Nordeste — SUDENE, Ministério do In-
terior {Northeast Development Superin-
tendence, Interior Ministry).

® Telecommunicacdes Aeronduticas S/A
— TASA (Aeronautics Telecommunica-
tions Comoration).

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.

DEPVIIAE-CTA

In the Northeast DEPV operates one radio-
sonde-wind station, in Natal, Rio Grande do
Norte, and some pilot balloon 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 Meteorolcg¢ ' '\ Situation
in Northeast Brazi

Metenrological 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.

Agromoteorology

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 organizaiions:

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

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

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

® Superintendéncia do Desenvolvimento do
Nordeste (SUDENE), the Northeast Deve!-
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, forexample, 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
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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:

o it would be convenient and efficient to
complement the pluviémetric 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.

Genoral 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 becentralized in order to
obtain uniform processing of data.

Agrometeorological Research
in the Northeast:
The Present Situation

Theinformation given here and inthefollowing
section was taken from a survey carried out by
EMBRAPA.S

Situatior in Brazil

Agrometeorological research started in Brazil
around 1950, through the isolated efforts of
someresearchers from state and federal institu-
tions located in the states of Rio Grande do Sul,
Sao Paulo, and Bahia. In the last decade, the
expansion of agriculture has increased the need

5. Projeto Naciona! de Agrometeorologica (PNAM),
EMBRAPA (preliminary paper), 1978.



forinvestmentin agrometeorology, to study the
influence of ciimatic elements on crop de-
velopment and vields. 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
carrying out agrometeorolagical 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 tho 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 Cidncias Agrarias (CCA), Univer-
sidade Federal do Ceara UFCE (Rural Sci-
ences Center, Federal University of Ceara).

® Centro de Ciéncias e Tecnologia (CCT),
Universidade Federal da Paraiba — UFPb
{Technology and Sciences Center, Federal
University of Paraiba).

e Centro Nacional de Pesquisa do Algodao
({CNPA/JEMBRAPA) (National Cotton Re-
search Center).

® Centro Naciona!l de Pesquisa de Caprinos
{CNPC/EMBRAPA)} (National Sheep and
Goat Research Center).

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

o 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-
ropecudria, Secretaria da Agricuitura 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 availerle 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. CPATSA/IEMBRAPA, 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 rainfal.

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
meteorologica! observation both in the labora-
tory and in the field.

Other Meteorolegical 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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metecrological 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-dynamiic study to determine
the conditions favorable to the occurrence
of those phenomena.

. The Instituto Nacional de Pesquisas Fs-

pacias {INPE), the National Institute of
Space Research— linked to the Con-
selho Nacional de Desenvolvimento Cien-
tifico e Tecnologico (CNPq), the National
Council for the Scientifical and Techno-
logical development — with headquarters
in Sdo José 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 aimospheric
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.

The Centro Tecnico Aeroespacial (CTA),
the Technical Aerospace Center through
the Instituto de Atividades Espacias (IAE),
the Space Activities Institute — also lo-
cated in S3o José dos Campos, Sio Paulo,
makes continuous studies on artificial
weather modification and on forecasting
adverse meteorological phenomena. In
the first case, the techiiical and economic
feasibitity 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.

. 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 utilizing radiation from
the sun as a power source through
appropriate equipment {collectors,
cells, stoves, distillers, dryers, etc.).

d. In addition to its research the NMA has
also developed a pustgraduate prog-
ram in (i) agrometeorology of semi-arid
zones, and (ii) dynamics of the tropical
atmosphere.
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Agricultural Meteorologyin 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 of rainfall 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 of India
and details of the samefor Maharashtra and Gujarat have been discussed and their utility
for agricultural planning has been brought out. Climatic classification for estimating the
agricultural potential 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 of crop-yield forecasts have been outlined. The
services rendered by the fndin Meteorological Department 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 cropivariety 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.

Meteorologica! studies and 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 theinterrelationship 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 agrigulturists.
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 record 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-
talling about 600 observatories all over India, is
heing 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 Meteorologi. 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 so on.
This holding is further accumulating at
approximately 2.3 million cards every year. 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 puncted cards. In addition, crop

Table 1.

Network of agrometeorological observatories in India.

Data recorded Observatories

a
Instrument used No. and time of observations

{no.)
Raintall About 5000 Raingauge 0830 hr IST
Max temperature
Min temperature 535 approx. Thermometer 0700 and 1400 hr L.M.T.
Dry bulb temperature |
Wet bulb temperature
Wind speed and direction 535 Windvane 0830 and 1730 hr IST
Sail moisture 17 Gravimetric method Once in a weekifortnight.
Soil temperature 62 Soil thermometer 0830 and 1730 hr IST
Dew (5, 25, 50, 150 cm) 97 Dew Gauge Before sunrise
Radiation 11 M.G. solarimeter, etc. Continuous
Evaporation 198 Class-A pan 0830 hr IST
Evapotranspiration 35 Lysimeter 0830 and 1730 hr IST
Grass min, temperature 6 Grass min. thermometer 0700 hr L.M.T.
Sunshine 94 Sunshine recorder Daily total

a. Self-recording observations by thermograph, hygrograph, and self-recording raingauge are also maintained in important

principal observatories.
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elements are kept in registers,

At one time, the data were processed on the
tabulator, sorter, and coliator. 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 combuter system. It has
been estimated that it will 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
used in a variety of ways in addition to research.
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. Theseyeurly 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. Thess are useful in comparing growth
behavior of the crop with the effects of weather.

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 putin their
best representative forms in this atlas. This is
expected to be o: 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.

Reainfall

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 atriverbasins and other parts of the
country. Data collected are regularly published
for use by investigators.

Rainfall Publications

The IM9D 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 variability for monthly, seasonal, and
annual periods. A detailed rainfall atlas is being
prepared for publication.

Monthiy 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£30-1960) have been pubiished. These con-
tain rainfall, rainy days, temperature, humidity,
pressure, wind, and cloud information.

Frequency distribution of daily rainfall for 342
selected stations in India, based on records for
the period 1901-1950, is under print.

Some Important Results of Rainfall
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 ov 119 cm and the rainy season rainfall
{i.e., Jun to Sep) accounts for about 75% of this
mean (Dhar et al. 1974).

Onthe basis of the examination of a large vol-

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 i-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 vaiue of the station concerned.
The relationship holds good for plains stations
{Dhar et al. 1971).

Extreme annual 1-day rainfall values of four
SAT stations — 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, return-
period 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 pericds.

Return period

Highest 1-day Return period of

observed highest 1-day
Station 2-year 5year 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, 77°37'E
Hyderabad 7.0 9.7 11.5 13.6 15.3 16.9 19.1 255
17°27'N, 78°28'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

17°40'N, 75°54'C
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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 21 231
15 75 102 119 141 169 176
30 54 73 86 102 113 148
60 M4 75 57 69 78 86

HYDERABAD (17°21'N, 78°28'E}

5 96 120 131 144 159 168
15 72 92 104 120 132 144
30 55 72 84 96 106 116
60 36 54 65 79 89 100

determine the climatic potential of this area as it
regards agricuiture, 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:

e The minimum assured rainfall distribution
at 50 and 70% probability levels have ena-
bied 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
tha drought-prone area; extending from
Madurai({14°41'N, 77°37'E) to Ahmednagar
{19°05’N, 74°565'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 inin the area
near Bangalore (12°58'N, 77°35'E} in Kar-
nataka during the 22nd week (28 May-2
Jun). With the 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

in the 30th week (23-29 Jul). Rainfall activ-
ity throughout the dry-farming tract is
maximum in this week. After the 36th week
(3-9 Sep), rainy-season activity increases
in Andhra Pradesh and adjoining
Maharashtra. With the withdrawai of the
rainy season, the zone shifts to the south.
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
ragions will suffer water siress 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 of 6 weeks.
In northern Maharashtra, thefirst peak occurs in
the 28th week (9~15 Jul) 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).

Thedrought-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). Inthis area, a rainy-season crop of 14to 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 ali-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

notindicate the amount of water available tothe
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 the 75% probability level. As a month
is a long period, weekly calculation of MAl 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
adetailed 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 MA!
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 life cycle for 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 regiors and
periods in which supplementary irrigation
should be provided on a priority basis.

Table 4 presents MAI and water-availability
periads 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 same
time, a crop of 15 weeks duration may easily be
harvested at Hyderabad, because the crop may

Table 4. MALI and water-avallability perlods for five SAT stations at 50% probabllity levei.

Weeks with MAI of: Accumulated assured

Station Latitude Longitude =.30 =05 2.07 =2.09 rainfall {(mm)
Sholapur 17°40'N 75°54°'E 17 7 3 2 330
Hyderabad 17°27'N 78°28'E 15 13 8 5 406
Jejuri 18°17'N 74°10'E 9 2 2 0 176
Udaipur 24°35'N 73°42'E 13 10 7 6 314
Bhuj 23"15'N 69°48'E 2 0 0 0 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
examine the runs of dry and wet weeks in
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 Maharashtraand
Bihar {Chowdhury et al. 1978). The conditional
probability has alsc been obtained by employ-
ing the Markov Chain Model (Chowdhury et al.
1978; Virmani et al. 1978).

Soil Moisture

In each of the broad climatic zones, a knowledge
of the patterns of soil-moisture accumulation
and distribution from rainfall in various types of
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 availabte 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 soil moisture from acropped
soil column have been computed from weekly
rair.fall, 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).

Anether 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.
In the dry-farming tract, itis essential to practice
the utmost economy of water use. It is therefore
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-
lected 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 vaiue 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 to the crop and when it is
detrimental. The method, however, becomes
quitecomplicated when the combined effects of
additional parameters are to be examined. We
are at present examining the combined effect of
two meteorological parameters using amethod
developed by Tippet (1926).

Having thus obtained some idea about
crop-weather 1elationships, 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-
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tion. The technique involves identification of
any significant correlations between vield 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. At present,
we are forecasting, on an experimental basis for
rice and wheat.

Woather and Crop Peste 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-
giess ontherelation of weathertotheincidence
and spread of ergot of peari millet, late blight of
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 v &
partment began, in 1945, to offer a regular
weather service to farmers, Farmers’ Weather
Bullet’ns (FWB) are issued by the department’s
forecasting offices. Bulletins are broadcast daily
in 20 regional !anguages on 59 Ali-India Radio
stations. !nformation on the weather expected
in the district during the next 36 hours is re-
ported, together with the outiook 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-



weather calendars prepared by the Departmen
for district-wise principal crops.

These bulletins are usefu!, but they are very
general in nature because they cover large
areas, and thus cannotincludespecific adviceto
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 unclertaken 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 Indiais now poised to meet new
and exciting challenges, requiring closely coor-
dinated and collaborative work among diverse
agricultural interests in the application of
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-
tivitias 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 of historic 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 or global basis.
With the increased availability of numeric 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-, en vironments 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 of similarity 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 of climatic anributes
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) geogrzphic 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 thanin
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.

!ncreasing use is being made of climatic data in
agricultural research. In addition to traditional
uses, such as in the definition of single envi-
ronments and in climatic classification, there is
a greater awareness that more precise mea-
surement of the climatic environment is a key
factor in the quantification of plant behavior and
in understanding variations in plant growth in
diverse environmants.

Agroclimatological research and develop-
ment have considerable potential in the less
well-defined subtropical and tropical environ-
rmants of the world. Here, in addition to the 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
between similar homoclimztes, and for planned
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-
perimental 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 coliected, 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 wne latter half of the nineteenth century.
This arose from the increase in geographic
knowledge of the world and the increasing
availability, on a global scale, of climatic data 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 Képpen (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 classifica-
tions 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 clirmate is that it forms a
continuum varying intime and 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 as a
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 Temperature
Rainfall
Wind direction
Combined Temperature and rainfall
Ratios Temperatureirainfall
Rainfalllevaporation
Dependent Frequency or probability Single Annual wet days
Percentage wet days
Combined Wet days with certain wind pattern
Temperature and humidity
Ratio Frequency of years with Rit+10>0
Probability of years r<t+7
Seasonal duration Single Frost-free season
Ratio Months rie .75>.4

Source: Gentilli (1972).




Teble 2. Published ciimatic clessifications and main criteria used.
Author(s) 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
Képpen 1936
Thornthwaite 1931  Temperature and humidity using P/E

1948  Temperature and potential evapotranspiration
Hettner 1934  Zonal winds
Prescott, Tirumble, Davidson*® 1934  Precipitation/evaporation indices
Prescott, Trumble, Davidson® 1949  Precipitation/evaporation indices
Andrews and Maze* 1933  Intensity of aridity
Curé* 1945 Combination of temperature and rainfall
Creutzberg 1950  Duration of humid months
Bagnouls and Gaussen 1953  Rainfall-temperature Index

1959  Rainfall-temperature Index

Walter, Leith, and Rehder 1960
Hendl! 1963
Meher-Homji 1963
Troll 1964
Papadakis 1966
Fitzpatrick and Nix* 1970
McBoyle* 1971
Russell and Moore® 1976

Thermohydric criteria

Atmospheric circulation

Rainfall-temperature Index

Duration of humid months

Water, heat thresholds related to crop growth

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

* Classifications of Australian climate only.

P .ttern Analysis

attern analysis methods have greatly affected
classification in various scientific fields. Their
value has been greatest in areas such as micro-
biology, where previous classifications based
on large numbers of criteria were unstable and
unsatisfactory.

Most of the previous climatic classifications
have relied on a few key variables and specific
divisions made in what are frequently continu-
ous variables — e.g., Képpen (1936) used 5°,
10°, 18>, and 22°C as important criteria for
separating different climates on the basis of
temperature. The development of large com-
puters and numerical methods allows many
more variables to be included. Shorter time
periods can now be considered — an approach
developed only in a rudimentary seasonal form

in previous classifications. This is particularly
important in considering the growth of many
crops whoselife span may be less than 100 days
and where knowledge of the climatic environ-
ment may be limited to short periods.

Almost all previous classifications have been
divisive in splitting from above into groups on
the basis of certain criteria. While this approach
is possible with numerical methods, and pro-
grams are available to do this {e.g. POLYDIV,
Milne, 1976), numerical methods also allow an
agglomerative approach from below.

Numerical methods are objective in the
sense that with a given set of data and a given
procedure the resulting groupings are repro-
ducible. Although emphasis in most numerical
methods is laid on the lack of weighting of
different attributes, explicit weighting can be
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 and stable(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 the station
focation, 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 a variety 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
Canberra metric.’

1 om 12
1. Euclidean Distance = [—— Z (x’“-x'zl){l
1

. 1 2 (1%, — %y
Canberra Metric= — Y (1_1_,*__2,_)
m &\ Xy, Hxg,

where X, is the jth variate for the ith unit, x"l is the

corresponding standardized variate and m is the
number of attributes.
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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—x)ISD
where x' is the standardized attribute value, X 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 a number
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 between
stations using a similarity coefficient, a triangu-
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. Many of the sorting
methods used can be expressed in terms of the
general linear model (Lance and Williams 1967).

dy = 2,d,, +2,d, +fd, +7d, —d,
whereiand j aretwo groups of individuals to be
fused into a new composite group (k); a further
outside group, h, is not involved in this fusion.
The d values are distances between the various
groups.

For the classification ot climatic data, " e flex-
ible strategy has been found to be sati..actory.
Values of the parameters for the flexible strategy
arex, +a, +ff = 1,7 = 0. Itis completely defined
by fi, the cluster-intensity coefficient. For most
data, a value of § = —0.25 appears satisfactory.



Choice of Attributes

The choice of attributes which should beused 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 availabie obviously influence the attri-
butesused. Geographically, thewider and more
extensive the study, 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 monthiy attributes (measured
over n years) used in the climatic
classification of Australasia and
southern Africa. (Russell and Moore

1976a).

Characteristic Attribute

Daily maximuin temperature
Daily minimum temperature
Daily mean temperature
Lowest temperature
Absolute degrees of frost
Daily temperature range

Temperature

Rainfall and humidity Hainfall
Maximum 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 Rainfalllevaporation

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/iwet 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
stations < 192 attributes).

2. Rainfall measurements only, first, third, fifth,
seventh, and ninth deciles of monthly rainfall
(254 stationsx 60 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 stationsis 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 availahle relevant data
should be used. For specific <. assifications —
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 these 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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be 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
thesessituations, yet, provided datais available,
there is no reason why stable and useful micro-
climatic groupings cannot be obtained.

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({Parthenium argentatum; 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-
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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 requires a much mcre detailed
study over many environments and over a long
period, and is influenced by differzntial toler-
ance of cultivars for climatic characteristics {e.g.
frosttolerance, drought tolerance). The number
of plants for which we possess this information
is quite small. Some attempt has been made 1o
produceit for plantation cros, such as tea (Carr
1972). Much agroclimatological information
has been collected about some of thetemperate
cereals {e.g., Nuttonson 1957a, 1959b), but
there is a lack of infosmation 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 necexsary 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 {Anoriyinous 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, thereis nevertheless animpressive
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



pattern analysisinthe search forhomoclimates.
Two broad strategies are possible: a) given a
region with a particular plant deficiency, what
other areas in the world are similar and might
be explored for suitable plants?, and b) given an
area where a particular crop plant grows well,
are there other areas thet 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 r>qions
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 legurmes 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 rolein
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,
both for tneir 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.mber-
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
f} =—0.25 was used. The resuilts 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
growirg 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 Experimenta! Areas and

Locations

Frequently, information on the same plant is
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Figure 1.
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.
Thereare alarge 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) was ableto dividethe wheat-growing
areas into zyroclimatic zones. He was also able
to show that wheat-variety recommendations
that had become established through many
years of trial-and-irror experimentation cor-
responded to these zones defined by pattern
analysis. Hewas also ableto suggest changesin
plant-breeding strategies based on the analysis.

Geographic Extrapolation
of Experimontal Results

One of the limitations of agricultural ex-
perimentation is that it is undertaken at specific
locations. Afthough attempts are made to carry
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out research at other locations, it is never
possible to increase the sites to the range of
environments that should be covered.

One approach is to determinethe 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 could also be a worthwhile
exercise for the international agricultural re-
search institutes.

Domain Definition

The use of paitern analysis in domain-definition
has been discussed by Austin (1971). This ap-
proach has been used in ecological studies, but
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it has a potential value in agricuiture. Domain
definition refers to the selection of areas of
reasonably homogeneous climate. Within such
areas, more refined analyses (such as regres-
sion analyses) czn then be applied. This ap-
proach has possible application in the analysis
of widely distributexi common field experi-
ments,

Conclusions

Pattern analysis is an approach with consider-

able potential in agricuitural experimentation, in
the classification of climate, and in defining
climate-plant relationships more precisely.
There are a number of limitations to the wider
use of the approach. Firstly, access to comput-
ing facilities of reasonable speed and capacity is
assential. This is less of a problem than it used
to be, but asthe number of stations and number
of attributes in some analyses increase, 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 n? 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, amostimportant
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.

The numerical methods used in pattern
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
mazin 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 Volita: A Brief Note

Frederic Niama Ouattara®

Summary

Upper Volta has a network of 300 rainfall, 16 climatic-observation, 9agrometeorological,
and 7 synoptic stations. The agrometeorological service was createdin 1976 andis being
strengthened. In this paper an organizational chart of 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 of August precipita-
tion are included, Future lines of work for improving the agrometeorological service are

indicated.

Upper Volta

Located in the heart of West Africa, with a sur-
face area of 274 000 km?2, Upper Volta extends
from 10° to 15°N latitude and from 05°W to 02°E
longitude.

The climate of Upper Volta is ¢ontrolled by
the predominance of two air flows: {1) a north-
east to east flow of dry air originating from high
Saharian pressures, hot during the day 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 the
rainy-season clouds and 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 a way 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 a humid 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 (15° to 20°C)

* Engineer, Meteorological Service, Upper Volta.

and its rains — exhibits characteristics close to
those of the Saharan climate zone (Fig. 1).

Cd
Abidjan

Section of the ITF
Inter-Tropicat Front (ITF)

Humid Maritime Air [S toSW)
= {Monsoon)

7

Dry continental
P air (NE to E})

Very rainy zones" Surfacial path of the ITF

Figure 1. Position of the ITF in West Africa,

The principal soil types are:
® 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 Volita’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,

® 16 climatic stations,

® 9 agrometeorological stations,
o 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-

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 metsorological 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 Quagadougou.
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.

Measuremonts Uadertaken
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;

Management Affairs I

|
l

Technical services

/

Research

Dynamic
Meteoroiogy

Instruments and
observation methods

:

Administrative services

Applied meteorology

AN

p Hydro-
Climatology meteorology
Data Agrome- Aeronautical
processing teorology meteorology

Figure 2. Organization Chart of the Meteorological Service in Upper Volta.
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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 duetothelack 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 computesy
planned for the 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 BGBO-
DiouLAasso 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 at which 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
IN UPPER 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
with solar pumps and (b) thefeasibility of using
solar ovens and stoves 1o avoid deforestation.
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The average annual global radiation value is
500 cal/cm? 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, itis possible to determine the prob-
able success cf the farmers’ seeding at the start
of the rains, taking intoaccountthenature 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.

Inthe 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 a good start in Upper Voita;
however, it will not be able to fully respond toits
objectives until:

® the service is well structured, with
adequate staff and material;
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e the means of rapid transmission are func-
tional;

o calculation resources are developed that
will permit major statistical calculations to
bemade (correlations from forecasts of the
mcathly water balance by introducing
conditional probabilities in the determina-
tion models of this parameter, etc.}.

e 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-
ception 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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Water-budgeting Models
and Their Application

Chairman: R. H. Shaw Rapporteur: A. K. S. Huda
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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-
ever, 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 a necessary 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 mode! 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
prove to be the 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 deveiop a thorough under-
standing of the soil moisture characteristics of
the tropical soils. Several speakers presented

data showing soil moisture prcfiles; such data
should be collected at many sites under diffe-
rent cropping coaditions 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 uther crops were
freely discussed. Varieties within a crop showed
different water use, and therefore different
adaptations to the cropping 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-
surements are an essential part of this program.

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,

Previous Pags Dicux )
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can again be seconded. The observations
necessary for water-budgeting models
need to be included.

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

. 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.
The water requirement of different crops
and varieties grown in the SAT should be
evaluated.



Profile Moisture Dynamics of Soil
in Vertisols and Alfisols

M. B. Russeli®

Summary

Research to develop and evaluate alternative systems of soll and crop management for
Increasing and stabilizing food broduction in the SAT should give particulsr attention to
the dynamics of water as it rioves into and through the soil-plant-atmosphere
continuum. More complete understanding of the physical processes which determine
such dynamic behavior and of the natural and man-induced factors that control them will
provide an improved basis forintzrproting system performance and for generalizing the
results Jf site- and seeson-specific fiald 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 ervatic seasonal rainfall
to meet the transpiration needs of crops. The
soil profile serves as a meanrs 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
Canter, and 2) to relate such measurements tc
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
and profile-water storogeisthemeasured water

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

content in the 0- tc 187cm section. For
medium-deep Va:tisols, we use either 127 or
157 cm as the effective profile depths, and for
the Affisols 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 Vertiso! 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/em3. Below that depth it ranges between
1.35 and 1.45, with an average of 1.4 gicm?,
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
hetorogeneous, with marked vatiation in clay
content and stones 2t 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? and the percentage of particles >2.0 mm
from 0 to 70%. §t 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 foliow 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
profileis 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, butit 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 as the de facto lower limit of
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
lostfrom the upper 45 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 positionin the profile, as well as
by the amount and frequency of the water
additions and withdrawals. The seasonal re-
charge of the uncropped deep Vertisol in 1977
and its subsegquent 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
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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 8 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 the density 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 again re-
turns to that determined by atmospheric de-
mand, as indicated by the open-pan evapora-
tionrate. Theloss 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
havebeen conducted to test a simple predictive
model of evaporative loss. Agreement between
the predicted available water in the tipper soil
layers with that measured by gravimetric sam-
ples taken in the field was satisfactory.

Thedaily evaporativeloss, E, is estimated asa
function of the open-pan evaporation rate, E,;
the number of days, t, following a rain of
sufficient size to recharge the surface 10 cm of
soil; and the fraction, g, of incoming solar
radiation reaching the soil surface. The equa-
tion E=f (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
deep Vertisol during the rainy sea-
son.
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Figure 2b. Moisture profiles of an uncropped

deep Vertisol during the postrainy
season.

open-pan data. Under uncropped conditions
B = 1.0, but under a crop it is a time-
dependent function of crop growth that can be
measured directly or estimated from the LA
The time and depth changes in profile-water
content are being used to follow the seasonal
changes in drainage, evaporation, available
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Figure 3. Hydraulic-head profiles in an un-
cropped deep Vertisol during a dry-
ing cycle.

profile moisture, and transpiration during the
rainy and postrainy seasons on the Vertisols
and Alfisols at ICRISAT Center. lllustrative
examples of such time and depth changes are
plotted in Figures 4 and 5.

Using measured values for daily rainfall (P),
irrigation (1), open-pan evaporation (E,), runoff
(R), fractional radiation at the soil surface (8 ),
and change in profile-water content (A M), itis
possible to quantify the water-balance equa-
tion: iie., P+1l= AM+R+D+ E+T,.
The drainage term is based on the profile-
storage capacity and transpiration (T,,) is ob-
tained as the residual in the equation. Another
estimate of transpiration (T, ) also is computed
as T,= E;(1- #). This assumes no advection
and no water stress. A set of water-balance
equations for a postrainy-season sorghum crop
on a deep Vertisol is presented in Table 1.
Seasonal water-balance equations for several
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
amoiint 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
andinirrigated millet crops are plotted in Figure
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Volumetric water content {cm */cm *)
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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
removed water progressively with depth and
time to a depth of 1 during the first 6 weeks of
growth, at which time the plant-extractable
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moisture to a 60-cm depth was more than 80%
depleted. Subsequent water use was confined to
the 60-to 150-cm depth and essentially ceased 2
weeks later. The irrigated crop used the profile



Table 1. Postrainy-season water balances for rainfed sorghum on a deep Vertisol.

Open pan Profile Trangpiration
Period Rainfall evaporation water change Evaporation Tm Te TmlEp
19 Oct-7 Nov 17 107 -26 21 22 1 0.20
7 Nov—22 Nov 5 75 -28 7 26 31 0.35
22 Nov-8 Dec 8 65 -27 1 M4 45 0.52
8 Dec-29 Dec 20 98 -33 0 53 69 0.54
29 Dec-16 Jan 17 75 -23 6 34 48 0.45
16 Jan-9 Feb 5 127 -3 5 3 46 0.02
Total 72 547 -144 40 176 250 0.32
Tablo 2. Seasonal water balances for saveral creps on a decp Vertisol.
Crop da P | Epr E* AM L E R D Tm Te
Rainy season
Maize/pigeonpea 92 408 - 496 217 86 322 84 4 14 220 287
Maize/pigeonpea 103 466 - 573 253 82 384 172 - - 212 198
Maize 103 466 - 573 263 84 382 174 - - 208 194
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 121 122 - 570 108 -126 248 28 - - 220 39N
Pigeonpea 100 104 - 471 108 -135 239 43 - - 196 298
Chickpea 106 47 - 503 64 -150 197 35 - - 162 242
Chickpea 88 104 - 420 107 - 97 201 58 - - 143 224
Sorghum 115 72 - 547 64 -144 216 40 - - 176 250
Irrig. Chickpea 106 47 67 503 79 -~-135 249 36 ~— - 213 281
irrig. Sorghum 115 72 165 547 102 -132 369 651 -~ - 318 284
da = Days L = Total water loss (mm)
P = Rainfall (mm)} E = Soll evaporation (mm)
| = Irrigation {mm) R = Runoff (mm)
Ep = Open-pan svaporation (mm) D = Drainage beyond 187 cm {mm)
E* = Potential soil evaporation (mm} Tm = Mass-balance transpirstion (mm)

AM = Change in profile moisture {mm)

Te = Energy-balance transpiration {mm)

moisture to a depth of 90 cm following each of
the prcfile-recharging irrigations. Late-season
extraction from the irrigated plots also ex-
tended to 150 cm, so that the final profile-water
contents of the irrigated and reinfed plots were
similar. Profile-water extraction by the irrigated
crop continued for 4 weeks beyond cessationin
the nonirrigated plots.

The progressive depletion of the profile water
is clearly shown by the changes in capillary
potential with time at various depths in the
nonirrigated plot (Fig. 6). These data also show
that root extraction essentially ceased by 10

December, 8 weeks after sowing. At that time
the potential at 30 and 45 cm had reached — 15
bars. The continued fall in potential beyond — 15
bars at 15 cm is attributed to moisture loss by
evaporation. It is concluded that the roots at
depths below 50 cm were not enough to with-
draw water at the rate needed to maintain the
millet crop. It therefore essentially stopped
growing even though the capillary potential at
60- and 75-cm — and presumably also grea-
ter — depths was above the wilting point.

The rate of water extraction from various
profile positions computed from the soil-
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Figure 6. Capillary potentials during profile
depletion under rainfed pear! millet
on an Alfisol,

moisture profile curves for the irrigated millet
crop is plotted in Figure 7. The general agree-
ment in the distribution of roots and the rates of
water extraction is reasonably good, and is
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
profile was not limiting water-uptake rates.

Detailed water balances computed for several
periods for both the rainfed and irrigated crops
are presented in Table 3. Evaporadon consti-
tuted less than 20% of the water lost by the
irrigated and the rainfed plots. For the rainfed
crop the values for T, and T, were similar
during the first 6 weeks, indicating that the crop
was not experiencing moisture stress. However
for the next 3 weeks T, <<T,, indicating severe
moisture stress. In the irrigated crop, T, was
quite similar to T, throughout the entire 80-day
growing season. Yields of the irrigated and
rainfed crops were 1800 and 1100 kg/ha, respec-
tively. These yields divided by the amount of
water transpired gave water-use efficiencies for
the two crops of 150 and 140 kg grain per
centimeter of water transpired.

Changes in available moisture at four depths
in the irrigated plots are presented in Table 4.

Tabie 3. Water balances for pearl millet sown 13 October on rainfed and irrigated Alfisol.

da P Ep E* B AM L E Tm Te
Rainfed pearl millet
31 Oct-10 Nov 10 18 52 17 070 - 12 30 12 18 16
10 Nov-25 Nov 15 10 67 14 035 - 46 56 5 51 44
25 Nov-5 Dec 10 2 42 3 v40 - § 7 1 6 25
5 Dec~15 Dec 10 0 49 2 060 - 3 3 1 2 20
Total 45 30 210 36 - - 66 96 19 77 105
Irrigated pearl millet
31 Oct-10 Nov 10 18 52 17 070 - 15 33 12 21 16
14 Nov-23 Nov 9 5 38 10 035 - 42 47 4 43 25
25 Nov—5 Dec 10 2 40 12 025 - 29 31 4 27 30
12 Dec-28 Dec 16 0 63 9 038 - 30 30 3 27 39
28 Dec- 5 Jan 8 0 37 2 060 - 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 (mn)
Ep = Open-pan evaporation {(mm) E = Soil evaporation {(mm)

E* = Potential soil evaparation
B = Light transmission coefficient

Tm = Mass-balance transpiration {(mm)
Te = Energy-balance transpiration {mm)
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ltrigations on 12 and 24 November and on 10
December recharged the 0- to 22- and 22- to
52-cm layers, which were subsequently de-
pleted by root extraction. These layers ac-
counted for nearly 90% of the water used hy the
millet crop. The efficiency with which the srop
used the storage capacity of the four profile
layers is given by the capacity-use factor (CUF)
which is defined as the seasonal withdrawal
divided by the layer capacity for each layer. The
CUF values of 2.9, 1.2,0.55, and 0.15 fur the 0- to

22-, 22- to 52-, 52- to 82-, and 82- to 27-cm
isyers emphasize the fact that the pearl millet
root system was ineffective in its exploitatiorn: of
available water beiow 52 cm in this Alfisol
profile.

Thechanges in available water in six layers of
the deep-Vertisol profile under rainfed and irri-
gated sorghum during the postrainy season are
summarized in Table 5. For the rainfed crop, the
emall rains during the growing season only
partially recharged the 0- to 22-cm layer. The

Root density (cm/cm’) or water extraction rate (cm/cm/da x 10%)

0.2 0.4 06 0.8 1.0 1.2
| | | I I | I

0.2 0.4 06 0.3 1.0 1.2
I | ! I 1 |

30 -

60 —

Depth (cm)

90 | 31 Oct - 10 Nov

120

)

30

Depth {cm)
S~

ol ]

90—L| 25 Nov - 5 Dec

L'S
/

/[
[

14 Nov - 23 Nov

28 Dec - 5 Jan

Figure 7. Root densities (bars) and water-extraction rates (lines) of pearl millet on an Alfisol.
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Table 4. %eascnalchanges inavalisbis water infour layers of an Alfisol underirrigated peari miliet.

Depths (cm)
0-22 22-52 52-82 82-127 0-127 cue
{(mm) {mm) {mm) {mm) (mm) {mm)
Oct 31 22 28 18 16 84 0
Nov 10 4q 25 20 21 70 14
120 0 24 20 21 65 19
14 19 28 21 22 90 19
23 0 18 15 18 51 58
25 17 24 14 15 70 58
Dec 5 3 15 12 14 44 84
10¢ 0 10 1 13 34 94
12 17 23 12 17 69 94
15 2 19 12 17 50 143
28 1 15 10 13 41 122
Jan & 0 12 8 14 34 129
Seasonal use 75 39 1" 4 129
Layer capacity 26 33 20 27 106
CUFd 29 1.2 0.55 0.15

8. Cumulstive use (mm)

b. Capacity use factor

¢. Extrapolated from 31 Oct to 10 Nov losses
d. Extrapolated from 25 Nov to 5 Dec losses

deeper layers each lost water progressively by
raot extraction. In the irrigated plots the re-
charging action of rains was supplemented by
irvigations on 18 November and 19 December,
which recharged the entiraprofile. As a result of
those cyclical rechargings and depletions, the
total water extracted from the various soil
layers exceeded the capacity of those layers.
The capanity-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, C.8, 0.8, C.6, 0.5, =.id 0.5.

Of the 175 mm of water transpired by the
rainfed sorghum, tite 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, Y, and 8.
These data suggest that there was liitie 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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layers was the dominant factor influencing the
time-and depth-patterns of water use.

The amount of water extracted from deep
Vertiso! 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. Forthe season, the crop
obtained 57% of its water from the upper 52 cm
of the profile. The CUF vziues for the six depths
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 tha depletion 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
weretreated alike prior to the profile-recharging
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Figure 8. Water-extraction profiles of rainfed and irrigated sorghum and chickpeas on a deep
Vertisol,
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Table 8. Plant-avellable water {(mm) et six dopths in a deep Vertisol during the postrainy seaton.

Rainfed sorghum? trrigated sorghum?
Depths
(cm) 0-22 22-52 52-82 82-112 112-142 142-187 TOTAL 0-22 22-52 52-82 B82-112 112-142 142-187 TOTAL
Capacity
{mm) 30 50 45 36 29 24 214 30 50 a5 36 29 24 214
Oct 1S 23 a1 38 33 25 21 181 23 41 38 33 25 1 181
Nov 7 20 35 35 3 23 18 162 20 35 35 N 23 18 162
17¢ 10 30 34 29 22 17 142
187 30 50 45 36 29 24 214
Nov 22 5 28 34 29 22 16 34 32 42 43 36 26 21 200
Dec 8 4 18 25 23 19 15 104 4 27 34 3 26 18 140
16 2 12 19 i8 14 12 77 0 14 23 22 19 13 91
19¢ 0 8 19 19 16 n 72
20 34 4 39 3 25 19 189
29 4 5 18 18 15 14 74 24 27 34 29 24 18 156
Jan § -2 1 14 13 12 10 50 17 18 27 25 22 17 126
9 22 20 25 23 21 17 128
16 2 3 13 12 10 8 48 1 12 22 21 20 16 92
Feb 9 -5 0 13 16 1% 9 49 0 3 14 14 15 13 59
Seasonal
use 50 41 35 21 15 13 175 77 91 55 38 26 23 310

a. To'sl rain during season, 72 mm.

b. Irrigations on 18 Nov and 19 Dec.

¢. Computed as 10/15 of 7-22 Nov loss from rainfed plots.
d. Assumed full capacity after 18 Nov irrigation.

e. Computad as 118 of 8-16 Dec change.




Table 6. Profile water use (mm) by pigeonpee from a deep Vertisol during postrainy season.

Depth (cm)
Calendar dates Days 0-22 22-52 52-82 82-112 112-142 142-187 Total
24 Sep-12 Oct 18 z7 13 4 4 2 0 50
12 Oct-28 Oct 16 18 1 7 4 3 4 47
28 Oct-15 Nov 18 23 11 7 7 8 9 65
15 Nov-30 Nov 15 6 3 5 3 3 6 26
30 Nov- 2 Jan 33 5 5 4 2 2 4 22
Seasonal total 100 79 43 27 22 18 23 212

irrigation applied on 19 November. Th cur-ss
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 differencesin
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 piots.

The data discussed herein illustrate the role of
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
paiterns of recharge and depletion of the soil
profile provide a useful means of integrating, in
agronomically relevant terms, the dynamic 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 performanceof the soil profile as a
means for providing the water supply for crop
use. Thus during seeding and stand gstablish-
ment, it is the plant-available water in the upper
few centimeters of the profile that is important;
consequently the effective storage capacity is
small and thetime required todepleteitisshort
On the other hand, when the crop is fully
established, its root system may have access to
a profile-storago capacity that may be 50 times
the daily transpiration requirement; hence the
system wiil not experience rapid short-term
change. An adequate agronomic description of
the soil profile as a moisture reservoir for the

crop shouldindicate 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 Baier and Jim Dyer*

Summary

The Versatile Soil Moisture Budget (VB) considers the major soil and plant processes that
involve water. At the same time, the model is simple to understand and use. It represents
a compromise between a completely statistical approach, where no parameterizing of
Pphysical processes is attempted, and a mathematical approach, in which only physical
parameters are used. Although the purely physical or mathematlical 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 field and crop situations. The performance of the budget
has also been well verified in many applicstions.

Each method for measuring soil moisture has
certain inherent shortcomings, but all have the
additional lir " stion that the results of site
measuremonis 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
regearch but not for agricultural applications
where information over time and space is re-
quired. On the other hand, climatological
water-budgsting 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.
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ences). A typical example is the Versatile Soil-
Moisture Budget, described 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 spucifically 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 =0il and roots, to and from the atmo-
sphere, as simulated in the VB. The various
computational steps in the mode!, including the
distinction between soil-moisture extraction
and soil-moisture recharge are also shown.

Solii 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 for water in the versatile soll-moisture budget.

rats of PE, rooting patterns of crops, different
soil-moisture release characteristics, and the
available water in each of six zones of specified
water-holding capacities. PE is used as a clima-
tic parameter of the potential rate of evapo-
transpiration from a dense crop freely supplied
with water (WMO 1966b). The general equation
of the VB for estimating daily AE irom PE is as

follows:

AE,= % [uiwzin,]

=1

5,

(1)

Where
AE, = actual evapotranspiration for day i
ending at the inoming observation
n of day i +1
pol = summation carried out from zone
=1 j=1tozonej=n
k. = coefficient accounting for soil and

piant characteristics in the jth zone
S'i(i-1) = available soil moisture in the jth

zone attheend of day i — 1 (that is,
at the morning observation of day
i)

= capacity for available water in the
jth zone

= adjustment factor for different
types of soil dryness curves

= potential evapotranspiration for
dayi

5
Z

PE,

Afthough this equation gives the total AE, ac-
cumulated over all zonez (1 to n), the effect on
AE ofthe available watcr content of eachzone j)
must be computed separately.

Standard Zones

The total volur:ie .| plant-available soil mois-
ture in the soil profils is subdivided into six
zones of varying capacities. The amount of
moisture held in each zone is arbitrary, but a
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% of 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, itis 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, itis possibieto redefine
these k-coefficients to correspond to a new set
of zonal capacities.

Crop Coefficient Adjustment

In comparisons between observed and esti-
mated soil moisture under nonirrigated crops,
Baier (1969a) found that during drought periods
plant roots absorbed, from the relatively moist
lower lavers, comparatively more water than
they did from 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 commencemerit are
optional. The adjustment takes the form:

, med- § (l 1)
ki=k‘.+kj mz_:1 km[1 S. ] (2)
where

k'l = adjusted k-coefficient for the jth
2one

§'.(i—1) = available soil water in the mth zone

= capacity for available water in the

mth zone.

m

Soll Moisture Avalilabllity to Plants

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

Table 1. Standard soll-moisture zones and zvallable water In each zone for use in the Versatile
Budget (VB).
Total plant-availabie 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 0.88 1.00 1.13
4 250 0.50 0.75 1.00 1.2% 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




Table 2. k-coefficients presently avsilable for severs! orops and cropping practices.

Zone 1 2 3 4 6 6
Stages Brome grass
Dormant season 050 020 010 004 002 001
Growing season 065 0.i19 017 008 0.03 0.01
Alfaifa
SS-FC 050 020 015 0.12 008 005
FC-1st 050 025 023 022 0.5 0.10
18t-FC 050 022 018 0.15 0.16 0.10
FC-2nd 350 025 0.25 020 0.18 0.2
2nd-FC 045 025 020 020 020 0.18
Small grain®/corn
P-E or Stages
R-p? 040 0.5 0.12 019 0.02 001 P-E
E-J 040 020 0.13 012 0.03 002 ET
J-H 040 025 0.5 0.12 0.10 0.03 T-Si
H-S 04 030 020 015 0.10 005 SiEe
S-R 040 030 020 0.15 0.07 003 EeH
Symbols used to define stages
Small grain Com Alfalfa
P planting T tasseling SS start-growing season
E emergence Si silking FC full cover
J jointing Ee ear emergence 1st first cut
H heading 2nd second cut
S soft dough
R ripening

a. Wheat, barley, millet.
b. Fallony or bare soll.

moisture over the range from field capacity (1/3
atm or pf = 2.7) to permanent wilting (15 atm or
pF = 4.2). Contradictory viewpoints exist on the
availability of soil moisture over this range for
growth and transpiration. A review of literature
pertaining to soil-moisture regime experiments
(Baier 1968) suggested that the relationship
between available moisture in the soil and
AE : PE ratio still depends on physical charac-
teristics of the soil, even though all other
factors — such as plant physiological charac-
teristics of water uptake and atmospheric de-
mand as reflected in the PE rate — are taken
into account.

Typical relationships betwaen available soil
moisture and AE : PE ratio are plotted in Figure
2. Baier (1969b) discussed these relationships in
detail and demonstrated that the soil-moisture

estimates from the VB differed significantly
when extreme types (e.g., C and F) were used,
whereas those for two similar types (e.g., C and
D, or B and F) were very close, and the error was
probably within the precision of most methoc'~
for soil-moisture determination. The decision
as to which type to use can be based on
comparisons between observed and estimated
soil moisture by tusting different relationships
in each computer run or on existing knowledge
of moisture-retention characteristics of soils
(Saiter and Williams 1965).

The VB makes provision for using the various
relationships shown in Figure 2 through the
so-called Z-tables (Table 3). Thesetables can be
better understood by considering the general
case of Equation (1), where only one zone is
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 soil moisture (after Baier and
Robertson 1966).

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

AE /S.(i—1)
= f2N "7
z PE Si (3)
The correct value of Z is selected fror~ the 100
possible values in the appropriate Z-table by using
the percent available water to define a subscript or
index (1,).

Z =Z-table (1)
where |, = (S"./Sl.) 100

Values for Zj are then substituted into Equation
(1), based on the percent available water 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, one Z-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:. tion has shown that
the relationships in Figurs 2 depend not only
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on the soil type, but also on whether an
active root system is present or if the soil is
fallow. Therefore in simulating the soil-
moisture distribution in a crep-fallow rota-
tion, onetable(e.g. Z-Table G) 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 (Baier et al.
1972).

Soll-Mo!sture Recharge

In the VB, recharge of soil water is entirely the
restilt 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 are 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 thetop zone of soil, and
is computed as follows:

Infi, = 0.9177 +1.811log RR,— 0.97 [Sj'

(i-1)/S;]log RR, @
where
RRi = rainfall on day i
S'j{i—1) = soil moisture in the jth zone on
day i—1
Sj = available water capacity of the jth
zone
=1

Theremainder of the daily rainfall is assumed to
be lost as runoff. Equation (4) was taken from
Linsley, et al. (1949).



Table 3. Z-tables used in the VB accounting for different molsture-release charactoristics.

A TABLE
99.99 50.00 33.00 25.00 20.00 16.68 14.28 12.50 1.1 10.00
9.09 8.33 7.69 7.14 6.67 6.25 5.88 5.56 5.26 5.00
4.76 4.55 435 4.17 4.00 385 3.70 3.57 3.45 333
3.23 3.13 3.30 2.94 286 278 2,70 263 2.56 2.50
244 2.38 233 2.27 2,22 217 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 1.16 1.14 1.12 1.1
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
386 3.73 3.60 3.50 3.40 3.31 3.22 3.14 3.07 297
2.90 2.81 2,76 2.68 2,63 2.55 249 244 2,38 233
2.26 224 2.18 213 21 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 1.62 1.50 1.47 1.46 1.43 1.41
1.40 1.38 1.36 1.36 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 1.1
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 0.1 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 0.256 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 0.48 04) 0.48
0.49 0.50 0.54 0.56 0.56 0.59 0.61 0.64 0.66 0.68
0.70 0.76 0.79 0.83 0.85 0.91 1.00 1.03 1.16 141
1.40 1.38 1.35 1.34 1.33 1.31 1.29 i.28 1.26 1.25
1.23 1.21 1.19 1.18 1.17 1.15 1.14 1.13 1.12 1.1
1.10 1.08 1.07 1.06 1.05 1.04 1.03 5.02 1.01 1.00
E TABLE
0.02 0.04 0.06 0.08 0.10 0.12 n.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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1.00
1.82

3.20
245
1.95
1.63
1.40
1.23
1.10

143
1.43
143
1.43
1.43
1.43
1.43
1.40
1.23
1.10

2.00
2.00
2.00
290
2.00
1.96
1.64
1.40
1.23
1.10

143 1.63
1.92 189
1.681 1.59
1.39 1.37
1.22 1.20
1.09 1.08
0.75 0.66
233 2.69
4.00 4.00
3.10 3.00
2.37 2.30
1.90 1.88
1.60 1.58
1.38 1.36
1.21 1.19
1.09 1.08
1.43 1.43
143 1.43
1.43 1.43
1.43 1.43
143 143
1.43 1.43
1.43 1.43
1.38 1.35
1.21 1.19
1.08 1.07
2,00 2.00
2,00 2,00
2.00 2.00
2.00 2,00
2.00 2.00
1.92 1.88
1.61 1.69
1.38 1.35
1.21 1.19
1.08 1.07

1.82
1.85
1.56
1.35
1.19

0.50

3.9
3.92
2,26
1.83
1.56
1.34
1.18
1.06

143
143
1.43
1.43
1.43
1.43
1.43
1.34
1.18
1.08

2.00

2.00
2.00
2.00
1.85
1.56
134
1.18
1.08

2,00
1.82
1.54
1.33
1.18
1.05

F

0.60
333
3.80
285
2,22
1.80
1.53
1.32
1.17
1.05

G

1.43
1.43
1.43
1.43
1.43
1.43
1.43
1.33
1.17
1.05

2.00
2.00
2,00
2.00
181
1.53
1.33
1.17
1.05

2.00
1.79
1.52
1.32
1.16
104

TABLE

1.15
1.04

TABLE

1.43
1.43
1.43
1.43
1.43
143
1.43
1.31

2,00 2.00 2.00 2.00
1.7 1.72 1.69 1.67
1.49 1.47 1.45 1.43
1.30 1.28 1.27 1.25
1.15 1.14 1.12 1.1
1.03 1.02 1.01 1.00

085  1.12 144 166
3.59 3.60 3.41 3.33

2.69 2.60 2.55 2.50
210 2,07 2.04 2.00

1.76 1.72 1.69 1.66
1.49 1.47 1.45 1.42
1.28 1.27 1.28 1.25
1.14 1.13 1.12 1.1
1.03 1.02 1.01 1.00

1.14 113 1.12 1.11
1.03 1.02 1.01 1.00

2.00 2.00 2.00 2.00

2.00 2,07 2.00 2.00
2.00 200 2,00 2,00
2,00 2,00 2.00 2,00
1.75 1.72 1.69 1.67

1.49 1.47 145 143
1.29 1.26 1.26 1.25
1.14 1.13 1.12 11
1.03 1.02 1.01 1.00

The partitioning of infiltrated water to each
zone is simulated by the fuaction:

Infl, = [1-({S'(i-1):S) binfi

(5)

infli; = new infiltration into each zone of soil

b = infiltration coefficient ranging from 0
to 1 and modi“ring the fraction of
water infiitrating to the next zone. For
b = 0: water content of each zone

must reach field capacity before the
remaining water infiltrates into the
next zone. For b = 1: a fraction of the
infiltration water percolates tothe next
zone before field capacity is reached,
depending on the moisture content of
the upper zone(s).

This infiltration equation is applied only when
the ratio of soil mois ureto capacity in any zone



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—1) - Ag, (6)

Also, the amount of water that can be budgetec
to the jth zone can never exceed the amount
remaining from the total water infiltrated after
water has been budgeted to zones 1to j — 1.1If,
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 infiitration
b. relative moisture content in each zone as
determined by

S (i-1)/8,

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

it will be noted that forb = 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 thatb = 1 in Solonetz soil at
Vegreville and in Haverhill clay loam at Swift
Current, whereas b = 0 in Mathilde loam at
Ottawa.

‘now 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 for water 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 (Baier 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 (Baier et al. 1978).

In one test, data from a 2-year wheat/fallow
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 tentimes
from planting to harvest each year. These re-
sults 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
Baier 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.! 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 Baier (1972) using another indepen-
dent set of observed soil-moisture data from
1937 to 1957. Theresults {Fig. 5) show observed
and estimated soil-moisture reserves in spring
at planting time under stubble and fallow{ands,
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 cf applications
from operational real-time monitoring of mois-

1. A. M. Feyerherm, 3 June 1975, Kansas State Univ.,
Statistical Laboratory, Calvin Hall 19, Manhattan,
KA 66506, USA.
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Figure 3. Observed and estimated soil-moisture contents vs the development stage of wheat oi
clay loam soils at Swift Current, Saskatchewan.
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Figure 4. Esti-nated and observed soil-moistiire contents at Manhattan, in a field of winter wheat,

Kansas, 1972-1973

ture reserves on the western Canadian prairiss
to probability-analysis studies for planninig
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 ds tem-
perature, precipitation, and radiation {Q). Figure
6 illustrates such a scheme of derived ag-
rometeorological data, used by Baier (1973) tc
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 veason.
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 studies
promises to be a valuable contrihution to farm
planners, particularly in the area of farm-
machinery selection. The main criteria for
selecting tillage and seeding equipment is the
timely complation of planting in spring. An
understanding of the restrictions on spring
work time due to climate can be o’ 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
been completed by Agriculture Canada — one
for the Atlantic provinces (Baier et al. 1978) and
one for selected sites across Canada(Dyer etal.,
1978).

Not all of the present applications have been
discussed here, just as not all the possible
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Figure 5. Observed and estimated available spriiig soil moisture in wheat stubble and wheat
fallow lands at Swift Current, Sackatchewan, Canada. Parallel horizontal lines are mean

values.
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Figure 6. Input and output data of crop-
weather analysis model,

future 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 Vegatation

P. Franquin®

Summary

The ORBVCR water-balance model of ORSTOM adapted to the arid regions is presented.
The model uses rainfall, potential evapotranspiration, and soil-moisture storage
capacity as the Inputs. It utilizes Esgleman’s relationships to calculate actual evapot-
ranspiration. The precipitation exceeding maximum soil moisture storage capacity Is
considered as runoff or drainage. Two simulations cf ennual and seasonal water belance
outputs for Ouagadougou on 10-day basis in a soil assumedto store 100 mm waterin the
root profile are presented. The use of AE mxIPE ratios (K factor in the model) for arri ving
at indices of crop moisture adequacylstress in a stochastic model are discussed.

A Water-Balance Modsl

Rainfall is always erratic, even in humid re-
gions. 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 supple-
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-,0r 10-day intervals, as the frequency distribu-
tions of rainfall are not independent for such
short time intervals (a continuitv 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 a water-balance program is to be of any rea!
use, it should be as simple as pcssible. This
would be the case with a deterministic model,
which has the same uses as a stochastic model,
provided the rainfall sampie 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, Cantral Sciontific Service, ORSTOM,
Bondy, France.

Nota: This paper is an edited transiation of the
original French text, which appears in Appen-
dix 1.
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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 lovwser horizonz. To simu'ate this
rewetting process, tha soil is usually divided
into layers that fill up rapidly — a procedure
that is also very complicated. Compared to this
tvpe of model, the orly 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). It also
enab'es the water-balanc? computation to be
stared 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, suppiemental
irrigation may be added to rainfall. The system
is provided with control parameters so that it
can be adjuted to observations of variations in
soil moisti.re

The Growing Period

The water-balance model is difficuit 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-


http:moist'.re

lems in agriculture will be encountered, at least
initially. On the other hand, a water-balance
program established for a cultivar with & def.-
nite growth period planted at a specific time on
a soil with given hydrological charactstistics
will necessarily have a narrower application.

Nevertheless there is one solutian that ena-
bles us to generalize the resuits from a simu-
lation of balances established for a sufficiently
long period of years, to all crops, soils, and
cropping operations of a region coverad 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 singls 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 conceptintegratesthesefactorsin
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 cases; for
example, the points where the potential evapo-
transpiration (PE} and rainfall (R) curves meet
(Fig. 1). Butabove all, by expressing the concept
in fraquencies, it is possible to establish a risk
level for ary specific problem.

Probabilities in the growing per'od are shown
by a system of coordinates where the x axis is
time and the y axis the scale of relative frequen-
cies. In this system the variability of each
specific event characterizing the growing
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
sample is large enough to he representa-
tive of the general population.

Thus the growing period is marked off by
freguency distributions (histograms and sig-
moid curves); these taken in twos — succes-
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|
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! |
| ]
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Figure 1. A generalized relationship between
rainfall and potential evapotranspi-

ration. {Letters in par2ntheses arg
for the English text)

s'vely or otherwise — determine the periods
and subperiods. For example, taking events B
{teginning) und 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 be‘ag still open; this will be
given by symmetric sigmoid curve E {Fig. 2A).
Symmetric sigmoid curves | {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-
tutes the 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 regions, 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 of the probability of
rainfall exceeding PE (or PI:/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 prc.duction 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 orcn
more complete information such as R/PE val-
ues, or on very elaborate information such as
the results of the simulation of water balances.
As the water-balance model requires the defini-
tion of K (maximum plant-utilizable avaiiable
soil water) soii characteristics determining the
value of K for a crop may be included in the
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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
resuits can be interpolated for intermediary
‘alues of K (for example 80 or 130 mm).
Table 1 gives 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 evapotransniration),
PE-AE or E-AE (water deficit of acrop), SM (soil
moisture), etc. But the AE/PE ratio (relative
evapotranspiration) is of particular interest be-
causeitis anindication 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 Cuapgadcugou, Upper Votla.

Surplus Crop Maximum Cumu-
Irri- soil  %Sur- coeffi- evapotranspi- Soil lative Soil water Relative Available
Periods Rainfall gation reserve plus PE cient ration (ME) AE moisture Runoff runoff deficiency deficit AEPE ME-AE reserve’
Jun 1st 55.2 .0 55.2 1.00 69.0 .50 345 345 207 .0 .0 345 .62 .50 .0 55.2
Jun 2nd 75 .0 28.2 .51 64.0 .50 32.0 28.2 .0 .0 .0 55.2 1.00 44 38 55.2
Jun 3rd 249 .0 249 45 620 .55 34.1 249 .0 .0 .0 55.2 1.00 40 9.2 55.2
Jul 1st 145 .0 14.5 .26 60.0 .60 36.0 145 .0 .0 .0 56.2 1.00 24 215 55.2
Jul 2nd 495 .0 494 .89 58.0 .70 40.6 40.6 8.8 .0 .0 46.4 .84 .70 .0 55.2
Jut 3rd 2145 .0 100.0 1.00 60.5 .85 51.4 514 486 123.3 1230 814 51 .85 .0 100.0
Aug 1st 442 .0 928 .93 530 1.00 53.0 52.1 40.7 .0 1230 59.3 .59 .98 9 100.0
Aug 2nd 84.2 .0 100.0 1.00 50.0 1.00 50.0 498 50.2 249 148.2 498 .50 1.00 .2 100.0
Aug 3rd 38.7 .0 88.9 .89 550 1.00 55.0 535 354 0 1482 64.6 .65 97 1.5 100.0
Sep 1st 20.4 .0 55.8 .56 51.0 1.00 51.0 399 159 0 1482 84.1 .84 .78 11 100.0
Sep 2nd 344 .0 50.3 .50 51.0 1.00 51.0 374 129 .0 1482 87.1 87 73 13.6 100.0
Sep 3rd 25.6 .0 385 39 583.0 1.00 53.0 315 7.0 .0 1482 93.0 .93 .59 215 100.0
Oct 1st 30.3 .0 373 .37 56.0 1.00 56.0 309 64 .0 1482 93.6 .94 .55 25.1 100.0
Oct 2nd .0 .0 6.4 06 580 100 58.0 6.4 .0 .0 1482 100.0 1.00 1N 51.6 100.0
Oct 3rd 14 .0 14 01 €16 1.00 61.6 14 .0 .0 148.2 100.0 1.00 .02 60.2 100.0
Nov 1st .0 .0 .0 00 53.0 1.00 53.0 0 0 .0 1482 100.0 1.00 .00 83.0 100.0
Nov 2nd .0 0 .0 .00 51.0 100 51.0 .0 .0 .0 148.2 100.0 1.00 .00 51.0 100.0
Nov 3rd .0 .0 .0 .00 50.0 1.00 50.0 .0 .0 .0 1482 100.0 1.06 .00 50.0 100.0
Dec tst .0 .0 .0 .00 500 1.00 50.0 .0 .0 .0 1482 100.0 1.00 .00 50.0 100.0
Dec 2nd .0 .0 .0 .00 49.0 1.00 49.0 .0 .0 0 148.2 100.0 1.00 .00 49.0 100.0
Dec 3rd .0 .0 .0 00 56.1 1.00 56.1 .0 .0 .0 1482 100.0 1.00 00 56.1 100.0
Total 645.2 0 1171.2 1026.3 497.0 529.3

1. Maximum available reserve = 100 mm
Water balance : total ralnfall — to1al PE = -526.0 mm




PERIODE FREQUENTIELL.EE DE VEGETATION
(Growing Paeriod)

Lieu Ouagadougou Latitude 12°20N
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Figure 3. The probable length of the subhumid (ETRIETP>0.50) and humid periods (ETRI
ETP>0.90} in three soils at Quagadougou, Upper Volta from 7921 to 1973, (Matter in
parentheses is for the English text.}
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Ganerally, for annual crops (Gramineas,
groundnut, cotton) only two levels of the AE/PE
are considered. One is about 0.50 because this
corresponds to the minimum conditions re-
quired for ensuring crop establishment (germi-
nation, emergance, seedling stage) and matu-
ration. The other, about 1.00, corresponds to
conditions required for seud development. Fi-
gure 3 is a frequential model of the growing
period constructed for Quagadougou:

@ based on the pro.jability of exceeding 0.50
(AE/PE). The beginning and ending sig-
moids give in frequencies what can be
called a semi-humid period for K: values of
50, 100, and 200, mm.

@ for the probability of exceading 0.90 (AE/
PE). The sigmoids give the frequencies for
what can be called the humid period for the
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 perznnial crops grown not for
grain but for foddar, whichis the direct product
of dry-matter output, a larger number of AE/PE
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 risk 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.
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Water Requirements and Adaptaticns
to the Rainy Season of Millet in Senegal

C. Dancette*®

Summary

The water requirement of millet (Pennisetum typhoides) was measured at CNRA
(Natianal Agricultural Research Center) in Bambey, Senegal, between 1273 and 1977,
Varisties of 75-, 90-, and 120-day duration were tested, On the whole, water requirements
are in direct proportion to the length of the growing pariod. It is not at all as simple to
calculate grain and straw yields, aspecialiy the amount of water required to produce 1kg
of dry matter is considered. The results were Interpreted with a view towards water
economy and adaptation to marginal rainfall conditions. This paper is not restricted to a
report of the results obtained, but attempts to generalize them for the whole of Senegal
by charactenizing the evsporative demand (particularly the north-south gradient).

The wiiter supply was studied not only under optimum conditions (with supplemental
irrigation for measuring optimum water requirements, MET, but also under conditions
of limited water supyly: figures showing the effects of water stress on grain and straw
yields aro given whenover possible, depending on whenever rainfall conditions and the
varieties permi::ad. Some descriptions of the work are given for practical use of the data

at the research and development level.

Pearl millet (Pennisetum typhoides) is a staple
food inSenegal, it is estimated thatin the Serere
region an average ¢: 400 g of millet per day is
needed per person (Bilquez 1975). Cultivated on
more than 600 00C ha, millet gives very poor
yvields (aver age 520 kg/ha), whereas grouncnut
yields can easily exceed 1000 kg podsiha or
about 730 kg kernels/ha.

Although the incentive to grow millet in
subsistence farming is high, commerciaily it
does nct pay at present (36 CFA frencs or
$0.17/kg grain for millet compared to 42 CFA
francs $0.20kg for higher-yielding groundnut
onthe official market in 1977). Yetitis still inthe
farmer's interest to irmprove millet yields, «ither
to ensure self-sufficiency in food, or to devote
larger areas to mcre profitable crops
(groundnut, cotton, covipea, etc.). A suitable
price policy and improvement of miliet produc-

* Ingénieur Agronome IRAT with ISRA, Centre
National de Recharches Agronomiques (CNRA},
Bambey, Senegal.

Note: Thispaperisan edited translation of a paperin
French (Seo Appendix 1) that waupreparod for
A.A.A.S. A, "rd Goneral Confsienca and 10th
Anniversary, April 1978, Ibadan, Nigerla.
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tion technology (storage, threshing, milling,
--.efor making bread) would rapidly change the
millet situation to the advantage of both the
farmer and the state.

On a purely agronomic level, milletyields can
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 scil and rainfall conditions in Senegal.
Data on optimum water requirements, or
maximurn evapotranspiration (MET) and onthe
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,
ambey

Genersl Conditions

Between 1973 and 1977 the water requirements
of millet were measured at CNRA, Bambey, in



the central zone of Senegsl. Varieties tested
were of 75-, 90-, and 120-day duration.

The crops weragrown in large plots of 196 m?
(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 100 cm
for 90-day Souia millet in 1973 and 1974;
50 x 20 cm in 1974, and 45 x 15 cm in 1975, for
the 75-day GAM dwarf miliet; 90 x 30 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 instaited
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 moisiure
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 percolati~n 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-
baiance method in case of excessive or
vvan 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-balance method, and
after 5 years of deficit rainfall it even
appears that we could have dispenxed
with the lysimeters. But this was not evi-
dent at the beginning and could be prcved
wrong by a more rainy season. Access
tubes for neutron probes were installed in
the middle of the lysimeters for the usual
water-use measurgments until natural
gravitational drainage started. Actually,
lysimeters shouid not be saturated right at
the start of the crop to ensure proper
drainage and normal water-balence 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
supplementalirrigation wherethelevel of water
stress attained would depend on the rains. This
will be discussed later while dedling with the
water requirements of millet.

#ain resuits

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 straw yields (see Table5). Grainyields
are sometimes less uniform than those of straw
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
that varies most of all. it is Tor 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
from 1972 through 1977 for periods of 75, 90,
105, and 120 days correspondingtothe growing
periods of the major crops. Data on the cumula-

tive totals of pan evaporation in mm for these
periods and, in parenthesis, an index of the
evaporative demand in relation to the 1972-
1977 averages are given in Table 2. Coefficients

Table 1. Maln results for miilet varieties of 78-to 120-day duration.
Yields (kg/ha)
MET or water
Rainf_lI requirements  Grain Rachis Straw
Crop Year (mm) Treatment {mm) Moisture content in parentheses
Sanio millet 1976 3999 Irrigated 562 2035 1426 13 950
120 days {MET) K =0,75! (7.5%) (10.1%) (3.2%)
{Maka strain) i =215mm
Sanio millet 1977 374 Irrigated 628 1623 1388 14425
120 days {MET) K =077 (3.5%) {4.0%) {(7.5%)
{Bambey strain) I =283 mm
Souna millet IH 1973 400 Irrigated 417 2690 1360 6 680
90 days (MET) K =072 {(7.8%) (7.8%) (4.3%)
i =68mm
Souna millet Ill 1974 492 Irrigated 416 2943 1600 5760
90 days (MET) K =0.74 (5.4%) (5.4%) (5.2%)
i =73 mm '
GAM millet 1974 447 irrigated 320 2151 2165 5943
75 days : (MET) K =0.67 (9.0%) {9.0%) (8.4%)
i =51 mm
GAM millet 1974 510 Nonirrigated 327 1721 1395 5652
75 days (excess rain) K = 0.63 {9.2%) {9.2%)  (10.2%)
{cereal crop structure) AE = MET
MET
1. K= Tp'
Table 2. Cumulated class-A open pan evaporation (In mm) at Bambey
Year
1972-77
Period 1972 1973 1974 1975 1976 1977 averige
550 486 477 438 489 436 '
75 days (1.12) (0.99) (0.98) (0.90) (1.00) (1.01) 489
631 583 564 523 560 573
90 days (1.10) (1.02) (0.99) (0.91) (0.98) (1.00) 572
722 702 695 620 648 687
105 days {1.06) (1.03) (1.02) (0.91) (0.95) (1.01) 679
811 8i7 809 714 744 812
120 days (1.03) (1.04) (1.03) (0.91) (0.95) (1.03) 785
Date of first
effective 5 June 2 July 12 July 7 July 13 July 7 July
rainfall
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of varlation range from 5% for 120 days to 7%
for 75 days.

Pan evaporation should be taken 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 1876, 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/
Epwas closeto 0.75in 176 and 0.77 in 1977. By
relating this to the average evaporativedemand
(1972-1977) and to the index 1.00, we find the
water requirements to be:

—5-@= 592 mm in 1976 ands—zg= 610 mm in 1977
0.95 1.03

The results are quite similar with differences
thet 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):

e 120-day Sanio millet: average of 592 and
610 mm, about 600 mm.

e 90-day Souna millet: average of 4.17/
1.02 = 409 and 416/0.99 = 420, about 415
mm,

e 75-day dwarf millet: The deviations are
slightly greater, as plant material had been
cnanged 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 highestand 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.

Teble 3. Varlations In global water require-
mants of miliet according to the
growing period and the eveporative
demand at CNRA, Bambey. (See also
Fig. 1.)

Minimum Average Maximum

Crop MET MET MET

120-day Sanig millet 546 600 624
80-day Souna millet 378 475 457

75-day dwarf millet 311 345 386
{L
£ High Evaporative Demand ———s
E 600 "
”
£ Raslie
—_ /, S
5 500] Average Evaporative PV
s Der.and (1972-1977) ’
2 s
g 400 1 Weak ’ Pid
c Evaporativ /’,
§ Demand e
o 300
=
200
75 120

Number of days of the vegetative cycle

Variations in global water re-
quirements of millet according to
the growing period and evapora-
tive demand at CNRA, Bambey,
Senegal.

Figure 1.

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 setin 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.). Abnormat 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 season.
Thus, very early varisties (accelerated growth
and development) or those with high pilant
density cover soil more rapidly than others 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 once again water
requirements should be expressed in terms of
the evaporative demand (standard class-A open
pan) and the ceoefficients K = METI/E, should be
calculated for the entire duration. This was done
far all three millet varieties over successive
15-day periods; the resuits 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, arid 0.65 for GAM millet. It seems
that these two facts 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 specially of GAM millet
is much more homogenous. All these factors
undoultedly make the energy advections much
higherfor the Sanio than for the other crops and
the water needs are also increased. However,
thereis no evidencethatthe sameresults 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-dav periods right from the
start of the cropping season. This comparison

Table 4. ChangesInK = MET

during growth of 75-, 80-, and 120-day miilet varieties.

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 Senio Millet {globa! K= 0.786}

assmsames 90-day Souna Millet (globsl K= 0.73)

1.20 .,
1.10—
1.00 ~
0.90 ~

0.80 —

0.70 = pPOOOOOO R

76-day GAM Millet (global K= 0.0F)
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Figure 2. Changesinthe K = METIE; coefficients during crop duration of three millet varieties
of 75-, 90-, and 120-day duration.

Global MET for 120-day Sanio miliet=620 mm

esmwewss Global MET for 90-day Souna millet=430 mm

(%"10 s—t—a—n Global MET for GAM 75-day Dwarf millet =360 mm
=)
E g eeessesee Evaporation in a standard Class-A pan
13
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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
st the start of the cropping season for short-
duration varieties and at tha end for the long-
duration varieties.

Application of the Results
to the Senegal Situation

Method

In Senegazl, thaevaporative demand varies from
north to south and even from the coast inwards.
itis high towards the north and low towards the
south; it @siso increases towards the interior.
This evaporative demand is re'ated to humidity
in the zone, that is, to rainfall, the main humid-
ification factor.

The nortivvard movement of the Inter-
Tropical Convirgence Zone brings a mass of
hurnid gir causing the rains to set in and wet the
goil. Vegeiaticn begins to cover the soil and the
evanairanspiration from the crops, along with
the typical rainy-season conditions (decrease in
hours ¢f stinshine and tomperatures, increase
in roiative humidity, reduced wind velocity)
contribute to reduced svaporative demand.

/e were ablg tc establish some negative
correlations between the amount of rainfali
received and potentizl evapotranspiration
measured on turi {Danceite 1973) and between
raintall and potuntial pan evaporation (Dancette
1977). This enabled characterization by location
of the evaporative demand during the rainy
season. This was wssential for the work on
adaptation of rainfed crons, based on the appli-
cation throughout the country of water re-
quirement measurernents, For this, there is
alrcady a relatively dense network of rainfall
stations, unifike the ~atwork for evaporation
measurament.

The relationship between rainfall and pan
evaporation is established on a monthly basis
for the entire rainy season:

Ep = A— Bx ~ CY + DZ

where X istherainfail 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)
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Thiskind of equation is detarmined for transi-
tional months {(beginning of the rainy season),
peak rainy-season months, or an entire period
when rainfali is likely to occur (June-Oct); the
corralation coefficients for these periods were
0.73, 0.78, and 0.86 respectively.

There is a simpler type of equation foar 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 R is
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-0Oct) 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:

® The variability in monthly rainfall in this
area: Hainfall 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.;

® The choice of a total period of 5 months:
whether these 5 months are retained, or
the exact period between the first “'effec-
tive” rainfali and the end of the rainy
season (last rain + period during which
soil moisture reserves are used), or the
number of whole months with significant
rainfall, the equations hardly differ and, in
our opinion, do not justify complicating the
calculations any further.

The most crucial problen: is to know which
period should be retained for characterizing the
evaporative demand. In 1973, we considered a
long pericd {1931-1965) for determining the
relationship between ra:nfall and PE during the
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Figure 4 Variations in evaporative demand (mmiday) during the rainy season in Senegal

(June-0Oct), 1971-1976.

effective rainy season, as well as for the PE map.
This greatly reduced the evaporative demand
gradient ~— roughly 1.20 to the extreme north of
the country and 0.80 to the extreme south,
compared with Bambey.

On the other hand, between 1971 and 1976, a
severe drought occurred when the network of
standard class-A pans was being set up and
extended. The rainfali-pan evaporation equa-
tion couid not be applied to the 1931-1976
period. This equation needs to be corroborated
by evaporation and rainfall readings over a long
period. However, it is characteristic of years of
deficit rainfall and an abnormally high evapora-
tive demand.

Thus, the map showing the evaporative de-
mand and its north-south gradient indicates
some indices which are this time between 1.40
to the north and 0.€5 to the south of Bambey,
Senegal. However, the work should be aimed at
adapting crops to the unfavorable conditions of
theliast 10 years, as it is easier to adapt them to
better conditions.

® Use of the evaporative demand map and
indices based on observations taken in
Bambey.
According to this map, a 120-day millet requir-
ing an average 620 mm at Bambey, would need:

620 x 0.82 = 530 mm at Nioro-cu-Rip
and 620 x 0.67 = 420 mm at Sefa.

Inthe same way, a 75-day millet requiring 350
mm at Bambey, would require:

350 x 1.16 = 410 mm at Louga
and 350 x 1.30 = 460 mm near Dagana.

Some Comments and
Applications

Potentialities of Existing Miliet
Varieties In Central Senegal

Table 5 shows that the best grain yields are
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Table 8. Weter consumption and millet ylelds.

Water requiraments (liters/ kg)

Yieids Water
{kg/ha) Totsl above- requirement
Rainfall Evapotranspiration Dry ground dry satisfaction

Crop Year {mm) Treetment {(mm) Grain Straw grain matter® rate (%)
Sanio millet 1976 399 frrigated 562 2035 (7.2) 13940 (3.2)

215 mm CV.e% CV.7% CV. 1% 2886 337 100

Non- 403 1082 (7.4) 10478 (2.2)

irrigated C.V. 3% CV. 16% CV. 10% 4045 334 72
Sanio milist 1977 374 Irrigated 628 1623 (3.5)° 14425 (7.5)

223 mm CV. &% CV.8% CV. 4% 4010 387 100

Non- 387 183 (3.5) 11172 {8.5)

isrigated C.V. 4% CVY. 1% CV.14% 26 830 364 62
Souna millet 1973 400 Irrigated 417 2620 (2.8} € 680 (4.3)

68 mm CV.3% C.V. 5% CVY.7% 1681 472 100

Non- 378 2770 (7.8) 6 240 (4.3)

irrigated C.V.3% CV. 3% CV. 6% 1443 383 91
Souna millet 1974 492 ireigated 416 2848 (5.4) 5760 {5.2)

73 mm CV.7% CV.3% CV. 4% 14382 426 100

Non- 415 2951{52) 5590 (5.1)

irrigated CV.8% CV.2% CV.8% 1482 434 100
GAM millet 1974° 447 Irrigated 320 2151 {S.0) 5643 (8.4) 1635 342 100

51 mm

Non- 324 2288 (8.2) 5 780 (8.4} 1544 350 100

“rrigated
GAM millet 1975 510 Non- 327 1721 (9.2) 5652 (10.2)

irrigated C.V. 6% CV. 12% C.V. 10% 2093 414 100

{sufficient rain}

a. Humidity is given in parenthezes, the coefficient of variztion {C.V.) iz given below.

b. Above-ground cry matter inciudes straw, grein, sheath, and rachis.
c. Only th:an plots out of four were observed (retsined for calculations).
d. In 1974, ior the GAM millat experiment, measurement points wera increased from twe to five at the end af the A™.80N, 20 & statisticai analysis was not possibis.




obtsined from the 90-day Souna millet {nearly
3 tha). The 75-day GAM millet undergoing
varietal improvement already gives the same
grain yields as 120-day Sanio millet {which is
being compietely abandwonad in the Diourbel
regiont). Souna miller yiglds 8 maximum of 2
tonnes, consuming i early twice as much water
as the GAM millet.

If water use by miliet was expraessed in terms
of liters of water consumed by the plant and the
quantity require:! io produce 1 kg of grain, there
is little difference between the Souna and GAM
millets. Th:a situation is much worse for Sanio
millet {30::0-4000 liters/kg grain compared to
15001560 liters for the other millets).

Saio millet has a high production potentia!
{or straw — about 14 mvtha, or more than dou-
bie that of Souna and GAM miliets. Average
water requirements to produce 1 kg of straw is:

® 440 liters of water for irrigated Sanio millet
(average of 1976 and 1977)

® 616 liters of water for GAM miliet (average
of 1974 and 1975)

e 707 liters of water for irrigated Sounamillet
(average of 1973 and 1974)

Straw yields of the 75-day dwarf millet and
Souna millet are comparable but dwarf miilet
matures in 75 days instead of 90 for Souna
millet.

This; aspect of “straw production” cannot be
neglected, considering its increasing use for
livestock feed, manure production, and in the
house for roofs, enclosures, fuel, etc.

Although the 120-day Sanio millet should be
rejected becsuse of its poor grain yield petential
and excessive water consumption, the aban-
doning of Sanic millet in the Diourbel region
may possibly have contributed to theincreasing
shortage of straw on farms (one cf the present
constraints to development of sedentary live-
stock raising); the same situation occurs when
there is a switch from 120-day to 90-day
groundnuts. The “’stabilization” of grain yields
is not too compatible with high straw pro-
duction.

infiuence of Watar Stress on Millet
Production

The Souna and GAM millets, which, on the

whole, are quite well suited to the watar nondi
tions in the Bambey region, were nct subjactad

tation, even though it was o paeind of «
rainfall. Thus, in 1973, satists WLIer
3 nillet
« and straw yields differed
very slightly fromn thiose of millet with supple-
mental irrigaten. Foi the other years, supple-
mental irrigation did not increase yields of
eithor Souna or GAM millet. Duc {1977) ob-
tained somewhat similar results with Souna
millet on the farm at Bambey during the rainy
saason; supplemental irrigation is especially
effective further north. In central Senegui, there
are other ways of stabilizing millet production
besides irrigation, particularly through dryfarm-
ing techniques with year-to-year carryover of
soil moisture reserves (Chopart and Nicou
1976).

On the other hand, differences betwes:: irri-
gated and nonirrigated plots were very siraat for
Sanio millet which has adapted very p:ooily to
these dry years {470 mm of rain at Bambey
during these last 10 years instead of 640 mm
during 1921-76). Yields of Sanio millet — for
which water requirement was satisfied up to
72% in 1976 — dropped by 46% for grain and
by 25% for straw. Yields of Sanio Millet —
whose water requirement was satisfied up to
63% in 1977 — fell from 1623 to 153 kg/ha, a
decrease of 91%. Straw yields were less af-
fected, since they feil by only 23%.

Flowering for irrigated millet was on:

e 2 Oct (82 days after pianting) in 1976, at
mid-heading stage

@ 7 Oct (92 days after planting) in 1977 (more
widespread flowering).

Water stress during the 20 days around these
dates can be calculated as

MET — AE o . 5837 _ 20% in 1976,
MET 5.8

corresponding to a 46% fall in grain yield

and 6.5 ~ 2.9%
6.5

ing to a 91% fall in grain vield.

= 55% in 1977, correspond-

Therefore, particul ar attention should be paid
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to stress at heading rather than throughout crop
duration.

In the absence of a true test (response curve
to wsater during the rainy season), which re-
quires detachable covers or perfactiy zircon-
ditioned greenhouses, we triet 1o appraximats
this curve by using results of various agrizul-
tural experiments in Bambey and othzr ste-
tions. Water consumption wz: reasured by an
in situ water balancs, or it wzs combined with
effective rainfall when r.:iniall was relatively
well distributed (therefore, store i the soil ata
depth where it was availab!z> 1 tiva roots) and
clearly less than crop reatiii: 4531, Thus, at this
first stage of the investigai:on we were able to
obtain a technically good water response curve
tor S0-day Sounz miliet for the central zone
(Thies, Ban:t:2/, 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 invesiigation 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.

E8

30007

2000 A

Grain yields (kg.’ha)

1000 -

° L ]
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).
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Figure 6 iz = firzt sttemptin this direction; but
it does not diffzrentizte between S2- prd 120-
day rrillets vt sorshium, and yisic 1utes
are unratiabls. Whatever the exngr valie of the
figures, tharg is some logic in the tiends — the
affect of the severe droughts of 1968 (the worst
drought recorded in 50 years), 1972, and 1973
and perhaps @t upward trend in millet yields in
1974 and %7 % — which needs t) be confirmed.
This may be because sorghum and 120-day
millet were alrnost compleiely 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 10 better understand pro-
duction mechanisms in order to provide better
guidelines for future work.

Production ratio 1o cropped surface
in the Bambey administrative department.

1000,
74 o
g 75
L
g 64 69 /
x 500 71 40 5 67
o 73 e e 65
2 70
2 1072 5 -
68
0 —_— - Y
-50% -25% 0 25%
324mm 486 mm 648 mm
Shortage or excess of rain in relation to the
normal amount of rain during the cropping
season
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 Rainfali Conditions

This point was discussed in a paper for the IAEA
Consultative 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 forthe central and
southern parts of the country.



In 197 “,,ﬂ:r« gvanorative demani gradgienthad
been calcuizted from a PE map for the period
1931—?‘,:‘ frainfal-PE correlation); the resuits
would ha oven mors negative if the evaporative
demarnid over the fzst 10 years was based on
rainfall-paa svooration correlations.

The meihoc:d is based on a study of the
effective rainy season for adry-sown millet crop
and a comparison of the rainfall received and
stored in the soi! (to a maximum of 160 mm)
with the water requirements of millet estimated
at = 10% during cropping. Therefore, the lerigth
of the effective rainy season must i consid-
ered along with the satisfaction ! iiie water
requirements in order to know i retrospect if
each year at a station had been favorzble in
terms of water supply. This reguires 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

Saint Louis

also well distributed throughioui tiie area. The
map in Figure 7 gives an idea ot thz information
that can be obtained. In the ragion represented
by the shaded arez, the chiange from o S)-day
variety (Soun#a} te o 7: day variety {GAM disii)
increases relisl ot yields (80% a::d more
chances of .»,-J(.r.vsu's;.

Study cf the Cropping Scason
snd on Euplanation of Preduction
Mechonisms

In 1977 (Dancette 1977), a very general study
was undertaken of the cropping season. It
mainly focused on millet, groundnut, and
cowpea, as thair water requiren:srits are sinmitar
for the same crop durations. ‘Vater regtire-
ments of these ciu:ps are in direct proportion to
the length of i growing season (Fig. 8). It is
also possible o plot on a graph the cumulated
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curves for water requirements and sainfall from
the day of the first effective rziniall (Fing. 9). This
rainfall enables the dry-zcywm millzi crop to st
growing. The ideal would ha io translats this
curve of water requiremants along the x axis
{days) and also to fitit:icngthey axis in cazo of
replanting or dalayea »lenting.

Actusily, in these ceses, sither the wrop starts
with an initial water content that can b esti-

600 .
105-day groundnut

500 4 90-day miitet T
90-day groundnut

120-day mitlet
; 120-day groundnut

75-day
1 cowpea

75-day
millat

Waster requiremsnts
or MET in mm

200 -1~
0 75 80 105 120

Total tength of cycle
{sowing-harvest) in days

Figure 8. Water requirements of crops in
Senegal are in proportion to the
growing period.

mated, or all tha rain is lost {throuni evasors-
tion) and the waier requirements curvi st be
started from the cumulative rainfzil levas! (the
case of Thies in 1977). Finally, in certain excep-
tional cases (research stations), there may be an
initial water conterit due to dry farming
techniques (for example, postharvest cultiva-
tion). This should be taken into accunt by
lowering the starting point of thz water re-
quirements curve in relation to rairisil.

Thoe actual millet crop study vesuid only need
the specific water requirsmant data giver
earlier and an index, incivaing the :vuporative
demand gradient, for each station. This gives an
idea of the stress periods, their intensity, and
possible effects on yields (by also using water
response 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
usad by the crop, cnly the 75-day varietics had
scme chance of success (76% satisfaction water
requirement). The 90-day miliet varieties had
already tegun to be affected at hesding (about
60 days after planting) with only 62% satisfac-
tion of total water requirement {A’B'/A’C’, Fig.
9).
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Figure 9. The 1977 rainy season (Thies meteorological station). Three dry-sown millet reseedings;
sowing rain on 14 August: 52 mm, averags date of last rain: 5 October.
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Conclusion

The measurement of water resuircmant is a
prerequisite to any work on the adsstaiion of
cransto a given pedoclimatic crvircamant, The
water reguizemanis of millet grown under
proper contitiuis are now known but not much
is kinown ahout the requirement of 8 poorly
cultivated millet crop with inadequate mineral
nutrition. Howaver, it is normal that research
@518 to obtain high yields and, therefore, adap-
tation of plants with relatively higher water
requirements rather than stunted planis. Straw
sraduction should also be carefully ionzidered
for forms integrating livestock raisir:;; and other
needs.

ltis for these various ressons thiat, now more
than ever (previously ithere were mediocre but
perhaps more flexisie varieties), criteria for
varietal selection and determination (based on
soil and rainfall dz:7) 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 what the farmers really want, how
they use agrizitural produce and by-products,
and what constraints they face (weather,
equipment, marketing, otc.). The agronomists
can specify how these constraints can be ai-
leviated (rainfall, soil cultivation, inanure anii
organic matter) and which crops are most
suited te overcome various agronamic prob-
lems.

Breaders and physiologists can thus dirict
their efforts towards specific objectives and
meet the needs for iavelopment, even if these
needs are not always as clearly defined as they
should be, or if they change too rapicly. Thus
izrge-scale development of sedentary livestock
raising and summer fattening ssums incorn-
patible with the practice uf incorporating crop
residue as recommended previously. At the
sametime, soil fertility should be maintained by
appiications of manure; mathods of making
and spreading manure ncod to be studied
further.

All this requires careful attention =nd a com-
bined effort involving large multidisciplinary
teams for planned and specific regional oper-
gtions such as, for example, increase of millet

production to cnsure self-sufficiency in food for
a given goologisnd 20ne covering one or severs!
administrolive reglons,
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Riodeling Evapotranspiration

Summary

Several reviews of evapotranspiration models are already available and in this
presentation emphasis has been given to the Penman-Monteith model, the Priestley-
Taylor model, those that make use of remate sensing of surface conditions, snd thosein
whichs there is dynamic simulation of th evepotranspiration and wetsr movement
process in the soil-plant-atmosphere systzm. Although local adjustments to existing
empirical models may be worthwhile, attention should be given to the physical and
biological processes involved in order to decrease the possible errors in the evapotrans-

piration estimate.

No attempt will be made in this presentation to
review all the evapotranspiration modeis and
variants developed over the years. The recent
paper by Monteith (1978) is a good reference on
the development of evapotranspiration models
since the Penman (1948) formuia. It has been
used considerably as a basis for this discussion
and full credit should go to Profeszor Munteith
for his contribution. Much of the discussion in
this paser will be devoted to discussion of the
Penraan-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 saimie as measuring it, although some-
times both approaches are needed. (learly,
lysimeters and water-balance data provide a
measurement of evapotranspiration, either di-
rectly or as a residual difference calcul ated from

* Professor and Chairman, Department of Land Re-
source Sclence, !Iniversity of Guelph, Ontario,
Canada.

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 evipotranspiration will be made here,
although it is understood that certain modelsin
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 1l Penman 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 radistion, wind speed, air tempeis-
ture and watur vipor 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 mode! actually
provided an estimate of the evaporation from a
free water surface and a factor then was used te
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 +yE,

e ™
E,=0.35(e,~¢e,) (1 +u,,100) (2)
E,= fE, (3)
E,= (ARn +yEa), (A +7) (4)

where E_ is the evaperation from open water
surface in mm day

E, is evapotranspiration from the well watered
turi

4 is the slope of the saturation vapor pressure
curve dt air temperature

+ is the psychrometer constant

Q. is the net radiation over open water

Rn is the net radiation over the vegetation

e,. e, and u are the saturation vapor pressure 2t
the dew point temperaturz, 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 toinclude
diffusive resistance to water vapor movement
from leaves, and Monteith (1963, 1965) ex-
tended this ideato 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 above the crop canopy, 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 moel, or the Penman-
Monteith model as referred to by Monteith
(1978}, can be written as follows:

LE = \ (Rn__G 2_.:??.,’)5:?_(.?9.:821_1@ (5)
A +4(1 tr..r,)

where LE is the latent heat flux
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G is the soil heat flux

pand Cp are the density and specific heat of air

r, is the aerodynamic resistance

r. is the canopy resistance

and the other symbols were defined 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 model
for evapotranspiration, E, from a crop may be
written as

E=PE/ 1 +[3/ (7 +A)](r,/1,)} (6)

where the potential evapotranspiration is

PE=[A/(A +y)][(Rn—G)
(ML) (pc,/A) (ey—e,)/1,]. (7)
and M is a constant to adjust units.
If the soil evaporation, E,. is predicted separately
the transpiration, E,, can pe written

= (PE=E) /{1 +[y/(7 +A) ] (r./1,)}  (8)
The value of the aerodynamic resistance is
obtained by

r,=1¢ +In[(z-d) ;z]}2/k%u (9)
where ¢ is the profile diabatic correction
d, z_ are zero plane displacement and roughness
parameter
k = C.4 is von 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, r, was defined first by Monteith
as a physiological resistance, but now itis more
often termed crop resistance, canopy resis-
tance, or surface resistance, and, according to
Black et al. {1970), ““r. is a combination of soil,
plant and canopy air space resistance, and is
virtually impossible to measure directly.’’

Monteith (1965) stated that for a barley
canopy 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, r,, of the



leaves of a crop and dividing the average value,
rs by L, one obtainsr, . Thisis 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 s,
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
be eitherlimited by the energy supply or limited
by capillary flow to the soil surface.

Monteith (1978} states that actual evapo-
transpiration can be predicted if the appropriate
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
wasdependent on the soil water potential. They
also used the depth of the root zone, but the
value of maximurn possible evapotranspiration
was provided by the combination equation. In
principle, onewould liketobe abletorelater, 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 itis 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., 2run et al. 1973}, with-
out the detailed gradient measurements
needed, for example, in the Bowen ratio-energy
balance approach.

Ahmed et al. (1976) were able to relate canopy
resistance to soi! 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 mode
was used and with changing soil water content
the leaf water potential was determined. Thisin
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-
tanenusly 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 todetermine 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 placc 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 mode! 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
by applyingthe law of conservation of mass and
Darcy’s law. In the mode! the energy balance
equation is modified by inserting a functicn for
the effectiveleaf area, because not all of aforest
canopy is equally acting in the evapotranspira-
tion process. The roots and the soil in each soil
layer were interpreted as resizitances 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
possiblie 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 cystem using equa-
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tions for the various processes under way
throughout the syatem and providing accurate
and useful informztion on evapotranspiration
and dry matter production.

Monteith (1978) notes that the minimum
value of r. for arable crops is about 40 s m"
comiparabis with values of r, . However, forests
have much izrger minimum values of r,, and r,
is much smaller berause of the greater
aerodynamic roughnass. Thus the evaporation
rate of interceyst=d rainfall from forests exceeds
that of normzi transpiration while in crops the
evaporation race 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
the effective value of the surfaceresis ance for a
regional area must depend on vegetation type,
soil muoisture deficit, amount of intercepted
precipitation and time of year, but such difficul-
ties need not be beyond practical solution. They
also considered the wvariation of the
aerodynamic resistance, r, and found that
Penman’s simple empirical wind function (eq.
2) "is not only fairly realistic for a particular
surface of guite small roughness but it can be
employed almost with impunity over surfaces
ci relatively large roughness.” From their
analysis they suyges: that for a typical rural
lowland area of maoderate aerodynamic rough-
ness Pzrman’s formula (eq. 4 above) be mod-
ified to

E={A(Rn-G) +2.5E,} /(A +2.4y) (10)
This equation was found to give better agree-
ment with exparimental obsersations of the
overail evapotranspiration from catchment
areas in Britain.

Other people have been interssied in the
estimation of evapotranspiration on a large
scale using remote sensing. There is no doubt
that the areal extent of cropped areas, and
probably the kind of crop growing, the leaf area
index, and the soil 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. Idso
et al. (1975} demonstrated that one could obtain
evaporation from bare soil if one knew the daily
solarradiation and the maximum and minimum
air temperatures and the maximum and
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minimum soil surface temperatures, The evap-
crationrate from a moist soil of courseis limited
by the eneargy supply but, ziter drying, the soil
water transimission affacis the evaporation and
the soil surface iemperature rises relative to air
temperature. Jackson &t al. {1976) s.udied the
transition between the energy-iimiting and
soil-limiting phases. They found the surface
albedo was an excelient intogrator of the sur-
face drynsss ond they ware able o partition,
from tha surface albedo, the fraction of the soil
that was in the energy-limiting phase from that
in the soil-limiting phase of evaporation. The
inputs needed are a reasonablo estimate of
potential evaporation, albedo measurements
for wet and diy soil before and during drying,
and a value for the coefficient of the square root
of time {ar soil-limiting evaporation rates (eq.
12). Thay used the Priesticy and Taylor (1972)
approximation for potential evaporation (dis-
cussed below)

PE =a(Rn-G)A/(A +y) (11)
where a, they found, varied from 1.41 in sum-
mer to 2.41 in winter. For the dry soil they used
the relation

E,=Ct-12 (12)
where Cvaried with soil type and with season as
a result of temperature; t was the time in days
after the soil became dry. Thay got excellent
agreement between calculated results and
lysimeter readings with this approach.

Heilrhan et al. (1977) used loaf zrea index
values obtained from Landsat multispectral
data to adjust the Priestley-Taylor evapotrans-
piration model for crop growth. The other input
data were daily estimatas of solar rediatiosn
(from which Rn was estimatesd), maximum and
minimum temperature, and pregipitation.
Modo! cutputs were potential evapoiranspira-
tion, transpiration, soil cvaporation, actual
evapotranspiration, drainage, and soil moisture
inthe 0to 150 cm profile. Emoirical factors were
applied to the evapotranspiraiion model when
the 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



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 (o provide the
reference values needed to calibrate the wind
function in the equation.

LE =f(u)(e,—e,,,) (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 mode!, of cource, will give .n-
creasingly worse results as moisture availa.le
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 r,, the
aerodynar.iic resistance. That is, they write

LE = pCp(T-—-T.) (1, +Rn -G
where Rn = H +LE +G

(14)
(15;

Thus one requires for this approach; (a) an
appropriate value of r, as a function of
windspeed, surfaceroughness, 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 surface temperature — 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 results 22% greater than the Bowen ratio-
energy balance comparison. Blad and Rosen-
berg (1976) believe this was because the Bowen
ratio approach underestimates the evapotrans-
piration under advective conditions and that the
“resistance mode!” 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
evapotranspiration.

An evapo'ranspiration mode! that has
aroused a 'ot of interest it rocent vears is the
simple formula proposed oy Friestley and
Taylor (1972). They said that for wall-watered
vegetation under nonadvective conditions the
potential evapotranspiration (PF) may be rep-
resented by the expression

LPE= ~[A/(A +7)](Rn-G) (15)
where a2 = constant = 1.26 was derived from
several experiments in different climates. Jury
and Tanner (1975) point out that the value of

= 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

2=10+(x-1)(e,~e)/(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 x 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 ¢an be made to
improve estimates on advective days. They
suggest this approach to advection correction is
deserving of further test.

Monteith (1978), however, notc. 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 theratio 2 = 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, itis
premature to reduce the Priestley-Taylor for-
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mulz e a simple exjression in which evapora-
tion & extimated as 2 linear function of net
vediai anergy and mean air tzinperatur e {({Acll-
rcy 1977). it seems a retroqrads step io intro-
duce climatological formulae of this typa, nar-
ticularly when the limits of ii5 apnlicatilive are
soili-defined interms of ti:: itahility of water
in the soil and the posszis significance of
large-scale advection of sensible heat in the
atmospho:z.””

Another exariiple of empirical adjustment of
the zimpiricslty found 2 are the values deter-
mined by Davies and Allen (1973} 2 a iunction
of surface soil moisture. Thus vy sroposed
that x be consiczrcd as a variable, =z, rather
than a constzrit. Thus actual evapotranspiration
could be exnreazed

LE=2a[A, (A +7)](Rn-G) (17)
They show a reasonably good relationship bet-
ween 2z and su-face soil moisture although
they point out that their approach can only be
recommended for bare soils and shzllowly
ronted plant covers. It seems to this author that
it might be better 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
Priestiey-Taylor model (which was formulated
to estimate the potential evapotranspiration).
For a discussion of the relationship between the
combination model and the Priestley-Taylor
tormulation, 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, howevur, 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).
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The simwdated soil moisture values compare
reasonably well with meastred values obtained
for six soil types used in the mcdel validation.
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Derivation of Empirical Medels to Predict
Runoff on Smail Agricultural Watersheds
in the Eemi-Arid Tropics

James G. Ryan and Bf. Poreira®

Summaery

Multiple regression techniques are used to derive daily rainfall-runoff relationshios
under various soil, crop cover, land management, and agroclimatic conditions for two
serni-arid tropica! regions in south India. The fitted models were used to predict runoff on
independent data sets, and they did so with a high degree of precision. Results suggest
that the models can be used to estimate runoff with a minimum amount of data input. All
that is required is information on scil types, whether the watershed is fallowed or
cropped, area of the catchment, type of cultivatior, 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- and water-management technologies for
the sermni-arid tropics (SAT) is the concept of
harvesting excess runoff from small agricul-
tural watersheds in water-storage reservoirs (or
tanks) for subsequent use in supplementary
irrigation of upland crops (Kampen et al. 1974;
Krantz et al. 1978). In this way it is planned 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 quantitics of runoff
can be harvested and made available to upland
crops attimes when they can 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.RyanisPrincipal Economist and Leader and M.
Pereira was Research Technician, Economics Prog-
ram at ICRISAT.
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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 eifective 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
{1968) and Raman and Srinivasmurthy (1971),
areunabletoseparate runoff and deep drainage
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 2 indicate
that rainfall intensities inthe 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 atICRISAT Center has been
conducted on watersheds of between 1 and 20
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ha, derivation of rainfall-runoff relationships
using data generated on small SAT watersheds
wit deemed desirable.! Direct application of
rainfall-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.?
The extensive data from the hydrologic re-
search on small agricu'tural watersheds con-
ducted at ICRISAT Center, Hyderabad, Andhra
Pradesh, from 1973-74 ts 1977-78, and from
small-plot research at thi: All India Coordinated
Research Project for Dryland 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 rainfalli-
runoff experiments conducted on deep and
medium-deep Vertisol watersheds ranging in
size from 0.33 to 11 hectares at ICRISAT Center
nearHyderabad 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
1976-76 and 1976-77, and consist of %1
watershed-years containing 839 dnily rainfall
observations. Sizes of the experimental water-
sheds on the Alfisols vary from 0.33 to &
hectares.

The experiments at ICRISAT Center were
designed to study, among other things, the
influence of various factors on the hydrology 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 in the SAT have
generally been made on plots less than 0.01 hain
size. Exceptions include the work of Kowal {1969)
in Nigeria.

2. Personal communication from J. Kampen. A
typical example of existing modsls is that of
Hydrocomp International {1972).
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tive cover, und 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.

Thethird st of data was derived from the plot
experiments conducted from 1951to 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
Vertiscls under various land treatments. Data
cn 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 vegetative
cover, various rates of vegetative mulching,
methods of cultivation, and types of bunding.

Hyderabad is located approximately 78°E
longitude and Sholapur at around 75°E. Both lie
at 17°N latitude. The former has an average
annual rainfall of 764 mm (1931-1960) while
Sholapur has 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
treztments (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
ICRISAT Center. 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 runo™. Comparable figures
for the Vertisol watersheds at ICRISAT Center
and the Sholapur Vertisol plots were 21 and
13%, respectively. The average number of rain-

3. For more details on these experiments, see the
annual reports of the ICRISAT Farming Systems
Program.



Tablo 1. Aversge monthly rainfall during ea-
perimental periods at ICRISAT
Ceanter anéd AICRPDA Sholspur.

Rainfali®
ICRISAT Center AICRPDA Sholapur
Month {mm) {mm)
June 86 107
July 170 139
Aug 207 140
Sept 181 174
Oct 159 77
Total rainy
season 803 637

a. AtICRISAT Center, the period of record was 1973-1977; at
Sholzpur it was 1951-1967.

fall events per year (around 70) was approxi-
mately the same at all three centers. On an
average, only 256 mm of daily rainfall was
required to generate runoff on the ICRISAT
Center Alfisols, compared with 30 and 36 mm
on the ICRISAT Center Vertisols and the
Sholapur Vertisols, respectively.*

On these types of experiments, particularly
those on the field-scale watersheds at ICRISAT
Center, many variables influence the runoff
process and interact together to generate the
observed runoff. For example, the watershed
having a treatment of 0.4% slope on a broad-
bed-and-furrow system may have a higher
proportion of long-duration crops than the
watershed having broadbeds and furrcws on 3
0.6% slope. Hence, the differences in runoff
between these two treatments will not be at-
tributable solely to the differences in slope, but
also to differences in vegetative cover. One
must first adjust the runoff for the effects of the
latter before attempting to measure the effects
of the former. Multiple-regression techniques
allow this to be done, and the balance of this
paper describes the procedures and tests used
toderive acceptable equations — which predict
daily runoff with a high degree of precision —
from the above experimental data.

4. A more detailed description of the data,
methodology, and resuits of this study can be
found in Ryan and Pereira (1978).

Methodology

The basic objective of this part of the research
was to identify the functional forms and spec-
ifications of variables that will generate the best
predictions of runoff on an independent data
set. Hydrological knowledge does not offer
clear guidelines as to the form of the functional
relationship between runoff and its determi-
nants. It does suggest that, symbolically °

RO =1f(X.W, ¢) n
where RO = runoff (mm.day)
X, =vector of deterministic variables

such as vegetative cover, type of
cultivation, size of watersheds

Wl = vector of stochastic variables suct: as
daily rainfall, rainfall intensity
¥ = random error

Many different functional forms describing the
precise relationship in equation (1) were
examined, and their relative efficiency in predic-
tion measured. Linear, quadratic, semicubic,
cubic, square root, logistic forms all with and
without interaction terms between the deter-
ministic and stochastic variables, were tested.
The range of variables tried in the various
regression equations were as follows:

e Daily runoff (mm/day) (RO,)
e Daily rainfall {mm/day) {RF,)
e Antecedent rainfall (mn/day)

5
(AR: = ?:1 RF:-i)

e Peak rainfall intensity {mm) during the
peak 15-minute period of the daily rainfall
event (PRI,)

e Average rainfall intensity {mm)—
measured as total daily rainfall per hour of
rain (ARI,)

o Vegetative cover — measured as an in-
creasing index after sowing; reaches a
maximum of 100 when crops reach their
maximum leaf area index, and then de-
clines to zero as leaf drop and harvest
occur (VC,)

5. See, for example, Amaracho (1967).
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Table 2. Average monthly runoff on Vertisols and Alficols at ICRISAT Canter and on Vertisols at
Sholapur during axperimentsa! periods.®

ICRISAT Center AICRPDA Sholapur
Vertisols Alfisals Vertisols
Percent to total Percent to total Percent to total

Runoff rainfall® Runoff rainfall® Runoff rainfalt®
Month {mm) (%) {mm) (%) {mm) (%)
June 5.1 59 0.4 0.5 134 125
July 6.9 4.1 30.6 14.3 9.3 6.7
Aug 25.7 12.5 60.9 277 6.8 49
Sept 435 24.0 69.0 29.2 26.0 149
Oct 313 19.7 21.3 21.2 7.1 9.2
Total 1125 14.0 182.2 20.6 62.6 9.8

8. AtICRISAT Center, the Vertisol data ralata to the 4 years 1973~1977; the Alfisols to the 2 years 1975-1877. The Sholapur

Vertis .) data relate to the 16-year period 1951-1967.
b. Total June-October rainfsll only,

® Soil type — Alfisols or Vertisols

® Type of cultivation — traditional flat culti-
vation (FC)¢ or ridges and furrov- n
graded contours of various slopes

¢ Type of bunding — traditional field bunds

(F), contour bunds (C), graded bunds {G),

¢r no bunds.”

Area of runoff piots or watersheds (ha) {A)

Soil depth (cm) (D)

© Age of watershed — in years after initial
land shaping (N)

¢ Mulching — quantity of mulch appl