M S

‘. .
’

MODELING YIELDS FROM RAINFALL “)\ o v
AND SUPPLEMENT7TAL IRRIGATION

By George H. Hargreaves,' Fellow, ASCE, Zohrab A. Samani,?
and Edgar Zuniga®

AasTRACT:  Frequently, dhie aiea of good sorls suitable 1or irmigation fur ¢ weeds
that for which sdequate v eter s avalable for maxunum crop production. De. S aons
and/or policies wre etten required eelative 10 how mucl, land should be irigated
with Tinmted v ser suppties or the level ot deficit irmgation desirable. The use of
crop-yicld models provides a ool for deerminming how best tc combine benefits
frem rointall and irrigation. Some devel ypments e deseribed that facilitate the
modeling of crop vields. A method that requires only temperature measurements
tor reliable estimates of potential evapotranspiration factlitates modeling at many
wocations where more complete chimatic data are not avalable. A weather simu-
lation proceduore that provides good results without lecal calibration and requires
only monthly chmatic out makes 1t possible 1o deselop a worldwide climatic Jata
base for use with the existing crop-yield models that otherwise require the avail-
ability of daily chmatic data Estmaed probable relative vidlds for tain-fed ag-
neultare, and with one arngation and with two irrigations, are coleulated with a
vield model operated with sotea] doly data and with fata syuthiesized rom a nwantiidy
climatic data base. The ifterence in vields caleulated 1zom historical data and
svathesized data vanes from 0 10 174

INTRODUCTION

Throughout much of the world, trigation 1s supplemental 1o reintall. The
areis of good quality lunds for crop producticn trequently far exceed the
arce that can be irrigaied toom developed or developable water suaplies.
Those responsible for the planning wnd designing of irsigation projects may
need a method or criteria for deciding the most acceptable deyree of defizit
irrigation or the probable bend{its from irrigation supplemental to rainfull.

Hargicaves and Samani (1624) found that the cconomic benefits ‘rom def-
icit irrigntion are strongly influenced by the percentage of tow! water re-
quirements provided by rainfull. Agricultural deveiopment planring can be
significantly improved by providing crop growth and developmznt models
to be used for comparing probable yvields from rain-ted agricuiture with those
indicated when one, two, or more supplemental irrigations are applied.

Decisions relative te the Jand arca to be imigated with Himited water sup-
plies should be Jargely based upon predetermined goals and an evaluation
as to the most efficient means of accomplishing the desired goals. The fol-
lowing are suggested as possible objectives:

* Promoting the production of the ma~imum amount of food.
* Maximizing cconomic returns from the investment.
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* Producing large increase in opportunities for rural cinployment.
* Benefiting large numbers of the rural poor,
* Generating torcign exchange carnings.

When the goals or objectives have been clearly deiined, it s frequently
difticult to quantdy the influence of varioys design or operating decisions
on vields, profits. or numbers of persons benefited in varions ways. How-
ever, crop-vield models can provide aousetul ool for evithuating relative ben-
elits from different crop production practices.

Many crop-vield maodels have heen developed. Most of the more relia e
of these require the use of datly raintall or water avadlability and other da ly
climatic data. Recent rescarch and deselopment of Utah State Universiry,
described by Samani o a. (L9870, has resulted in an mnproved procedure
for estimating Crop water requirements and for syithesizing daily climatic
data. thereby simplitving computations and greatly reducing the data re-
quirements for modeling crop viclds.

Hargrcaves ot al. (1985 proposed an equation tor potential evapotran-
spiration (LTl thay reguires onlv measured values ol temperature. Hap-
greaves and Sumani (19ss) vompared the ETP cquation with measured val-
ues from Ivsimeters planted o cool-season gruss and concluded that the
temperature-based equation provided & better fit with the monthly Iysimeter
vitlhues than other cquations in nearly al! cases. Keller (1982, 1987y devel-
oped i weather-maker mode simulation procedure (WMAKER maodel) for
generating daily values from a monthly climatic data base.

Zuniga (1987) evaluated the WAMAKER model by comparing predicted
vields of corn generated from actual (measared dutly) climatic data with the
vields from generated WAIAKER data derived from & monthly climatic data
hase. Yields from the Hanks (1974 plam growth (PLANTGRO) and the
Jones and Kinirv (1986) crop-environment resource synthesis (CERES)-Maize
models were caleulatad with both actual and simulated data. Tac vields es-
timated from the two models Irom both actual and simulated data were quite
similar and in cach case adequate for purposes of planning and policy de-
cistons.,

Water availuble (o (he crop depends upon rain, rripation, the Crop rooting
and growth characteristios, and the capacity of the soil to store available
water within the crop root zone. The varous vield models estimate relative
or potential yiclds for known or assumed crop and soil conditions, A version
of the CERES-Maize maode caleulates the assimilation of nitrogen thereby
indicating how fertitity imfTuences crop vields.

A MONTHLY CLiMATIC DAaTA Base

The data required for the WMAKER model are the meian montnly values
of potential evapotranspiration (11, temperature, number of rainy days,
rainfall amounts, and the standard deviations of cach of these values. For
purposes of evaluating the WMAKER maodel and crop-yield and develop-
ment models a monthly data base was created for cach of several locations
from daily climatic duta,

Daily data are more difficult and exnensive to obtain than monthly values
and in many cases are not avatlable. The use of daily values with crop-yield
rodels also requires more cffort. For these reasons it was considered de-
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TABLE 1. Example of Monthly Climatic Data Base Complied from 85 Years of
Monthly Data fr ym Quixeramobim, Brazil (Lat 5°18’ S; Long 39°18' W; Elev 199.0 m)

Values { January | February | March | Apnl| May | June | July | August | September | October | November | December
(1) (2 3) 4) | 5|6 | (!’ (9) (10} (1) (12) (13)
TMAXN RE) a2 kil 0 0 0 3 R n LK} Y M
TMIN 26 26 25 28 24 Hon 24 25 25 25 26
ETP 150 [ 129 Y] tos o3 [ 118 136 147 162 155 154
TEMC 2K 2K n 27 26 26 N 27 2K 25 N 20
sDT 0.9 [N b1 Lol 1o 1211 ae 07 06 as 0.6
A 6! 07 172 Fase s 1oy NIT ) 3 2 7 21
REAR (1] 11 27 o7 PO oo 03 02 02 03 03
SDPM Su o L2} wd 77 4% 1" 15 [ s 14 RN
RDAY 64 LAl 9 11261107 ] S0 |6 [ 0y 04 11 2s
SDRD id 47 4 RINTE I O I B A A v 11 (U 1o 22

Note TRIAN - mean daily mavimum temperature O TMIN . mean daily mimmunn emperature ¢Co ETE - potential
evapotramitation tmmi TEMC - mean daidy temperature CCrche average of TMAN and TMIND, SDT - the standuard
deviation of TEMC £ Cr PN - nean monthly sreaipttation tmnn, RPAR - the gamma tactor for monthly precipitation,
SDPM the stundard deviation i the smount of monthls raontall, RDAY - the mean number ot ratny days, and SDRD -
the standurd deviation i the number of ramy duys

sirable to develop and publish a monthly climatic data base. Because of the
food shortages m Africa and the attention being given to that continent, it
was ducided to first prepare a monthly data base for Africa and proceed with
data from Latin America and other uarcas.

Worldwide climatic data are available from the National Oceanic and At-
mospheric Administration (NOAA) on computer tapes. These data were sup-
plemented with values from Food and Agriculiure Organization of the United
Nations (FAO 1984, 1985) and from Tables of Temperature, Relative Hu-
midity and Precipitation for the World, Part I (Her Majesty’s Stationery
Office 19800, Part # (1978), Part IV (1983), and Part V (1978). From these
data monthly climatic data-base tables were prepared for Africa. Latin Amer-
ica, and sclected Astan countries. Table | illustrates the data content and
format of the monthly climatic data-base tables.

Daily climatic data from Brazil and El Salvador veere used 1o prepare monthly
climatic data-base tables for the purpose of comparing predicted vields from
synthetic data with those from the actual daily values.

Samant et al. {1987) compared relative probable yields of corn grain ¢s-
timated by the PLANTGRO model for assumed planting dates and soil con-
ditions for rainfed production at four locations (tvo in El Salvador and two
in Brazil). For onc location vield estimates were also made assuming one
irrigation applied 70 days after planting. Ditferences in estimated probable
vields from the actual daily climatic data and daily data generated from the
monthly data base tables and the WMAKER model varied from zero to about
17%.

MEeTHODOLOGY

The data presented in Table 1 are adequate for use with the WMAKER
model with the exception of the standard deviation of ETP (SDETP). Some
methods for estimating ETP are temperature-based. It was assumed that SDETP
may he correlated with the standard deviation of temperature (SDT).

An inspection of the monthly data-base tables for Africa and other regions
indicates little correlation between mean monthly temperature (TEMC) and
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SDT. At Marrakech, for the frost-free months (March—November) linear
regression produced a value of 7 (coefficient of determination) of only 7%.
There is, however, a fairly good correlation between SDT and latitude. At
the equator SDT averages about 0.57 C. SDT increases lincarly with depar-
ture from the equator up to avout 30 north or south and then there is little
or no change m mean SDT with increasing values of latitude. There is sig-
nificant variation in the increase and additional evaluation may indicate the
tmportance of some factor other than iatitude. An initial study of vatues of
SDT for 1t locations in Africa from 4 south o 397 north indicated a min-
imum value of SDT of 0.5 C a4 south with an increase of 0.020° C per
degree of departure from 4 south. The coctficient of determination (77) for
the hinear regression was 8747

An cvaluation using more data from Africa and Latin America indicates
that SDT averages about 0.5 € at the equator and increases with departure
from the cquator up to an average of about 1.2 or 1,37 C at 30° north or
307 south latitude.

The equation used o caleulate ETP (Hargreaves et al. 1985; Hargreaves
and Samuani 1983) can he written:

ETP = 0.0023 ~ RA - CTENC - 1780~ TD"Y . (1)

in which ETP ard extraterrestrial radiation (RA) are in the same units (usu-
ally: millimeters) of equivalent water evaporation: TEMC = mean temper-
ature in- degrees centigrade: and TD - TMAX - TMIN in degrees centi-
grade (mean maximum  emperature minus mean minimum - of the daily
temperature range).

The data base presented in Table | does not include values of the standard
deviation of ETP (SDETP). Monthly means of TMAX and TMIN from var-
tous locations i ditferent chimates and latitudes were used with Eq. | to
compare the coetficients of variation tstandard deviations in percent of mean
values) of TEMC and E'TP (CVT and CVETP, respectively). The data eval-
uated by Hargreaves and Sumani (1988) indicated the following cquation:

CVETP - CVTi230 00271 OJASKEL) o (2)

in which LD - lattade departure from 4 south: and KEL = clevation, in
Km 1,000 ).

From limited data Hargreaves and Samani concluded that SDT s mini-
mum at 4 south LEtitude. However, alter completing the data base tables
fer Latin America and Africa, it appears that minimum values of SDT oceur
at the equator. Data from other locations do not confirm the correction for

clevation. This indicates that Eq. 2 should be modified as follows:

CVETP - CVTQ22 - 0027 LATY oo, (3)

in which LAT = latitude i degrees (either north or south). Additional eval-
uation of Eq. 3 indicates a good average relationship during the dry months
when irtigation is required. However, the ratio of CVETP/CVT is usually
significantly greater during months when rainfall is generally adequate for
crop production.

SDETP is influenced by latitude. clevation, and raintall. Tt therefore seems
evident that where these conditions are similar, values of SDETP fror, one
location can be used =t similar location where data are inadequate or are
not available for the calculation of SDEETP.
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The indicated average relationships are recommens’_g for use with the
monthly data-base tables illustrated in Table 1 and other similar data until
additional or improved analysis becomes available. Use of approximate av-
crage values of SDETP is expected to result in reasonable crop-yield values
for comparisons and for agricultural planmng and development However,
additional evaluation of Eq. 3 is rccommended together with studies to de-
termine the degree to which errors in estimating CVETP icfluence the re-
liability of crop yields estimated by the crop-yield models.

Crop yields were estimated with the PLANTGRO model developed by
Hanks (1974) with adjustinent for the use of Eg. 1 for estimating ETP. The
PLANTGRO model was operated with the historic daily data and also with
data simulated tfrom the monthly means and standard deviations.

The WMAKER model was used with a monthly data base to develop daily
sinulated values of climate to be used instead of the actual daily climatic
daia. The PLANTGRO model was operated with the simulated data ard the
results of predicted probable yiclds at various locations and conditions were
compared with those obtained Trom the measured daily data.

The comparisons reported by Samani. et al. t1987) indicate that synthetic
weather values generated by the WMAKER model can be used satisfactorily
for predicting plant growth and development. Probable relative yields esti-
mated by crop models tfrom 20 to 30 years of generated daily weather values
are of the same order of magnitude as those estimated from the actuul his-
torical measured daily weather values.

It is anticipated that the WMAKIER model and modifications and .cop
yield models will become increasingly usctul tor estimating extreine rainfall
amounts, watershed and hydrologic modeling, agrotechnoiogy transfer, and
the estimation of the pertormance of various cultivars. However, for irri-
gation it is anticipated that the principal use will be that of evaluating the
probable benefits poss.ale from providing one or more irrigations supple-
mental to raintall.

‘The influence of irrigation supplens:ntal to rantall was modeled for var-
ious locations n Brazil, Africa and Et Salvador. For La Umon, El Salvador,
the soil was assumed to be of medium texture. The effective root depth of
a corn crop was assumed to be 60 cm. A Planting date of May | was used.
Crop yiclds were modeled tor rainfed production and tfor one and two sup-
plemental irmigations applicd at 75 and 85 days after planting. lrrigation amounts
were sufficient to il the 60 em depth ot soil to the field capacity.

ResuLts

Fig. I was produced with the PLANTGRO mudel using daily or historical
data from La Uaion, El Salvador, and WMAKER data for ruin-fed produc-
tion, with one irrigation and with two irrigations. The maximum differences
between the vields predicted from the historical data and the synthesized data
1s for the rain-fed corn production. The maximum difference in yields in-
dicated by the two data sets is about 136,

The results presented in Fig. 1 illustrates the value of the WMAKER model.
The difference between vields predicted from the actual and the WMAKER
data at the various locations evaluated usuwally varied from 0 10 17% . Many
years of yield trials in tae field would be reauired to define optimum planting
dates and tse potential benefits from one or more irrigations applied at var-
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LA UNION, EL SALVADOR
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FIG. 1. Probable Relative Yielas of Corn Grain at La Union, El Salvador

ious times. The described procedure requires historical monthly records of
sufficient length 10 as to provide a monthly dati base as indicated in Table
1. This data b se can then be used to provide as much infoimation on the
probable yiclds from various practices as could be obtained from mary yeurs
of field experiments.

PRACTICAL APPLICATION

For rain-fed agriculture, yields are largely determined by the amount and
distribution 07" water available to the crop. Hargreaves and Samaui (16%4)
indicate that supplemental irrigation for maximum yields is seldom ¢: onom-
ical. In arca: where crops can be grown during both the dry season and the
rainy scason, irrigation projects are frequentiy designed based on the max-
imum arca that can be irrigated “uring the dry scason by accepting some
degree of deficit during years of low rainfall. However, during the rainy
season a much larger land area can be irrigated with the same amount of
water,

The recently developed monthly data-base tables and the crop-production
and weather-generation models are recommended for the following purposes:

Cemparing probable relative yields for var.ous planting dates for rain-fed
agriculture.
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+ Determining relative benefits from dry-scason trrigation with those pos-
sible from supplemental irrigation dusing the rainy season,

* Decisions relative to the time and amount of water to be applied per unit
of Land arca.

* Use with information on costs and benefits to develop cconomic models
to aid in planning and managentent.

The Burcau for Science and Technology of the Ageney lor International
Development is spoasoring o project for International Renchmark Sites Net-
work tor Agricultural Technology Transter (IBSNAT). Four crop vield models
are availuble from IBSNAT, the CERES models for wheat, sovbeans, rice.
and muize. Other models planned for future completion are for sorghum,
millet. potatoes. barley, and field beans. The contractor for the IBSNAT
project is the Department of Agronomy and Soil Science., College of Trop-
wal Agriculture and Human Resources, University of Hawaii, associated with
the Department of Agronomy and Soils, College of Agricultural Sciences.,
University of Puerto Rico,

The use of computers is advancing very rapidly in the developing coun-
tries. 0l suitable vaining in computer usage aind crop naodeling can be ar-
ranged. 1t is recommended that the weather-simulation procedure, the crop-
vield models. and the monthly data base be placed on comouter diskettes
and made available for widespread use, particularly in the developing coun-
tries. However,atseems advisable that distribution of the regusred computer
software not be made without adequate training in the use and significance
ol the models,

Crop-yicld models utilizing monthly climatic data should be used together
with costs of production and crop values to develop procedures tor further
definition of the economic considerations of the conjunctive nse of rain and
irrigation and of dericit inigation.

SuMMARY AND CONCLUSION

Due to linited water supplics and the various arcas where good lands are
fess Timiting., it is Tregaently desirable that decisions be made relative to the
permissible degree of deficit irrigation. The policy selected s often intlu-
enced by political considerations. Procedures are presented that provide rel-
ative evaluations of various combinations of the conjunctive use of rainfall
and irrigation,

The improved evaluations described hevein depend upon the two following
important developments:

LA reliable procedure tor caleulating potential evapotranspiradon that re-
guires onty measured values of ambient air temperature,

20 A weather-simulation precedire that requires a monthly climatic data base
for operating the more reliable and sophisticated of the crop-vield models.

Estimated refative yields for various locations and differing soils and cli-
matic conditions were compared using models with daily (actual) data and
with the monthly Jata base. Comparisons of probable vields are shown in
this paper for two of the locations. Differences in resulting yields at the
various locations and difterent conditions were usually in the range of 0-
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17%. One or more irrigations were assumed and results compared both with
daily and monthly data. The monthly data base appears to provide results
that are within the limits of accuracy normatly found in field irrigation re-
scarch.

Monthly climatic data-base tables have been prepared for Africa. Latin
America, and selected Asian countries and similar tables could be prepared
for other arcas from world-wide climatic data. The data-base tables were
designed for use with the WMAKER model. With a suitable worldwide data-
base publication and/or software and crop models for the basic food and
other crops, probable increases in yields can be readily estimated for various
levels of the conjunctive use of ruin and irrigation.
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ApPeNDIX Il. NOTATION

The following symbols are wsed in this paper:

CVETP = coefficient of variation of ETP;
CVT = cocfficient of variation of tew.oerature in degrees C:
ETP = potenitial eveporanspiraton with cool-scason grass i Alta fes-
cue) as reference crop, in mm;
KEL = elevation in km (1,000 m);
LD~ degrees of latitude departure trom 49 C;
PM = mean monthly precipitation in mm;
¥ = coetficient of determination or variance predicted;
RA = cxtraterrestrial radiation in cquivalent mm of water evapora-
ticn;
RDAY = average neniber of rainy days in month;
RPAR = gemma factor for monthly precipitation:
SDETP - standard deviation of E7P;
SDOPM = standard deviation of PM:
SDRD = standard deviation of RDAY;
SDT = standard deviation of temperatne in degrees C;
TEMC = mean air temperiture in degrees C;
D = mean daily maximum nunus mean daily minimum temper -
ture;
TMAX = mean daily maximum temperature in degrees C: and
TMIN = mean duily minimum temperature in degrees C.
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