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APPENDIX N.—NoTaTioN

The following symbols are used in this paper:

;i = surface area of lake;
¢ = anormally distributed random variable wi
a:nd unity standard deviation; ol with zero mean
EE = daily evaporation;
& i = mean evaporation for jth week of year;
o= gzna'lre.nszonless residue of evaporation for jth week of ith
Ey = €vaporation for jth week of ith year;
€ = air vapor pressure; '
e} e ;at;mhon Vapor pressure at water-surface temperature;
s; = standard deviation of eva i ]
= poration for jth week of year;
'It' = Wwater temperature of dewpoint tempe{'ature; =
= time period, week or month;
P1,B2,Bs = model parameters;
T = 3.1416; and
W, by, = sensitivity parameters,
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MobDEL AND PrODUCTION FUNCTION FOR
IRRIGATION MANAGEMENT

By Derrel L. Martin,’ Darrell G. Watts,” and James R. Gilley’

AsstRACT: A simulation model was developed to estimate the effect of deficit
irrigation upon crop yield. The model was designed to provide relative yield
estimates for 1 binations of irrigation sy , crop growth and
irrigation management parameters. A daily soil moisture balance was used to
predict evaporation and transpiration from which crop yields were estimated.
Gross irrigation water requi ts were estimated from net irtigation require-
ments, irrigation efficiencies, irrigation system limitati and effective rain-
fall. Crop production functions that use physically defined parameters were |
also developed to relate crop ﬁields to gross irrigation requirements. The pro-
duction functions worked well on a limited test compared to field data.
model and production functions are general since they depend upon readily
available mrmmation or physical parameters, and can be used to evaluate ir-

rigation management alternatives.

INTRODUCTION

Irrigation management decisions are often made without considering
the effect of limited irrigation upon crop yield. When water was plentiful
and energy cheap, maximum yields were generally near the optimum
production level. As economic conditions change and water resources
become more scarce or costly, it is imperative that economic consider-
ations be included in water management decisions. Quantification of the
effect of irrigation management upon crop production is necessary for
this analysis.

Various types of models describing the effect of water stress upon plant
growth and production have been developed. Detailed simulation models
have been created to delineate the physiological response of plants to
water stress. Unfortunately, these models are often either too compli-
cated or'too expensive to use in analyzing management decisions, and
require data that may not be readily available. While crop production
functions have been used in various optimization and economic studies,
these functions are frequently inappropriate for management because
they are often unverified or too site specific. Also, these functions are
usually highly empirical and difficult to generalize. Economic solutions
derived from such empirical functions are only useful for specific
situations.

The objective of this paper is to present a simulation model of crop
yield, which is both theoretically reasonable and computationally effi-
cient. The model is designed to predict relative crop yield for ditferent
gross irrigation amounts and for several soils and crops using daily cli-

"Instr., Dept. of Agric. Engrg., Univ. of Nebraska, Lincoln, Neb. 68583.
?Prof., Dept. of Agric. Engrg., Univ. of Nebraska, Lincoln, Neb. 68583.

*Prof., Dept. of Agric. Engrg., Univ. of Nebraska, Lincoln, Neb. 68583.

Note,—Discussion open until November 1, 1984. To extend the closing date
one month, a written request must be filed with the ASCE Manager of Technical
and Professional Publications. The manuscript for this ;;g.hpjgr was spbnutted for
review and possible publication on September 13, 1983. per is part of the
Joumnal of Irrigation and Drainage Engineering, Vol, 110, No. 2, June, 1984. GASCE,
ISSN 0733-9437/84/0002-0149/$01.00. Paper No. 18949. ;
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matic data, Crop production functions with physically based parameters
are also developed to relate the average of expected crop yield to the
gross irrigation applied.

SiMuLATION MopEL DEVELOPMENT AND DescripTion

The simulation model used a daily soil moisture balance to predict the

moisture and by subtracting evaporation, transpiration, and drainage
losses. When simulating a sequence of years, the soil profile was as-
sumed to be at field capacity at the starf of the growing season of the
first year. The initial soil moisture for subsequent years was predicted
by simulating the off-season contributions to and extractions from the
soil moisture balance,

Soil Properties.—The soil profile was represented by six layers to sim-
ulate evaporation, transpiration, and soil moisture redistribution. A sur-
face layer, 2 in. (5 cm) thick, was used to control the evaporation rate.
The second and third layers, 4 and 6 in, (10 and 15 cm) thick respec-
tively, were small to represent the soil water environment of young crops
which have a shallow root system. The lower layers were each 12 in.
(30 cm) thick,

Available water is traditionally defined as that held between field ca-
pacity and the permanent wilting point for the full rooting depth. Recent
research has shown that Crops, even in stress situations, do not extract
water to the permanent wilting point in the lower portion of the crop
root zone. The amount of water available for plant use in the root zone
was predicted in a two step process. First, the effective depth of the root

Wwhere corn was severely stressed (Fig. 1), Traditionally, the permanent
wilting point is defined as the moisture content corresponding to a soil
moisture potential of —15 bars, This definition was adequate in the up-
per soil profile; however, below 30 in (76 cm), the soil water was not

O = 8o + (68 — Bpp)[1 = exp (~2.303 )| (S AL (1)

in which 6,, = extractable Water content; 8zwp = volumetric moisture con-
tent at the permanent wilting Point; 8. = volumetric moisture content
at field capacity; and z = relative. ropt depth (actual root depth divided
by maximum root depth). The extractable water pattern was treated as
& constant throughout the season for the soil profile.
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n Sharpsburg
le Water Profile Defined from Measurements o

m é‘;ypm:;l:mn Spring Following Wet Perlod (e) and Dry Summer Where
Corn was Severely Stressed (o)

: d
Evapotranspiration.—Evapotranspiration (ET) was Cc:lag:b::ﬁ;:s;d
the reference crop evapotranspiration (ET,), whi :‘va ol e
i a locally calibrated pan coefficient and Class A Ptaend Rk ~
ﬁnﬁ%cients. Potential evapotranspiration was separ;‘ = sm : 1:ﬁot'=nr g
evaporation, and potential transpiration using a me basedmupan pbes
of gi?ilds and Hanks (1). The separation techmquelwasd ; s
coefficients as defined by Jensen, et al. (8). Growing C grtf:ecanopy vl
to tasseling and days after tasseling were used to estima = Soapy o
velopment and senescence. Crop coefficients (Keo) regresergfewnce iy
£ pter used by a nonstressed crop, relative to that by a SRS SO
Gy fficients are indicative of dry soil surfaces where ev: Roation 2
Ctmpr:i;.fimal rate, When the soil surface is wetted, due to ;;;15
et itation, the evaporation rate and crop water use mcrEer " i
pr%c:gr. method of separating potential evapot_ranspuait‘mn{n th:z s
tential evaporation, E,, and potential transpérraﬁgon;\ s];t,s ich g e
illustrated in Fig, 2. Prior to plant growth, ET, B
tio tential. Once crop growth begins, the potentia lpoihe g
ir:calr::uplgted ua:lng the minimum crop ;o&f;icient..x;ﬁ ,u% ;scqeﬂicient,
ce between;the crop coefficient and. maximum . e ;
%cnm and ET;. The evaporation potenﬂal.lwas expressed :

S R ko))
E; = (Komax = Ko + Kerio) ET SRt MR o Aol sy
T;ze ratio of the EP-to ET; during the: season Esaal;io sthh:wn c:;e gaée R
Calculation of actual Sva?orai::gné ‘::2 st;?;ﬁ;;ﬁ :g raténg = assume_c}
i itchie (14). During:stage .one, th g e W
tosml?: c}a;zalmttr?ge( pgtential gvaporaﬁbn rate until a given volume o

-
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FIG. 2.—Generalized Crop Coefficient Curve (K) Nustrates Potential Ev
apotrans-
piration Rate Split into Potentlal Evaporation and Transplration. K., and K, ...

Minimum and Maximum Crop Coefficients, E,/ET, Ratio of Eva oration Potential
to Evapotranspiration Potentlal During Seuo’;: ! °

water evaporated from the u soil layer. During stage two, the eva
oration rate was assumed to glggrmversd; proportifnal gth& square rogg
of the elapsed time since stage two began. Evaporation ceased when the
top two soil layers dropped to the air-dry soil moisture content,

When the calculated evaporation rate is less than the potential rate,
:g;:;ef :!n;?}]}; ;;:;lly d;;bn;d for evaporation was assumed to be avail-

on. lhe transpiration potenti i

method similar to that of Child;war;d Ha%ks (r;;S‘ivaB M

- Kcn‘_Kcmin
T"ET’[(KM—KW)(K‘“‘K““‘"EE)] ................... 3

P

in which E, = potential evaporation; E = a ion; =
Polontal anerirotion T p ctual evaporation; and T,
The transpiration rate increase is limited by the energy available, so
the transpiration potential, plus the actual evaporation, is < the maxi-
mum water use rate. The maximum water use rate is the product of the
mfPerencg Crop evapotranspiration, ET,, and the maximum crop coefficient.
m:i:nbal transpiration is the rate a nonstressed plant uses water, When
8 occurs, the transpiration rate decreases. relative to the potential

rate due to stomatal closure. We simulated this process indirectly usin
3 stress factor similar to-that of Hanks (4). The scfi,lr moisture st.-res:;ir facto%
epends upon the amount of water remaining in the crop root zone,
When less than half of the extractable water remained, the transpiration
rate was assumed to decrease. Thestress factor was defined as

K,=10; if E,>05 K= B‘E—f';‘; H00=E,<05........... N C))
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in which K, = stress factor; and E, = fraction of extractable water re-
maining in the crop root zone. .
The actuzl transpiration demand of the crop is given by

T=KTp.oiaiiiiiinenrninnanannnnn L ®

in which T = actual transpiration; and T, = potential transpiration.

The actual transpiration rate represents the amount of water to b;;e-
maoved from the crop root zone. In the model, water was removed om
the wettest soil layer first. If the extractable water in the layer was in-
sufficient to meet the demand, water was used Erom the next wettest
layer. This process continued until the transpiration !ﬂeqmand was sat-
isfied, or until all extractable water was used. A transpiration deficit was
defined as the difference between the potential transpiration and actual
transpiration. )

WiIt,er Application and Redistribulion.—T}}e effectiveness of. ramfag
must be known to predict crop water requirements. Infiltration ::;1
drainage resulting from rainfall were calculat_ed separzftely in the m eif
to predict rainfall effectiveness. Runoff was estimated using the SCS ru.r}\;l)
curve number method (12) since only daily rainfall data were available.
The fraction of the precipitation which runs off was estimated by rear-
ranging the SCS equations as

Q__ (PCN+508CN-58* ©6)
P P’CN? - 20.32 PCN® + 2,082PCN "

in which Q = the runoff depth, inches; P = the precipitation amount,
inches; and CN = the hydrologic curve number. ) e

Curve numbers depend upon the rainfall history, cmppmghsys ‘
and soil type. The antecedent soil moisture cqndmons f_ox‘t e mx;re
numbers were determined by the amount of rainfall and Jrnganor:i oi
the preceding five days. The depth of water required for each ar}::;:e ;n
condition were different for the crop growing season and the period when
no crops were planted.

The Ii:inal conl:l'ponent of the runoff model was developed for frozen
soils. Precipitation which occurred while the soil was frozen was 315-
sumed to have run off. The soil was considered to freeze or tha;v t;
first time the average weekly soil temperature at the 2 in. (5 cm) EPk1
passed 32° F (0° C). Soil temperature was p:_-echcted from averag}s v;ee kz
air temperature using a correlation function developed for Nebras

iti eild (13). . N
m\nf\fdalxn:p;};ig:ﬁons(w)ere distributed throughout the soil P::ufﬂ‘t:h usmg_
a piston flow analogy. Water was added to the profile byfﬁihmng . ﬁi 1.1&113e
per layer to field capacity first, then the secgnq, and so forth u e
infiltrated volume was distributed. If excess _mfxltrated water wafi‘ll :d ik
able after filling all soil layers to field capacity, all layers v\;%ret et 1o
a volumetric moisture content greater than field capacity. Wa :r -
cess of field capacity was made available for crop use for one day,

drain. o
th::ﬂ:::;ﬁs;;f:mf:—&ekvmt characteristics of the irrigation tZYSten;
were incorporated into the simulation model to :?ccuratelijé esh;u; . rf‘t)hse
irrigation water requirements. The characteristics considere
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system capacity, ability of the system to apply varying amounts of water,
and the irrigation efficiency.

The model was constructed to consider both surface and center-pivot
irrigation systems. Two types of application limits were considered; sys-
tem limits and a management limit. The system limits represent reason-
able minimum and maximum irrigation depths that can be applied by
each system. For surface irrigation the smallest depth that can be applied
per irrigation depends primarily upon the soil infiltration rate which can
vary with soil type and time of season. The maximum and minimum
depths for each type of irrigation can be defined differently for three
periods of the growing season to reflect changes in soils or management
during the year.

The management limit was developed for surface irrigation systems
because an irrigation is often necessary before the soil profile can hold
the minimum application depth. This is especially true early in the ir-
rigation season when soils readily infilirate water, but the crop root zone
is shallow and the irrigation requirement small. Thus, for surface irri-
gation systems when the amount of water required exceeded the man-
agement imit, but was less than the minimum application, an irrigation
equal to the minimum depth was applied.

Irrigation efficiency can have many meanings. In the model, irrigation
efficiency was defined as the ratio of the depth of water that infiltrated
the soil surface divided by the gross amount of water delivered to the
field. A 10% loss of water due to runoff, evaporation, conveyance loss,
and tailwater reuse inefficiency was assumed for surface irrigation. Thus,
the maximum irrigation efficiency for surface systems was specified as
90%. Other irrigation efficiencies can easily be used in the model for
other types of analysis.

Two irrigation efficiencies were used for center-pivot irrigation. The
average efficiency represented the expected efficiency that a farmer would
use in making management decisions. The actual efficiency occurred for
a given irrigation based upon climatic factors at the time of irrigation.
The primary loss of water with center-pivot irrigation was assumed to
be due to evaporation prior to infiltration. This evaporation process was
simulated using the function of Clark and Finley (2). The evaporation
loss was expressed as:

L=3.32exp (0.118) «\ivvvinniniin i )

in which ¥ = wind speed, miles per hour; and L = loss percentage.
The wind data was adjusted to a height representative of pivots using
the logarithmic profile method. Also from an analysis of hourly weather
data, a Fourier series was developed to represent hourly wind speeds
based upon the total wind travel for the day. Using the Fourier series,
the average daily evaporation loss was calculated, A constant 10% loss
from a center pivot application was included for runoff, nonuniformity
and plant interception which is not useful in reducing transpiration.
The average efficiency was calculated for each week using average daily
wind speeds. It was assumed that the pivot operated continuously after
the irrigation was started (i.e. that the operator did not stop the pivot
during periods of high winds). The actual loss was calculated using wind
data for the period that the pivot operated during the particular year

154

i ; , the amount of water to apply was based upon average
mﬁzﬁ,&u{qm amount that i&ﬁltratelilca tze soil sctézfsace was deter-
ined by the wind speed during the application process.
1‘m\i;lield {'Iodels.—vaP: types ofg relative yield models were us;:éis :3;
corn, the yield model was based upon the reduction of crop yie :
to transpiration reduction. The second type (use(_i for grain sgrﬁl 131;1;
wheat and soybeans) was based upon the reduction of crop C}lrxg he
to evapotranspiration deficits. The ET based models were use i eccti;.o .
actual field data were not available to calibrate the model, so function
i literature were used. ) )
mgﬁ?:glo;igf stages of crop development were sm}ulat;:;l us::ge;
growing degree basis. The growing season was divided into ttlir s gs =
crop establishment, vegetative, reproductive, and yield f()rr.rm‘:lc;:f;,ha"'Ire
moisture stress during the crop establishment stage was assumed i
no effect on yield reduction. Therefore, cumulative transpiration a
evaporation amounts were maintained only for the last three stageg.b
Two transpiration models were evaluated. The first was proposed by
Jensen (7) and modified by Hanks (4)

YT (T" )N .................. ®)
. s H % ttainabl
in which Y, = relative yield; Y = actual yield; Y, = maximurn att E-
yield; T; = transpiration during crop growth stage i; T, = po‘tenhal trar;

iration during growth stage 7; \; = yield sensitivity factor otdpenuds i
and i = growth stages index; 1-vegetative, 2-reproduction and 3-grai
formation.,

Initially, unique values of \; for the three stages were foungl dsﬂgof;:ggfhﬂ
regression of modeled transpiration for corn to measured tyha S
Maurer (11). The regression resulted in valt:la_af \; greater than g2
the vegetative stage, indicating that transpiration reduction wn_zrxif 4
critical during that stage. This is contrary to what is expected. : I?l :ﬁks
sitivity factors of 0.4 were also tested for all three stages sxmllafr 0 LD
(4) and Stewart, et al. (16). The model using values of 31.4 for_ e?d i
sitivity factors showed no advantage over a linear ::nodc1 ﬁ?} }qthe hade
function of transpiration, The linear model was‘dew._relope m
sured yield data and simulated relative transpiration as

¥ T) S H— o (9
=—=1, — | - 0452..... R
¥ Y. 1.452 (T
in which T = total seasonal transpiration; and T,, = total seasonal tran-
spiration potential.

TABLE 1.—VYleld Coefficlents for Grain Sorghum, Soybean ll'ld.‘“ll'd Red 'Mnfcr
Wheat

Source
Crop Slope (b)
(1) @ = @)
SOI‘%I‘:::‘IS i;; Manam (10) »
Slﬁ;.g\'eat 1.40 Doorenbos and Kasam (3)

155

e

{

KS000495



oof

F i
E'ﬂ,:"m 5u: s

Ll

5 oz

Lio Em

cmnunquumuulm

e ———r
DAYS AFTER PLANTING RELATIVE YIELD - MODELED
FIG. 3.—Comparison of Simulated and  FIG. 4.—Comparison of Measured and
Measured Evapotranspiration (ET) dur-  Modeled Corn Yield Predictions for Two
ing Season Which Corn was Watered Irrigation Stress Plots for Stress: (a)
for Maximum Yield Only during Grain Formation Stage (4);
and (b) During Reproductive and Graln
Formation Stages (o)

The yield model developed for grain sorghum, wheat, and soybeans

Wwas a linear yield-ET model
Y ET

Y= =Q=b0+b|—) e A
S=a-n s (ET,,) ...... (10)

in which ET = seasonal crop evapotranspiration; ET,, = seasonal evapo-

h‘ar&sprahon for a well watered crop for which maximum yields are
achieved; and b = empirical yield model coefficient.
Coefficients for these models are summarized in Table 1 for the three
ctops. The yield-ET model requires estimation of the evapotranspiration
of a'crop which is not stressed, It was assumed that water use was not
reduced when less than 50% of the extractable water was depleted.
Evapotranspiration during the season was simulated with the model
and compared to experimental results from Maurer (11). Field data were
measured using a soil moisture balance on an irrigation treatment which
received enough water to replace crop ET on a weekly basis. Using the
soil properties from the site, the model predicted the seasonal ET pattern
well (Fig. 3). Yield predictions from the model were compared to results
from the two stress treatments from Maurer. One received adequate water
until the beginning of the grain formation stage, and the second was
adequately watered during the vegetative stage and then stressed dur-
ing the.mproc}ucﬁve and grain formation stages. Although the model
does.nct predict exactly, it compared favorably to the general trend of
:ls; field results (Fig. 4). The maximum error in relative yield was about

Croe Pnubucﬂbu FuncTion

Development of Mathema

tical Relationships.—Sj i
in evalusting cror ationships.—Simulation models are

response to water for various combinations of
156

~

soils, irrigation systems, and years. Development of u*xfla%lahcfmrn"::?i:lg;;
ment strategies requires numerous simulations, especially odescn'bed
climates where sporadic rainfall occurs. Using the techmcéu_e cesa e
herein, the crop response to irrigation can be incorporate 1:;.\ :t e
tiona) relationship that depends upon physical param:ltiezrsd hsersie
readily defined. Simulation results can then be genera Lfla i
situations and locations without extensive additional sim e ion
Two terms were defined to reduce the annual variation o s
results and analyze the expected response of a crop to irrigation.
term is the yield response ratio and was defined as

Y-Y; {11)

YRR =

in which YRR = yield response ratio; Y,, = maximum ylleéd, 1;.* oncézyi':‘lig
yield; and Y = yield at some irrigation level. The yie Erre P R
represents the fraction of the maximum yield increase fant;o ca?t o
that is realized with deficit irrigation. The yield response

be expressed using the relative yield

in which Y, = the relative yield at some irrigation level; and Y, = the

i ield £ land conditions. : .
mig‘;ﬁ%:;laﬂy?ihdergmount of irrigation was normalized by defining the

relative irrigation as

ive irrigation; [ = irrigation level; and I, = the
in which I, = the relative irrigation; I = the irrigati :
‘arltn‘:unt of irrigation necessary to give maximum yield for the season an
tem simulated. N the
SY‘?'}?:I 3,rielﬁ.‘.1 response ratio and relative irrigation t_.ﬂ.rmﬁa :iﬂ oseﬂ?nxﬁtzom-
seasonal variation of crop yield resulting from irrigatio e sty of
ponents. Two components of the variation are due tot 'I?h veslabi dy o
the dryland yield and maximum irrigation requiremen b
onent is the variation of the crop response to water stress. e
(5) simulated two types of irrigation management s{'rateg}Lles.E oslt\r s
stress was uniform over the entire season, and another “; sz; The yieid
alleviated during the middle portion of the growing s: Eor-:; e el
response ratio for a given strategy was nearly themﬂs‘:si o R cnts
atisponve i i i gt yesr ftl.;:lgel:;g:;l;fle srt:ategy. Functions of the
: similarly to a specific de! jation ¢ ol
;;eld rgduction gaho versus the relative irrigation amount were use
represent that response. . io, a8 & function of the
Various relationships for tehde g:ilx"igrfﬁgﬁ;;a t‘?(;n 20 s geneial
ive irrigation, can be used. Si| s g4
yire’lealgvree;r;ogr?seoraﬁo function, and by rewriting Eq. 12, the expre
for the relative yield becomes _ ;

VACR AR (') [12) IESISRIRERDPREC I TELL R
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In terms of absolute yield the production function becomes
el Tl [0 T &) 1 1) (15)

If & linear evapotranspiration-yield mode] i . )
the following relationship can}nile derivedm used to predict relative yield,

ET=ETs + [(ETa = ET) fN covovnrnnnnnnneoon (16)

Taking the derivative of Eq. i
", :s_k_mg e of Eq. 16 with respect to the amount of irrigation

Physical requirements and the i initi

k ! : : preceding definitions iti
;;:h;mghc::nrqluﬁmn;};p chosen for th_e yield response mti:? I;‘dl;st;??vhtl;:
e uasxinlmg = 16.8a requirement is applied I, = 1 and ET = ET,,
FEENF U oot - (18)

When no irrigation is applied (I, = 0), ET equals the amount of evapo-

transpiration (ET,) needed to i i
Caepiat mnﬁgon g7 produce the dryland yield. Using Eq. 16

fh=0=0.0ccuevrrn....
R S ddmtan s e (19)

w}fiaellg;l E:gart I&I_ld Hagan (15) indicated that 8ET/al often equals 1

of irrigation wat:tr is_agi){:l:ds :m Plils:ld&m il e
: 0a ,itcan be d i

all of the water is consumed in either evap:raﬁoxf gﬁ ﬁﬁﬁ?ﬁ

assumption seems plausible wi A
combined with Bq?wusééfﬁgﬂh’gfdm irrigation technology and when
i

/g (BT, —ET) """ ' ertererrsncseniniiiin, st 08

) He:;z}x: t{a;d Heady (7) present several types of crop production func-
i omgecrotlia yields to the amount of irrigation water applied. The
7 o :hpr ratio functions, and the nomenclature of Hexem and Head

ee crop production functions are y

Quadratic: f(I) = g,1, + ol ..

Cc‘:bb~Douglas: fBy=m—-@-1y....... e EZ;
Mitscherlich-Spillman: f(1,) = a[1 —exp (=BL)]........... e (23)

The constants of these equations can all be related to physical parame-

ters using the conditions specified i :
e ed i
E"gl‘f:;‘:abf e cons.taﬁ e g-l?enEqiz' iB, 19 :;c} 20. The resulting
Lé. the pommafl trglahonghips use 'th_e same dimensionless parameter;
lationships would occu:e mﬁ:‘uﬁ;ﬁaﬁfm that goes to ET. Similar re-
ﬁ‘g; i:lhe t;"aP_ o i o) piration model were used, rather
diﬁcnsgspeii)é:eclld' response ratio, a linear yield-ET model, and the con-
in Eqs. 18-20, commonly used crop production func-

158

e e

tions can be developed from physical parameters. Simulation is only re-
quired to define ETy, ET,,, and I, for the irrigation strategy used. The
maximum yield is necessary to convert relative yields to actual yield and
is usually defined by other means. The dryland yield is defined once
Y,, ET,,, and ET; are found. The advantage of this procedure over pure
simulation methods is the reduced amount of simulation needed to de-
scribe the yield resulting from deficit irrigation.

It may appear that only one crop-production function is possible for
a given year since ET,, is associated with Y,,. The key is that different
irrigation strategies, soils, and systems will require different amounts of
irrigation to produce the maximum ET and yield. For example, suppose
one irrigation strategy is to refill the crop root zone every third day,
versus a policy of maintaining the soil moisture depletion in a range
where ET is not reduced, but room is left in the root zone to store rain-
fall. The second strategy will most likely require less irrigation to pro-
duce the maximum yield if rain does occur.

Evaluation of Yield Response Ratio.—Three fundamental assump-
tions were made in this development. First, the linear yield-ET or yield-
transpiration model was used. Clearly, if this relationship is inadequate
the developed expressions do not hold. Second, it was assumed that the
yield response ratio can describe a crop’s response to irrigation for a
particular irrigation strategy. And, third, it was assumed that at negli-
gibly small irrigation levels all of the water applied as irrigation goes
toward ET.

The third assumption can be evaluated by comparing Eq. 18 to field
data. Data on evapotranspiration versus irrigation from water balance
experiments by Maurer (11) were used to produce Fig. 5. The equation
defined by theé physical parameters appears to work reasonably well in
describing the variation of ET with irrigation. The data represent results
from six irrigation treatments, of three to four replications, where vary-
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FIG. 5.—Comparison 6? Hl_l': 're.d'E'Enpotrnnlplraﬂol-l to Predictions Using
Mitscherlich-Splliman Type: Yield Response Ratlo - -
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PRRCET s il S (ST TR W

erlich-Splliman Form of Yield Response Ratio e | = 70 15
°

Ing amounts of water were applied during the vegetative, reproductive, AT e

and i : ;
each gsr;];e,ﬁ;los;ﬁis&sus’ varying amounts of stress occurred during FIG. 7.—Comparison of Derlvative of Evapotranspiration (ET) from Corn with Re-
Yet the data tend to be reasonably wel deseny o Yo S50 30 Mo i 1Y) FNIONN 10 enefione
&;rcléf, If“f]}:tls?:l O}f ﬂtllfen?ggho{i used in ET is also sh}t;wn in Fig. 5, This
! 60% of the Wa]:e)r, i :im?m;hve of the ET-irrigation curve. More than SuMMARY AND CONCLUSIONS _
illse 1 however, even with carefguiil °::1 s L:isv_ad_for.ET at all irrigation levels; A model has been presented which can be used to predict relative
\isboy  1ast unit of water applied m);: }:: agec Imgation, as much as 40% of the yield reductions due to deficit irrigation. The hydrology of the irrigated
yields. The unused water mg urll,used Whey irrigating for maximum field and yield models from recent research were incorporated to sim-
e crop root zone for future usjé nf_'lt e wasted as it can be stored in the ulate the effect of evapotranspiration and transpiration deficits upon crop
" drainage, the water is essentially lost. | O cson rainfall causes yield: The model is general enough to allow other crop yield-ET func-
ding . tible with generally available data, and yet

The second : : . 4 z
can also ber‘lev:lsl’faut?é: gotlc)::garslmg the use of the yield response ratio, :i?nmh:z:.fu;ﬁ% sliiqcu?ani:f; large number of combiriations inexpensively.
6). The average maxim{m g,ﬁinqglé“ _eas;}:l.re d and predicted yields (Fig. Apmethod was also presented to develop physically based crop pro-
of 167 bushels/acre (10,500 kg ,‘h):) w;;‘ us:dwf.Pewjt}r:Thents bﬁMa}mer 11) duction functions which relate grain yield to the amount of irrigation
tion. Although there is scatter to the data, the physiiali’l;o dlu:;i.t:;g f;;%' water applied, The crucial parameter is the portion of the maximum ir-

model : s ; jration or transpiration. The
appears to describe the results as well as a regression model might. figitian amoan: (AVH 16 foe Emﬁzfgﬁim l;ncl al:rpealf’:L reasonable.

The Mitscherlich-Spi : > 85 aregn ; ; ; :
dratic, or Cobb-hl?)hosglalu?:hn;q:;non was used in Fig. 6. Both the qua- ﬁsfrﬂ%hﬁﬁnsg‘?;&mddsm develop general production
dictions were not several affectedvgry similar results. Grain yield pre- functions was developed in the paper. The resulting functions use pa-
Cobb-Douglas equation -'igsiibs!an i, e function used. However, the rameters that have a physical meaning and can be defined from simu-

: tally different in terms of aEt/a] (Fig, lation results: or past experience. Thus; the resulting functions are ap-

irrigation level using this for : i id e ‘of ‘conditions than typical ‘production with
this form of the Cobb-Douglas equation, Although wg:een?s ;é‘f:;egf:?msfegfea@ioﬁ- The f‘mmgﬁp will dlso be useful in

this result doe : i : ] .
the optimal anfox:‘:tt??mg:ﬁ;ft:thg yield estimate, it may influence q evaluating economic and management decisions using Tatios of physi-
unit of water is muc below that o i s o INCTEE PEr | cally based pararéters instead of regression coelficents, This Wil L
nigation is applied near the maximum rei; Ei .rem eh:to equations when ir- , mately. provide more general: information for mahf\g managemant e-
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and Plant Growth;, T. T, .,"'l.S“mﬁ“’-" by. Agricultural Plants,” Water Deficits Sl sion ot de 10

_ o, T. T, Ko__zrluw d., Vol. 2, Academic Press, New York,
L SR AR g

N.Y., 1968, pp. 1-22, i percent of sprinkler application lost due to evaporation;

, 8
B

constants used in Cobb-Douglas production function;

lations of s;ybea}':ﬁlg%'hlca_li;gd AgronomicStudies in Soil-Plant-Water Re- m,?’ = precipitation amount;
hattan, Kans, in 1974, i) P%ﬁﬂ’ FAt State. Untueisity at Man- Q = nmofP} due to rainfall
1. Eit::::i %"E"’%}};&ﬁqﬂ? S e thg Tawpienia b the de- T = daily or seasonal amount of transpiration;

Conditidn‘i-ng"in ca-,-‘n?(fzggamg “"‘dé{‘!‘ unt 1ga rﬂ,a‘nqd-brbught Stress f T, = factor to boost the daily transpiration potential when actual
Nebraska, at Lincoln, Neb ",:%;"1) thesis preented to the University of 1 evaporation is less than potential evaporation;
for the degree of Doctor of Philosophy’ | LLmentof the requirements ) T, = actual transpiration during growth stage i;

g i T, = daily or seasonal transpiration potential;
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franspiration potential during growth stage i;

wind speed, miles per hour; =

crop yield;

dryl.and crop yield;

maximum crop yield when water is not limiting;

relative crop yield, defined as Y/Y,,;

relative dryland yield, defined as Yi/Yus

yield response ratio;

relative root zone depth;

constants used in Mitscherlich-Spillman production function;
volumgtnf: water content at field capacity; '
lower limit of plant extractable water on a volumetric basis;
vplumetng water content at permanent wilting point; and
yield sensitivity factor for growth stage i.
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MiniMIZING CApPITAL COSTS
OF MuLTI-OUTLET PIPELINES

By Shlomo Pleban,’ Dov Shacham® and Jim Loftis’

AestRAcT: A design procedure is presented for minimizing the capital cost of
multiple-outlet pipelines which are composed of more than one diameter. The
procedure assumes uniform slope, equal outlet spacing, and equal outlet dis-

charge over a specified range of pressure heads. The optimization technique
suggested is th:ﬁgrange Ml?]ﬂpliers method using the Newton Raphson method
to solve a system of nonlinear equations. The procedure is applicable both to
laterals for sprinkler or trickle irrigation systems and to manifold lines (feeder
pipes) for a group of laterals.

INTRODUCTION

Pipelines with multiple outlets are used extensively in irrigation. They
include both laterals for trickle or sprinkler irrigation and the feeder lines
of these laterals (manifolds). Pipe sizes are usually selected based on
hydraulic considerations. The primary concern is to obtain acceptably
small pressure variation along the pipe. However, the capital cost of the
pipe should also be considered. A minimum-cost design of a pipeline
with multiple outlets would involve the division of the pipeline into seg-
ments of different diameters in such a way that the pipeline cost is min-
imized while the variation in pressure head is restricted to assure the
required outlet discharge uniformity. :

Energy (pumping) costs, although important in sizing the main lines
of a distribution system, are not particularly important in sizing multiple
outlet pipes. This is because the required pressure at the entrance to the
pipe is much more dependent on the required outlet pressure (sprinkler
discharge pressure, for example) than on friction loss within the mul-
tiple-outlet pipeline. .

Several design procedures appear in the literature Herbert (2), Jobling
(5), Keller (6), Perold (7), and Wu and Gitlin (10). These authors spe-
cifically consider laterals of trickle irrigation systems and use trial and
error methods in which the designer selects a pipe diameter segment
combination and checks whether the required outlet discharge uniform-
ity is achieved. The weakness of these methods is that they do not guar-
antee that the design minimizes the total cost of the pipeline. ‘

The computer-aided design technique presented here overcomes this
problem. The pipeline to be designed is described with a system of equa-
tions for pressure variation along’the pipeline.- A Lagrange Multiplie-

'method is then used to select the combination of pipe lengths of varic

'Systems Analyst, J. M. Lord Inc., Agric. Sci., Fresno, Calif.

Grad. Research Asst., Dept. of Agric. and”Cheimical Engrg., Colorado !
Univ., Fort Collins, Colo, wjpewd om0 . )

3Asst. Prof., Dept. of Agric. and Chemical Engrg., Colorado State Univ., Fon
Collins, Colo. Lodeye g et x y

Note.—Discussion open until November 1, 1984. To extend the closing date
one month, a written rgquest must be filed with the ASCE Manager of Technical
and Professional Publications. The’tantiscript for this paper was submitted for
review and:possible publication o1 September. 26, 1983. This paper is part of the
Joumnal of Irrigation and Drainage En ring, Vol, 110; No. 2, June, 1984. ©ASCE,
ISSN 7/84/0002-0165/$01.00, Paper No..18951.
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