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Irrigation management decisions are ofien made without considedng
the effect of limiteá irrigation upon crop yield, When water was plentiful
and energy cheap, maximum tields were tenerally near the oPtimum
production level, As economic conditions change and water tesources
become more scarce or costly, it is imperative tihat economic consider-
ations be included in water management decisions, Quantification of the
effect of inigation management upon crop production is necessary for
this analysis.

Various t1pes of models describing the effect of water stress uPon Plant
growth and production have been déveloped. Detailed simulation models
have been created to delineate the physiological r€sponse of Plants to
water stress. Unfortunately, these models ate often either too complil
cated or'too expensive to irse in anaþing management decisions, and
require data thãt may not be readily available. While crop production
functions have been úsed in various optimization and economic studies,
these functions are frequently inappiopriate for management because
they are often unverified or ioo site spicific, Also, these functions are
usuaþ highly empiricat and difficult to generalize. Economic solutione
derive'd f¡"or¡i sucir empirical functions" are only useful for specific
situations.

3' DeÌeck, I. A,, "Evaporation for I¡ke Erie,,, NOá-A Tæhnial REort ERL-GIEfiI.?,

:ffi$*lrm*î+m:*+,rffiå-JrfrËilffi 
+*+'ffi 'l*a$imx*f 

ürrÉf '.ffi,$eii"fl{#i}:#$î

í[iÏuffi#iffirlän:î#6kr?"iËiffi!^íi,i^i:.:
t. fl#Íii!,Ti,fl,,#lí"?Ti." *lvaporation ftom Lake onra¡io Du¡ine iFyGL

."ïil.:r|ffi:$"yffi å?i'i*-EÁ;ãåiï""Äi;äi#"i;;ìi;'ä;'t'",'i'i,'ï;

;irir'krä6*¿6r;*frç**i-t+,,,-*di

App¡¡ux ll.-Norrr¡ot
The follouing symbols are used ìn thís paper:

= su¡face area of lake;
= a llormally distributed random va¡iable with ze¡o mean
_ 1lg unity standard deviarion;= qarly evaporation;
= mean evaporation forlth week of vear:- q,unensrorlless residue of evaporadón fór lth week of ithyeari

: :If.^"jl9"n fori rh week of fth year;- alr vaPor Presgu¡e;

= ì:i:i:î vapor pressure at water-suface remperaturei

= standard deviation of evaporation for i th week of year;
: :.varel temperarure of aeryoi"i teñ;;d:,;* *
: I.: period, week or month;= model Parametefs;= 3.1416; and
= sensitivityparameters,.

ABtl¡ sr: A simulation model was developed üo estimâte the effect of def¡cit
inigation upon crop yield. The model was-deslgned to prwide relative leld
estirnatee fó¡ numé¡dus co¡nbinaüons of i¡rigation system, sop growth and
inigation managm€nt pa¡¡mctÊñ. ,{ datly soil noieture balance was used to
predict evaponúon md transpiratim M wlrlch crþP y¡ê¡da wæ ætimated'
Gros inigation water requiæmmts wee estimated from net iriEation æquirÈ'
mmb, irtigåtlon elfldendes, inigation system limitations, and effective rain'
fall, Crop production functions that u* physielly defired parameters were
also devekþed to relate mp yields to grcirs irrigatión ¡equiremenls. The Pþ
ductlon {unctíons worked well on a lltúted teEt compa¡ed to field data. The
model and production functlons are general since thày depend upon readiþ
available infbmation or physlcal parameteru, and can 'oe used to evåluate ¡r-
rlgation management alte¡natives.

Mop¡r, AND PRoDUcTIoN FuxcrroN ron
InnrctrroN MÆücrMsNr

By Derrel L. Martin,l Da¡rcll G, Wette,: and famer R. Gilley'

Univ. of Nebrasks, Lincoln, Neb.
Univ. of Nebraska, Lincoln, Neb. 6þ83'
Unlv. of Nebraska, Lincoln, Neb. 68583'
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matic data, Crop production functions with physically based parametersare atso devetoiei to relate 
-trre-iä'u -;rtïp"::äå 

ä;Ë,äï,tr:gross irrigation applied.
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, "rffiiffih3#"i.o1"1u-sed 
a dailv :9'l "l"is$9 þalance to prqdicJ the!i *,"ü .;il;:'f;Ë"ii: åipålrr*Tfi*".,11 f",il'#1ffïîrîå:.ïi#î:ii

'ì' 1!l: tot.th: length ot record necessarv ro di i'J:i:,1îö,'f"'å ïi;#i'ffi 'É[fi."iffåiiiåå:li':åîå åî' moisture and bv "*g.äG;;ö;r;rffi;';lnrpi,"uon, and d¡ainase. Iosses. When siínulaulÇ 
f,.sefye¡ce of years, the soil profile was a-s-' sumed to be at field capacity ât the start, oi the growing season of thefirst vear' The initial soÏ Ãårr,ìi. r*iïti'"iiu"* years was predrcred

; :Lt5ytating, the off-season co"trit,ruãns-to=änd ext¡actions hom thesolt moish¡re balance.
' Soil Propertiea.-Ihe soíI profile was represented by six layers to sim-, *11","""po-'rdor, t'*'pit"tío"jäj;iiå;Ë;r"redishiburion, Asur-tace layer, 2 irt, (s cm).ihick, w";,;;ã;äiräo¡ the evaporation rate.rhe second and'third'ht;;; ïäü # f*,I!o 1s cm) thick respec_I tivel¡ were small t" r"prér"niü,rsouïîLr, 

"îirr- 
or,*ent ot yount üops, which have a shallow root system. The'Ëw;;;"y"rs were each 12 in., (30 crn) rhick.

Available water is traditio.l{ly defined as that held between field ca-, pacity and rtre ¡ermanent *itd"äñtJi;räJäu roour,g deprh. Recent, research has sÊown that cr_ops, "Jäin ,Ëri ,ì*r"uons, do not erdractI water to rhe pernranent 
ldüú;;ùiilä-ïlå*". portion of ttre crrcp, root zone, The amount of wateî å"if"UË ioi pì"nt ,rr" in the root zoneI was predicred in a rwo:r"p p*";;.;rd it'"Ëïl""ur,. deprh of rhe roor

i ã:i:.H""11ÌËhiÍ',"'Tf iti""'-n'"ìlä" fiä¿ upon siowing degree;i mí,.m'î Ë,t" 
"ilffj, iil:rtf* :ffi""1færu"milF?;iuecond, the amount or 

"*uìt ¡'iu *äi";ï ;. roor zone was esti_mated usins an exrractable*"ËiËriËäå"iili"u 
rrom field researchwrrere coûr waa severely st"*.a [rì!1.îìåìåon"lt¡ rhe permanenrwutng point is defined as.th" noi'rti""ioitäJiorresponding to a soll

Ëi:trJ,:trlli:*:-tub;ñ.-ätä"ìù"iiåi'I",ud"qo.rerntheup-

iF.*ï{iïiíåiHi#si#':iilrffti"îf,:î";'Fiî
öf,i1Íf,.ffi:l åjlli3åîy "filöåä äi"","¡r" 

"itäit "iirä,)
l'=tn't(0¡-o*)tr-qp(-2.soszr.*z¡1 ...... .....,.. (1)in which 0. = extracta

¡1ffi :lir"u:l$i'y"gE,'.îdïkì"ï'ffi 'fi å,HïåT,í'i!i;

¡*E5çrç5ç:$:xçuffs,|,¡:#1,'
150

WATEf,

(êor!)

.1 1ì
SOIL MOlsTttE PoTENÎAI. b¡rs

FlG. l.-Phnt Avtlhbh W.t€r Prolll. Dollriod from lls¡¡uromdlt! oñ Shårp.burg
Sllty Cley Loâm Soil ln Sprlftg Followlng ìryd Pülod (r| and fi Sumnrer ffrcrc
Com w¡r Sovcrcly $rtú€d (o)

Evapohanopiration.-Evapotranspíration (Flt) was, calculated bas€d

uoon ï," r.fór".,.. c.oo evaiokansipiration iEI"), whidr was eetimated
uiing a to"oUy olibmt€Jä p"ti 

"oefficiut 
t and Clais A Pan data, and cro. p

.o"fãæ"tr. Éot""ti"t ivåpottanspiratíon was separated into- foJe{ia}
evaporation, and potentiaî transpiration us-rnq a irethod similar to that
of óhilds 

""d 
nariks (1). Tlte sep'"ration techrúque was-based uPgn crPP

coefficients as defineà ty jenseir, et al. (8). Grgwing degree days prior
to tasseling and days afier tasseling were used to estimate canoPy cte-

vetopme"t"""a t"t ée."tt"". Crop cõfficients (IÇ) represe4t the amount
of wäter used by a nonskessed ôrop, relative t-o that by a reference crop'
ctof .o"iti.iã"í. i¡e indicative of åry soil surfaces,wliere eveporatíon ís

at a'minimal rate. When the soil suiface is wetted' due to irrigation or
precipitation' the evaporation ratç and crop water use incrçaFe'
^ ThË methòd of sepärating potential evapocanspiration¡ {.Iry into po.-

tential evaporation,i', aná þotential'transpiratlgn, Tp, in the model ¡s

illustratedin Fig..á. Étiot toþant growth, ET, consióls only of.evapl
ration potential."Once crop eråwth bigins, the þotential eveporîtio* -r¡t"
is catcriated ueing the miniärum crop coefficient,.fr-" ; ptus -tn9.i{l!r;
ence betweert;thð crop coefficient a¡dJùre maximum:crop cQerfrsent'

Iç'.x ånd nfrr ltre ev'þoration pokn{al.was expreËoed as '' "

rr']'tç,* t,ç * &*i Et', : . ..., r;.,, ; ;;.''., 1'; ; :,".;', .'.1:' :' l.; 
1 r,i3)

The 
"atio 

of .the EFto ET¡ during,the: sêâSorl i¡'also shown in"'{it' 2;''
Calculation of .actual ";p";;i". 

;as siririlar to the procedule de'
scribed bv Ritchie (14), Dr¡¡ing'stage-one, the drying r?!e l4{a8 a6sum-q(l

to be eqúal to the'pótential ãvapóration rate until a given volumer ot

-J
ri51
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in which K, : stress factor; and E, = fraction of extraetable water re-

maining in the croP root zone.
The åtual nansfiration demand of the croP is given by

T=K,TP. """ (5)

in which T = actual transpiration; and T, = potential h:"tqit"F:L 
-^

The achral kanspiration'rate representi the amount of water to Þe re-

*Àu.¿ Ào* tlt" ùïp ,oot ;;.:l';tü*odel, water was removed from

tüã *itt"tfiõil ruyót n ut. It itte-åxiractable water in the layer *T.h:
sufficient to rneet the demand, water was used from the next wettest

laver. This Drocess contin r"a untit the transpiration demand v\¡as sat-

;á;ä, ;;'Ël.li;;;i;úh;"Ë was used' À *anspiration d"Êlt-y.'-:
definåa as the difference between the potential transpiration and acrual

96 oF GDD TO EFF. CovER 
I DAYS AFTER COVER

FlG. 2,-GonenlÞ.d Crop Coåtflclcnl Culvr (¡(.) illurlr¡to¡ potcnthl Evapotrenr"pjr.tloñ R!t. Spllt tnto Ëotrntht E";p.il¡dä; fîi.plr.to". tÇ¿, and IÇ._
lll11T._rry {qlrup clop Goeructcnri. ¿,¡Èi, nïuJir Lvaporauon porrnt¡t
¡o Èyrporrrn.ptr¡ilon potontlrl Durlng Sca¡ón

::li_.:ip*"ted from the upper soil layer, During stage two, rhe evap_

:RPil"$ T1s assumed to bè inversel!, ploportiòiral ti th. squur",oätot the elaps-ed time since stage two begánl Evaporation ceased when the,"F^jtl" soil layers dropped-to the airidry roil'*oirto.u content,
when the calqrlated evapo-ration rate ís less than the potential rate,

:1P".*t8y initially {estined for evaporation was assumed to be avail_
1":^9j1 

transpiratio. n. The _hanspiratiöri potential wa¡ inceased uslng ametnod similar to that of ChildJ and Hánks (1925)

r,=wpt(ffi(*.*---,"Ë)] .....(s)

hansoiration,-îåiäiÅiîrication 
and Redishlbution-lhe effectiveness of minfall

*uJ ùu f"ãwo to preaici-åî;;;;t requirements' Infiltration and

drainaee resultins fto* ti*"u*il"t" .ãl"ul*:t.a separately-in the model

to oredÏct rainfaü õffectiveness, Runoff was estimated using the 5Us runür
cuive number rnethod (12) since only daiþ ¡ainJall data were avarlaÞle'

rrt" eã"tiã" of the pre¿ipít;i; wtiícrr tois off was estimated by rear-

ranging the SCS equations as

0

e:
P

(PCN+s.08cN*s08)'z
P2cN2 - 20.32 PCN2 + 2,032PCN

(6)

[.]5* lf; t.ti."tul evaporarion; E = acrual evaporarion; and T, =
Polenuat transpitation rate.

-r5"^If:P-Tition Jatg.ils:ase is limited by the energy available, soEne_Eanspuation potential, plus the actual eiaporation,-ís . the maxi-mum water use rate. the rnãximuIlr water use åte is tirl Iroa;;t ;f tli;*ffl.: 
_T:l :f.p..Fqpiration, ETP, anå ü.,; ;;;"* crop cnefficienr,

. 
rsrenüd trans_pilation.is the raE a honshessed plant uses water. WhensüeÊa rlccurs, the han¡ciratigl rate aeoÀ""ãi-rËi"U'"e to the potendalrate due to sto¡naral doåure, we.simuiãËlLtr;;;;r, indirecrþ using

a. shess factor similar to.thår of H"rrk, (4), Tilríiiüãi"tur" stress factordepends upon the amourit of w"t"ir'Ari;töil ih" crop root zone,Whe¡ tess than hatf of'rhe *t "¿;tÈ;;iäriililåi the rranspirationrate wa8 assumed ro.-decréaee¡ n 
"n;ç";" 

f";iüîåäefined as' : .: .,- * ,. ir..,-. ', l. . 
-.

K,= 1,0; if E'¡:'g¡5;: {i=ft,'.,f;i:0=ra_=0:S ..,.......... (4)

in which Q = the runoff depth, inches; P =,the PreciPitation amount'

inches; and CN = the hydrologic curve numÞer'- C,t*. ""*¡.* ¿up.ii"poi the rainfall history.' crop-ping Eystem'

"ttã-ról ryp;. Th"ãiti..àdä"itou moisture conditions for the curve

numbers were determin"åi; tË-;;;i ãf rainfall and irigation for

irrJ iiã".at"i nt. auyt. rhJå"fii oi *otãt ttq"itld lor 
each antecedent

condition were dfrerent forìhîäãp gt"*ittg se^ason and the period when

no crop6 were planted.
The final component of the runoff model was.developed for frozen

toUt, rt".tpü"tiä; ;hi.h o.cuo"a while the soil was frozen was as-

sumed to have run orr. tnîiäïias'considered to freeze or thaw the

firrt time the average *..üiväi;;ãi.tt"" "t .th: 2 i"' (s cm) depth

passed 32" F (0" c). soil tenÌfrerlü"äiä3t pfaicted from averase weekly

air temperahre using ";iËhd";'f""ätion 
developed for Neb¡aska

conditions by Neild (13)' -L_--t ¿L
w"ì*.ppu*ue*''-ïå3i*åoå*åå"y,îrriïi,ä:å;lf'fr lf iÈi'iiq

a piston flow analogy, W
per layer to field capacitf ilti;äìh; teco"$^, and so forth until the

inriruátea volume ** ¿AËt ít.iir"i.ã".-t'íq,"t"$"î,"ËJîiåt:å*
able alter filling all soil Ir
a volumetric moieture ."ií,:"t;ä;ì lr'''"1t-näa c"pádw' water in ex-

cess of field capacity *.t:;åä"";;ìì;uit i* ttop uie for one dav' and

then was assumed to drain.
Itrigagon Syrt"t t '-iJtävant characte¡igtics 9f the irrigation system

were incorporate¿ into Ûtäs-i*J"Uon model to accuratelv estimate gross

irrigation *u,"" ruqni,o,ì"täå'ä":ü-J;ttttics considered were the

153
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ir.l I i.

"iìlrì 
i:

:. lllìt ji

sysle$ clplcity, ub4-ry of the system to apply varying amounts of water,and the irrigation efficiency.
The mode-l was construcied to consider both su¡face and center-pivotHg3Io3 sysrems, Two types of appticarion timits weìe cäirìã;;ää;:

:.î 1111lr 
altd a management ümit. The system limits represent reas,ín-

aDle rrununum ancl maximum irrigation depths that can- be applied bv
each system. For surface irrigation*the smalåst depth tt 

"i.*]'.t ""uäåper irigation.depends primãrily upon the soil infiìtrafion."þ;ïãfi;;
Yaq,*F soiltype and- tÍme of season. The maximum and minimum
::ll1r- t-..r"..:t _r¡qe of turigation can be defined differenrly for mõ
åä,ff,ntl:"iowing 

season to reflect changes in soils or mânagemenr

_}:T_T".{T:¡J limir was developed for surface irrigation sysrems

i.:^.T::,a-yslugn i1 often necï_sary before rhe soit piofile 
"ui 

hold
11._¡11tT,r* application ¿"p*. Ttll is especially hue earþ in rhe ir-ngaíon season wlren soils.readily infilhate water, Lut the croþ root zoneis shallow.and the irrigation re{uirement smatt. itrus, for Ëurface ini-gauon systems.when the amount of water required exceeded the man_agement llmit, but was less than the minimum application, an irrigatiònequal to the minimum depth was aoplled. 

--- --Ír-

-r$e!gl-:1fi:iency 
can'have many^meanings. In rhe model, irrigarion

e$rcrenry w-as dq{inj-d as the ratio of the dep-ih of water thaf infiitratedme sotl surface divided by the gross amourit of water delivered to thefield, A 10% loss of warer'due tä ú"ff;ev¡;oiuäJ", conveyance loss,and tailwater reuse inefficierrcy was assu¡red fïr surface lrrig"hon: Tlus;the maximum irrieation 
"ffi"í"""y f* ;;f"*;y;Ë;, was spectfied as

T3, 9tr* qdg4.l etriciencieJ 
"*eãstü Ëäi in the moder forother types of analysis.

Two ir:rigation eftciencies-w_ere used for centerpivot irrigation, Tlre
aver^age efficiency represented the erpected 

"tiã"".f *,"t a faîmer would
:i:_ry1q.*anatemenr decisions. The actual eificiency occur¡ed fo¡
X"qu_u1]1r19"-üon based. upon,dimatic factors at the timá of irrigation.
,lT,Pn*u"y loss of water with center-pivot irigation was assuñed to
De .,ue to evaporation orio¡ to infiltratio-n, Ttris eiaporation process wassimulated usi'ng the frinction or õl*i;ail;îià¡. rn. evaporauonloss was expressed as:

L=3.32exp(0.11u). ..,.....,,, Ø*rilt*i 
_=^Til:p.,:d,.ntiles p9r hour; and L = toss percenrage.

*i""sffi1iäii".fl åi5åiiil.¿'#:.îï:ì;5,-#;jrjü*.lîll:
sara, a .rouner series was developed to represenl hourly wiríd speedsbased upon rhe .total wi.¿. t a""iior-ür: ö. ü;ü'rhe .Fourier series,
F:::1q: daily evaporahon tos6 was calculated. A conåtant t0% loss

tr**1,j"ffËläiiäË.iå"îîËü'åî:il:litrd;tui*k*il

s*',r'"iåg:,:'*i::.*.ffi ."1i*iliü"t$*95"19¡*it*
the itigation was srarted (i.f.E;iä"';päí*ää"ot drop the pivor
åf ,Itis""","i+,#îtr!HrîËÍ.i*iîäË'trff tr"îi,H1
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sinrulated. Thus, the amount of water to apply was based upon avgrage
condítions, but the amount that infiltrated the soil surface was deter-
mined by the wind speed during the application Process.

Yíeld ivfodets.-Tdo types of"relatiüe ¡eH mõdeb were used. For
corn, the yield model wai'Ëased upon thË reduction- of oop yields due
to banspúaüon reduction. The seõond type (r'sed for -grain sgrgþu3,
wheat aird eoybeans) was based upon tlid redu$i9n of crop yield due
to evapotransþiration deficie. The iil based models we¡e used because
actual'field däta we¡e not available to calibrate the srodel, so functions
reported in the literatsre were used'

Îtrenological stages of crop development were simulated using a

growing dËgree bas"is, The Sroïi"s seuSon was divided into four stag-ês:

ätop .r:t"Utiit*ent, vegetaiive, reþroductÍve, and yield formation' Soil

-oisture stess during tie oop eståb[shment stage inas assumed to have
no effect on yield reiduction] Therefore, cuqruÉ¡ivg halspiration and
evaporation amounts were maintained only for the last three stages'-

Ttvo hanspiration models were evaluateá. The first was proposed by
Jensen (7) and modified by Hanks (4)

v.= Y =ir fl\' .... (B)' Y,o i-ï \1r,/
in which Y, = relative yield; Y = actual yield; Ym = rraximum attainable

)rteld; Tr = transpiratioi during crop growth stuge ¡; To = potential tran-
spitation during growth stage i; [¡ = yield sensitivity factor tor Peno<r.ri
a-nd ; = growtti'ítages indei; l-vegeãtive, 2-reproduction and 3-grain
formation,

Initially, unique values of I¡ for ttre three stages w€r€ forrnd-through
."gn"t"ió.. ot rirod.eled kanspiration for com to measured yield" ggm
Mãurcr (11). The regression iesulted in values of À¡ great€r than 2'0 for
the vegetaúve stage] indicating that transpiration reduction were mo6t
criticat"during thaistage. Thisis conbary io what is expecred' Thg se,n'

sitivity factorã of 0.4 wË¡e also tested fo¡ ä[ three stages similar to Hanks
(4) arid Stewart, et al. (16). Ttre model ùsing values of 0.4 for all sên-

àiíivity factors showed io'advantage over a-linear modgl-of yield as a
function of hanspiration. The linear-model was.developed f¡om the mea-

sured yield data-and simulated relative banspiration as

v,=l= t 
"r (;) -o.Asz. .......... (e)

in whlch T = total seasonal hanspiration; and T.'= total seâson¿l tran-
sphation potential.

T BLE l.-Ylcld Coclllclrrrt¡ for Gr.ln SorÚhum, Soyùcrn ¡nd Hrd Rrd Wntrr

Jl,.I,ii
lint'

i'¡,t,lüt
I

i

I

I

.l

.t

I

Wh..t

cpp

Sorghum
Soybeane
Whèat

Souice

Garfitt" ({)
Manam (10)

Doorenbós and trGsrath

(b)

1.11
1.09
1,40
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FlG, 3,-Compârlson of Slmuleled snd HG. 4._Comparlson o, Me!!ur!d and
!1".!,,r"¿ Evrpotranrphrton (eiiJur. ffi.L dl;ürd prodrc{ron' ror Twolng see¡oñ \fhtch còrn waa wjterù ffi;ñîiil; ptor, ,or strers: (a)ror ìrurrnunr Yrerd 

flliiliri"'Jî:j,ffi.î1il:lrå,1öj
Formaüon Sf¡gos (o)

The yield model develor
was a lìnear yield-ET *ofuTu 

for grain sorghum' wheat' and soybeans

Y'=å=(1-ú).'0(#) 
,...(10)

in which E-I = seasonal crrqnsp*auonr;;;:i";l,Jï::åiÌf i*f ür'k*miH";::;achieved; and þ = 
"mpiri."ì ¡ãiã äiÉ.r äJ¡äi'¡""i"coefficiçntsfor thesä modéts il;"Ã;äà'io i"ul" I for rhe threecrops. The yield-ET model requir", usti*utìór, of ä.,. .uupot 

"nspirationot I *-p which is not srre-sseä. ItïiJirlääLäti.,"-r *u,., use was nor¡educed when tess than sozo "¡ìi.,.;;ääùï;iå *", depleted,
_-Errapotranspiration during t¡. r""rå"îälìrÅ.illi a with the modeland compared to experimerital rur"rrs;;;ì;ãüiäiiìl Field data wereïTy:d using a sóil moisture ¡ãrarrcä.uîiii;åùå. treatm"r,r whi"hrecervect enough water to replace crop Ef on;i;rläy basis. Using the

ä"!'Ëï,trü:Ìf; lt":11,':n*xti'¡l.g:1"*[ï""trjix'Jï,,:ff il

m+:fgtq+îP"*rum**.pj:'m**m
i'.ä:ìå,"Ë:ii'l(;rtt,'îrl.,t',.äil"'i*::iy',1l"lir#i1i*.#Jf

Cnop Pnooucrton Fu¡gno¡

*trlr#,ï:tr#*"Hl#Jîl"iîïi,1îfåîäi,il**Jï
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soils, irrigation systems, and years' Development "f 
t*i8,3ti9i Tii1g,":

meni strítegies iequires numeröus simulations,. especially lor, vallaþre

climates whäe spoiadic rainfall occurs' Using the techniqle .1":Ti-t-"
he¡ein, the .rop iespottse to irrigation can be incorporated into a func-

tiã".i-t"iát¡ontitþ ihat dupã"ds'ufon physical parãmeters that can be

readilv defined.'Sit""t^toirl"st ltt' cuti tt 
"n 

be generalized to analyze

"it"-"tío"t 
ãnA locations without extensive additional simulation'

i*o t"t"tt were defined io redo"" the annual variation of simulation
t.*ttt *a analyze the expeced ÍesPonse of a crop to irrigation' One

term is the yield response ìatio and was defined as

ra¡¡= Y-Yo ......... (11)

!.- Y¿

in whictr YRR = yield response ratio; Y' = maximum F."|d; 
Y" = lyltl

vield; and Y = vield at åome irrigation level' The yield response rauo

í;;;äË ir,. r{tji""-ot }tã *ui*". vield incrêase from irrigation
thät is realized with deficit irrigation. The yteld resPonse ratio can also

be expressed using the relative yield

yp¡¡=Y'-Y', ..,..,...(12)
L-Yu

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

relative yield for dryland conditions'
Àaotíonutty, tf," ä*o"Joì-¡t¡gition was normalized by definin6 the

¡elative irrigation as

I

lil
.' l t,ll
il',';ì.
r ..il
1,.:il
¡ :t ,

! ,q ,

6
DAYS AFIEB PLANTING

RELATIVE YIELD - M@ELED

ot

Il:
{

I

I];

,,l

,¡'l

rl ' "

,i:,r;
,i'tt I

rt/1,1,',;
:

1l i,., ll

,l¡¡+..
I

,l
| '¡ût rl

' l,ii t'

i

I

I
f :-

in which l, = the relative inigation; I = the ifü8agol,levelj and I' - thg

amount of itrigauon .,"."rsafrìïgJ'v" maxi*tttñ yield for the season and

system simulated,
Ttre vield. resoonse ratio and relative irrigation terms help separate the

'";;;-"åi;;;ii';;i;õyGid;ãi"tti"gñominisation,t"tg-g:Î,"-:T;DonentE. T\¡yo compon€ñts of the variation are due to the vanaÞurry oI

íË'äili;.lä;üåii;"* inigation requirement' T'he other com-

lcorr"*jt is thé variation of the croù rãsponse to water shess' Gurey er ar'

it"iroh*m..i'"::if*'¿i",-."råiËaïf"1'ïi:L:ï:Hïi;
;lÑ;i;ãd*i;;th""'iåil;;'-tiñoiír'".g'o-i"s:ï.'^ol:i:-f:f,
,"sp"*t" ratio fõ'r a given strátegy was nea¡ly the same tor'a grven r€r-

atfeqæ.uo.p "**ft ft"- ;;;;% t; *'ó"'"*ïîffi:l$inf:
respond."similarly to a specific deficit irrigation strateg'

yield reduction rutip u"rr.iîiî.îtÑì"itig"uon aníount were used to

represent that resPonse.
Va¡jous relationships for the yield resPorìse ratio' as a function of thç

relative irrigation, ."o u" ri.äàì üti"g ütã d*tttation of f 0') as a genelal

vield response rutio fu..tiäî'.J-tft"*¡t¡äIüq' 12; the exp¡ession

ior the ràative yreld becones t

Y,: Yn+ Kl - Y'¡)f(I¡)l ," "' " ' (14)
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In terms of absolute yield the production function becomes
Y =Y¡+ [(Y, - Yrlg,)]
¡¡, h:* evapohanspiration-yield model is used to n'.ai;;;¡jlthe following relationship cair be derived

ET= ET¿ + [(tr" - Ero)/(I,)] .........., t16ì

g.ffs 
tht derivative of Eq. 16 with respect to th" 

"*ount 
of irrig"uon

T=nt,-*')# ..,....,..(r,¡
ffysiclf r.equtuements and the preceding definitions condition thematrematicat retationship *,"-Ì:i 

{"i FS ¡.,{;öiiJruuo. Fi¡st, when

llirffilîH. Ïä.*tiori 
requirement is äppfied i' l-t,,,¿ Er = fl;

f(I, = 1) = 1.0 ..

|!en.n9.irriq1[o.n is applied (I, = 0), Er
ftanspiration (ET¿) needed to produce the
the second condition on /(I,) 

-

', f(tr=o):0.''¡in"ur, 
r"-";; ;itljä ì;;; ;;;;; ;;; ;;;;;;;; .;;j?when evatuated atr = o. ní",-þril,, *.ìiri"ffJs,ifü,,;ïi=riä;

of inigation water is applied t"äl*fJ,ü."i'U"'¿one in sudr a way t^at' all of the water is coniúmed in eitiräevafä;tt; ., Eanspiration. Thisr: assumption seems plausible wirh,mod"m-ií;;;tiãn tedrnology and when¡, combined with Eq. 12 requues that

ï /ð/\l _ I
;' \at/ l,-o 

- 
Gr, - Err) . . .., ... (20)

u Hexem and Headv (Z) preoent several types of crop production func_' 
5:*_:-tltins a99 )i.id!'ü"iË';;;;ni'"ifi;;;"" waterappüed. Theyretd responoe tt'tio fuaqtÍs¡s, u"¿ tt 

" "om"nå."ti" of Hei;.åiH.;¡;(7) for tñree crop productio

tione can be developed from physical Parameters. Simulation is olly re-

ouired to define EIi, E"f', aid I, fof the irrigation strategy used. The

åaximum yield is necessary to convert relatíve yields to actual yield and

is usually itefined by other means. The drylañd yietd is defined once
yn,Et,', and 8T¿ arê found' The advantage of this procedure -over 

pure

sirüulation methods is the reduced amouñt of simulation needed to de-

saibe the yield resulting from deficit irrigation.
It may aþpear ttrat ooìiy one crop-production fun-ction is-possible for

a given'yeäi since ET' is associateã-with y', The ke-y ís that different
l¡rigatioñ shategies, sóik, and systems will require difÍerent amounts of
iniËation to proãuce the maximum ET and yield' For example, suPPose

onõinigaUoir strategy is to refill the crop-root zone ev€ry third day,

urtrut ä policy of 
"iái"t"i"ing 

the soil ñoisture depletion in a range

whe¡e ET'is nót reduced, but ioom 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.

Evaluatíon of Yteid Responee Ratio.-Three fundamental assumP-

tions were made in this development. First, the linear yield-ET or yield-
banspiration model was used. 

-Clearly, 
if this relationship is inacl.equete

the dãveloped expressions do not hoid' Second, it was assumed that the
yield respånse råtio can describe a crop's resPonse to irri-gation for.a

iarticulai irrigation shategy. And, third, it waì assumed that at negli-

þHy small iriigation hvdló a[ of the water applied as irrigatíon goes

toward ET.
Ttre third assumption can be evaluated by comparing Eq' 18 to-field

data. Data on evapohanspiration versus irigatioÃ hom wate¡ balance

experiments þ Måurer (1ï) were us€d to prõduce Fíg. 5' Ttre.eguation
de,hned by thé physical þarameters appeaís to work reasonably wellin
desaibini ttre Ja¡íacon ôf ET with inîfatign. The lata. represent results
fiom six ürigation trtâtments, of th¡ee1o four replications, where vary-

....,,. (lE
equals the amount of evapo_
drland yield. Using Eq.^16
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Quadratic: f(I) = ø1, + aúj .. ......... (21)
Cobb-Douglas: 

f (I) = n- (1 - I,)n , .. ,. (22)
Mtschertich-Spillman: /(I) = c[1 - exp (-pI,)J . . ........ (21)

ËlåËËf Ë::,$ff :å"Ëüii:iËå:.;:*":.t|åïffi i*ffi 
il.;

"*åii*:fl 'JHJi"ffi :nffi :i.pffi *Ët"#î#ä;;
g*þ1ryl;,s*$5ç5i,pmlrl;tl*mr.r;Ëf 'ffi ;
u'ü1ï"ï',giff.Iouifri:ä jåË:iffi:i,*:i-f itrîi:fr1*.diî

õ
l-
l¡¡
lo

ri

I

Et lrt

Ê
158

llltrchrdlch-Splllnrn Rltlo

KS000497



¡f-
I

-o

i-
u¡
fD

o
o(l
úr,

oE
ø

l¡

oJ
l¡l;
=E(t

, It,'r., I1,,
i"l '' , r'f

¡l l'"i il
t, .': 

l.

,l':.1':

I: ;',1 I

, "i"

'10 to
tRRtGATtON (t), lnches

FIG' 6'-Gonprrbon ot rêr¡urrd corn yrerd¡ to predrcrod yrerdr usrng r¿ttæh.erllcÞSplltmrn Form of ylstd Hrrponrc B;rì;'-

it

il

.;l

.it

tl
tlt

rf

¡i

:il

'tl,l

I

FlG. 7,-Comp!tl!on ol Dorlvltlva ot Evlpottrn.plrdlon{ET) ton Corn wlth Hc'

tpcct to lrrlgiUon lor lhrac Yl.ld Rolponrc Fttlo Equltlonl

Su¡rm¡nv ailD CoilcLusrot{¡¡

IRRIGATION 0), inches

.:. i s.,jii, '¡ :ii

i:iE1

:ìr :.' r' I i

Y' 3s + s,t2 [t - oþ Ct / 2ã.4 )]

mTscrËÂLlcH

coaB - Dotlc{As

OUADffANC

t60
cÉrons.

Ílprg'

KS000498



I Acrxowl¡ocu¡l¡¡s
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Iownal Series, Nebraska I
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Apper¡otx l.-ExpRessrons R¡umto yr¡l-o R¡spotse FrnoGo¡¡strurs lo pxvslct peRru¡rens

Quadratic Form: Eo. ,.-l = I,/(ET. - ET¿); and a2 = | _ a1 .Cobb-Douglas Fonñ: Eq. 24.+;": ti"^¿ i"'J i,)ter, _ ST¡.
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tion. Universitv of Nebraska, Lincoln, Neb., 1971-

r*. ¡riJiirã, l. i--;trvrð¿"1-ioi Þtédicdng Évaporàtíon from-a Row^crop- with In--- 
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App¡r¡ux lll.-l'lorrrror

The þlløutíng symbols arc useil in this pøper:

t=
t-.ñ

constants used in ouadratic production function;
empirical constant în yieË-fT or yield-T models;
curve number for SCB runoff method;
âctual amount of evaporatron ftom soili
potentíal aûrount of êvaporation from soil if ample wate¡ is

available;
f¡action of exttactabþ water in crroP ¡oot zone;
seasonal evapotransplration;
s€asonal evaþotransþirauon for dryland conditions;
seasonål evapotransþimtion for crop never suffering water
stressi
daily potential evapokanspiration for fully developed crop
canoPy;
funciiónal relationshJps for yield response ratio;
growth stage index;
eeasonal amount of inigation;
geasonal amount of irriþation for crop never suffeting water

stress;
relative seasonål irrigation;
crop coeffícien$
ma-ximum value of croP coefficien!
minimum value of croP coeffioen$
str"i; facto. to ¡educd transpiration when less than half of

extractable water remains in ctop root zone;
oercent of sprinkler application lost due to evaporation;

äonstants uJed in Co6ËOouglas production firnction;
orecioitation amounÍ
int oïf du. to rainfall
dailv or seasonal amount of transpiration;
f*Tå.;ç;;i it e ãauy kanspiritÍon potential when actual

evaooradon ls less thâi potential evaporation;
achïal canspiratíon duriig growth etage í;

daiþ or eeaional transpirátion potential;
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I
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u=y=
yd

Y.=
T,:
lq=

YT{R

crp
gÍ¿

g^

0r*
).i =

transpíratio,n po-tential during growth stage i;úd :pl$, miläs per hour;
croP yreld;
dryland crop yÍeld;
maximum crop yield when water is not limitine:
relatir/e crop yield, defined as y/y^;
relative dryland yield, defined u" ío'¡y^;
¡neld response ratio;
relative root zone depth;
constants used in Mitscherlich_Spillman production function;volumetric water content at field caoaati;--_---' 

-

l:y::Ht of plant exrractabte *uiä.õíá votumerric basis;vo¡umetric water content at permanent wilHng poinf andyield sensitivity factor for grðwth stage l, 
'o ¡ ---"

Mntuuznlc C¡nrlr, Cosrs
OF MUTTI.OUTLET PTTULT¡.ÍÉS

By Shlomo Plebrn l Dov Sh¡dran¡ enil Jlm Loftier

A¡sfi¡gr: A d*þ procedure b prsented Íot minimizing the ePital cost€f
multiple-outlet pifüries wlrich a¡e co¡nposed of more tha¡ one diamets. The
præäure assuiräs uniform slope, equál outlet sPaci¡t, and equal oudet dis-
¿hålge over a specified rmge oI pmsue heads. The optimization technique
meñstêd is the Îrømee Mu-ltlolieis melhod usine the Newton R¡phson method
toälve a svsæm äf nã¡úinear'mations. The pioctdue is applimble both to
latemls for íprinÌde¡ o¡ trickle lrrl]3ation systenri md to mmiÍo'ld lines (fædu
pipes) for a group of laterals.

lxrnoouclol¡

Pipelines with multiple or¡tlets are used extensively in irrigation. They
indude both late¡als foì trickle or sprinkler irrigation and the feede¡ lines
of these laterals (manifolds). Pipe sizes are usually selected based on
hydraulic considerations, The primary conqern is to obtain accePtably
small pressure variation along ihe pipè. However, the capital cost of_the
pipe should also be conside¡ed. A minimum-cost design of a PiPeiine
with nultiple outiets 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 ptessure head is restricted to assu¡e the
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