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ABSTRACT'

Ti:e Penrnan-l\iontcilh lnodel \\as assessed for h3'pcr-arid ciinrate.

rvhich prevails iu nlosi areas ol Saudi Arabia, par.ticularly in the

central regions. Atso, four different tbnns of the Penma* combilration
i-r'pe-equation for the estimates of alfalla refcrence e'l'apotratlspiration

l,lIT,u) hare bcen investigaled. The tested models, in additi,:in to the

Penman-Monteilh. includeri the Penrnan i982 Kinrbcrll'; thc Penniati

i972 Kirnbcrly: the Penuran uncorrc.cted FAO-24; and the Penman

equarion locally calibrated for *ind function. The results reveal tliat
tire Penman-Monteith is a good estimatcr o{ ET,.,1 undcr hvper-arid
conditions. f he model provided betler ET,4 prcdictions ivith
modification of the leaf area index (Zl1) equation.In accordance n'ith
tlre modified LAI equation" thc standard error of estimatcs (Sf$ for
tire model rcduced lrom 1.59 to about i.0 rnrrr/da-v. The results also

showed that the localiy calibrated Peninan model is highl,v suitahle
for the central part of Saudi Arabia. I'he Pentnan 1982 and 1972

Kimberl;' models fairll estimated I7,., n ith advantageLrus to the Iater

one. The Penman uncorected FAO-ll largely underestimated tlie
alfalla relerence evapotranspiration and- inherentl-v. has the largest

SEI tlrat eqr:als 2.81 mm'dar. lt. hou'ever, was possible to reduce its

^iEE to 0.81 mmr'dal * i1h usin,g an allalfa*grass conversion ratio of
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i.-55 in lir.u o1'1.15.

Key v:orit : evap()tr(tnspirulion, et)ilpt)lrutnsltiration metheds, hyper-

arid ciittttrte.re.f'erence eyepolransltiratirsrt, Pettntun'

Montcith model. Saudi,4ruhia.

l.INTRODUCTION

l.l.Gencral
Global increase of water demand has obv'ioLtsil' hc-corre a fact

duc to the rapiii increase ilr lvorid popuiation. ,{itrto't aii tri titts
population increase rviil be iri the Third Woricl. uher< ih.-re at'e

alreadl plenty' of'rvatei- and sanitation probients and uhcre irhr-'ut

i.100 peopie {tncsth' children) die even hour dr.re tr,r *aterbortle
dise ases (iltruwer. :000). I'he dernand of water that includes

agriculture. municipal use. atrd indnstry. is anticipated to increase

rapirlly in the dereioping cctuntries. Saudi Arat:ia, anrong t.'ther

courrtries ol the Arabian Peniusula, is one of tlie coutttiies suftbring
most liom rapid water demand and acute t'ater sltortage (Alazlra.

1998). lhis is altributeci to the scarcit-r oi precipitirtion and liurited
water resources, in riddition to the lvatcr demand augtlentation. For

agricultural purposes alone" tlre -abstraction oi' grrlund \r'aier is

c:.-pected tu reach 20.i1 billior: m'and 12.2 biiiion tn'in the lcars
2000 and 2010. respec'rireiv" (AbduL'azzak. 199-.i. Thi-< anticipatcd
iiuge increase in agricLiltural definltcir encourages ef ficicirt use of thc
irrigation rvater thal is apparentl\ accountil]g tbr 9C 9'o oi the totai
consuined agricuitula! $ater. fhe cftlcient usc r-'f thc rn"igation \iater
can onir' tre accr-rnrplished throLrgh pitrper rnigati,:n prt-ject planrrlng
altd management. Ihe proper prlanninr an.l nlanasclltent of thr'
irriqation projects iuvolvc various aspects ant] nur.t-'irt,Lts iaci.-rs sLirir

that mathematical formulations and ccllrputet prr''r3!ttirrilt', rltc

essential. Irrigation planners neeci to anall zc corlple.r, clirratc-"-il-
plant relations and appll' rnathematical optimization tecltirrqu.-s i,.
determine thc optinrall;,' beneficial crop patterns anC *ater aiirrC,li;, rt>

(Kuo et n/.. 1000). Indced. the ariditl' <;f the local climate of SrrLrdj

Arabia emphasizes tlre ef{icient rise of the water irr general artci t-.i-,lrt
irrigation \",'ate r in pa:"iicuiar. This ariditl, can l-re seen fiorl ['iqLire
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(1) thal sirou's a 35-year statistical record of the annual rainfall for the
central part of SaudiArabia" As can be seen from this figure. the
average annue,l rainfali is in rhe viciniry,of 100 mrn. This low amounl
of rainf-all strongl_v supports the necessit,v- of efficient rlater use to a

maximum level. Uneloubtedly, the ke.v eiement of the elficient use of
the irrigation rvatcr is the precise dctenninations of the crop w.ater
requirernents (CIatR). i.e.. the evapotrarrspiration (E.l). In practice. ,f
cietermination is essential due to its invotrvernent in manv fields of
applications such as hydrologl,. irrisation. watershcds, etc.

Achieverrenr rtl- the irrigatiot water {onservatiorl can be
accomplished through efficient plarrning of the irrisation projects and
proper scheduling ol'thc irrigaiion rvarer- which require knowledge of
ET. Xt is unlortunate that EI is iiit'luenced by, manl' climatic factors
(temperature. huniciit-r.. radiation.;ind ir,ind), by specific crop
characteristics (height- resistance. reflectance or albedo. auil
emissivitl 1. and by solle mailagement and environrtental parameters
(quantitl and quality of rvater. conlrol of weeds and Ciseases, etc.,i.
rrhich complicate its ll:eoretical and expcrilnental deterrnination. The
lbcto;:s affecting EI include rveather pararnetei's. crop firctors, aud
management and environrnental conditions (Alien et ci", 1998:t. l\4an1,
efforts liave becn made b1, nulnerous rescarchers to minimize
dilierenccs between theoretical E7- estimates usirrg mather.riatical
models and experimcr"tal Ef measuremeiris using lield and laboraton
apparatuses.

Thc crrri-r fI is olien cstimaied by cornputine EI for a ref-erencc
crop, usualll,allalfa or grass. and tirc crop coefficient rL.. While
reference ET {87-,.,1 retlects thc impacts of climate lactors. the crop
coefficient incorporates the inl-luencirl-q factors r.lf the targeted crop.
When the etfect o1' managelnent a-lrd enlironnrentai coliditions on
crop EI is incorporated. thc actual crop EI is attained. ihe initial
step torvards the compritatiorl ol tltr. acti;al crop ET is the
detcmiirat ion ttl' 87,,,.

Numerous methods hare been dereioped to estirnate 8I.,.,
(Amat1,a et ul." 199-5: Ilatfield. 1990: and Allen ct ttl.. 1989). fhc
Penman (19.+8.l96licontbined n:odei is the most accurate r.ridclv
used method baseii oit metrr)lo_qical infbrmation 1'or estiinatins.
ref,ereirce e\apotranspiration ( Rosenl;eru et ctl.. i983 anci \\ieiss,
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!982). Many derived ibrms of the penman type equatii--n arc available
iri tlre literature. Allel e/ al. (19991an,J Jenien et cf. {1990) believe
that the Penrnan-Monteith lMonteith, 1965) modei is ihe most
appropriatell' universal method far 87,,7 determi*aiion. The penman-
Mo*teith equation is generally regarded as ar.l accurate estimator of
ET lar a wide variety' of crimates and geographical rocati.ns {Jensen
et al., 199A). The work of Ben-Aslier el ctl. tl-gggtpoints our that the
Penman-Monteith equatron can be a usetul method. provicied data o,
canopy resistance r. and aerodl'namic resistanec rq ate arailabie.
These paralnetefs- hr.\\e'.er. are compler aii.l hai'il io r-rblairr.

A refinement of penman-N{onteiti: modei has been rnade b-v
Aller el at. {i9s9). Thel deveropeci generar reiatioiiships cxpresse,J
as linear arid logarithmic functiors of n:ean prani heigtit to.
cslimati,g daill areragc vai,es .lcanopy and aero,c,vnarnic reiistance
parameters required by the penman-Monteith equation. fhe
rievelopment of relatier'ships fbr canoir\. and aerodynanic resistances
as functions of reference crop height ailoived the use of the penman-
l\'ir-rnteitir equati', i* an opu'ario*ai mode. and impr*r,cd
transferabiliry' of this resistance fbn:r of the pennran equirrion to a
wide rariety of,climates {A!len et at., 1989}.

l.2.Previous assessm€nts of ET,,, Models
The ET,,, niodels have been extensivell Ested and compareci

a!. man)' iocar.ioi.rs and for a 
'arieh of crops. alfalfa and grass. ienseu

(iq74) sho*ed off the inilial testing of various ET,l m.dels w.ith
lysirneters fiom ciiffe.ena locaiions in the ivcrrld and Jensen er a!.
ii990.) up:dated those c.mparisons *ith more recsnt irsimeter clata
and iinproved crop coefficients. Aiic-n (i9g6; compared nine dilferent
forrns of the Penmaii-Monteith ancl a priestler-Taj lor. modcl 1br three
locations: Kimberlv, lclaho: Dal'is. carif.: and Coshocrtu. ohio. ue
fbund that the Perunan-Monteith with a resistance terni pror ided the
t.ttost reliable and consistent values of alfalfa an,c grass i_r ro Lrse
this l'orm of the Penman-Monteith moder. an aerod.rnarnic resistance
as a hrnction of :urr'ace roughrrc:s end u ird ,p.*d rrr. nr.cJed iri
ad^dition tLr canoov resista*ce. sreiner er r.tr. {1g9r ; e'alLiated eie!;t
diFferent ootenrial flr eqr,iatrons for grain sorghum in the senriarid
en'ironmenl .f Bushlard" Te.r.. and rourci tliat the penman-,r-rouierrh
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model with a canopy and aerodynamic resistance \vas the best
estimator of potential fL The-v used tno different methods for
the estinration of r.. the method of'Al1en (1936) and that of ldso
(1983) with equally'good results. Ihe-v- also found that it was not
possible to derive an empirical wind function for the original Penman
model from their data.

Lemeur and Zhang (i990) evaluated the Penman-Llcnteith
moCel by' applyin_q it io an arid river basin in Xiqiiang. China, and
found that the Fennran-&lonteitii model is particularly sensitive to the
canop.f, rcsistance /'., but is not sensitive to the surface albedo. From
this study'" it rvas concluded that the Pelrman-Monteith model is
applicable to arid regions. and that the Penman-Monteith model
r ieltls the bcsl rcstrll-.

Ailen and Fisher (1990i designed and constructed caiitilcver
load cells lvsimetcrs at the Drainage Research Farm of LJtah State
Universiq' and fouitd that Erapotranspiraticln fi'orn tlre fescue/fiirage
grass mi.r agreed uell with ET. ET,,^ estimated rvith the Penman-
ivlonteith method. IJowell et al. (1995) mcasured ET tbr irrigated
',r.inter rvheai (Triticum ae\!iyum L.) at Bushland, Texas. in the semi-
arid Southern High Piains for the 1989-i990. 1991-1992- and l99Z-
1993 rvinter nheat .rLrpping scasons using rveiuiring lvsirneters.
Weather data fiom a nearbr station u,ere used to crrmpute daily EI
values for a rel-erence alialta crop (hr,potheticai) using the ASCE,
Manual and Reprolts No. 70 equations based o1tlie Penmal-h4olteith
equation and several other rvidely., used "potential" or "maximum" lif
models. The results of this stud1, demonstrateci that for obtaining
correct results fiom sLrch models. ihe variables ft,, (net radialir_rl). G
(soil heat flux) and 17 (leaf resistance) need to be acciirateh moclr.lled.
It'w'as also found tliat the refereltce E7-rnethods resporidcd tiitferentl,"-
to thc clirnatic conditions ir the area. I inear resressions betlrecn EI
estimated fior:r i.videl1, uscd equatiors alrci thc reference alfalfa ET
equation indicated that direct colnparisr-'ns riitl.i computed ET values
could ncrtr ire reliabl,u'' preriicted *rth sintpie ratics.

ln a field stuCr. Farahani anC Bauscit i19951 assessed the
seasonai perforntance i:,i the Penntan-;\.lonteith nioCel and fbund that
the mo,Jel perlorntance at higher leaf area index (L{P2) ii as

satist-acton but pcrli-,nned poc;rl1 at Icu leaf area index (Zl1< 2) and
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lt,amed the application of the Penman-Monteith ti-, pallial callop':'

lvith the surface resistanee defined solel-V b."- the canop-Y resistance

and reglecting the ittfluence of soil on evaporalion'

Shouse cl ui. i1?80) fouiid tirat the Penman rncdel with the

ivind function o1- Doorenbos and Pruitt t1917) provided the best

estinrate of pr:tential ET in an arid environmetlt that rvould be

applicable to areas in which irrigation is requireC.

l.3.Ohjective
In irrigatiorr scireduling, ET.,i is -eenerally estit.nateci b1'

different equatiot;s. I-iigh agreement betrveen estimated and measured

E|-,.,,ris a target. particularll, in areas with limited t\ater as the case of
saudi Arabia. The arid and itot climate t-ri'saudi Arabia encourages

use of i:rore precise and rsllnlrle mathetnalical models that give

tlreoretical EI,.,.i estirnates that agree rvell with tlie measured ET,,,, ln

other rvords . the ET,,r prediction equations need to be tested fbr the

dry-hot conditions prevailing in the Kingdom o1' Saudi Arabia'

Therefore. The ob"iective ,.rltiiis studl.was to investigate the abili[' of
the Penman-ivonteith model as well as other tbur methods r:f Penman

equation to cstimate LT,,rfrom meleorological data. The fonns of the

Penrnan equatiort include the Penlnan uncorrected FAO-2-1. the

Peni.:ran 1972 Kirrrberly. the Penman 1982 Kimberly, and the Pentnan

rvith the w'ird lunction I,:call,v calibrated.

i.4.Generalized formulation of pennlan models

As previouslr nrentioned" nunterous mathematica! mridels have

been dereioped ic theoreiicalll deterntine the refercnce ET" ET,,'"

Nonetireless. the mathematical lbrmulations of the Penman tvpe

equation for 87,"1 estimates differ frorn t,ue mcdel to ancther. A

generalized form of the Penman models mal be prtrp0sed as follo$ s:

('[ 
^ 

'/
Lt,. =-l .(R--G )+-1 ,d(e . -u-)"^ai ,ill+r"' ' \+/" \'

{li
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crr

r, l A

Er, =!l=.1 .t R, -G;+-J1=r (".
z- [t+ u l+/ -r, )]

C

ll'hcre:
ET,4or ET,,, reference evapotranspiration and the subscripts ;:,'o

refer to tlie rr,'pe of refbrence crop, r lbr Alfalfa and o
for Grass irnmicial']:

adjusiment iactor, introduced by Doorenbos and Pruitt

i1977 \ in the FAO-Penman equations to account lor day and
night rvcather condition s [dimensionless] ;

lale rrt heat of vaporization ! !iJ,tkgl:
slope of the saturation Vapor pressure-temperaiure cur!'e al
nic'an air temperalure [kPaz"C]:
net radiation ih.'{J/(rnr.dal )l:
soil heat {1ur lMJl(m2.day)l1
psl chrometric constant [kPa/"C] :
modilled psychomctric constant [kPai"Ci, equal to ,v( i-r\/r;t,
in ivhich r'.: surface resistance [sr'rn] and r,: aerodynamic
resistance Isimj:
a parameter reler,ant to E.I,.6 nnodels [MJi(mr.da1'.kPa)];
saturation vapor pressure at meair air temperature fkPa]: and
actual vapor pressure ikPa].

In (l and 2)" the adjusting parameter {" is equaito one lor all Penman

models c;{cept fcrr the r-onected Perman FAO-24 in which ir is

obtained tiom tables provided tr1 Doorenbos and Pruitt (1977) or.
aiternativeli.. r:omputed fiom equations lbunded in Jenscn et ol.
(1990). Recent refined equatioir tbr ['can be obtainerl from
Kotsopouios and Babaj iaiopoulos ( i 997 ).

Fcr generai use u,ith thc Penman-Monteith models. thr-: l'
pararneter is equal 13 1.,i-il1l{)t)- [,T' :-i,r,, rh,at is an exatrt I'alue of
{8(j100*0. 62 2,/ l . () l, 0 ^ ) 8' ). For the Pennran-Monteith FAO-55 modei
(Atlen er a!.. 1998\. K-9i.U) l-'iTt27-1)tt: and ^r*: i /t -i).-11u;1. For
that of the ASCE \lanuai and Reporls No. 70 (Jcnsen tr cl.. i99A;"

),
/

p

G

/
,/*

K
gs

e^
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K-(7{}t}-2.87)).,r,, and.,r - y(1+r,,tru). For simplification and rvith
- l lr

insignifieant elrors" K can be approximaled b3 l.t l0' 
=Ii-]=. 

For' T +273
mode ls of the Penman type equation, the ( parameter represents the

rvind function, I-{}of the tbnn 6'43(au'+hot't:). where au' and b*' are the

empiricai wind coefficients and el; is tire rr,ind speed measured at

height of, 2 m.
As can be seen from Eqs. i artd 2. the generalized

rnathematical expression of ail Penman equations rvould simpiily'

caiculations and facilitate programming of the niociels. Neediess to

say that the modifie,J pslchotnetric constant 1'' is equal to ^' fs1

models other thran Penman-Monteith. This can be achieved b,v letting

r, equal to zero ibr the ,+bnns of Penman other tlian the Penman-

\4onteith rnociels.

2. 1\,XET}IODOLOGY AND DATA AVAILABtrLITY

2. l.Calculated Parameters
The availabiiir.v* of weather data imposes use of tlie ASCE

Manual and Reports No. 70 equations to ciosell' compute the

parametens in Eq. I . As can 
-be 

seeu from Table 1, the average vaiues

of temperature and relative humidit-v. br"rt not the maximum and

minimum, were onlS' provided. This is to sa]'that some calcuiatiotls

of parameters in Eq. 1 are the same, filost importantly the vapour

pressure deficit IVPD'). i.e.. er- eo.

The wind coefficienis for Penman 19'72 and 1981 Kimberly
don't diifer from those presented in the ASCE Manual and Reports

No.70. For Fenman uncorrecied FAO-:.l. it u'as a necessitate to

modify the a* and &,, coefficients such that ther, are numericalfi'

consistent rvith the generalized Penman form. Eq. 1. The ralues of ihe

ao and 0,, coefficients were 0.41 and 0.363. respectireh'. From the

best fit ariail''sis, the values oithe an and D, coefficients tbr localll

calibrated Penman moriel were 3.0 and 0.15, respectivell .

2.2.Measured l)*ta
The selected models lor the estirnation o{ 87,,l rvere assessed
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by contparing the estitnates obtained l'rom tirc thcoretical rrorlels rvitlr

the actual ET,,, for a 2i] srn tatl. r.veli-rvatsred. densc and acl.ivell'

grou,ing stand ol allalta crgp. -8f,,,, data measureC frtlt'n hsitrr:ters at

ilre Edicutie.naj iarm o1' rhe ( oliege of Agriculture. King Saud

Unir.ersitl. rvere ar ailable for the nttrutlrs of January to November for

the 3.ear of 1992. l'he 'Lhree identical lYsirletcrs were of,the drailage

type an,j have surlace dimeusions of 2 m [r1' 2 m and a deFrtlr o1' 1 tl-t.

ihe thre* h,simeters *'ere furnished uith a gravel bed 10 om thick.
'fhev \\,erc successir,eil'filled rvith a sandY loani scil tltat tas

ci;.r*[irll]' compacted in !ar ers oi 15 c111. The ivsii-tlcters *erc

surrounded by altalla beit arld carried a pea gravci la,ver at the bottom

to ibcilitate draiuage. The ,*ater rl'as applied througli calihrated

meters aud the drainage \{aicr 1\as collected in cans and tneasured.

i,lore d.tails cf the crperiuleiit ,-ail l',t ii,irrlii irl Aho-Cho}ar rrnd

\lohainniad ( 1995).

1.able (i1: Areraged dai13 climatic data for centt'al area of Saudi
,\rahr:l for lgg? at Deerah Station'

llonth
-{verage

temperature
T.{ "C)

r\verage
rela{il e

hurniditv
RH. ('%i

Wind
speed

u,{m/s)

Net
radiation
r.,, (MJ/m2

Jaruary 10.75 44.10 2.21 s.78

! etrruarv 14.47 32.89 1.6:t 8.90

March i 8.91 i6.59 z.n9 t0.39

April 25.7i 1i 9i 2.54 1i.95

$!ay I l.n6 r:.19 2.46 5.96

June i-188 g i)s 2.82 6.7'7

.lulv 34.30 ri.fi2 3. l6 5.2i

,\ugust 34.06 9. cY{.t 2.41 5_16

September 30.43 1 1.fi9 2.30 .r.Ji

0ctober _1.-; 13.99 0.01

November 22.02 29.95 I.6J 7.2i

Yearly Avcrage ,{ <o 20.61 l.{4 12.17

The mcte,:roicgical data rr';l'c t,btailred tl'.rll a \\eatller statioll

at Decrab. Thc Deerab rreather station ilatitude '-ri 
l'1'l" and aititude

of 300 m) is about 25 km apart i'olll tite erperirlcrrt field. The

$,eatiter data at L)eeral, crril5iSt!'{j olthe aierage tetllpelatirre (f,,). the

averaEle relatire huntiditr ERll"i. tlre: riind :peed {ii,'). aluj ihe llet
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radiation (ft,,). Table 1 provides the vaiucs ol the rveatlrer variables

used in the stud;,.

Appendix l. |,IOTATION
The l'ollowing synlhols are used in this paper:

C : adjustrnent f-actor in the FA0-Perlman equations to

account lor da1 and night lveather conditions:
('RW : crop water requirement

€,, : actual vapor Pressure.
[.7 - tri aDol.ratlspirai irin:

ET, = reference e\apotranspiraticrl:
e, : saturaiion vapor pressure at meatl air temperature:

G : soii heal l-iux;

K : parameter in Penman equations;

/,, : aerodynamic resistance;

r - ianop) resisiancel

8,, : net radiatiolt:
t1 : ieafresistance:
R, : net radiation;
/', : surrl'ace resistance:

11 : correlatiott Parameter.
t1 : siope of the saturation vapor prcssurf;-teinperature cun el

y : Ps-vchornetric constant;

f : rnodified psy'chometric oonstant; aud

i : lalent heat ol vaporizatiotr.

3.RESU I-TS fu\D DISCLSSIO\

3,\. ET,d estimates versus measurements
The measured ET,o1 and that estimated b1 the dittereni

rnethods are depicted in Figures 2-7. As shorrlt in eaeh figui'e. the

measiired and estimated values ot- E7',,1 u'ere l-ifted usint polrnotniai
equation of the same degree lor easc ol- tracins. Figure I illustrate.

the good agrcement between the measured ET,"t and that c-stimated br

the Penman-N{onteith rnodei. l'r-onetheless, It was possibie to impr.'r e

the model estimates b;- modiiy'ing Lhe LAI equation that has tire

following fornr:
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I I I = ].-i Intftc y+ _i 5

rvhere. /zc is thc crop ireight ir., meters. l'he acijusLed LII L:quiitirln is
as i-ollort s:

LAI =1.5In(lzcl+10.-5 (1)
Figure 3 cicpicts iltal- E7',,, estimates uirh tlre r-nodilied pe,inan-

&'tcnteith modei are rvellagreed with the n:easured values. ln fact, the
results of tlre r.nodit-ied Penman-N4onteith rnodcl rvere highl-y- identical
rvith those ohtained with 'rhe Pcnman model that was Iocallr.
calibrated as shonn in Figure 7. It is obvious frorn Figure 7 iiiat the
Iocalll,calibrated Penman nrodel gives.LI.,,, estimates that are in a
good agreernent rvith the measured data.

i-igLir.cs -i arii 5 slron that llie Pen*ran i972 and l9lll Kiurberlr,
mcdels fairll predict tire iiai11 E7l., r.;ith adrantageous to tlrc pennran

iq72 Kimberiy. ln crntrast, the Penman uncrirrected IrAO-:4 madei
higtrly unrlerestin;ates daily d7}.r, Figure 6. This !on esiinrate of rhe
[]ennian uncorrcctec-l FA{,)-24 rnicht hc attrihuted 1o the 1c.,,, hun-lidirr,
prer ailing in thc re.gion.

I

(3)

3.2.Conreiations anrtr standard errors of estinlates
Dil-ierent mathercatical exprrgs5iclns carl be us*d

r-reasurcd arrd cstintated I)7-,",. The ltillorving equation rvas
fcrr this stud-v-,:

ijT 
''l ,.t:'iitiilttt ) = aE'i' 

' iltitti,,t'i

to relate
sciec-1ed

(5)

r,r'l'iere. E{7g71ty:rnter,r) : E7'r,i measurcd u ith Il,sinrelers- * : cor:-eiation
paranletcr. anCt ET,-,.11,,,,,,,,,,,1, l,?,,,r cstimated rvith mtldei_s. fhe
correlation betrveen I7,", rneasuremcnts and 87,,1 estitnates rvas
tested lirr tn'o clioices olthe parametcr s. -rhc first optior: rl,as to let G

eqrralsunit},.'l ire sccctnil opticrrr rvas to allor,' u bc according to its best
tit using a regression anah'sis. 'rhe rrvo t-:ptirrns of u iiave been tested
using thc statistical pariirreter o1' standard errrir o1r estimales {,sEE).
Thc rnathenratical expressir.rn for ,9Ef calculalions usecl iu rhis stuclv
u a> o! tlrr itrll.rrr irrg lirrrn:
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Tables(2) and (3) sliow SfE associated with E?,a models under

consideration for the two atbremetrtioned opticns of a. As can be seen

from these tables, the results of tlie Penman-Monteith modei lvere

highlv improved with tire use of modified ll'I equation, Eq' 4' The

"Sff ior the penman-fuIonteith moclel has deciined froin 1.59 to 1.01

mm/da) as sho\&,n in 'rable 2- Nonetheless. it can be noticed form

Tables 2 and i that the rnodit'ied Pcntnan - Monteith rnodel

rL.(]Lrires no li:rther modit-ication since the tn'r': .!Ef values are almtlst

the same.'Ihe tw.o sEIl values are 1.02 and l.0i as seen in T'ahles (2

and 3). respectively. Needless to say thai the rnodified Peninan-

Molteitli is subjected to more studies before uitintate judgment is

stated. Th!s is panicularlf irnportant becartse the effect of m6difuing

other parameters on ET,o1 'n as not investigaied' In other words' the

mor-lification oltlre L4l equatii:n ma)'not be tire oniy alternative to

imprcve L1're ET,,, estimates rvith the Pennran-Monteith modei. In fact"

tire model may need no moclifical.ion if the rneasurements ci the

ret-erence alfalfa ET' were taken at * height greater than 20 cm"

specificall-1,- between 30 and 80 cm.
'Iabie (2) illustrates rhat the Penman model rvith ,uvind funclion

iocali1.. calibrated ancl with a equal t11 one gave the low-esl '\EE.4.66
ntrn/da.v-.. Wiren the correlatiotl parameter u be acsording to its best trt

the Si,E cie,creased only ii',.1m 0.66 to 0.65 mmida.r-' as showti in-l'ables

2 and 3. respeetively. 'l-his insignificantlY small chanse in '\EE
in:rplies that the rnodel doesn't require any further modificatiL'n.

Similar cxplanation cail be statcd on the Peiiman i972 Kimberll'

rncde! where there rvere no changes in SEE values. u'hich equal 0.9-?.

mmiday li-.r the t\Lo cases of c as depicted in Tables 2 and 3'

As li;r coutparison, the grass based reference I7' calcuialeci

iiorn the Penrnart uncorrected. FAO-24 was muitiplied by i'i5 to Srci

alfalfa based i'eference E'i (Jensen. 1990). This multiplication valuc

ieri lc 1o.* J7,,r estirnaies as reflecteti b.v tlie high.l'.Ef ralue that was

erii-ral to 2.iJ3, lahle {2). It. h<-iu'evcr. 14as pt-rssible to get hetter 1-I,.,

(.ET ,r, i.{.v-stm.rr .\ - ET *t ir,.l,,,l i )

n-2

,-

tz+iliElr#frrtttw
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estiniales rvhen u be according to its best fit. The ,SEI' r'ec!uced to 0.81

as sholvn in Table 3. The multiplication factor nceded to ccuvert ficm

grass to allalfa i:siimates rvas abcut 1.55 that resulted fir:nr Ll5 times

1.35. This ratio is relatiyelv ciose to tlre maximum r,alue foundeci Lry

Alic,ir e/ al. 11989). The;r' pointed cut lhat the ratio of cotrtputed

ait-aita to grass reference, railged from 1.12 to 1.43 w'ith an average

value of, 1.32. can cause a great differenee arid hence beiter results

nith this rno.'iel can Lrc ohtained.
Rclerring to Pigures (2-7), rhe largest ditlerence between the

t*:Ll ,--rirr,,es occlirs at ti:e bes^irtirrg cf tlt* }'ear" it is lofiuttate tirat this

is a sirort period and has lolr cousttn:ptirc *'ater use. This rvould

impri,y 1611 the error in using the Peiuratr-N4onteith model, as well

as other nrodcls ti it,h exceptional to the Penman uncorrected FA0-24"

is snrali suclr thai ii cal be lccali-t'usetl in cotrputing EI,,' nith high

con fi cieucc. Consequcutil. iiic Pcnman-\4onteith rtiodel irlal provide

g.god estrmates of 8I.., *itiir-iut lc,cai cai ibralior-,. Nccdlcss tcr sa) that

aroi,-iirrg lccal calibraiitrn 3l lhe E7,.,t trodels is a plet-erabll aimed

target.

3.3.[,imitations
Cerlain limitatior:s arc associati--d *ith ihe cttrreltl research.

Oge of the linrifafiols is that the t.neasrired E7',,.! raiue-s vl'erc taken

w,hen the alfalfa height rvas equal to 20 cur- This is si;me what less

tiran tlte reeonitneniierl r.alucs. rvhich should be falling between JiJ

and SU cm (Jensen et tt!.. i99(Ji. r\fiother liniitation isthatthe clirnatic

data were taken frorn a rvsalher statiotl that rvas ltot iocated in the

same fieid of the experiment whcre 8f,,,, lneasuretttents were

obtaineci.
Nelertheless. lhe necessarily' caiculaiions of paranreters in Eq.

i were accomplisheri aceorc!ing to tire procedures presclited in the

AscE Manual Report No. 70 (Jel]sen et s!.. l99uias a restri.li(rrr

caused by thc tlata availabilil. Thc proper procedures *oui,-j be as

rgconxrlLiir,led b;, the I-A0-56 (,\iien et ui., 1998), particularll the

caicLrlations of the slope of the saturation rapor pressure-telxperature

curre and the rapc;r ilrr-Ssure cieficiL. i. -J )'
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Dc-spite of these iimitations. tlre Pe;rn:an-lv'lonteith rnodei

shov"ed a high competition ard can be used as ,tn ET'|,7estimator fcrr

local h-r,per-arid clin-rate c,f Saudi Arabia. Furthermore. the Penman-

Molieith modei should be colsidered as a promising fl|,.,; estirnator

in hl,per-arid area since it may directly be used to estimate crop e?'.

i"his is likel,v to he tftie" especially rvhen the characteristics of a

certa;n crop. anv crop. Such as emiSsivitv. reflectance. resistance. and

leaf area index are weli descrihed thr*ugh mathematical equations or

tabulated values. Eventualll,'. the Penman-lV{cnteith i:rodei is expected

to provide besl predictions of E7',"1 if the lysimeters measul'ements

and clilnatic parameters are oblained accc;:ding to standardized

procures.

CONCLUSIOI\S
The Penman-Mo.*reith modei has been tested for hyper-arid area

as the climate conrjitions prer,ailing of most area of Saudi Arabia- The

Penman-h4onteith model provided good estimates of ET,,i compared

rvith measured ET,,. The mcrdel pertbrmance was noticeabiy

irnprc,verl l\.hen usins a uiodit-ied equation of the leaf area index. The

Pent:ran model riirir ltcal uiiid ;alibration gave the best .8I,.'

estintates as con.lpared r.l'ith measurerj El.r. Also, the Penman 1972

o l\Iodeled

'3 Lleasu.ed

-Poty. 

(l\aodeled)
- - -Poly.(iVlcasuredi

4
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Kimberl.v rnodel prc'videil good estimates of ET,.,1.TheworstEI,.y
estimator was the Penman uncorrecteii FAO-24 modeI rvhen it highly
underestimated alfalfa ET,4,'Tht: Penman 1982 Kirnberll' showeci fair
altaifa E?,,7 estimates.

Finally. it should be emphasized that despite that the Penman-

Monteith modei is apparently a good estimator of ET,4 tbr local
climate of Saudi Arabia that is a hyper-ariC region, ultimale jucigmeni

requires furtiier studies.
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