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Extended abstract

Introduction

Given the importance of accurate and timely determination of reference evapotranspiration in water balance
calculations, plant production simulations, and irrigation planning on the one hand, and the lack of suitable
meteorological data on the other, it is essential to develop a simple, cost-effective, and accurate model for estimating
this parameter. Therefore, the main objective of this research is to identify the best model for predicting daily average
reference evapotranspiration in arid, Mediterranean, and very humid climates using meteorological parameters. To
compare the performance of the Gene Expression Programming (GEP) algorithm in predicting reference
evapotranspiration, six scenarios were defined based on influential parameters, including minimum temperature
(Tmin), maximum temperature (Tmax), average temperature (Tmean), relative humidity (RH), wind speed at 2 meters
height (u2), and sunshine hours (n). In addition, empirical methods—such as Makkink, Priestley-Taylor, FAO Blaney-
Criddle, FAO Penman-Monteith, Hargreaves, Hargreaves-Samani, Irmak-Rs, and Irmak-Rn—were used to estimate
daily reference evapotranspiration. The results obtained from the GEP algorithm were then compared with those
derived from empirical equations using appropriate statistical criteria. Finally, based on the GEP model’s performance,
the best scenario for predicting reference evapotranspiration was proposed.

Materials and Methods

In this research, meteorological stations were selected based on climate diversity using the De Martonne climate
classification system. Accordingly, the study stations were categorized into three climate types: arid, Mediterranean,
and very humid. The selected stations include three synoptic meteorological stations—Birjand, Gorgan, and Rasht—
with a common observation period of 20 years (2001-2020). Daily data on minimum temperature, maximum
temperature, average temperature, relative humidity, wind speed at a height of two meters, sunshine hours, and
reference evapotranspiration were used. The characteristics of the study stations and their corresponding climates
based on the De Martonne classification are presented in Table 1.

Table 1. Characteristics of study stations and their climates in the De Martonne system

Relative  Wind

. Longitude Latitude Sea level (m Temperature humidity  soeed Sunshine Climate
Station (Eastern)  (North) (m) (°C) %) y (rF1)1s‘1) hours (h)
Birjand 12059 52032' 1491 16.8 35.1 1.6 9.2 Dry
Gorgan 24°54' 54°36' 0.0 18.1 74.1 1.4 6.4 Mediterranean
Rasht 37°49' 19°37' -8.6 16.6 83.3 0.9 4.8 Very wet

Given that daily data is examined in this research, among the existing empirical relationships for calculating ETo,
those suitable for daily-scale estimation and commonly used by other researchers were selected. Based on this



criterion, six empirical relationships were chosen. Additionally, before applying the Gene Expression Programming
(GEP) intelligent model, reference evapotranspiration was calculated using the FAO Penman-Monteith model over
the study period at all stations on a daily scale. This method estimates reference evapotranspiration values across
various regions and climates by incorporating standardized model assumptions.

To compare the performance of the GEP algorithm in predicting reference evapotranspiration, six scenarios were
defined based on key influencing meteorological parameters, including minimum temperature (Tmin), maximum
temperature (Tmax), average temperature (Tmean), relative humidity (RH), wind speed at a height of two meters (u2),
and sunshine hours (n). Finally, to evaluate and validate the GEP model, its performance was assessed using the
following statistical criteria: Root Mean Square Error (RMSE), Mean Absolute Error (MAE), Nash-Sutcliffe
Efficiency (NSE), and Coefficient of Determination (R2). RMSE is a useful indicator of prediction accuracy, reflecting
the average error between observed and predicted values. An RMSE value of zero indicates perfect model
performance, where observed and predicted values are identical. The MAE measures the average magnitude of the
absolute differences between predicted and actual values; lower MAE values indicate higher model accuracy. The
NSE ranges from -oo to 1, with values less than zero suggesting poor model performance, and a value of 1 representing
a perfect simulation. R2 indicates the degree of correlation between observed and predicted values, ranging from 0 to
1, with values closer to 1 signifying a stronger correlation. \

Results and Discussion

Comparing the results of the model evaluation statistics across different scenarios shows that, at the Birjand and
Gorgan stations, Scenario A provided better predictions because it included minimum temperature, maximum
temperature, average air temperature, relative humidity, wind speed at two meters height, sunshine hours, and
reference evapotranspiration. Scenario F, on the other hand, produced the weakest results due to the exclusion of
sunshine hours and reference evapotranspiration parameters. Therefore, Scenario A, with its high coefficient of
determination, strong model fit, and low error values, can be considered the optimal model for the Birjand and Gorgan
stations. N D

At the Rasht station, which has a very humid climate, Scenario B provided better predictions than the other scenarios,
as it included maximum temperature, average air temperature, relative humidity, wind speed at two meters height,
sunshine hours, and reference evapotranspiration.

The results indicate that the Irmak-Rs method at the Gorgan and Rasht stations, and the Hargreaves method at the
Birjand station, showed a higher correlation with the Penman-Monteith-FAO method compared to the other methods.
Furthermore, the Irmak-Rs and Hargreaves methods estimated reference evapotranspiration more accurately at the
study stations. Therefore, due to their high R2 values, relatively good NSE, and lower RMSE and MAE values
compared to other methods, the Irmak-Rs and Hargreaves methods can serve as suitable alternatives to the Penman-
Monteith-FAO method on a daily scale in Mediterranean, very humid, and arid climates. The Hargreaves-Samani
method, however, demonstrated the lowest accuracy in estimating reference evapotranspiration across all stations.

Conclusion y

Accurate knowledge of water requirements in different geographical regions of the country primarily depends on the
correct calculation of reference evapotranspiration. Therefore, this research aims to compare the performance of Gene
Expression Programming (GEP) methods and empirical equations in predicting daily reference evapotranspiration
across various climates, including arid, Mediterranean, and very humid regions. The results of Gene Expression
Programming showed that, at the Birjand and Gorgan stations, scenario a provided a more accurate prediction due to
the inclusion of parameters such as minimum temperature, maximum temperature, average air temperature, relative
humidity, wind speed at a height of two meters, sunshine hours, and reference evapotranspiration. In contrast, scenario
f produced the weakest results, primarily due to the omission of sunshine hours and reference evapotranspiration.
Therefore, scenario a, with its high coefficient of determination, best fit, and low error values, can be considered the
optimal model for the Birjand and Gorgan stations. At the Rasht station, characterized by a very humid climate,
scenario b provided a more accurate prediction than the other scenarios. Additionally, in this research, empirical
methods (Makkink, Priestley—Taylor, FAO Blaney-Criddle, FAO Penman—Monteith, Hargreaves, Hargreaves—
Samani, Irmak-Rs, and Irmak-Rn) were used to estimate daily reference evapotranspiration. The results showed that
the Irmak-Rs method at the Gorgan and Rasht stations, and the Hargreaves method at the Birjand station, exhibited a
higher correlation with the Penman—Monteith—-FAO method compared to other empirical methods. Therefore, in cases
where all the necessary parameters for calculating reference evapotranspiration are not available, the Irmak-Rs and
Hargreaves methods can serve as suitable alternatives.

Keywords: Evapotranspiration, Hargreaves, Irmak, Makkink, Penman-Monteith-FAO.

Y



‘;u.a.b"' 93‘.; Al

Sl i g JloSis sy ppgf alxo
10.22077/jdcr.2025.8966.1120 :DOI

30 dligy & w0 3% gt (S 30 05 Ole Rl p g RS les ow)
e gy b ol dslio g calido b plBl \

" 19100 dond 7 Loy | pnons
Ol iz iz o oSS (65,5 00l vl ey ple 09 S A s 5 5w gel ils )
Ol iz e caiz o oSS (55,588 0uStils (o paiia 5 psle 09,5 O o (525 (gozeiils Y
samira.rahnama@@gmaiI.com 1 geanno 0wt 93°

oS

3 Bun .l (5956 (§ )bl (S (> 15b 5 oS (Bl 291 1 gl B Gnils Consl (3 ol )y o9 ko 31 (K9 8% e
Al e (Gloj o3l 5o dilig) &2 po &80 ol (s )0 (2,25 Latlgy 9 oS\%«s}a)MUx L9y 0 ySdos dunlio (gl ! plxil
e 3931 31 ol g Lo duusg L jglidody ol o0 (o)) Db ozl § (GIS) (glailyis v (i p) Sl a8l duw jo (Yer)-YeYe)
33 (rmen Wb Uis y85 @2 po 3585 iS58l (cwliilen SalL &1 4295 b g1 ylw £ a2 o (5% i (St 50 0F Ol
Pl-Cutign — ooy (JuyS (S g1 el (i (SRS S) A sy Sl Aliey azpe 3% B 2590 1 sl SRl
MAE RMSE 51U 3,/ s lxo (wlidl oo 33 5o Lo 53888 )5 sdlatw! (RN - Sl 1 g RS —Slo ol ¢ Slobw 92,5518 599 ,5 1o
PSSlas oo JSlus sl wiolylinewid 5 b yo JIBaa (g9 jluw ) 15 8 B j Lroliwg] jo 45 ol L gu s .ol ol R2 g NSE
00,5 &Iyl 1) (555 U\ ot et ar po (3375 e g LT lelus (5 0 93 £LAT ) )0 Ob ik yus (o Cugby g (slod (puSilne oo
095 9 RS-l pl gy «iarod “ao] 05,5 4l )l gy jlow plw & Comd |y i wghlan (i D (692 5l cicdsy ol 50 . ons!
B9 Sl milio 3Nl Sgign (o by sl 4 o koS MAE 9 RMSE lads 3 g5 T NSE L R2 jluo b 91,5l
GP9) (e bl (W ) EES g (b)) Cobye sl (OB,5) Nl aae saeadl 5 diljs) (wlile 53 Il —Cudigo —(pody
\ railaiols Loliou | dod 13 22 o (§ 85 pudiad 991 3 38 1y (R270.5) 8o oy y0S Slobw 399 ,5 o

\ 59055 8 (S e ¢35 e (gl Ege iy «Sle pl gl 5519



doddio —)

Ot Slp a5 alagbyy el )0 )ls pape GBS (5,5 i 3551 (2SR5 5 (s)lol slaaSil cod b i 5 o o
35 e o1 5l eoliiwl b s g 998 0 03 et (ETO) g po LS (5,05 5 e il casloos a8l 5,05 055 jlode
Sgu o 03wl x> 1o (5,25 S e (gl a5 ol by, (Khadempour et al., 2019). 548 oo dnwlxs (ETC) Hhas o960 oLS
PR3 5555 555 (5550 s sla gy 45 bl 51 055 gn 3 (Homlina 5 i (slobg, sbo 055 50 53
iz Jalge 5l Slamlne slagby, 5o 05 so ooliul (Sloslone slaby; 5| §ym i 051 0 Cqanlsl (65l y 13 Canl
Wlodd _oxiwly meiios Lo bs, b W3 a5 lealoles 5 5,05 05 b by T B3| (g5, 5l g oo baliul oLS 5 oonldl
5 &kl (Madliys (ygamsS (s9m 51 VA4 Lo o (Alizadeh, 2006). 54 oo 00 (yaass Lo 5 )50 GBS g §,05 s
et ETO awlons 5 lbinl (g lyieas 86 —Euige ooty b3, « (FAO) Szl 5 Dl glosle 5 (ICID) o285
Cews olazel 4z 0 b g o0g ol e s g Cusb, s (il slaosls wie il (Euigem et Jaws(Hargreaves, 1994). couloals
(Doorenbos and Pruitt, 1975). oS o al,] @ po LS (5,05 ses 51 (63,9130 e L8 g4 8llie 517 g aiols jo Joud L
Ol 2l o ok slasell 75 5 Gyt allge oL g pdi e Jlod w'\;' S et slagiegh @b
Siyaalp (53 cmac aSi sl Jow 4 g5 oo o ol alex 10880 #3815 Jula )] 5,51 5 50 aiilgt o dieiign slo Joe
Gl 1,8 sl by, a5 ols las aS 5y Kisi et al 2013 jioghy zolid Saes o Lol Loty o dle 5 (GEP) o5 )l
Sl 5502 53 @Yl colils 3 Zlinul sl 5 0% ole @Al MOA) 55 v s3] ¢ Sgimn s 4SS aiibe
Silutin sladon b (92 9 W)l (w2 3550 0duzmn Sloo Lskéle.) Al o5l e cnl 1n )l 3,05 s
»)5..»‘59 C‘f?o.w‘ )lSés} O ygody LQQT e )l:DLw 9 04 C.Lu...uL....} L}“J;U Lbu] ‘_gl.m‘_gdj)s diloads d”‘d"

o Ll oyl 5 S ra A Slasls 58 s Sygl 5o Soman wee s Jus bl 4 goaxie sla gl (L e
Syslp slp b5 opyaelip 5 Ak o= fac it Gt 5, )y &« Ahmadi et al., 2015555 o
2y By e e (ke ANFIS oo 5 S a5 S olis b s ls ol 0j8 Jlods 4o ailale a5 e
S g o] gz o Wlals, |l 5,005,308 oo i 4« MOhammadreazapour et al., 201754 GEP o, 51 s
39 05 obe Gl J& sy sl a5 e j3 gl by il Jue oK) den jo 4 sl lis mlbs aasls
gy o,5l8e w5 4 . Khadempouret al., 2019Da5,1s )13 ailale il 5,05 e polie (uass slp 631 55 Jow 51
oddin s polia aS B8 GRS T ls aiSls p lpl oS )e alyg) ol yer B (it 00 05 Ol el
61585 olans el 28 IS 4 . Muzzammil et al., 20155 ,ls GEP Jaw ;8 sas (5 puSojlal polie b 095 (5,550
A a4y St b Slo (65,40l a8 izl o 5wl JelS x5 g aan omac a5l b o] awslie g b ,> IS8
Sledbol ghoolewl L&l 35 ) 2 1o (5,25 jded i 4 Traore etal., 201705k co 5 (Joo JslS 20395 9 (Eouan omas
L alis, 3,908 smoin slr s @5 03 Ol ol plid @l w30 05 Ol sl g 9 5 O]
s e Alblias 1o 5,05 i 63be e 4 55 Ol 6 aeliy 5l ool L o Mattar, 2018 caul axils |, Uas oy a8
20 diedy8 g0l 5 le sael Joe a5 wisls ylas tegh o . Valipour et al., 2019050 0 ETO 5,50 5,0 <8
bl Sas sbls 5l (S p g ook )l Glapldl )0 5 ablie lailihae g s dos @Bl )3 35 505 S
3005 Ole Gyl g opmitine Mz fgew)S ) swyp A LA o « Sabzevari et al., 202255 1,8 colaiul 0,90 blisl
305 obe Gyl as ol plis byl ragh 5l edelcwsas gl asls , oble 5 sl o g o 3,25 s (5l o
crl o edlitl (BB Joo plgisar 5 005 sblp > alse 5 O lulyd cowi g o 30850508 (oo 0 8 BB Ul Il



5 e liee g owlidlen cilisee lo ol )b 3G amgy jo « Zahiri and Moradi Sabzkouhi, 2023555 o (8 yee 4ie)
Slplads as ols plas Jlae ol jl (285 Jlas o b lagyl il jlg 501 b adols 1,8 Sbjs ol o500 slsal jo Of oly1 mlaws
- Karami asb oo lobine glis 03l il oljee g ob ey hliie 51 L g 0390 poses ol p sloline 56 slyls lie
Sz o S8 L cwnlin il SO lgieds wilgs s 5 e s i,ael e Joe a5 wisls oLis 5 and Sayad beyranvand, 2024

08 )18 ez e Gt 09l
sl 5 AT Sy (53loterd ol Gy Slolmo 15 6 po 5,55 s @sads guedd et ool 4 x5 |
syl ol @l o 1) 3B g anse oS wolu Joe SO all)l S0 (gou 5l swbidlsn caslie sloosloydss g 5o S 51 (55
2 & 35 Alygy oSl Gt e e e QB (g ool el 5l el SaaTML sl oo (5902
Sl ol bl aslie cuz jelaterpay ol wliilen bl b 5l oolatul b sb o Jls 5 qoldiliioe wSis slae. 3l
Los JBla> wiile a2 po 3585, HN5,80 (slo oy o 4255 L gyl £ a2 po Gpmifiies i ) 005 Ol o255
(n) @l:si Slelos ¢ (U2) 5 o g0 glas )] jo ol e oo ¢ (RH) oo cugbs, « (TMean)les oSSl (T Max) oo 2Sla (Tmin)
S 8 sk i ST S (28 Sl b, 5l alis) a2 e 3y e ShpLn sl agheshy nl 50 iz b iy
1 dels s e 25,8 oolitul RN) Slopl o RS Slopl o sbols m;p}xg)u 53l —poty e Jou,S
Joe 5l esliaial b Coles 15 5 08 dslie cowlio 5,le] sla,line 5l oslBBLL o 28 daly, 5 ol b b oy obe s ,aeb

g0 Sl iy d)-'-‘)*"‘-’\cs‘-“u““ Slp gl (e (05 Ol syl p

\ L gy 9 olge

axflloo o yg0 adlaio

s FE 3 FE Ll o g3 ot on OIS e 3 i i 56 55 oakos YEY Lo 5l Lgia b o
bl 0,05 30 ] zlaws 51 oo ,s ARA o505 (Khadempouret al., 2019b) ol ool 28ly Jlods F+ 5 YO jlow 50 ¢ 5,5
o8l g9 ololp gl cnl 5o (eobidlgmnsloalinl o I3 18005 5,05 w5 5 05 or slagtn, b S aes s Sas
5 gl o o Tl e St o LAy Ul sloolSEl o5 5 A 5 ol s
YY)l Yo Sy afle; el b, 5 oS i e Sty gi oSl ¥ Lol Ciite _pulitlyn (gloolSian] it
5 LT el (g% g0 elai f b ol e s ¢ ol Cugh ) oo (1 Sile dos iSTas des JBlas slaesls 5l ol o (Ve + )
b e s (V) S )oN s 5 aalllae 3,50 slaolSi] Caxdgn b soliil &ilis, olidio 15 g yo (a5 yuies
Bl Badiosls oL (1) Jsaz 5 5oy imees 5 layT maldl 5 Slalllas (sloolKiun) Slasin yuized

N



tions

VoA
ﬁr study

oK | Slaseino -V Jauz

climates in the De Martonne system

3|
Cj‘""’ P Job
sl @U‘& Lo L @iz pbile o
Climate Sﬁ'” Temperature  * (JLa) (5 gation
h (*C) (%) Latitude Longitude
a Sea  (North) (Eastern)
* level
(m)
1.6 35.1 16.8 1491 52032 12°59' M’d
Birjand
14 74.1 18.1 00 5436 24054 7
Gorgan
o 0.9 83.3 16.6 -8.6 19037 37°49' ™
23 Rasht
Very wet

&5 30 B % B 391 il

dlxe sl D92 g0 (225 Ly, G 5l Cnlple el 48 )15 ) 090 dilis, Sloosls feghy cnl yo aSul 4 azgi b
5 ol oads @dly oolitul 590 o, Siwgss b bawes I g ol coslio aily, whie sl a5 wi Ol uly, EToO

sl 00 03,51 (V) Jsim , byl oo, Lasls, 5 pb a8 ais bl sy alaly (i olool ol pr ol gl 5500 & Ly



ET, a,,i).g &l p st Yol g lais! Wi)e g (Sb ;) Llgy Y Jguo

Table 2. Mathematical relationships and abbreviations of selected equations for ET, estimation

ETo il 2L, Ly, & 049
Mathematical relations for ET, Reference Method
A 120Y) XSS M) K5
0.61 (—) Rsy 012 (1Y) S WD ==
A+y Makkink (1975) Makkink (M)
Vay 5 g Sk PT) ol
A+ Pristly and Taylor (1975) Pristly and Taylor (PT)
(FBC) Joy 5 S 56
a+ b[P(0.46Teqn + 8.13)] Doorenbos .
- Pruitt (1975) FAO Blaney Criddle (FBC)
0.408A(R, — G) +y (%) uy(es — eg) 0234) Pisen 5 o] \Q’MSG) 16 g - ey
A+ y(1+ 0.34u,) Allen et al., (1998) FAO Penman-Monteith (FPM56)
(ARSYSIRARL OV H) 5,5 o
0.0023R, (T, 17.8)/T, — T
a(Tmean + W Tmax = Tmin Allen'etial., (1998) Hargreaves (H)
0-0135ktRa(Tmean + 17-8)\/ Tmax — Trin (VA3A) phlsaang [ HS) Shle —59,5 o
k. = 0.00185(T,0x — Trmin)? — 0.0433(Ty0x — Tomin) + 0.1023 Allen et'als; (199 Hargreaves- Samani (HS)
Y 8) o, Kea g oS Rs -S|
—0.611 + 0.149R; + 0.079T,
s mean Alkabeed et al., (2006) Irmak-Rs
v .\%,\)m 5 4l Rn -5l
0.489 + 0.289R,, + 0.023T,
" mean Alkabeed et.al., (2006) Irmak- Ry
N

3259 S sy eldy, Olele s o Puaijls (Siews Uz o NE RHmin 0 aST0il oo cod8l oo b ga oY) Jooo j0 oS
A1 Tmin 9 Tmax VYV Jolae 9 oo Sgdiing 25 copd O JLiSh Jsb 50 59, (2lidy) Slebo b anglio ;o )15 590 ole
b pdes ol b, A (MIm2dayt) obsS zga ol ReEMIM?day™) el d 2ol Ra «(°C) lga ailsg, sles Jélo> 4

(Alizadeh, 2006) a.sb o Y/O¥ MI.Kg? laie

8= busiga — yaiy abul 1 ooliiul b a3 6o yo (539 e doline
o399 5 B8 iy i Dhke STl b e (i ol o055 ol 550,000 Sign e Sl aslical 31
5 Bl (ol ) 1) @z 8 Grneis jolie (g, (nl )T dle ailiy; (ubiiie ;o Lokl ann ;5 addlls 3,50 (Ll
gl 3 e N b dya sles ) (ailon 193 (ol o o5 o e s 5l Jacl L L
- oy bl 615% sl Cewods 595 e gulililgn glaosls yulwlETo iy, eSlee o 0 dalxs @.l:;éi Slelw

b (V) abaly & g0 gli-cuige

900
0408A(Rn - G) +y (W) uz(es - ea)

A+y(1 + 0.34u,)

ET, = ™

(CC) ooy byl (6 520 90 glas )| jo 52 loo T o(MIM?d?) @lls ol Ry «(mMA™) g 0 oLS 5,25 1505 ETo ] j0 a8
e B (kPa) o s 5l sy 50 gl o b JLid 350aS €5€a (MS™T) (o rhans 5l 552 99 gli)) )0 ol sy 2
a4 b5 Lo G g (KPAC™) (509,500 oo Y «(kPACT) il T )] (slos a5 (gladats ;o Los 4y s gl o jLid i
o s ] K28 s oz 1 ye e 2y S 5> 4L alyg, ke aS Lol 1 .ol (MIMZd) S5 51

(Allenetal., 1998) = ,5 sus0l |,



03 ol G aeliy

285 Sl (GA) Sy o )98l il s (g (nl ol (oghan (92 (g slaghy, 5l (5o (BEP) o ol 5 ,%eb
3 05 obe e, (Roshangar and Mirhydrian, 2014) 6o )3 glaol 1,8 Jawss 1299 Jlu jo 5 &l ng)ls (6,955 bl
oS S oo ooliital Sl Jimex Sl aST (g ebay Cenl (S a8l S eSS s ael 9 S slap o8l wiiles
Gral alod so Jloel (S5 Rhae iz b Ky 5l ool 1) (S5 Ol 5 oS o ol Fjl dllas | bag]
WS (oo B dmosusy pan iledse Slp G FgeelS Al S slml Sz (polidiin; PSS cl (B9, 05 Ol
S 9e0lS daliy 5l oolainl b1y aliws o of ) a5 aily oo 5055 (55,400 5 ST SO iz (ROShaNgar et al., 2016)
5 Joe S le iloaagy 4 0B gyl g oats a3 S L 0 ol alaly wisSaee anlid bl o gyl 5o 8 o0 )|
SaSa a5 Canla ol 5l adsl Conaz adss GeENeXproTools |l58le 5 S caasss o al> ope, Jgl 8Bl Lo ] sloailse
@hl Wb dwy alo e 55 gl e 0ol lis (553 Ol Sjpod bapgeg S e S s8]l s g 5 o
ol B wlige Vo mli onl Gloyl Gl a5 58T sl 3l b SeS ) epgiads S ez sae 2 6,55l L
Sl yeito (ym ably 5y (nl 5logd o0 S0 Collas g 4y s Glaclsx Bl o 58 Gl ler L o 55l mb SeSa
Slise ©y50 nl 4 0F Ol siraelin Joe ol @ o8 T8 IS jsboay aSia sl s 5 S Sl Jie 5 iy
Bl (5550 Ol g0 lapgises,S Y 055 e ST als) Comaz(Ghae ST lapsjses S Bolai anlsi b an T -)
Jobe sl bl ,51-F 555 o Syl o 5,550 5 wm&w o3l s 52 Cpsllan lsen ¥ g
yolo Comez 5l 03l s -0 1Oy pl mE j0 aB0 o LS |40 oo a0 Cores g dgio dolipy all onlds
(U 9 ,50) plroguge 9 Ol -V Wigd oo Sl HLis Slae Bolul pppolitones o8l aby —F 058 o alilodSS
@Sy S0 waz B A Wediade waz la STk Sl B A ;0 0 S (o0 Oy 0ad QL] Cune 59)
yokiieds 09 loy cowlie ool ) B 09 ca )35 Lo s jh cme Slamih ol s 018 ol g 05 05 oo )18 drwgs ol b s o
&0 B35 e I3 136 sl il ) 4255 bigilin £ BB B i 5 0 Ol iS5l Jel> gl s lis
Slelw o(U2) (550 90 glasylys ol e oo (RAD), ocdicosh ;) «(Tmean) Loo 12Kk «(Tmax) Lo yiSlas «(Tmin) Lo J8las> ails
Ml 315 ol o RasSI @RS 0 e sl 0 Bl 525l 5o 50 (9355 Slo el (Y Jgaz po ol iy () (L]
SiabesT sl booslo T g Byael gl Loosls /A sali (s slanz sloosls oo , .caul o olicis] GeneXproTools 5.0
RGIPCEIC NI

dlizo glag: )L 53 (59959 Lo olyl - Jgur
\ Table 3. Input parameters in different scenarios

$99,9 s yolyly 9oL
\ Input parameters Scenario
Tmin, Tmax, Tmean, RH, U2, N, ETo a

Tmax, Tmean, RH, uz, N, ETO
Tmean, RH, U2, N, ETo
RH, uz, n, ET,

Uz, n, ET,

n, ETo,

-~ D® O O T

Joe 3 )Sdas (b 3))]



oo Lol 51 Jow pl o, Shae b3l sl o aslo ol o See Sbj,) 4 GEP Jow jliel fyg03l 9 oL, e obL o
Gl (R2) pud co o 9 (NSE) e dSSls - 25 Lo (MAE) Uas 3llas ;08 lavgie ((RMSE) Sla o slas lavgie ais,
0,5 ool O LY alal,

Y (X —1)?

RMSE = M
N
X =Y
MAE =217t 4 )
N

(i =1y \ )

2 _ G, (X, — X)) (Y, — 1))
§ QX —X)2(Y, —Y)?) \

)

Y o X slaosls Sl 5 9 sloy soplBi ¢ glanlice slaosloYi ol o jlwaad glaesloXi daosls JS slawN (] jo a5
Sy90 ,0 lawgle jobay Uad Jlade d> a5 woo oo lis a5 Wil oo e <85 ¢lp 095 Lo &8ly 0. RMSE Wil oo
sML)‘so R S)9e JM u9> ‘51‘)& omoul.w as J.M:Lg‘sc ).ﬂ..o RMSE&Q J.gld.} ] 00 ..)l?u‘ 03 ‘Sh.AJW LSLQGQL)
SO 29 O Blae Ol 90t MAE jLixs 1045 dales Lioolpuin i 9 Slaslice polie > pl jo as
):\_i:;)):).o..o LY 4.};2 as J.J‘so uL\J ‘) Uas .‘amg..ua )‘J.tboj LJ"’j) C8s )LM Q.a‘ ;)g.fksc 6;0)‘m| ‘) @5‘5 @5}" 9 0l
Q0 gl cds bagluans a5 sad s, lis (a5l SeSNSE Lolis .l ysie ) 5 00— 5INSE j0lie .ol g il
odd S 5 Sholive glaosls bL3 KL R2 oolas 0ei s ) pl oy Jlade ol oed oo giluand JolS jsbay as” Jos g

Sl 05,5 50 (698 bls )l oaas yLis il I3 SGw jlaas rpl 4z e ol SO g yao o el cpl aels bl o
(Sundararajan et al., 2021; Ershadfath et al., 2023)

15 b gl R2 '3 NSE MABLRMSE (Best filhess) 531, oy olyy) csboosbel syl Goyb 51 005 oler Jowe o,8kes
Vo)) holre Ve ﬁlf\quscu. R 2 3 NSE .MAE RMSE BestFitness polie (Joao bl cdl>) > o i
al> e 98, Slalllas GL"’°L€§\‘)° 5 i Glagy lw il 1) (5 Ol Joe (2l byl )l (7) 5 (0) «(F) Jgloz il oo
a2 g s Gialesl g Sijsel

N\

Ao s oSy jo alio gy jLow (ol GEP 4ol s -F Jooo
Table 4. GEP program results for different scenarios at the Birjand station
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Test Train g2l 4,
(r,:n/lr'r?:jli) (fenl\rclglf) R? Best Fitness (nl\w/l nﬁjli) (ﬁ'\r{l{zﬁ) R? Best fitness Scenario Rank

0.59 0.73 0.92 787.86 0.59 0.75 0.91 786.95 a 1
0.70 0.85 0.91 758.34 0.71 0.85 0.90 755.92 b 3
0.56 0.72 0.92 793.37 0.60 0.74 0.91 785.51 c 2
0.82 1.07 0.82 728.91 0.81 1.08 0.82 728.46 d 4
1.03 1.38 0.72 681.47 1.02 1.36 0.72 681.17 e 5
1.33 1.68 0.54 621.07 1.37 1.77 0.51 616.35 f 6
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Table 5. GEP program results for different scenarios at Gorgan station
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Test Train g2l 5,
MAE RMSE 2 . MAE RMSE 5 . Scenario Rank

(mmd-) (mmd-) R Best fitness (mmdY)  (mmdY) R Best fitness
0.62 0.80 0.76 689.68 0.62 0.81 0.77 696.93 a 1
0.67 0.88 0.72 670.84 0.68 0.87 0.76 678.60 b 2
0.88 1.21 0.59 617.52 0.86 1.20 0.59 620.47 c 3
0.92 1.09 0.58 613.47 0.91 1.09 0.56 605.43 d 4
0.93 1.15 0.51 596.76 0.93 1.15 0.53 60446 e 5
1.04 1.30 0.36 569.10 1.05 131 0:39 576.92 \ f 6
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Table 6- GEP program results for different sceharios at Rasht station
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Test Train \ g2 )b )
MAE RMSE 2 . MAE RMSE 2 y . Scenario Rank

(mmd-) (mmd-) R Best fitness (mmdd)  (mmdd) R Best fitness
0.56 0.72 0.72 699.43 0.57 0. 0.72 669.02 a 3
0.55 0.71 0.73 674.93 0.54 0.71 0.73 679.32 b 2
0.50 0.65 0.78 693.64 0.50 0.6\ 0.77 696.10 c 1
0.74 0.96 0.52 605.90 0.78 1.01 0.50 596.94 d 6
0.76 0.96 0.49 597.57 0.74 0.93 0.53 607.71 e 4
0.74 0.96 0.51 608:25 0.74 0.97 0.50 606.62 f 5
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Table 7. Value of statistical indices derived from the estimated values of reference
evapotranspiration from different models
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MAE RMSE ) <, 0 oSt
NSE (mmdl)  (mmd) R Rank  CAICUIAtON T tion
-2.16 2.62 2.68 0.91 2 M
0.74 1.05 1.29 0.82 6 PT \
-0.16 2.05 2.71 0.88 3 FBC .
-30.96 7.64 8.51 0.93 1 H ki
-72.90 10.62 12.95 0.52 7 HS Birjand
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0.23 1.21 1.44 0.87 4 PT
0.49 0.90 1.17 0.83 5 FBC s
-14.81 5.73 6.53 0.88 3 H ke
-23.33 6.55 8.10 0.58 \7 HS Gorgan
0.85 0.51 0.63 0.90 \ 1 Rs
0.82 0.59 0.69 0.89 2 Ry
-0.09 1.24 1.41 0.77 4 M
-0.83 1.59 1.83 0.82 3 PT
0.55 0.76 0:91 0.73 5 FBC o
-10.38 4.22 5.08 0.72 6 H ™
12.92 4.82 5.62 067 7 HS Rasht
0.71 0.59 072 0.86 1 R,
0.54 0.84 0.92 0.83 2 Ry
S AT
I el gl o 1o SPES S ) dinle 4 gl a0 10 j0uS Hlél s Glixe bl o ‘531 3 e bl
50 dlJe, x> e 5y BN o (Hn )0 (2,58 SVolae g 0 oo ryelp oy, o Shee anlie iagh cpl 5l Bos

SloolSiashyo @aShels SLaS 5 o (65,40l gl aib oo ok pe Hlaws g sl oo (Sl o Bl o 5 il Lol
L s o gponnd @lem led 5 Siles oo iSTas des J8las glo el )by 8,5 las o JJoasa (gg9,liw (5,5 5 dix o
Gl f gl Saizmen sl 03,5 &)l 1) (5 poslhae ot &3 e B85t g o8l Slels (g e 9o glas)l o ok
oz ol Ol e cnl 3 (e e §mi e g ] Slelos slayial)ly (28,55 S o Jdoa) abl ge ae (o ickens
(_.;LQO&M..)‘ 90 ug.Ua.A J..\.o oz ).soLo.o Oo9 059 u,u)‘)J CPHE oy w).o ooy Yb 4 dx>gl Lv a ‘55_»)Lu.u 450; w‘&).'
45‘)‘ Lﬁy)‘.«.m ).tl.w L M‘) 6)4u3Llaac LSH"J‘*’b ‘59-')LA.MJ ‘U}Ef)L..M f“"'b‘ Lv w) ol.f.’;.m.ll)o MLSA ulf;s ]
S B ol (s (S5 Se) (275 Glais, Sl alis; ez e 3% 210 Sl ERe% (nl 0 Geimen el 00 S
9y b St (K laghs; plo b dslie )0 wiz o oltnl )0 590 5l (Bg) 9 <o) 5 GBS oKl jo RS-l
Sl sbolliw! [0 a0 5y o dewlxe gl 3 Gl ol )l soles ladd adlge ;o i) o)ls Pl —Cobge — poy

Sy oolatwl caslio (030l sla by, Glgied j92,5 5 (bg) 9 RS-Sle pl sla g, 51 ()lg5 o0

VY



&lw

Ahmadi, F., Ayshem, S., Khalili, K., & Behmanesh, J. (2015). Application of ANFIS and GP Models to Estimate
Monthly Reference Crop Evapotranspiration in Northwest of Iran. Journal of Water Research in Agriculture, 29.2(2),
235-247. [In Persian]. https://doi.org/10.22067/jsw.v30i1.38287

Alkaeed, O., Flores, C., Jinno, K., & Tsutsumi, A. (2006). Comparison of several reference evapotranspiration
methods for Itoshima Peninsula Area, Fukuoka, Japan, Memoirs of the Faculty of Engineering, Kyushu University,
66, 1, 1-14.

Alizadeh, A., Khamali, Gh., Khanjani, M. J., & Rahnavard, M. R. (2004). Evaluation of Evapotranspiration Evaluation
Methods in Arid Regions of Iran, Journal of Geographical Research, 73: 97-105. [In Persian].

Alizadeh, A. (2006). Design of Irrigation Systems, Vol 1, Astan Qods Razavi Publications. [ImPetsian].

Allen, R.G., Pereira, L.S., Raes, D., & Smith, M. (1998). Crop Evapotranspiration: Guidelines ;}Q)mputing Crop
Water Requirements, FAO Irrigation and drainage paper (FAO), No. 56, 300p.

Doorenbos, J., & Pruitt, W.0. (1975). Guidelines for predicting crop water requirements,FAO Irrigation and Drainage
Paper 24. FAO (Food and Agriculture Organization of the United Nations), Rome, p. 156.

Ershadfath, F., Shahnazari, A., Raeini Sarjaz, M., & Eivind Olese, J. (2023)..Combining Bias Correction Methods for
Simulated Temperature and Precipitation by CMIP6 Models in Hamedan-Bahar Plain. Journal of Watershed
Management Research, 14(27), 75-85. [In Persian]. https://doi.org/10.61186/jwmr.14.27.75

Feizolahpour, F., Delavar, M., & Hesami Afshar, M. (2017). Evaluation and Uncertainty Analysis of Reference Crop
Evapotranspiration Estimation Using Genetic Programming. Water andSoil Science, 27(4), 135-147. [In Persian].
Haghighatjou, P., Mohammadzadehshahroudi, Z., &Mochammadrezapour, O. (2017). Comparison of gene expression
programming (GEP) and neuro-fuzzy methods for estimation\of pan evaporation (case study: South Khorasan
Province). Journal of Water and Soil Resources Conservation, 6(4)»107-117[In Persian].

Hargreaves, G. H. (1994). Defining and using reference evapotranspiration. Journal of Irrigation and Drainage
Engineering, 120(6), 1132- 1139. https://doi.org/10.1061/(ASCE)0733 9437(1994)120:6(1132

Karami, M., & Sayad beyranvand, F./(2024). Ability of Gene Expression Programming Model to Estimate Reference
Evapotranspiration with Minimal Meteorological Data. Applied Research in Water Engineering, 2(1), 137-147. [In
Persian]. https://doi.org/10.22034/arwe.2024.2043340.1029

Khadempour, F., Akbarpeur, A., Khashiei, Siouki, A., & Rahnama, S. (2019). Comparison of Gene Expression
Planning Method with Experimental Methads in Predicting Daily Reference Evapotranspiration (Case Study: Birjand
City). First National' Conference,on New Modeling and Technologies in Water Management, 29 and 30 November.
[In Persian].

Khadempour, F.“Khashaei“Siouki, ‘A., & Amir Abadizadeh, M. (2019b). Investigating the Functioning of Gene
Expression-Rragram Planniag for Daily Solar ‘Radiation across Iran. Journal of Climate Research, 36: 43-56. [In
Persian].

Kisi, Os, Shiri, J., & Tombul, M-(2013). Modeling rainfall-runoff process using soft computing techniques. Computers
& Geosciencespbl; 108-11%. https://doi.org/10.1016/j.cage0.2012.07.001

Makkink; GayF. (1975). Testing the Penman formula using lysimeters. Journal of the Institution of Water Engineers,
11, 277-288. x

Mattar, MA. (2018). Using gene expression programming in monthly reference evapotranspiration modeling: a case
study in EgyptaAgricultural water management, 198, 28-38. https://doi.org/10.1016/j.agwat.2017.12.017
Mohammadreazapour, O. (2017). Monthly Forecast of Potential Evapotranspiration Models Using Support Vector
Machine (SVM), Genetic Programming, and Neural-Fuzzy Inference System. Journal of Irrigation and Water
Engineering, 7(27): 135-150.

Muzzammil, M., Alam, J., & Danish, M. (2015). Application of gene expression programming in flood frequency
analysis. Journal of Indian Water Resources Society, 35(2): 1-6.

Priestley, C.H.B., & Taylor, R. J. (1972). On the assessment of the surface heat flux and evaporation using large-scale
parameters. Monthly Weather Review, 100, 81-92. https://doi.org/10.1175/1520-
0493(1972)100<0081:0TAOSH>2.3.CO;2

Roshangar, K., & Mirhydrian, S. (2014). Using Evolutionary Gene Expression Planning Method to Estimate
Scalability of Bridge Stands in Non-Cohesive Beds Based on Laboratory and Field Data, Eighth National Congress
of Civil Engineering.

VY


https://doi.org/10.22067/jsw.v30i1.38287
https://doi.org/10.61186/jwmr.14.27.75
https://doi.org/10.1061/(ASCE)0733%209437(1994)120:6(1132
https://doi.org/10.1016/j.cageo.2012.07.001
https://doi.org/10.1175/1520-0493(1972)100%3c0081:OTAOSH%3e2.3.CO;2
https://doi.org/10.1175/1520-0493(1972)100%3c0081:OTAOSH%3e2.3.CO;2

Roshangar, K., Bonakdari, H., Akhgar, S., & Harsami, F, (2016). Investigation of Gene Expression Programming
(GEP) Performance in Predicting Energy Dissipation on Stairway Overflow in Skimming, 10th International Congress
of Engineering Civil.

Sabzevari. Y., & Saeidinia. M. (2021). Evaluation of Experimental Models and Artificial Intelligence in Estimation
of Reference Evapotranspiration (Case Study: Boroujerd Station). Journal of Water and Soil Science; 25(2), 237-253.
[In Persian]. https://doi.org/20.1001.1.25386336.1401.11.36.2.4

Sabzevari, Y., Nasrollahi, A., Sharifipour, M., & shahinejad, B. (2022). Application of Multivariate Regression and
Gene Expression Programming in Modeling Reference Evapotranspiration (Case Study: Khorramabad Station).
Irrigation Sciences and Engineering, 45(1), 35-48. [In Persian]. https://doi.org/10.22055/jise.2020.31583.1890
Siasar, H., & Honar, T. (2019). Application of Support vector machine, CHAID, and Random forest models, in
estimating daily Reference evapotranspiration in northern Sistan and Baluchestan province. lranian Journal of
Irrigation & Drainage, 13(2), 378-388. [In Persian]. https://doi.org/20.1001.1.20087942.1398.13.2.10.8
Sundararajan, K., Garg, L., Srinivasan, K., Bashir, A. K., Kaliappan, J., Ganapathy, G. P., Selvar%% K., & Meena,
T. (2021). A contemporary review on drought modeling using machine learning@pproaehes. Camputer Modeling
Engineering & Sciences, 128(2), 447-487. https://doi.org/10.32604/cmes.2024.015528

Traore, S., Luo, Y., & Fipps, G. (2017). Gene-Expression Programming"for Short-Tefm Forecasting of Daily
Reference Evapotranspiration Using Public Weather Forecast Information. Journal‘of Water Resources Management,
31(15), 4891-4901. https://doi.org/10.1007/s11269-017-1784-5 \

Valipour, M., Gholami Sefidkouhi, M. A., Raeini-Sarjaz, M.,,& Guzmany S. M.%(2019). A Hybrid Data-Driven
Machine Learning Technique for Evapotranspiration Modeling in, Various Climates. Atmosphere, 10(6), 311.
https://doi.org/10.3390/atmos10060311

Zahiri, J., & Moradi Sabzkouhi, A. (2023). Investigating the interaction effects of meteorological parameters on
evaporation from the water surface using variance analysis. Journal of Drought and Climate Change Research, 1(3),
87- 104. [In Persian]. https://doi.org/10.22077/JDCR.2023.6498.1

A4


https://dor.isc.ac/dor/20.1001.1.25386336.1401.11.36.2.4
https://doi.org/10.22055/jise.2020.31583.1890
https://dor.isc.ac/dor/20.1001.1.20087942.1398.13.2.10.8
https://doi.org/10.32604/cmes.2021.015528

