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Fig. 1 — Distribution of the study data
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Fig. 2 — Zoning of agricultural classes and the suitability for cultivating Wheat in Iran
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Table 2 — Agricultural classes of Wheat in the country and their interpretations

Agroclimatic Class Description
11* Planting date: 0-27 days, and growth period: 131-187 days
12 Planting date: 0-27 days, and growth period: 187-229 days
13 Planting date: 0-27 days, and growth period: 229-323 days
21 Planting date: 27-40 days, and growth period: 131-187 days
22 Planting date: 27-40 days, and growth period: 187-229 days
23 Planting date: 27-40 days, and growth period: 229-323 days
31 Planting date: 40-52 days, and growth period: 131-187 days
32 Planting date: 40-52 days, and growth period: 187—-229 days
33 Planting date: 40-52 days, and growth period: 229-323 days
41 Planting date: 52-81 days, and growth period: 131-187 days
42 Planting date: 52-81 days, and growth period: 187-229 days

43* Planting date:

52-81 days, and growth period: 229-323 days

* Agroclimatic classes 11 and 43, which represent the intersection of the corresponding conditions, are not found within

the country.
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Table 2- Results of cumulative water requirement modeling of the Wheat

Wheat

Class Model Equation R? NRMSE NSE
— 3 _ 2
Polynomial ~ CET = 0.000056 t+ 12‘2;}2 t2+0.7917t 19968 00159  0.9968
118084
12 ot _
Logistic CET = 1§ 0001229 736.5763) 0.9417 0.0715 0.936
. 1/t—1813.6185\2
Gaussian CET = 1933801.8105 ¢~ 2( 3713976 ) 0.9359 0.0747  0.9300
_ 3 _ 2
Polynomial ~ ¢ET = 0.000086¢"- 12‘8553 '+ 1587t 49900 00267  0.9902
34149.73
13 it _
Logistic CET = 4031569 0.9813 0.0469 0.9698
. 1/t—801.2073\°
Gaussian CET = 600235.0062 ¢ 2\ 1421235 ) 0.9824 0.0483  0.9680
_ 3 _ 2
Polynomial ~ ¢ET = 0.000092 c 6%85502 E+L77198 9985 00111 0.9985
1207.816
21 ot _
Logistic CET = srasszison 0.9930 0.0244 0.9929
_ 2
Gaussian CET = 4392.0925 ¢~ 3 —sonse5) 0.9934 00238  0.9933
_ 3 _ 2
Polynomial  ¢ET =0.00012¢%~ 2'%3’;8 417706t 59975 00134 09975
182160.5
22 ot _
Logistic CET = s oon-53575) 0.9693 0.0536 0.9608
. 1/t—1257.8023\2
_ 3 _ 2
Polynomial ~ ¢FT = 0000094 67— 092163 7+ LIB92E 99933 00233 0.9997
365.3745
23 ot _
Logistic CET = 3 osse=zo5 69D 0.9983 0.0161 0.9970
Gaussian CET = 3183843 o—s(Cammor56)’ 0.9987 00165  0.9969
— 3 _ 2
Polynomial  CET =0.00012¢% = g.gggst +0.7671t 19998 00044  0.9998
14908.93
31 ot _
Logistic CET = ortsie7529) 0.9994 0.0078 0.9993
. 1/t—740.9643\>
Gaussian CET = 121869.7675 ¢ 21723527 ) 0.9990 00102  0.0998
— 3 _ 2
Polynomial ~ CET =0.00012¢%— ggégé +1.0565¢ 19979 00137 09978
1608.282
32 e _
Logistic CET = resiaiowion 0.9942 0.0245 0.9932
. 1/t—756.5035)2
— 3 _ 2
Polynomial  CET = 0.000085¢- 007'31302 E4055¢t 59907 00306  0.9908
372.808
33 ot _
Logistic CET = oesiGis5em) 0.9992 0.0097 0.9991
Gaussian CET = 32932501 o3 (53a1)’ 0.9995  0.0086  0.9993
— 3 2 _
Polynomial ~ ¢ET = 0.0000012 fr ;;03'02118 t°=0553t 9993 00085  0.9993
485.02
41 it _
Logistic CET = mrtii57D 0.9999 0.0030 0.9999
Gaussian CET — 16838335 o3(Coaze)’ 09997 00055 09997
— 3 _ 2
Polynomial ~ CET = 000007417 6%3346 t7+0.01296t 59967 00181 0.9967
406.6208
42 ot _
Logistic CET = o160 130 0.9996 0.0076 0.9994
Gaussian 1(£-220.23402)" 0.9991 00118  0.9986

CET =370.66789 e 2\" 54.06348




daae €8> Il g (35— pd (e Mg yid )lbb
D)5 oo oSt Jdo 03194

5 PS> cutlS gl ,Sbles & Y 5 ¥V el oY 5
5o lizen ()bl @l witun bugio b o5 45, 050 Jobo
S Lo b St Jo sl b o gllas jlouy 5,Skas
3 i ol daslys Lby 0,93 Jobo IS )3 365 aLS
sloJse & Jlo )3 S (gilwans Vb cdd L) puS res
sl i 5Ll asls 335 o)lel 4 ST glaler iz 5 posS
(IS st 5 (S5 2,8 s als ] ik 3 e s
Jiw &.)94360 odalie L;C‘)) dlﬁw% L;al.o: » &S M;u‘.o.!b
$389eSa loj 4 Comad P a0 o Sl Oy S
2ol ool bl s & dngi b aonie calae abal oo g 009
2 ol Golite alisto (gla WwMS jd Ay 0y50 Job ¢ cuisls
@Yl el €8 5l Jus aw o 251 &S S lgie JS
—Sag S5 s s 4 Suad Jae Ul iy
Sladie & Cuns 3) 0)9> Job JS 3 cuslie (Sods
lp G rihes g Fowlio 45 pow 45 ye lalardin g pwsS
glaaigg 3 puS Jpame (o2 ol 33 3ygl 5 il
Dyde Cgudre j9iS (oleddS ST Son
2 gl &S Wy e ol @l e b flod ¢ iren
E55 30 Ay « Syiwsd Jdo 03154 cdiblidrwgs (sl Jde ol s
0,0 ddbarwgs oy logd (sluai b wlwl p olpl 63 5uS o8l
adllas 5o o5 (EXtra Arid) sl slaaig 45 gy5bay
Iy )9S Colus 2oy £0 3 iw (2013) Rahimi et al.
5 5YL clod > @ (to) (ol 5L cilae abads cimd o oSt
5 Sl e (slading 4 Cund (550658 Gloj 3 g s
2 = SEW (oM Ll b s o0 &) Csbojedas
S Jio &S 10,8 jasuiie cdibldnwgs 5 )logd sonldl slaaids
aly paf olS SKyjslen STy wlisly agsay s &)
oeSeie j9dS Gy 4 0pE 5 og & Jled el GLalS
§ dols b b isky ol sloadl &8 cadl (S5 4 pjY S
b ol canail b 5l (2013) Rahimi et al. a5
Sb Sl

slos30 ool (ool 5 ] 2 el o5 i 1 25,
Sl bag wle) )8 ¢ Sl byl s Cuows 4y conl8l
2by e ool eolaisl ((p S Sid] )8 4 5 Siisl )3
o S o (sl Sl 3 ol (S5 sl
o wiin Gib &S ol Db e Ggue sanl 3 O
5 I3 b (T slaans 55 198 5| gy Sla ik o soil
P Sawed Jao YU s g dnlgd anlge 5y — s
ol 3 ol lews NRMSEL) (ros o 515 (gl
blys 3 ol hyteby s)ul 018 e (WS
Sl o) slaganaing Sl g 9)0hn (odldl Sba i
D9

card el glagasls ol g (1) Jga> 4 255 b
cers 5 NRMSE) st cloye 5ilin 4y (R?) s
4y 3, Slas a5 355 oo dinMe (NSE) cadsSGlu— i o))
s 3 5910 5 pges dye Gl iz g (S (Sucd Joo
aw )3 5538 (=) SIS (ol )3 pAS Jgae (205
sl JIy55 3 @2Vl €5 g jlisl I g ansly 5 allae jlews
(2024b) Hajirad et al. slaasl L jise ol bt Guizced
PS5 Jgame 2l 35 2515 )3 (23l slose 3,Slos diej 5
ol polie g NSE 5 R? (YL polie o IS joboas .3yl cillas
bbb cwbio sblal sxmsplis M ol o s
S Sloj B9, (s3lodnnss 3 oyl LUl g odosalie slaosls
Lol oo pAS e28

o399 oo 5 p15in3g; CutlS o) SbLes 46 Y LS
polie Ll wlio 3ySas Jdo dw j ] olisS Ay
[+YEY 5 +/+ V0 5 NRMSE ¢ /338A b +/A¥0% 0 R?
e din Jso .ol 039y yuiio «/AAFA L /AT« 4 NSE 4
dbs e (58 g NSE 5 R? Jlaio o b pow 450
5 S gl Jao 48" Jb > el oald Sl ) 55l oy i
B s 5 Jpsd 18 3,Shac ¢yiaS 83 3925 b 35 (s’
Y XV NEC S P YS N FIRITES
Gl b g WY oMS il el Loyl s 48 Y LuMIS
B /Y o R polie 045 0 ol |y 3 0)93 Jgbo oo
o NSE o «/-¥82 b +/-¥8Y 450 NRMSE -/a8-Y
o YL oSles Jio dw v caol </A24Y B /252N
e il )50 Jae 90 4 s St Jo ol cimd o
o5 ol 5 s (oiloand o] blg g 3,0 lamesls b
e 4y Gl 5 g s 43 0300 b U

Sl Lulyd bl Baas 48 Y 5 VY ) gla M8 )
239 Jsb Rl b it 15 0)93 Jobo 5 CudlS o) ka5l
dgre o Jde €83 g (rexd By pSs pilhe (Jgarme A3
< JRAAY B /AAYR y R? palie da oS ol 55 ol aidly
G +/A8Y4 50 NSE o «/-¥F¥ b -/-)\) 0 NRMSE
OVl lomen pow ape lalaraiz Jao )l )15 </A3A0
5ol M | Stz o Lol s o iyl 1, (o )lol
3 SIdeer (S S g )b S sl 93Sdes
wonl Jod b8 (oylol a5 5l an 31 aangS o sl icawlio
355 il 4 B Sloj ey I g3980me i 3 Lo Lol
Al me28  J

Laye g il A 093 Jobo &S TV 9 YV ) (gla XS 5>
@ Jie A pp > s )5S Srdye g o Bble b
b -/2aYY e R? polie dawdS ol 3wy e Sl
ow NSE o «/:¥8+ 5 +/-+¥F 4u NRMSE ../a2aA
b Jde 555 Hlows 3ollas odimd ylis 45 Cawl +/A2AA L < /22T
Coge Ady 0y90 Job yiuljel bl e sloanlie (glaesls L



Sl ol slajye olmly b apalye 3 g ST slaams 5
g o0

OB g 5 @b Sl
13 corblio S35 4558 gt 45 150y pel Wlia ) B K
S0 gl gl g Cllae Ll 5 (55 jogad

b @l
il g B o Syt e Cola 55 it (St
W03,55 el y dllas oyl

Lodld 4 ow gwd
ol o &) i pio > gl g SleMbl don

OB g g5 o 5lo
sl als] oo o tgloj] plos 630518 Lo 3 ) g) ki 35
i a gl e (gl 4t
2l S 5 55 g (gl (ad (Bye 1093 DMk g9
5 Sialin G (Plb (Jliasl JB iogu bk gl
Ao oles ol @l aled s pialel o)l
2ol s ey Bl aomallus 1o,la dx gl
@l ol o epiilej]

as deosly adgl s oly sl le) oy s g
Ao ol dseud gy

R

Copde SIS I3 S e 4 paS 5l (il e
U5 Ol Gpas gilwai 5 syl laaibols siaden
dawgd Bua b yols el )b (o pely Cuenl (6550liS
ladizg 2 puiS (x5 gl S5 2pglp lp (ol sla e
bl 2 onn ol @l s plnl ) ledS9 ST (Sen
5,8des 45 by Lis NSE g NRMSE R? (gLl (gl jasls
obeS 3 pow iy lalordiz g (S (Sitnd Jio 4w 2
g ashs J3 agllas Jluw gaw )3 5588 (£ly) GlawNS
G ey b Jb o pl bcwl jbhysp oYL ey g Ll
aw Sitacd Jaa 0lS 03y (Soiddm 5 (Soj Oluogad
B9y b Jol8 3lli 5 (sS9eSow S5 Lo > @ (o yelil
93 4 Copmd by 0)93 JS' Jobo )3 3y s (no8 Ol yess
9 oS ladie By Juo ool D) o5p K> e
WSyl (538 0,8 Sloj dlald iz jo a5 (lalon s
ey 4 A5 0590 kgl Bzl 1) el ol 5l Al L,
coimg s oyl 5 0l &1l ela Jae 1 edlatnl b a8 oo (g jlwand
sloaing 5 5 45) 0y93 1 dlad o o 1y paS 5l lgiee
5 ddsio  owlidlon (slaodly 4y L5 oy auiS coulBl caliseo
B b wibgempeig—gl o )liliwl dolee ol Clul>es
ol oliyaely 5 ()l 43,09y cnl d9ed gt (VL
I e g oloj (n peS Bpo g (B GBI (S L B amd e
8 olel Gty dgm g 03] 059 1y Jpame
Mk (655LS 385 5 Ol B (690 00 Glal3E] e 3 30

Wyl )5S Siddas 9 Suis bl
2 atblnog sloJao )l (Shy Y 5)l] <5 5 09Me
sl ol 03,208 oorldl 55 L ] (s pdy sl gy ()
wldang (p)logd (Al p (e S dnpin 4 25 L
O9iS (ol Sy (18 Fp)S g aliobl Ngy p e

&55‘.:)..@ 9 ,Sw”"
e e % wm. . e . 39 )b ((Soiddamn cunle > 4 S Jao gla el b
Ol o&isly 511y 0g JIhyu8 g S5 Colpe By o . C i .
Wlel hyaebp sy by )lpl ploie @ oSl (S8 bl
Refrences

1- Ahmadaali, K., Ramezani Etedali, H., and Pourmohseni, A., 2019. Estimation of crop evapotranspiration
and water requirement over different agro-climatic conditions (Case study: Qom province). Iranian
Journal of Irrigation & Drainage, 12(6), pp.1448-1462. (In Persian).

2- Ahmadaali, K., Eskandari Damaneh, H., Ababaei, B. and Eskandari Damaneh, H., 2021. Impacts of
droughts on rainfall use efficiency in different climatic zones and land uses in Iran. Arabian Journal of
Geosciences, 14(2), p.126. https://doi.org/10.1007/s12517-020-06389-1

3- Ahmadaali, K., Liaghat, A.M., Heydari, N. and Haddad, O.B., 2013. Application of artificial neural
network and adaptive neural-based fuzzy inference system techniques in estimating of virtual
water. International Journal of Computer Applications, 76(6). https://doi.org/10.5120/13250-0715

4- Ebrahimi-Pak, N., Tafteh, A., Hosseini, N., & Keykhaii, F. 2022. Water requirement system (Samaneh
Niyaz Ab). Soil and Water Research Institute. http://niwr.ir (In Persian).


http://niwr.ir/

5- Fischer, G., Shah, M., van Velthuizen, H. and Nachtergaele, F., 2006. Agro-ecological zones
assessments. Oxford: Eolss Publishers.

6- Hajirad, 1., Ahmadaali, K. and Liaghat, A., 2024a. Evaluation of Nonlinear Growth Functions in the
Description of Leaf Area Index. Iranian Journal of Irrigation & Drainage, 18(1), pp.173-184. (In
Persian)

7- Hajirad, I., Ahmadaali, K. and Liaghat, A., 2025a. Crop yield and water productivity modeling usin
nonlinear growth functions. Scientific Reports, 15(1), p.30087. H
16096-0

8- Hajirad, I., Ahmadaali, K. and Liaghat, A.M., 2024h. Mathematical Modeling of the Evapotranspiration

of Common Crops in Different Latitudes of Iran. Iran-Water Resources Research, 19(5), pp.51-61. (In
Persian). _

9- Hajirad, 1., Ahmadaali, K., Liaghat, A., Pourgholam-Amiji, M. and Collins, B., 2025b. Logistic
Modelling of Silage Maize LAI Dynamics Under Different Irrigation Regimes: A Strategy for Optimizing
Crop Yield. Irrigation and Drainage, 74(5), pp.2267-2278. H

10-Jonsson, P. and Eklundh, L., 2002. Seasonality extraction by function fitting to time-series of satellite
sensor data. IEEE transactions on Geoscience and Remote Sensing, 40(8), pp.1824-1832.

11-Naorem, A., Jayaraman, S., Dang, Y.P., Dalal, R.C., Sinha, N.K., Rao, C.S. and Patra, A.K., 2023. Soil
constraints in an arid environment—challenges, prospects, and implications. Agronomy, 13(1), p.220.

12-Neamatollahi, E., Bannayan, M., Jahansuz, M.R., Struik, P. and Farid, A., 2012. Agro-ecological zoning
for wheat (Triticum aestivum), sugar beet (Beta vulgaris) and corn (Zea mays) on the Mashhad plain,

Khorasan Razavi province. The Egyptian Journal of Remote Sensing and Space Science, 15(1), pp.99-
112. &

13-Pereira, O.C.N. and Bertonha, A., 2019. Modeling accumulated evapotranspiration over time. Water
Chemistry, p.69. d

14-Pereira, O.C.N., da Costa Periera, P.V., Bertonha, A. and Previdelli, 1.T.S., 2018. Longitudinal data
analysis of stevia rebaudiana evapotranspiration according to water levels. Brazilian Journal of
Siometrics, 36(4), pp.791-801. RS E0TO1GTA0RIOBRGBAGTAT0S

15-Pereira, O.C.N., Suguiura, T.P.D.S., Pereira, A.P., Bertonha, A. and Previdelli, 1., 2019. Analysis of
lettuce evapotranspiration across soil water. Natural Resource Modeling, 32(2), p.e12197.

16-Pinheiro, J.C. and Bates, D.M., 2000. Mixed-effects models in S and S-PLUS. New York, NY: Springer

New York. https://doi.org/10.1007/978-1-4419-0318-1

17-Rahimi, J., Ebrahimpour, M. and Khalili, A., 2013. Spatial changes of extended De Martonne climatic

zones affected bi climate chan(I]e in Iran. Theoretical and applied climatology, 112(3), pp.409-418.

18-Ramezani Etedali, H., Ahmadaali, K., Gorgin, F. and Ababaei, B., 2019. Optimization of the cropping
pattern of main cereals and improving water productivity: application of the water footprint
concept. Irrigation and Drainage, 68(4), pp.765-777. &

19-Shiri, J., Nazemi, A.H., Sadraddini, A.A., Landeras, G., Kisi, O., Fard, A.F. and Marti, P., 2014.
Comparison of heuristic and empirical approaches for estimating reference evapotranspiration from
limited inputs in Iran. Computers and Electronics in  Agriculture, 108, pp.230-241.


https://doi.org/10.22034/iwrr.2023.183123
https://doi.org/10.1109/TGRS.2002.802519
https://doi.org/10.3390/agronomy13010220
https://doi.org/10.1016/j.ejrs.2012.05.002
https://doi.org/10.28951/rbb.v36i4.306
https://doi.org/10.1002/ird.2362
https://doi.org/10.1016/j.compag.2014.08.007

20-Tolomio, M. and Casa, R., 2020. Dynamic crop models and remote sensing irrigation decision support

systems: A review of water stress concepts for improved estimation of water requirements. Remote
Sensing, 12(23), p.3945. HpSIGGTGRG/A0 SAOOIEI2933945

21-Van Wart, J., van Bussel, L.G., Wolf, J., Licker, R., Grassini, P., Nelson, A., Boogaard, H., Gerber, J.,
Mueller, N.D., Claessens, L. and van Ittersum, M.K., 2013. Use of agro-climatic zones to upscale

simulated croE ‘ield iotential. Field crops research, 143, pp.44-55.

22-Yu, H., Huang, M., Zhao, T., Wang, J., Li, Z., Chen, D., Li, P., Luo, Y., Wang, H., Jing, Z. and Mou, D.,
2022. Analysis of agricultural production potential and enhancement strategy in the Qaidam Basin based

on the Airo-EcoIOﬁical Zone method. Frontiers in  Environmental Science, 10, p.908888.


https://doi.org/10.3390/rs12233945
https://doi.org/10.1016/j.fcr.2012.11.023
https://doi.org/10.3389/fenvs.2022.908888

EXTENDED ABSTRACT

Development of Mathematical Models for Estimating the Water
Requirements of Wheat in Homogeneous Agroclimatic Zones

M. Kazempour?, E. Fazli?, K. Ahmadaali®", A. Liaghat* and I. Hajirad®

1-Department of Irrigation and Reclamation Engineering, College of Agriculture and Natural Resources, University of Tehran, Karaj,
Iran.

2-Research, Soil and Water Research Institute, Agricultural Research Education and Extension Organization (AREEO), Karaj, Iran.

3"- Corresponding Author, Department of Irrigation and Reclamation Engineering, College of Agriculture and Natural Resources,
University of Tehran, Karaj, Iran. (khahmadauli@ut.ac.ir)

4-Department of Irrigation and Reclamation Engineering, College of Agriculture and Natural Resources, University of Tehran, Karaj,
Iran.

5-Department of Irrigation and Reclamation Engineering, College of Agriculture and Natural Resources, University of Tehran, Karaj,
Iran.

ARTICLE INFO TO CITE THIS ARTICLE:
Article history:
Received:
Revised:
Accepted:

Available online:

Keywords: Mathematical
modeling;  cumulative  water
requirement;  growing  period
length; evapotranspiration;
planting date.

Abstract

With the rapid growth of the global population and the increasing demand for food production,
unprecedented pressure has been exerted on limited water and soil resources. This challenge is
particularly critical in arid and semi-arid regions such as Iran, where efficient and intelligent water
resources management has become a vital necessity. The main objective of this study was to
develop and evaluate mathematical models for estimating the cumulative water requirement of
wheat as a function of time within homogeneous agroclimatic zones at the national scale, in order
to provide a simple yet accurate tool for irrigation planning. To this end, water requirements were
calculated using data from the National Crop and Orchard Water Requirement System based on
the FAO Penman-Monteith standard equation. Given the sigmoidal (S-shaped) pattern of
cumulative water requirement changes over the growing period, three mathematical models—
namely the three-parameter logistic, Gaussian, and third-order polynomial models—were selected
and tested across 12 different agricultural classes in the country. Model performance was evaluated
using the coefficient of determination (R?), normalized root mean square error (NRMSE), and
Nash—Sutcliffe efficiency (NSE). The results demonstrated that all three models exhibited very
high accuracy across all agricultural classes. However, further technical analysis revealed that
despite their comparable statistical accuracy, the logistic model is more practical and suitable than
the Gaussian and third-order polynomial models for continuous modeling and estimation of
cumulative wheat water requirements, as it preserves a physically and biologically meaningful
form throughout the entire growing period. These models enable accurate estimation of water
requirements at any time interval during the growing season and represent an effective step toward
achieving sustainable agriculture and improving water use efficiency across different regions of
the country.



Introduction

Population growth and increasing food demand have intensified pressure on limited water and
soil resources, particularly in arid and semi-arid regions such as Iran (Naorem et al., 2023;
Neamatollahi et al., 2012). Sustainable agricultural production in these regions requires efficient
water management and improved irrigation planning. Agroclimatic zoning provides an effective
framework for identifying homogeneous agricultural regions based on climatic and phenological
conditions, thereby supporting optimized agricultural management (Fischer et al., 2006; Van Wart
etal., 2013).

Evapotranspiration is one of the most important components of the agricultural water balance
and plays a critical role in estimating crop water requirements and irrigation scheduling (Ahmadaali
et al., 2019). Although the FAO Penman—Monteith method is recognized as the standard approach
for estimating evapotranspiration, its application requires extensive climatic data and complex
calculations. Therefore, simplified mathematical models with fewer input wvariables are
increasingly needed for practical irrigation management.

Previous studies demonstrated that nonlinear growth models such as logistic and Gaussian
functions can effectively represent biological and agricultural processes (Hajirad et al., 2024).
However, limited studies have focused on modeling cumulative crop water requirements as a
function of time within homogeneous agroclimatic zones. Accordingly, the present study aimed to
develop and evaluate mathematical models for estimating cumulative wheat water requirements
across homogeneous agroclimatic zones in Iran.

Methodology

The study was conducted across Iran using data from 790 spatially distributed locations
obtained from the National Crop and Orchard Water Requirement System (Ebrahimi-Pak et al.,
2022). Crop water requirements were estimated based on the FAO Penman—Monteith approach
using meteorological, phenological, and soil datasets.

Iran was classified into 12 homogeneous agroclimatic zones according to planting date and
growing period length for wheat cultivation. Within each zone, cumulative evapotranspiration
(CET) values were averaged during the crop growth period.

Three mathematical models, including logistic, Gaussian, and third-order polynomial models,
were selected to simulate cumulative water requirement trends because of the observed sigmoidal
behavior of CET over time. Model performance was evaluated using coefficient of determination
(R?), normalized root mean square error (NRMSE), and Nash—Sutcliffe efficiency (NSE).

Results and Discussion

The results showed that cumulative evapotranspiration of wheat followed a nonlinear sigmoidal
trend in all agroclimatic classes. At the early growth stages, CET values were low, followed by a
rapid increase during the middle growth period and stabilization toward the end of the season.

Agroclimatic classes with earlier planting dates and longer growing periods generally exhibited
lower final CET values because of cooler climatic conditions. Conversely, warmer regions with
delayed planting dates showed higher cumulative evapotranspiration values due to increased
evaporative demand and longer effective growth durations.

All three models demonstrated high predictive performance across the agroclimatic classes. The
statistical indicators showed high R and NSE values along with low NRMSE values, indicating
strong agreement between observed and estimated data. The polynomial model often produced the
highest statistical accuracy, whereas the Gaussian model showed acceptable but relatively limited
physical applicability across the entire growth period.

Among the evaluated approaches, the logistic model was identified as the most practical and
biologically meaningful model for continuous estimation of cumulative wheat water requirements.
Its sigmoidal structure successfully represented the temporal dynamics of evapotranspiration
throughout the whole growth period. These findings are consistent with previous studies on
nonlinear growth modeling in agricultural systems (Pereira et al., 2018; Hajirad et al., 2024).



Spatial analyses also indicated that the model parameters reflected Iran’s climatic diversity
based on the extended De Martonne climate classification (Rahimi et al., 2013). The developed
models effectively captured the response of wheat water requirements to climatic gradients across
the country and may therefore be useful for future climate change adaptation strategies.

Conclusion

This study successfully developed nonlinear mathematical models for estimating cumulative
wheat water requirements in homogeneous agroclimatic zones of Iran. The results demonstrated
that logistic, Gaussian, and third-order polynomial models all provided highly accurate estimations
of cumulative evapotranspiration. Although the polynomial model showed slightly higher
statistical performance in some agroclimatic classes, the logistic model proved to be the most
suitable approach because it preserved the physical and biological characteristics of crop water
requirement dynamics throughout the entire growth period. The proposed models provide a
practical and simplified alternative for estimating wheat water requirements without requiring
extensive meteorological datasets or complex calculations. Therefore, they can improve irrigation
planning, enhance water productivity, and support sustainable agricultural management in arid and
semi-arid regions. Furthermore, due to their compatibility with different climatic conditions, these
models can contribute to future irrigation management under climate change scenarios.
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