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This study aimed to assess the sensitivity of rainfed wheat yield to climatic indices over the
period 1990-2023 across three representative stations in Zanjan Province, Iran —Zanjan,
Khodabandeh, and Khorramdarreh. The Extreme Gradient Boosting (XGBoost) algorithm,
interpreted via SHapley Additive exPlanations (SHAP) values, was employed to identify the
most influential climatic variables and to determine their optimal and yield-limiting thresholds.
The methodological framework integrated four key approaches that have been seldom
considered simultaneously in previous research: (i) estimating the length of the growing period
(LGP) based on updated FAO guidelines, (ii) aligning climatic data with the actual crop
growing period, (iii) focusing on the temporal distribution patterns of climatic indices rather
than solely on their cumulative or seasonal means, and (iv) performing interactive and
interpretable climatic analysis. The results indicated increasing trends in both yield and LGP
across all three sites, although the LGP trend in Zanjan was statistically non-significant (P >
0.1). SHAP analysis revealed that moisture-related variables were the primary determinants of
yield in all sites. Specifically, effective rainfall (ERGP: 1.8-2.9 mm/day) in Khodabandeh, the
number of precipitation days (N_pr"GP: 4-31days) in Zanjan, and uniform rainfall
distribution (URGP: 11.2-31 mm) in Khorramdarreh emerged as the most influential positive
drivers. Conversely, yield limitations were associated with shortened growing periods (LGP:
50-68 days) in Khodabandeh, poorly distributed rainfall (UR/ER: 5.4-10mm) in
Khorramdarreh, and a low number of precipitation days in Zanjan.
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EXTENDED ABSTRACT

Introduction

Rainfed wheat (Triticum aestivum L.) in semiarid regions is highly sensitive to climate variability, and extreme
temperatures along with changing precipitation patterns threaten its yield. Accurate analysis of the climate—yield
relationship, identification of key influencing indices, and determination of optimal and limiting ranges for rainfed wheat
yield are essential. Many previous studies relied on annual or fixed-season climate averages, which overlooked actual
crop exposure during the true growing period (GP). To address these limitations, this study calculated all climatic indices
exclusively for the real GP of rainfed wheat across three major production districts in Zanjan Province, Iran (Zanjan,
Khodabandeh, and Khorramdarreh). The objectives were to: (i) identify key climatic factors driving yield variability, (ii)
determine their location-specific optimal and limiting ranges, and (iii) provide actionable insights for targeted adaptation
strategies.

Materials and Methods

This study aimed to assess the sensitivity of rainfed wheat yield to climatic indices over the period 1990-2023
across three representative stations in Zanjan Province, Iran — Zanjan, Khodabandeh, and Khorramdarreh. The Extreme
Gradient Boosting (XGBoost) algorithm, interpreted via SHapley Additive exPlanations (SHAP) values, was employed
to identify the most influential climatic variables and to determine their optimal and yield-limiting thresholds. The
relationship between key climatic indices and dryland wheat yield was evaluated using this advanced machine-learning
model. The research methodology comprised four main steps: (i) estimation of the length of the growing period (LGP)
based on the updated FAO guidelines, (ii) aligning all datasets with the actual plant growing period, (iii) analyzing the
temporal distribution of climatic indices, and (iv) performing an interactive and interpretable climatic index analysis. This
approach enabled the identification of location-specific key variables, quantification of their optimal ranges, and improved
understanding of regional yield variability.

Results and Discussion

In this analysis, the influential variables for each region were identified, and their optimal and limiting ranges-—as
well as thresholds—were quantified, providing clearer insight into the drivers of yield variability at the regional scale.
Across all three study regions, both rainfed wheat yield and the length of the growing period (LGP) showed increasing
trends; however, the trend in Zanjan was not statistically significant (p > 0.1). At the regional scale, correlation analysis
between yield and agro-climatic indices during the growing period indicated that moisture-related indices were more
strongly associated with yield than thermal indices. This pattern was consistent with the XGBoost-SHAP results, which
also highlighted the predominance of moisture variables in explaining yield variability.In all stations, the number of
precipitation days (N,?f) exhibited the highest positive correlation with yield. Neither thermal indices nor LGP were
significantly correlated with yield in Zanjan or Khodabandeh. By contrast, in Khorramdarreh, mean minimum
temperature(T _min*GP, r=0.52, p<0.01) and mean growing period temperature (TSE,,,r=0.37,p<0.1) were both
significantly and positively correlated with yield. The XGBoost—-SHAP modeling outcomes broadly agreed with the linear
correlation analysis, although differences arose in the ranking of dominant moisture related indices.This integrated
approach identified effective rainfall (ERcp =1.8-2.9 mm day™; mean daily rainfall during the growing period;
threshold: 1.8 mm day™*) in Khodabandeh, the number of precipitation days (N, =32-42 days; threshold: 32 days) in
Zanjan, and the uneven rainfall index (URgp >9.0 mm; hreshold: 9.0 mm) in Khorramdarreh as the primary
determinants of vyield. Moreover, ERgp=1.8-2.9 mmday™ in Khodabandeh, optimal rainfall distribution
(UR/ER(GP) = 10.3-12.4), and optimal mean temperature (TSE,, =9.0-9.2 °C) in Khorramdarreh emerged as the most
influential factors enhancing yield. Conversely, shorter growing periods (LGP = 50—68 days) in Khodabandeh, uneven
rainfall distribution (URep =1.1-8.7 mm) in Khorramdarreh, and low NjF=4-31days in Zanjan were the main
limiting factors.

Conclusion

This study demonstrated that rainfed wheat yield variability across the three regions is driven by a limited set of
agro-climatic indices, each with distinct optimal and limiting ranges. The identified thresholds —such as ERcp, N/, and
URcp—revealed that yield responses are inherently non-linear and threshold-dependent, which is a pattern clearly captured
through the machine learning framework enhanced by SHAP interpretation. These findings highlight the necessity of
region-specific management strategies that align planting and water resource practices with the identified optimal climatic

windows, thereby improving resilience and yield stability under variable climatic conditions.

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
sectors.

Authors’ contributions

S. Asgary: Gathering the experimental data, Data curation, Software; Methodology; Investigation,
Conceptualization, Methodology, Writing-Reviewing and Editing, Formal analysis, Analyzing the experimental data, *Z.
Aghashariatmadari: Supervision, Investigation, Conceptualization, Methodology, Analyzing the experimental data,
Validation, Visualization, Writing-Original draft preparation, Writing-Reviewing and Editing. All authors have read and



3 Sensitivity analysis of rainfed wheat yield...

agreed to the published version of the manuscript.All authors contributed equally to the conceptualization of the article
and writing of the original and subsequent drafts.

Data Availability Statement
Data available on request from the author.

Acknowledgements
The research was supported by the University of Tehran. The authors would like to express their special thanks to
the vice chancellor for research affairs.

Ethical considerations
The author avoided data fabrication, falsification, plagiarism, and misconduct.

Conflict of interest
All authors declare that they have no conflict of interest.



YAPY—YFYY Ll 1 0 low <Y 0,99 ¢yl 91 S g T Wliniens alxo
Homepage: http://ijswr.ut.ac.ir

Cilo (6 55 0L, Jow jl ooliiwl b coudBl sl a5 L 4y Connd 1.0 pusS 8 ySloe Comwlus Judxs
ol oliwl (6980 axdlao (pudBl joii byl s Cxi XGBOOSt-SHAP &y pnid

= g laciay p 5T 1525 (g s olmas
Ol @S ol ol gl qlis g (55y5liS HEASLIS ((55,5LiS 0aStils ¢ SIoLT 5 (gl (guaige 09,5 )
sajjadasgary@yahoo.com :4ebl|,
olSils xalo mlis 5 (555l AL ¢35l oaSitils ¢ lobT 5 (g )kl (quoiigs 09,5 ¢ Jiume odinys ¥
zagha@ut.ac.ir :asbb!y .l 0l oz S o)) 05

ouuS> Ao wledb!
WP laglo (b (ool slogasls 4 o pasS o Sloe Sl Llow Saa b (ragh o0 g Ulis :allio £
Oeole (6,50l Jow 5l ebaie cpl (sl ol lexil 0,0 15 g cailas (ol oKyl 4w 0 VLY L
B ayo,5 colatwl SHAP (6558, ynis oo 4931 ol yon 4y (XGBoost) Extreme Gradient Boosting VECFIEN el e g,
38kae p lapl oaniSogame 5 ang ool 5 lalid NS ,8b adldl slagasls (o pge VECFANY 16,855k Gyl
ool iy 0y99 oo sl o wd (s i3 ez o gy (swlidioby, Wsd e VEFNVA G dy G

oy &y Olypass Jlog wlS o, 8lg 0,90 L ools 3ldail FAO oalsjs,ar Jasdl)siws VE D (2,9,8 1Ll & ,U
aw yo ool Hlid mls . el glo sl 0y ends g (el Judos plol g cenldl sla oL
Sh 5l ol s aby 0,90 Jab wig, Lol il caulidl aigy 0l 0550 Job g paiS o Sles cadlaie
Ormtes gk, b e sl paie oK) aw jo 50 (izeaP >0.1). ) 90 jls e L;)chl

olawi ey ;o ERGP) ) yige ()L caislas ;0 a5 (g,9b a4 cdings o ,Slos 00iiS (yui slo oLl tgoals glaosly

b el 3 0938\ LwlURGP) ) (531 (6 lg0als a3li 0y0 05 50 gN_PIGP) ) (3L slas, (FAO) o) 0,95 Job
Ur/Er (GP) <12.4) 2 \V-.¥) o, aie @95 « eaislas ,oERGP <2.9 mm/Day) = V,A) Jse ¢ Pge byl
Sl sla mli o5 SeeT  mMean™GP < 9.2 °C) 2 ) aigs Sk slod g 0,0 p> 4o g,
ook el #3595 « camslas DLGP <68 Day) = 0-) o 0,90 Job (2UsS hlie j0 o Sles (b &9
N_pr*GP <31 Day) = ¥) o5 o)L slojg, olawi g0y > ,0URGP <87 mm) > ),)) oile 5,50k

dad Ll acysgacme (e Olyied: ol

650k Jao 3l oolinl b (corddl (gla o li 4 Cod @20 paiS 5 Slae ol Lo (VF20) 25 15 laaiin p2BT colmas 16 S :olial
A=Y i) OV ol ST 5 o liiind almo oy Gl (650 aslllas auldl i Lyl s cos XGBOOSt SHAP 18, i (pile
https://doi.org/10.22059/ijswr.2026.401180.670000

E— RACACIRE ) s oEtils S Lail aho 1,50

DOI: https://doi.org/10.22059/ijswr.2026.401180.670000



mailto:sajjadasgary@yahoo.com
mailto:zagha@ut.ac.ir
https://doi.org/10.22059/ijswr.2026.401180.670000
https://doi.org/10.22059/ijswr.2026.401180.670000
https://creativecommons.org/licenses/by-nc/4.0/

[ e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy

doddlo
5 WS oo o] Sloz (2 Coial (el 50 oot slomm (285 ez DM (2 ipeten S| (S Ol 4 pAS LS oy 4 ems el
5 0SS OY game o o (Xue etal, 2019; Li et al.,2023) sjlu o o21,8 1) oz Corez ao )0 Fe a4y o3 Lol slic
38 Ol @lig; (Byae s aals 0 (0o BV B F0) oz g5 b5 s Jgazma (l 5 0392 w0 D90ty 598 i LS 5
(\f’ \ ‘LS))jL“‘S .bl.e‘? Q)l)a AY.Y ‘Q‘)"‘ )Lo—l )SJ.A)

JB Jpame 2 15 Sla Sy 5 40,50 Copde laghs, ooaldl slaasls fgz (e 3B Cod el DY
byl b cod o pasS o Sles Coslas Ll Liwly cpl o . (Ashfaq et al., 2024; Van Klompenburg et al., 2020) »,.5 .o
wa> 5yl38 4 axg L. (Ashfag et al., 2024) el Sl cond8l Ol s saie Ol 1 2ol 5 (65,0laS (Il (sl o8l s
ol pod (505 Coabadane b ooy ] conldl slogs liw ,o )b S5 g Sy slagSIl (IPCCLARG ,2021) o8l o5 Jgollip ctn
69> Ollug o Wiy oo @m0 pasS 8 ,Slas 5 50 o yiio @ )e5 0950 40 ohgds (unhdsac pl (He etal., 2013) wil oo
Ol s ) Comnd 120 (6,9l a5 oo lis > Jlods <o o Huetal. (2025) slaassl ogs olde cosel Gugs g 0, Sles jo
Hobds i Sgue | 0 Sles g 00,5 o 1) ol )F saie Ol 3151 s el ol 5L yial38l g 0l (6 pien Coanlus S35
5 0als paiS o Slos azgi BB Jlopo Sllug g cVWlo (5,L 6651 jo Ol sy a5 wis )57 5 155 Liu et al. (2024) aliw
S¥es 55, 2 Sz v 5 2518 Glaslllas rizren SIS o0 sl Jgame 0B, Gl Jle o 1) giie T in i
Sl & Slas Quﬁjﬁ)\.&fﬂj;{: Jole oy e (5,b Sloy Dl pmss a5 0ls Lis [5iS QY 0 VAAZ B VADY Sloj o3l jo oo pus
w20 poiS o Slos  Susb, Jelge (a5 Sbj)l 50 45 aiS e 0uST susite ele Galed (ggeze 4o .(Mulye and Singh, 1991)
e ol Slaat Ll (Jlee ;5 Wl oo 9 0590 Jsbo 55 (5L Sloj mie a1 (BB )L (e e Bro S 503
);ls).a Lo 5 i,b pubas condBl slo yiiio a5 Conl (659,00 0, Shos Sl Jdow )0 oo SllaxDo Koo 5108 Ll oausS (yss
n.\J)L.\J Js.»a.?bo .))S.Lo.c » p.».w )J‘ M) 0,99 )‘ )JI)S GA.JB‘ dlhua}Lw ‘).:) ‘.\.:9....; ML?LQ OLS ..\.w) (.?'3‘5 0,99 Jj.'a QuL..u‘
(Zhang et al., 2025; Elsayed et al., 2025)

Srp ool 8ol e s g, a5 was o lis siegh waled awlees Jdod 6l Jow obsl asy o
5,Skes (ANNY' egian cac sloaslss 3 RF) Solay JKix> oyemen olapi, 68l i)l das slo Jow 4 cas >3 b6
5 oduzy Hales il Joe g olelis o oyl SUlgs 51 5B g5 cnl &S wilosls ylid pasS o Slas o i ;0 (65580
ol ,o (Lietal, 2024; Lietal., 2025) cowl oL o, sloanl b g 5505l tovw sl asli « od8l slopiie Lo a3 2
CBS (pguspo Cusle (650 slap )55l 5l (g ks 5 ot slo o 4 Cas XGBOOSE' Jows a5 wilesls ylas sl Sladllas ¢ybe
S erSore b Jae nl ol wimo e it (ooelBl Llpd 0 g in oIl g ansls puiS S Shee i 0 6L
GSL»LW &Jo )9.1044 ‘) &.J?M \))S-LQ.C 9 u,_o.»lﬁ‘ (_gl.QuaDLw O GE},..C 9 o\.\w (_gl.m;wu‘ﬁ Sl )\)B sul.n)‘)f (_g‘)LMJA.H.QA
4 Ay (POCued| g5 0 patienis Ol Hlulis ;o XGBoost Ulys .ass rals g lolias IS0 a0 1) o iy slas 5 00,5
arwgs o3l slo Jls b (Liuetal., 2024; Moreno Sanchez et al., 2025) cwl oo 5,155 o1 (5550 BYo o e 5l o S5g
GA.J.‘?‘ ‘SLQ:)M @&A 9 QS’LA) u‘).'l )J&é\) o 4...».45) sg.)b\.m.b.l.v GA.JB‘ uLC)Lb‘ L 6...;)....».5 u...t‘).‘!‘ 9 oé‘\) » G».A.».A 6[.QLJ|.\.A
2,5 o Lal 1y 13 o lae lei co a5 e ol o Gllllas .l 00,5 pal 3 1) paiS o Slae 5

el (o9, g ANN Joo 5losliinl b g3 50 (515 (65 90lead (31 o alliogs aalllae S5 50 (VFA7) ()Ken 5 (Sloers
Sloy ol yo b Olpss a5 ol lis bl aiS ey o paid o Sles 5 Jhe Lol else slols 4 Hill colus
o Ls @ oL Oless cpl o)l olep eogicans g ails o Slae Dl s o 10 (GloaiuS el 15 0l Jad Job o astie
ok Sl aie Comel aS aiildS o L;.u),.sb 0, Slos 5 0l 0,90 Shb 5 Sl o i jo aslh al; Slal sleaas
w3 oo LaS lees bl sl 4Vl ()1 ggemme LS 0,

1. Random Forest
2. Artificial Neural Networks
3. Extreme Gradient Boosting



1FPeB (3335958 ) oslos BY 0390 (3l I S g T Wligizs $

o9l el ool alge JL{IPHIAVES b e )5y Joe b g aeaily ol slaosls 1 eolaiwl L Yousefi et al. (2024)
Jeloar S bl )3 a5 sl Las gl (nl @S 53,8 (o) 2 1) ;58S At GlaelBl 13 mas 92 g puiS S Shee Lo
allns ¢l ol 53l 3okt ool 50 0 Shas s ey (sl Jbo 85 (rimad 5 il go lS 3 g 3 Shae a8 S5l
ol 13 aST 550 1y adss oyluly 6l 5 (65 ,5leS Sy e 4o ol Ll 4 4z gl Cooal

olastis g eew S, 9 RF XGBoost b e il 680l ey 651 51 eolawl L Moreno Sanchez (2025)
g ooy asle alax 5l ey b e 5 j90 Sl o sresls oS 5 L el s ST o s | paiS ails o Slee (SVR)
B> apgh ol elel o)l 6y i XGBoost 55 e Jow a5 ols lid bl aassle, gildane 4 00g8 Cons
XGBoOst !, slapi ;s plo 5 s slaJoe b aalio )30, Joo s Slos dgu4s ;5 (sotee (15 oS (sorlil (gl yonie
Wl las 1y o psieaiz Ol olulid jo 55 Sblgy ¢ YL cds

5 S0bol Lasls 5 e Camlas Judow 5 (650,00 b 1) paiS o, Shae p coldl s pdu s 56 Xu et al. (2025)
SlgSa o ls oYL Colus SulnS 5 D GYsb slo JLSis a4 puiS a5 sl lis bl ws,S7 b, XGBoost 2 5
DaeolisS cond8l slo i a5 Jb> j0 ans oy 1) 0 Slee SasSTy 5l a0 ¥F cudily oleas Sowaidy o)L asls oS
(Slo 5, 4 Capms 8 s sy 85 s, ol 15 XGBOOSE yy s 8 a5, 30,8 cyness |y oailaily 5l s sm 90
D (e paiS Adgi 13 ulS el Glaatll Qlulid sl et )08 (o ezl S plgrsas g ols wil] (ot

«5 5 5 (RF (SVR) >, 4 (LASSO (Ridge) oz  yile 5,500 slap ;63 51 5,50 40 L Haseeb et al. (2025)
Cowilys YL C8s LRF ez ,e Jow ol lis gl asizls py aibins paud o Slos  gio im0 ¢ soalBl 5 5905 i slaosls
&S Jo o canils s jo 1) Cawsl o iy SPEL g GNDVI glo o lis g ouS™ Sluliss 1) b asls o oauomy Odlss
Bl 5 Shoe Sl 58 oS Lo mio ob Sy g Lo b Lo pe (sl oo
Sial38l 31 glasbin] g )5y (Bg,y 9 sl 8 e slasslwand 5l s uSe 0 b Sla> adllas G 4o Liu et al. (2025)

5 osba Led alidl a5 ols lis gl \wo S (cwyp b 5 9)3 @n S ol (550l Jgame (naiz 0 Shes ) Lo
Vol pasS sl sl se (5 in Dl Les adeine laailin] 1 e 5l o malS pl g aes o eS|, OY game o Sles
ol b o Slas souo )0 MY zalS Carge o] 5l e g (00,0 #) ralS comge a0 YIVA ailiw] 51 o Lod pogudes a0
el o8l laasbiw] 51 )38 51 s ohrgd ( Sl Liale,S 4 paiS 5 Slas YL Comlus Sl azdl

Slas,Sg) 5 (ol Slagazls I (slod S asels 5l () Raaghy s paS 3 Shes p (oeldl Sla a3 ls Sl om) 2 sl
oy Bl oo 5 i 55 St Ul i & bl 5 5ol sl o, el sla JLi o e85 o Lo
55 Je sglon ol 9 IAE,T )5 ol ansle il 4 50 oel5 SV pn 0 Shae 5 (oaclil cloyeite o (s et
15l cp i 50 3l (SO olgieds o patiadis Salas Glolid Colild 5 ¢ pstie a8l bl 3 50 (gl YU 8o JJs 4y XGBoost
el ool ALl pasS o Slee  So i 5 Camles Judos o

Lalg, wlaiuslyy XGBoost .l cpile (5,.50L (i sl gy Wiz 2 a5 aas oo lid 3| Olalllas jg,0 cfgazms o
555y ez olajon ples] Ll il ST (5 3L <8 L 1, c¥pmmme 3 Shac 5 (sanldl sloals oo Jlie Sl 5 o ué
UEWA

(FAO, 2021; FAO, 2024) 55 003,45 sla Jeadjgiws 4l 5 (LGP) a ) 0,98 Jobo 0,915 (1)

olS al, ox8ly 0,90 b sorBl slosls by 3lail (V)

2y b s 55 melil sl a3t o) 8 Sl Lo (1)

SHAP (5 iy ceess sy 5 XOBOOSE o1, )5 SaS'ty (sorll (sl a5l s 5 JLelas 5,1 ()

55l o8l,8 Ul o Slac 0083 00m0 Jelse 5 arste (Sl i (sl ol o 5 3235 e USs g2 lz il o
b ol g bl (ol 508 sbml laab (ulidie )0 @0 paS adsi 2 50 (codldl Slaalisy 5l e S50 s 0
&S 0,509, )z Rl VTV BATFA Sloj (5090 (b pylonis bl )3 05005 g oanlad oy Sy giems ol 4w 2 35 o5

1. Support Vector Regression



v BRPUR PR UL ST PY-RCOROw IWE S W E 53 %5)""'”5‘”..)"?‘@15«5)1“"

I8 e abdliz 5 o8l Lilse 5l slasgaze 5il co iyl @Bl ool 05,8 Lo 4z LSs & g0 I, 1, eass S8
Fho polie (o e aboz 5140 mhaws 51 el 5 00 28 (lags,lsasl (> 9 (Shsby )5 sloagez 29,9 056 alaz jles )l
Olelis )| a5 glasgS ey sl 3w B 0,8 Sadans (bl o8l LI b ol oo et 4 adlate Gl porldl slo Sy 2
by SolSig] aieS olie )3 ohgay s )3 (geime SlidS crge lsaily 5 iy £ 5 Joine L (glao,s S8
Sloaigy 5l (S plyed 5 BT 0o 9 (ol Sllag )0 0k Slpeis 4 a4z b oy (bl egycnl 51OTAT) ool Jolo wigd o
o8l Ol & S Jgazme (pl 0,Slae (1iSTy b)) 9 Jelod sl conlin (sl Glnl 0 e Jleds 10 0 pasS wdg Lol

2 slse ol

13 cs““L““u“B)

L8 0590 redls g Sllao dilain

Ol bl d1) J5d @ 4z 5 b el Gl Gl 50 050 053 g oailas (ploni) Gl e dw Graghy (nl o adlllas 090 ddlate
S0 sk 5 4B V10 5 ax 0 TV L agdo VO g 4z 0 YO Jlod sla b, 4 jgame 1525 (2,8 Jlod 5 635 0 o3 )0
(o) Al g SlawnsS ddlaio g sl louy Hlwl .l oo s 5 kil hai 4235 OY gax 0 FA L 4z do ) gax o FY
S | sy sloetr Jols nn Jole 53 ) e i il ) 13 bl 3lolin lnssS i, o oo 53 454l
O woly Jole) asb oo B155085 955 5

47°5'0"E 47°30'0"E 47°55'0"E 48°20'0"E 48°45'0"E 49°10'0"E 49°35'0"E
1 1 1 1 1 1 1

2 z
5 5
i [ in
~ ~
= P
z z
o - -
= <
S S

-3 o
- o

36°15'0"N
1
T
36°15'0"N

z z
=) =)
=5 =3
2 z
in A n
“ A g ol -
z e
=4 =3
& 01020 40 60 80 &
N Kilometers | $1
- -

T T T T T T T
47°5'0"E 47°30'0"E 47°55'0"E 48°20'0"E 48°45'0"E 49°10'0"E 49°35'0"E

Al oolaiwl a8l ola st g o pasS 5 Slae glrosls 1 o paS o Sles Conlas ol jglatedy gt opl o

- iy, ol g dawgie g aieS i glalos Juld o ad8l slaools § (65,5l sloa &)l5 51 pasS o, Slee 4y bogy o slaools

(V) IS 50 50 owlidlgn glaollin! (ST, au0,5 cdl e [eaS wlbdlsn ylojle 5l 5,Slee glaosls b ,blis g Lol 0,50 5o

3ol ol sl s ilel 0399 95 ol (nl el ouls I (V) Jgozr )3 50 )bl 0y90 Jsb 5 (bl iz Sheogas

o] aw o sl (ylel 0,90 LU 5009 VYVE JLu 510,00 5 olKiis] (g0 5 VYVY Jlo 5l sanlas oKs! sl AYFR L
b o VF Y L asdllas 540

(OF41) 3y g s ) aibly 5 yind 57 slogs wluol  aslllan 350 Wooliny] puldl g o3 LSl yi> Crzigo ) Jou
(a3l by (75l030) weldl (M) gl (N) iy e (E) aledlyir Job  (sslof 0y90 Job  olfiimus ol

S ypw s Cgb o do 14.Y/- YeNne Al YYY-1f.y oadylas
O g SS Ao \PO4/f \ididd fAIBY \Yea-Vfey o)

O yw (ot SKiS dous INZVE EAR fa/7y \WYs-1f.Y 00 4>




1FPeB (3335958 ) oslos BY 0390 (3l I S g T Wligizs A

axdlae 390 (5o yuiio

(Sl e Yoz (V) Jgoz 42 4z g5 b ot oo ooliital pite Vo 5l 3 Ses Cslis Jlod (o) 0 jolate 4 aalllae cpl o
sles SlaeShe Jolts (551 slopiio 0,05 o0 H13 (s p )90 FAO (g » (e 0B 0595 Job 5 gk jiie &y
D9 g0 dmloee (Samani, 2000) ool FMol Slelw 50,5 ) (s, (bl » Jewdly 3,05 5 p8us 5 (dawgio g dwS i)
2 0,98 Job drle ady ;b 0l oo (FAO sl jotws @illae) w050 Jsb )0 b asll 5 bayusite a5 Conl medgs 4y p3Y
Dgs g0 0318 b aslol o by sle pxie g

axlla 5)50 Jyl > g gk (oSl b Ll g b puiio ¥ Jeu

ol sl yeiio by by
(e e Sl Jemily 3595 55 ET e (9 0595 Jsb 5 ailis; (o)l (peSile ) (SB35 bas s (a3l ERcp
(g a259) (Sl gloles basgie Ty b @i Syl a3l URep
(s 42,9) aa8 Sles bwgta  TEE Ok @3 Silsenl p SFES, b cod (e lh Cund Ur/Er (GP)
(ogrmbos 4z 50) ity glolos bawgie  THY, Go) RaiN=0.01 )L L ey slags, ol Nif
(e sheo) (5l Sy g o SDgp

Sy 3,5 9 ye5es 9u0y0 B0 5l G S0k o5 Sl Sloj o3l Jolao s 050 Jsbo 3(FAO) 991 igy vy 099 Jobo
39,5 oo e g ye 8355 bl lsie 4 g0 Jste ablE 5 ) 50 5T sasas olis sl @bl () S5 & 4 L sl
(Fischer etal., 54 oo (asrive Jumilly 5,05 5 yuded o y0 B0 g (o)L allale Jloges abls bl o Slag b gloj o3l ol a5
1 o0 0033 Casb, 5l e o Voo S 3k 090 0Lk 5l w45 el Sley 0k, 0,98 Hhl FAO i, Lelul 5 1998)
Al 0,90 Jsb «(Mhizhaet al., 2012) ol wgendes a2 ;0 0 5l 26S lgo sloos (1 Klo a5 obojg) ;S b o dy o
A e a5 poiS aile el EYgame 3 ,Shos b cnos 3ok BLS | )2 B L 2 (ER) (i 19iSs bid cands sl
ol 3 319380 Ja o el oLS 0l 0590 (b ailyg, bl dawgie (Ll ] dewle sl (Monti and Venturi, 2008)
el 0,90 o 0 ailje, b Sl ko a5 Wl so Cawd 4 A 0,90 slajg, Slawd ez Lb,b lade

b el #8ly Gl (S9STn Ol 31 5050 Gk s silseal a3ls 3 (UR) oyl &3¢ Sylgeal e le
LU B ez i,k sboosls blis 51 Sy alols Slas o ggamme S iz olul y (asls ol acloes il o )] o512
b O Co 1S @i 4 S 1) 00k plugl b (SaiSTy pliee (a3l (l @ly ;0 09000 plonil (231585 b3 (55, bl
L g oo g0t (3L 5T g aalss o8 o] e ail o ayer cleis alS & jgoty (5,0 ST am o Las 05 00
.(Venturi, 2007 & Monti) 54 oo oL (asli jlade wuil ol ol

039 URIER &5 4 ER asls g UR (3, o595 5,lpedl p o310 s ol asls cund o : URIER yad b
S5 URER o3l .l oo Cews 4 URER aculs b aWlo o, (SasSTy ol 5l souas asls asil )0 0gd 0 s0ls
s 03,51 FAO Su3slsST sy aiebs Joall g illas o) 0,9 Jsbo 5,51 1 0575 Silods jlages (V) JS5 s aslsl 52007

Sl

N9y Judexd

¥ o s Soess 9 (Mann, 1945; kendall, 1975) (MK) JlasS—ye (5 550l LU sloyg03T 5l 0ig,y (omryp yokiio 4 anlllan ol 4o

1. Mann-Kendall
2. Sen’s slope estimator



q e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy

oo )l g,y g dubs i 9,509, 5l coliiwl o 0gd co ooliiwl' &g, g dubuw i (Theil, 1950; Sen, 1968) (SSE)
3,505,y (e (0) Wgy cuds lal g,y ol j0 Al oo ool aBly wig, i g Sivaendg> B> Yue et al. (2002) Loy
OlFise Sloj s gy 5092 ot (258 0S5 e i Cooms b ST 00 0 05505 dalllas 950 oy sy sl oo -
A po (Swod 395w po Y = Xp =1 X[ 1 dolas loolainl b s (Xp = X — b)) 5905 B> a gl slaosls 511) &g,
Soads Bd wigy BT 8 50 09 o ol (1)) Wigy (9o s Gy (Sloj s S sl (KD g, (90 sloosls (1) Ul

il oo 03l gadly Wiy, Laim 5 Seansgs Bi o] ol 5 (VY = ¥ 4+ bt) ons aslol ¥ slaosls 4 adsl Sl s s

200 A P
Eto
0.5SETO
150 4
o
100 4
501 . c
d
i
0 T T T T T T T
KN ‘ p i :
£ 03 T 9 & Y F P s et ¥
S #

FAO (591951 (g0 alinb Joddl ygiuwd Gollae ad 0593 Job 091 1 09205 Silod yl0g03 Y JSis
0y 090 bl e (Fuijlio)e0 (bl i cgbpo 0595 Ll € cosb 0 030 9.0 D iy 059 g9, :8)
ol (el 9,505, 59 5l ms pasS o Shos  addllae 590 slojesin (0S5 g Jiee B jndl 5 Sl Jolod jslaie o
b el g Ol 31 o Baa b dalllas 0590 (100,05, ol o solaiw] yadile (6,50 1 s Jow g (Ko s yilo
32 Slp Op (Ko (e (Koot G 5lo sl anlllas ol )3 sl oo Sai e Jale o (8ly e g5l 5 Lo piie
oo, o3l 5l oolainl b yudile (6,50l 5 e Sl Judod 058 co oolaul @m0 paiS o Slos 5 (ol sl psiio o Ll
ogmga oalo C),w dalol L aS ML»GA SHAP L}"’ﬁ) » ‘Su._ua WL....} J...l.?u 9 XGBoost

XGBoost s 553!
oS 5 Bk 5l iladas o Sl sgge Bun L a5 conl Lol )T Cos® e Gwdle 6,50k by, G XGBOOSt by 6
yokie 4 az 00i S0l y2 0 Sy, ol elwl 5 (Chen & Guestrin, 2016) 5gi oo dige Jlgio O j90 4 ans slaos 5ol
Ol g sy oni Toly polod lasininr w5y 5l 2l (ot 5 9ise 00l (ajsel (LS Jas slalas o
a3l G Bkl 31 6 S sle 5 Jow sllas rals XGBOooSt Lol s sl oo anlol gl 05,51 0 (2845 JLas a5 oy b ]38
lagsg oo 5l i o8 S 5l S ol 5 6i9r0 08 lagys el ke 4 silupliie SSSS Sl e, 5l ool L
95 2 Nlgi o0 5 92300 (oS (z g bl jsbar 1y (oisel ploj wslae G551 3 S ose b XGBOOSE il ogdle il oo
oo Gl )y D9 4 p e )sSl SYsle WS Jee (2934 0dizmy 9 Sy slaesls

() alayl,

t
F9= flwd = £+ )
k=1
il e (63959 iie X 9 t-1gt Jlie sla s £ o £t al o 003 S0l fr(Xp) oo o a5
o N : (¥ dlal,
0O = > 1Fy) + ) )
k=1 k=1
Sgb oo b i Oygod 4T wil e lepkiie Oyle O g Sloalie slaai N cgols Caws 5l @b L ] yo a8
Q(f) = YT + 0.54]|w] |2 ¥ ik,

1. Trend-Free Pre-Whitening



1PeB (33959,8 ) osleis BY 0390 ooyl S g o wligdims e

u\...ul)sa gf)) O;WMLS‘)" )Lu S)90 ul.v) LJB‘J?de)Lup.‘aMIm‘)b A ‘L:ejﬁ)o LQ)LH.A‘)LAJ.'(U 50‘)045

SHAP Juloxs
s S5 45 ABb oo 4l Geble (6 50k la e (29,5 iy sl Lol 4l Sl Cez sl S lyie 4 SHAP
4 SHAP g, 5,15 .(Lundberg & Lee, 2017; Lundberg et al., 2020) sas o &l)] |, g5ludon (639,9 sl Sy Cusal
Sorol i (Slalge 4z 457090 (nl S50 Sl oo (Shapley, 1958) o jlade sy (e ol Jelod g (6 oy omedl j5lake
Somle Jlod jslare a4y S (o0 60b5 S5 ol bt Jelod g el 4 9 28U s (3l e S5 o3l 4 3l (g3ladoe o )

Dedoe ol i T 4 b e 59,1 g, I SHAP i, 1 st

SI'(F| = 1|S]—1)! 5
"“HH[' Lo - £ (F

¢ =

SCF(i}
3ooliial b Jao (i F(S) dpygs o S 5l slacsoe 23S do Shy plas ggomma F i (S pam 0] 0 &5
S 29 02933 P (i i Glime oF) alaly 50 abbioe b Shg JS sl [F[ 5S slacl slas b p1 [S] 5S acgeze
a5, 90 ek Jlade  Sie ol o (gl S oo dnla |y laie 4 [f(S U {i}) — f(S)] 2 S acgommon) asi
Jelos Slgie o 090 0 S05; 5 b Sy 5l (625 Cuz plobid jshaie 4 (D) s Sz Comles Jolod s 0 S5, - ol
Do Ol 223 T8 4 a5 95 (0 )18 (c)p 3590 B Sy AT LUl g ok 4, jskaie 4 (G) Sl Coslins

n
1 0 il
— (k) 20y
D=y ¢
kr=11
1 (F alal
_ (k) 20y
G = NZ|¢L' |
k=1

Sy g gy sldaisl,

Ja 5] gl
Gllas o)y 668 sllas 5 5L oS bl 4 cod iy 5L L gble o Jow glas aS ols lis IS jab 4y Jow gl
oyl 9 (CRMSE =134 R2=76) 0,5 p,> (CVRMSE =15.6 R2 =74) lxi; cwlilss oSiwsl sl (F) ojleds Jgux

Zwl (CRMSE =12 R2=78) ocoulos

aslllas 3 y90 GWrolKiny! 55 XGBOOSE-SHAP Jus b))l gl ¥ Joax

CVRMSE R? RMSE Ssbol 0598 Jgb oSt |
Vo/% V¥ VO¥/V ARASS 23 ol
\Y/F Ve Voo/f WWEANFeY 035 oy

VY VA ARV VFYE-VFeY ouglas

(Hengl el Jow o 29,5 s pas sms dsao 0 Ve 51 5V g Joud B oo 0 ¥ o> ,0 & CVRMSE ,0lis 4y a>45

Ol a5 ol 1 51 Sl S b5yl Jl ol beoyls )18 g8 LB mhaw jo Jaw o,Skee a5 apo 0 ylis gl et al., 2004)

RZ=74) ol oulitlyn olfisl sl ¥ ojlad Jyar s, cond (b 3blia a8 (g (o2l55 50 Jae sl
Lol (CVRMSE =12 R?=78) sanlas ofiws! s (CVRMSE =13.4 R?=76 ) o,5 p ,5 (CVRMSE =15.6

Ny Judexd
5 el pa Gl cpl Gal g alils Lioli8l Wgy ol dw o 50 o paS o Sles a5 sl lis Gaeasds sladig, gy
oli......u‘ A Ry )—U(LGP) ..\.w) 0,99 Jj.'a (f Jah\}) w‘ 09y UJIAAS L)L?U) wL@f 39 o)..\.o).’.> U] )l B qu).....M...s o..\...u‘d}
50 AVl sloo (1 Sile .ol sadlie 0,00 ,5 43 (5 eS g 4ot e c0dlos 50 ] Al o i aS ol LaS 1) (ogre Wi,

VLo [i,b ol 0393 0003 10 (1 16 § 000 53 e ¢ yiin 5 50 o] o g ails atwgn (ol38l aig, laolKiw] ples



)| e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy
o] LS'LMJy LJ.Q.C QT L.S?'i” 9 009 Lﬁoli».uu‘ Ao 4O )l\b LSD-LA ;.\53) 2818

=13 b Job 53 axlllan 5590 bl ()l g Lod 5 ySlos cadiy 099 Job Wig; 9 (uiilee polio .F Jguzr

Mg,
o —e CrSolso geesys &bl )93 oKy
O b e s
YY/VY "ty leA axry/A Yield (Kg/ha)
Vios YNy v4/2 LGP (day)
VFYP-FeY oals
o[o¥v A7AR W/ T(°C)
<Y "S./vy Y. /¥ P (mm)
WSy VAN Y¥a/¥ Yield (Kg/ha)
VY *\/20 YEIA LGP (day)
— WYSA-VEY ols;
./-ay £/23 W/ T (°C)
-0 ANt YAS[5 P (mm)
ya/av VA AdOIY Yield (Kg/ha)
VA S\ /oy A¥/A LGP (day)
[+0A B Vi1 \Y/A T(°C) WWYS-VE-Y ISRYSES
VIYYE —/%Y _— P (mm)

ns

ns : Pvalue > 0.1, * : Pvalue <0.1, ** : Pvalue <0.05, ***: Pvalue <0.01

axdlao 8590 (soliun! 50 (LGP) w0590 Jab g Lod Ol yuordi s alasly
By g oo o0 00 5l s Sk ol o as el slSbey o3L (LGP) w050 Job « (Fischeretal., 1998) o5& g, (wlol
@139y gy (rl 5o e Cuwd Sl 095 (Sugby 07033 Sl e e Vo0 390 S a5 sl os polas (Sle3 B g 0092 (ETo) ity
o3l (Mhizha etal., 2012). 0ig co5 Blod 0l 0,98 Job dwlors 10 Conl uguds 42,0 0 51 S oyl sboo (1Sl oS
fols w0590 Jsbo p olate g plajen Sl g8 ek pa5 cnl elal oo

SB Sugby 0SS e el g 5 50 s Bk g Sl ol ea ETo (81 L g (slos (al8l spniitass 1)

95,5 D) 0590 Jsb b ol cge Wilgi oo
gl 42,38 a8 Sl s slogs, 8IS canms Lod (Sl Tl 0 a5 0 Bolie 3 et L ¥
S 5 ETg 1 i 508 0o LGP 2aliél ely anld cal gm0l 50 5 ST oy s, b sl it 5 95550

sl azsl

sl 55 sl game B 4y e s (o o8 sl 3 e il Bl 155 s a5 o o
o8l g 50l l9a slos a5 Sloj (VA5 + ans) axdllas 5,50 (5l 0,90 5T 10 050 0 ol 0l (5l clin Slod 0L b S g
Lol loans jo Lol 03,5 oo 0l 0599 Jsbo (halidl czge (65 pugmne Ojg0 3y slajs, B g ale S g 5o,
Loo eSShoo G bl e 00 (e @ sl 4l ol LGP (ol 2 5 ¢ o8l s o0y 4 azgi b Lo (2al8l aig) plas
3250 ol (1) S Jogas 9 Cunl 00, Jon s ol & o5 5 (o e (5551 53 4 gl 5050 Sl a5, 0,59 Jsb 5
g ial3dl @ Laldl Lo 253l a5 aes oo lis s loges (gles Hl8, ol 05 so odus aslllae 3,50 olKius] 4 2 15 Zadg 4
e ol ()l o3l S 3 by a8 5 i eaiiSogasma il e VL polie ;3 398 el ke 4B 0593 Jsb
Ol oalodnlive Cude  Siuod gy plil 068 LGP i (5l b (ialS 4y jorie wilgh oo Loo piion ioli8l caoe s jo g wiS oo
b Lol ol (ggb, Ju8 & Cums (5> slacusgaze Bi> 8gs 55 n Jol bolliwl (S n )0 08 0598 Job g Lo W)
B9 hendi Sote Sl cpl 45 0,00 ATl i Lad lidl g ade 5 Al



1Pe0 3395958 ) oslois BY 0390 ooyl S g o wlidixs 1Y

y=0.8ln(x) +6.6 o y=1.2ln(x) +4.4

-—
e

(°C) sy onSils colaled lasgra
o
1
\
(<]
<]
(PC) ajs) cniiboe (slaled lausgia

o.L‘..gLL’S
Y T T s
¥ A Vf. V. v av 1 av

(3s) 1350550 Jsbo ST ST

ey=17n(x) +2.5

(7€) ailjp; orSile olanlas layts
(o]
\
A\
Ay
° 8

02 P

(35:) 23503 Jobo

axdllao 090 GLoliws] 50 (LGP) alivy 0,90 Jab 9 Lod @l judi' g alasly ¥ STl

=l J 50 (Triean) Ay 098 Job yo ailjg; (1SSl Slales lawgio Gogae j9mme (V) JSi jo ol mudgs 4 p3Y
sl el Sl S Sl alaks o g o

ol 59 el Gl sl ad 2Ll s oS 3 Shee g addllae 9550 oonlll Glo Al i > Ly, (gt cnl o
5 (F US0) o20 pasS 0,Slee b o) 0,90 Jsb 5 (susb, slo ol (e (o o yilo (andni il 4 g oy (o
2 o8l sl Ll polie ples (B JS5) @2 paiS 5 Slas Lol 0595 Jsb 5 ()l st o (Kiwon Sle o9

cilonds duwle Wiy 0,90 slaosls bl

3 YL IS jebay o puiS o Slee b gusk, sloasli as Ser culio oSl 4w o 0 aS ol las gl
30 oy 1l o Slas b 1 Mww(igfn) Al 0,90 40 dieS 1 Slkee sleo (bl L] u_';)l)_> sl ozl

5 oanlas 5l glaams b j0 o, Sles b (oL blo )l daolSis] aslin 10 (yuizren 09y o cixe alaly pl aS 00 6 5 oKl
5 Slas oy 5 (il e yo 1) (TSR S ke sloo 5 sk, sloasli o3y Connl laidl ol .ol sanlive o joe >



Y BRPUR PR UL ST PY-RCOROw IWE S W E 53 :‘s)k.\.o.:x").&@‘l- 3§yt

Khodabandeh Zanjan Khoram Dareh 1.00

0.75
LGP & LGP 0.38 jXe)i4 0.54
shokk ok soksk 0.50
ERcp 0.43 ERcp 0.32 ERcp REL] 025
*kK * Fokok
URgp 0.44 1 URcp 0.19 RS REETS URcp 0.00
EH dokok ns ik *
UR UR UR -—0.25
p 0,17 UR)p -0.02 0.43 -0.05 LN UE)p 0.06 0.25 -0.17 N5
GP GP GP
(ER) ns . (ER) . (ER)

*k NS EEES ns ns ns

ns
=0.50
0.30 NGP .42 LEERUEER LT 0.30 IS 0.60 | 0.95 | 0.71 | 0.63 BT
ns EE skokok | sokok | skokok * Fokk | okok | dokk | dokk I

=0.75

5 [L%IW 0.58 SDgp 0.29 0.90 (0.66 ['RL] K1pR 0.56 | 0.67 | 0.94 | 0.72 [LKER 0.70
ns |0 ns s o hs dokk | ook | ok | sokk IR ok 100
5 & T8 & & 58 T8 2 & 5 & '
g 5 2 &4 3 sg = S
.e & - . & N =
20 padS 8 Slos b wliy 0598 Job 9 gk b as Ly  (Siwsod w5l F IS
Khodabandeh Zanjan Khoram Dareh 1.00
0.75

LGP 0.38 LGP LE-L3
*% * 0.50
e 032 [oga
*

0.25
URgp 0.19 [ 0.00
ns [
UR Ul -—0.25
UR)gp -0.02 0. UR)p 0.06 0.25 -0.17 [N
(B )or 9,2 (Er)or 026 0 TiE
~0.50
0.30 NgP 042 0.10
ns ok ns
-0.75
0.24 |11 SDgp 0.29 0.03 L)
ns |77 ns ns B 1.00
5 Bs 3 & & &= '
-~ = o e 2
e - - e . S . e
2.0 pasS 0 Sloe b w0590 Job 9 J)l e Ll e (Swsod s ylo O SO

Coonl Glhao,ad polio 5l qeas pasS o Slee fpums 10 o8l ozl (6 pdy s (ialEl g ol SISl Judog jglateay
el oo a1(F) o Lot S o Judow )l bl .ol oolawl SHAP ooy o3l a4y s XGBoost Jaw jo o S5

XGBoost SHAP Feature Impact on Wheat Yield

Khodabandeh Zanjan Khorram Dareh

SDGP:IH-T- 0.3- 2.1-

TGP 62.2—- 22.3- 0.0+
max

Features
2
o a A
T
(%]
o
©
+

152.3~ 48.6-

URGP]7-1— 121.5— 174.1-

0 50 100 150 200 0 50 100 150 0 50 100 150 200

Mean |SHAP| value(+ / — Impact) Mean |SHAP| value(+ / — Impact} Mean |SHAP| value(+ / — Impact)

Jow bl y anlliae 5590 (GoolKimg ] 10 010 pusS 8 Shos p (ouldl Gloas L (2alS g Sial38] 1) SHAP Gllao polio puSilue Hloges & S5
XGBoost

SIS e gaids ;) 5 dnlio Sl 5 ools lid o paiS o Sles e o 1) aSlh o ed Cownl (F) SO



1PeB (3395958 ) oslois BY 0390 oyl S g o wlindizns VP

Guu‘)ﬁl )_1‘ 83.7 OMQULM ESJ..a 9 0059 LS'oL') ‘nﬁ.e‘_(bo JBlS )lo}o.. )J ‘5‘1...4 9 u...».n p.")l.c 'A"SLSA rb&b‘)ﬂ om‘ﬂ Qj)é ‘) Lﬁua.‘>l.m
4......4[.7:9 dslllas 0,99 gJS e SHAP é-m&)ds O".i;L."“ u.uL..u‘ » onj‘)‘ )JJLQA RESWOW- =S r:;.\j .))S.La& » (_) ‘5...&[5 L| (+)
Ll oy Sloj o3l b atie oKisl SO 0 ped8l aslis G i oSl cdimolis sas e (00 lo 4 tailead
S0 b awslie o oae pl wylo 1) (ERep 1 168.2+) Codio Cuadle b jlada op 5VWL salas jo (o)L o316y s ls (e lgicay
poiS 0 ,Shae 00iiS yand Jale o g Lisas Lasls ol odds pwy skl 0,90 g 0 a5 Cowline (pl 4 ol sl aslis
o 2ol b aoldl 51 sline LnjjJ 0 ls SO Caedl o YL (o ol bl oo o, Slee o8l Jule oy 5 Lol aSly (oo
Jgdz )0 (uired Wgd oo Julot Jadl 4 2Ll o 31 e g Cudie slaosgasme alsl (o tcins polde cogdte pled o
Oty sl 0550 Job 1o (1Kl jobas a5 saie 31 glils Lasli g0 g cude Sl lils alis g0 olKisl o sl « (B) o les

ol o ) cslanals | s

XGBoost Jow 31 SHAP glao ;08 1Sl 3l bl g axdllan 090 (golliug! 1o 1m0 pusS 8 ,Sdoc o 50 (couddl 5o juiso O Jguo

P93 y&ho Jgl &% .

i ngs o nze ce ans o aue Ol e
:62.2ETCF - 55.8N57 LGP : 107.7 ERGp : 168.2 oalis
49 4ETCP LGP: 46.5 : 152.3NSF TGP . 65 s

 48.6NSP LGP: 45.9 URep: 174.1 U/Er (GP) :57 o oy

A 6ok A Sl @m0 paiS 5 Slas )0 00iS S el (5 e Cagby Jele dSsl a2 50 a5 B o lis s
e 9525 (nl b el (URee) (5, (Sloj majsh op0 py5 )0 9 (NGT) (5, slayg, slasd oy 5o« (BRer) ge (0L oanlas o
0ainl3d Jole 1y St sy 40 a5 (g sbar el Sglate Laolius! ;o 058 o paiS o Slos yiol3dl el Wilgs oo a5 Jole o )3
Jole oS! plo a5 Cad (ylogy 10 (S jsb a4 amo o lis a5 cal (Tiban 1 65) 0y 0590 Jsb 4o (uSile slos o ,Shas
b yuxito i 51 (IS 0 S l.‘)).,o Wl g0 Jao ;o SHAP polis oSl 5l oolaiwl ax ST easlol )0 0)ls (6 0aS o i Loo
9 LSM"")B‘ 9 G,....mlf L;Lboéy.\.?bc S el (5)5)@ ‘60),.a|) u;u).aduo dbw Sl 9 G'AM 6L&:<\.~09.’ djl)‘ ‘_g‘).: Lol como 4\3‘)‘
Lngob}.\?oe 5u,oLw| L)"‘ » .\J)j )‘)S 4}9) Sy90 (\ JB») Qilods LS’LMJ[M ).:Uw_u as ™29 )J§A C;LQJM AJL»-AAJ" thw u.o.».?to.b
loads &lil g asie (z g o « AN Y IS L Gillas 5 Judow ol lwl b als gl ;9530

0, Slas 0uiiSdgume g digs (sloojl .ol oolaiwl SHAP (¥l polas 5l ,Slos cuiiSdgame 5 dige (sojb o jglaieas
ol ol s gr 4 Y Ll ool &Sl) (60 ) slaasgi ol ped 4s (F) Jgoo 0 axdllas 9,90 soolKis] 51 G 2 gl oo paiS
cadloads glwlis adlhaie ;o 40 1o paiS o Sles cuiiSdga0me slaojl laicay a5 wiloals (1gas ool Lulul  bacoss

IS 5o Gl e paS o Sl caiiSogase el sl ol < e sl asLli Slaailin] g 090 s 4 axgi b
Cool aiils o Slae jo i G 0y i a5 oadll (gl (pl 50 0,5 e pll ¥ Jgas mls Billas asdlas 550 slaolKiny
u-«JLquj-’ 9 olf...w_v‘]m &&m LY J....L?u U"‘ é)jgso )‘)3 dalal e \))S.Lo.c u‘).u.u u,w.: ‘_;‘LH.A 9 R G:LMJLW Oli».u.a." R L.‘;‘)‘
D9 o pll by jaz i sabaulxs polas

90 L_g..\...lf ch.w] k_';”? )o (URGP) A..f.») o)go ).) u,..:)l; é‘)?’ (5)‘94.‘27[.' ua:>l.w 45 o\o UL""“' o)ora)."> olil.....:‘ C.aLu R
3ot Yw a5 05 oo odnlie 5, Sles 5 ite Slte Lo LIS URGr <87 polie ,0 0,08 (6,01 )Ld) ks e Lo
s).uou;l.a.n 8.7 < URGP< 11.2 o)la L 39,9 l.> w‘ ..\.w) U""L“"} J}‘).A L) oL: ‘5;‘ )L..s u...AL la..\.c 9 ‘_,,_elfl.‘ (N u}‘?.&.’ ‘_QLQ:U.:)L:
gk, sl el Sguge casolis 9 005 o blate Cudie G 4y g 3 Jow Sl gl oo aSlll S dalais laicay oS
999 00iiS uSaie 45 39 o Cu 0,Shas oo Jawgs 0aba gl e il e Lel1.2 SURGp<31.0 jolie yo ‘Luter) ol

st B s, s b g, 93 ailiw] Jlg> 10 (LGP) ais) 0,90 Jobo a5 ols ylis sanlas olfiws! sl Jow gulis o)y
30 Cudgdote (b, Do 399 oligS 51 LU YW aS 00,5 o oadlive o, Slos  aie 159, 50 LGP <68 o3L ;0 .2l ol jorr
4 ‘f.m )l J..\.n ).)‘ ..\.;5) s)'3) 68SLGP<933 )L\f 003..\7m L 03)5 l.v w‘ OLS uS.:)jjB.J J?‘).n u..\.vLo ‘BLo.‘L‘ 9 oég.vu.m.s) éo.?u



10 e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy

5159y 95 SLGP <151 o3 ;5 .Consl oS dnasgs ol yo oS5 Sl al53l g 0, Lyl Sgng o0t Lt 5 Wi o e S
38ee Sli)l 5 (s7mgid DY gams 033 5 e (gly b Ceojd ) 0y90 b 5 GYsb iy 5 e3g Coe sadis gl
@l balyl ol 50 00,5 o0 18 Qbiis s eogame o Jelod jlade cnl I 5158 Lol ecenl Cute 59,10V B Jue valsl ool ol
20,5 4S5 (oSS lagsjludnd b Sl (il sleesls

ST 58, i b e (Lo 9.0 (608 ailin] Jls> 50 (URGR) 0y 0550 10 ()l (551585 (oL ol o8l 5o
G il 5l 5L Ygone 45 358 o odwlive oo gl o Shoe e Sl e b 11< URep <87 uolie 1o Zawl ol o
Slsisas a5 me Lo 8.7< URgp <112 03l a5 5959 b el 0y ol o 5 olE T 5L (yael pos 5 ST Ll el
Lol sl gugb;y bl s Sgug caiojlis 9 00,5 co iledie Cudie Coms 4y B 5l Joe Sl g go 4Ll A adlaio
Sl i, 989 0aS wSaie 45 098 o b 8 Slos 5 Jow Lawgs said gl p cute il e e 11.2< URgp <31.0 polie o
S o ol 1) 0 Shae 65l 5 ady el (slagle; 53 IS T el ISl 5 0092 50 5 dgeds Lol Jloglugs

o )39.0 ‘S“""bl 6'.5&9@ J)S.Lo.c o»\.}.}f.}sm 9 e 6Lb°).l'.’ N Js»

ORI Sl (R e 3 ] . i %0 3
. ’ 5 Slos alS 5 Sdos iyl (el 12) REw
53 Ledin  LoST g, 1.4 <ERgp < 1.8 mm/day 18< ER;"mfdif
il AR H W lg‘ 1 X I‘ ’Kt‘ ui . T ERGp
L?” D)Low])slgu.)l)m&b.a Bl LS v g :).’I.osdv)w“@lfu‘ (1.8 mm)
2 p) o les
Sk s 5, Sdes yiolzil lis
9 CulS gu b pudais 39,50 < LGP <68 39,95 <LGP <151 '
Lg LMLuA B LR ) ul?o.sl .))il.a& u.ul.o}u .l ‘Uﬁlfl; Ay u,wl)Bl ‘J.AK Ay (93.3 Day)
aglaio L;Lmui':)l.g u,..:b Yu J)fJ.a.c cu»Lc%
33< NP <59
polis clacasss) 5l ool 4<NGP <31 By calyss ol
seubylul slpglley O by oplicuapie SRl osls 03, (321\]2’%“,
wxalS iy il ologe 8l g iimgid g i) Pl gooS g Frwgd
orlese ok
4 ln9l.5.o Fls)l RS B 9STg5anS9.2
~ ) 10.4< TSP, <121 ol - il
poalS sl Bl S S e ORI g
Cogoy i el e slodital L g M 5 ials @@ sy ol (12170
o U oleger ity YL
11.2<URgp <
e ela )'S)l.lSURGpSSJ ..\>TP31
4 pylie (lacaiy) CuiS . ?
e 2593 (o ()b cawlial  SuS1y, 2L cslie S0 URep
S5 sy Lis oy P S RS ORI S e s ) 0)e b
Ay dh"’)ﬁb | an Sk C’,‘;‘}‘o) o
103<Ur/Er <
o malie o] o 5.4<Ur/Er <10 12.4 0
e pE)] S Cadgiome ¢ ()l A @iy pas 5 B dies e
5 olS Ll Ll Sus . PORBRE e
FeRnos ool Jolye 53 Cusby el 35y ol oo (GP)
Cogby baas gl adlo 1 oolazl (24.6)

Sk

oleogs

oS g Fhwgid o33l
oolog il




1PeB (33959,8 ) oslois BY 0390 oyl S g o wlindizs  VF
XGBoost SHAP Feature Impact on Wheat Yield - Khodabandeh Station
ERer (largest positive SHAP contribution) LGP (largest negative SHAP contribution)
600 4§ Positive span: [1.8, 2.9] o 1 Positive span: [95:0, 151.0]
Negative span: [1.4, 1.8] Negative span: [50.0, 68.01 140
400 {l=—=_Threshold: 1.8 ||--- Threshold: 93.3 (]
S i f
@ 200 - oo% 1 - S) 1209
= L o & ® o ®
© o o @ s] L) >
a 0 - |- & e (Cpos====== ® T - e il H = Q 100 @
< @ do e® © | - %
N 200 o 1 SO % o so =
(e®) o H
—400 - 1 :
® o ! 60
—-600{ ® . : . ‘ i : ‘ ‘ i i i
1.0 1.5 2.0 2.5 3.0 60 80 100 120 140
ERcp LGP
XGBoost SHAP Feature Impact on Wheat Yield - Zanjan Station
TGh.n (largest positive SHAP contribution) N‘Sf {largest negative SHAP contribution)
600 - Pasitive span: [9.0, 9.2] i Positive span: [33.0, 5‘9.0]
Negative span: [10.4, 12.1] 1 Negative span: [4.0, 31.0]
—=- Threshold: 12.1 i —=- Threshold: 32.2 50
400 - ! !
5 i I
O (]
o o} | Y0 o © t40 §
S 2001 1 | @ e =
E ° 5 | i ° s
o @) OOOO H O o | 30 E
g LS — e o 0o T T ’bo o 9l B E
& ® 5 o o ; o B ]
.-
—200- © o f 1 .Oo OO 8 ' 20
] . . 1
O ] 1
o : ) :
—400 - E i 10
: © :
7 8 ° 10 11 12 10 20 30 40 50 60
Tihean NGP
S 0y py> I (ousglas
XGBoost SHAP Feature Impact on Wheat Yield - Khorram Darreh Station
Ur/Er {GP) {largest positive SHAP contribution) URgp (largest negative SHAP contribution)
Positive span: [10.3, 12.4] i Positive span: [11.2, 31.0] 30
400 Negative span: [5.4, 10.0] 1 Negative span: [1.1, 8.7]
-—- Threshold: 24.6 i --- Threshold: 9.0
[8] 1 | r25
200 o O : i 85 &
o ® o) i i o) ©0%o ® o
= (1 S @ - .0 o Q b [ 8 O a 202
= [ (@] T i U 13
[ @ Qo 1 I H
: e © Q @ [ ] 1 v
P —200 - i % | 15 =
T ! o) ]
v ! | £
-400 o) ' ° ! 10
| °
—6001 i i 5
i e i
—-800- : T . . L, + : L : : T .
5 10 15 20 25 (4] 5 10 15 20 25 30
Ur/Er (GP) URgp
ol (g
ol (Z 900 py3 (@ ouilus (W couidn o8l g oLl 0uiiS dgummo g ooty S0 3L g SHAP ai¥lu polio yolio jloges .V JSCi

Olejpd &gty Cash g Lo leadlys 51GDD wibe )~ B0 slos S, S5 e 0595 Jobo )51 (s anlllas NABE
o8l Ll 8yl 6 0008 Blod Sl 10 55 S g, 0,258 olai & Jaasliy 58 5 e g ol 5o o eolisi
s (55 50y e ol 7 sl sla L oLt S 05 90 sadly sl (e 31 g il 4515 (5 ity 35 250
Jsb 5o )k ST sleesiled plyieds (Sugb; (anli g 0 Slee p S5 (ool Sla a2l Sloj @jes Jelod sl s
Wbyl Joo o2l (e g (ol (2b)l sl el jo w85 18 sliiul 890 (Sl (el Sz g 0B 0599

30,5 o0 ole B 7 4 Jow Gl 29,5 bl ol 48,5 W4y SHAP olin pndd g, of jen 4y XGBOOSt pils (5,50l



N4 e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy

4 «(FAOQ, 2021; FAO, 2024) aoie Ho (55,5L25 5 ,b,ls5 lojlo 59,00 ladosdlygiws (ulul 5wl 0590 Job (Sl
bl aallae s b S jeboas jyolie ol o 0,50 55, VY 5 AD AF L iy o)l 5 00,5 conihas colSinm! gl i 5
2 iz ls Glgten widg 00,5 arule (o Guliie )0 FAO 5,505, L 1) o puiS 0l 0590 Job a5 (VYY) (]S
e odgame ;0 St doss 4l gl oy 0,90 Jgb (bl (g 40 09d oo sdnlice BB Sl dnlllas 9oy sanlas oKt
adlas ol ;o odeliiwods polie b aS il 0uls 55,155 59, YA B VY. oogamme ;0 b o S das 4>l gl g 59, VY- U
O 38 0558 Jobo aslllae 53 0 (ol ol jo a5 el 53 (LL o ls ol cdillas Gl 5 0 5 St dond walil (51
WlosyS B 59, VYV L 2l s

sob 4 cwl o paiS o Sles [0 0aiiS el Sl (et Cugby ele il aw o 0 a5 o las IS mls
ok Sl mis oyop, ol 1o g (NEP)S,L (slags, slaed (landy ol 55 ¢ (BRap) 5o (5L oalas oSl o (asine
oyl Siesded gblin 1y aliv adllas S L Chakraborty et al. (2023) zls b leaidl, ol .aijls |y ool o i (URer)
Syls JalS” cillan (il oo

oliwsl ann o (3L slajs, el (5,1 @s8 Jole olial as 5o 50 @00 paiS 5 3 Sloe (i (Kot ol 35 (o2 )0
G (Ko oailad 5 Gl )3 (0D 055 Jsb) (5,1 lasesite 51 Sy e ol lis @l o)y (Scen 0 YL
TGP 1 =52 p <001, T 7 =) ad, 0,50 Jsb ;5 yeSiloo glales Lawgio 5 digaS sloled Lamsgio oy pys o Lol izl
A oy (64l pre (SKiear 37 p < 0.1

looliinl sl a5 ol GLid gl (s puiS o Shoe 1 0l 0598 Jsb )3 ()b @95 9 (orex )k Coredl (i anglile o
loadly ol J1,95 5 (5 i ol 5l Ay 0590 Jgb 58 ()b el (s oliianl sl 9 Ok @39 O 9 050
iza 3 5 0) oSt 5 50lo 5 1V9) {5t 5 iScuions 51 lalliae gl b ol 5 0,905 sloolKisl & Logs o
oyls JolS Jlssea XU etal. (2025) 4 Huetal. (2025) Liu et al. (2025) b clalllas ol |

(Nl sl 3lass o5 ols s oSyl 4 5 s, (slbmli 5 oo o8 3,Shac (o SSimrad al (5o
ol o, Slee by (Siod o o (1 iin (bl cplcoanlos oK) jo o)l o Slee L) Ko 0 YL oSy 4o o
(e oy (i 0 )30 B o] j3 0l CBRSl oaiiS G ele (et Glsreds (BRop) Se 3k e Jue )0 iz ye ol
208 @lelid oSt bele plsrear | (URep) (3,1 (Sloj @jss (ol (o Lol g 5o (8,1 5 (0O slajs) slaws 4y bgs e
2 e 5 (Sheer @S G Sz LS iz e el Cussay e (et Olsie (VD) (g 99 8 sl 1ol oK
el odgy (Sugby Jelse e o lapatll ol SLl ol 95 2 55 (Jg )]s S92g oailad 5 0,00 5 slaelKin

a5 iy sy e sleiing 13 ) Slae 5 Sl e 508 slalsl & i ks oy (e (ol ol
b el o3l gladrogs @l L it o Jae byl cloailin] Lolol 5 4815 2Ty 5 aiadgn )bl cloalels o1b

g 48,5 IS 4y oud So ion (o8l slagSl

S ollade
Sl o>

el 03,55 283 ol L (s s lys slagisn 3 o el slaglejl 51 ool o S g 3ol 0l
OB M g8 &5 5Loe

o OIS ool g o6 3lop st «Bekot 1 pmslid gy 4138l 5 dpools (5510, 0y (slodls (6l ez (g Sune ol
losls Jolowi ol g, «(s3lupathe «seio ol rislain p21 o) o y2 gloools Llo g3 Jelod (talng g
| dllie oud pisie advas (o gh 4o Sl g 5 (o) 9IS (bl (gt 4td= ) (55l ygan (i jlitel )2
S e gam 5 ol Gl mgiiny (s g dlie (gilupstie ;0 Golus jsb 4 (ot den ilos )5 Cblse (L 5 oily>

sladls

1. Responsive Irrigation Systems



1PeB (33959,8 ) osleis BY 0390 oyl S g o wlindizxs A

osld ay o yiwd by
] gy BB B g 5l Caslg o 5,k 5l Lol iegh olresls

S 3wl
ALl o 3l oBiils cighy Chglae 1) 0g5 05 ,Sid il B ain gl el 0als plxil ol e oRiils Coles b s oyl

o295 SN Jgol 51 59

eles] dan ol 390 £e050 (nl 5 Wlosges Cule, cale Gimgh ol JLaml g bl jo 1, IS Jgol Eaiusss
&Lw ()l

)l @dlie (2l i ol B aran s el 2 L

&l

Gl 2 00 eS8 ad; 090 Jsb 0515 (VF 1) ol (50151 5 (gagedan  Slaalds adle slobes ¢ S5 )3l lsz ¢ sl (5Ll
YVXYEY (V) )+ il ks ol weldl sl FAO S35l gomsanmb s,

sy e 5o sistinh 5 ol ol (SRS s gy (VF+ 1) s ool el 5 ol oL s e Ll
NPF DN+ gl liin ole 5 olar wald] ity sl sy et 5

(e 5 eolilys 5 T ol fa$s . Jomiliy 555 i 1 b 3T L3l g oyl o Sl slos ol ey OV FRE) . ppadllig cool Jole
AY-YY.(V)Y

Cml 30T S @ 020 posS 0y 40 S50 alge s (VFAP) Loozma (R g Al o ¢ og! toemaline (S Cixe
YOV-X55 (11D el ool slostonsy 4t (535 yo o515 55

http://www.amar.org.ir 51 obsb .oyl Ll 5 e i olus VP 0i8 o) lof dolils (VE-Y) ol Lol 55 10

BU33T | FA R PE LI (PRSP RA SR VL PP SR T UL FURLAT PSRN VS S B S B L;)')jwub')b/'.(\ﬂ V) .6,skias ole & ylyg
http://www.maj.ir ;I oL 5L

Shoolaiul b o paiS o,Slee wilgs 5,015 (VFev) Jabllel s o Soize g sz oy uise toumw « Ld> ¢ ume (solo
(b olio 5 (55,9l 588 5 pale) ST 5 O pale dlzmo o pitioniz G S ) Slahy; 925 5 (coldl slo el b
Xav—=d-2 (YK

REFERENCE
Ashfag, M., Khan, I., Alzahrani, A., Tarig, M. U., Khan, H., & Ghani, A. (2024). Accurate wheat yield prediction using

machine  learning and  climate-NDVI data  fusion. IEEE  Access, 12,  40947-40961.
https://doi.org/10.1109/ACCESS.2024.3456789

Adelzadeh, A. H. (2015). Diagnostic of the temperature in northwest Iran and its relationship with geopotential height.
Journal of Applied Climatology, 2(2), 17-32. (in Persian).

Ansari, S., Javadi, S., Shahdany, S. M. H., & Azadegan, B. (2023). Estimation of the length of growing period of dry
wheat based on the FAO ecological zoning method for the climate of Iran. Journal of Ecohydrology, 10(2), 231-
243. https://doi.org/10.22059/ije.2023.360033.1733. (in Persian).

Chakraborty, D., Basagaoglu, H., Alian, S., Mirchi, A., Moriasi, D. N., Starks, P. J., & Verser, J. A. (2023). Multiscale
extrapolative learning algorithm for predictive soil moisture modeling & applications. Expert Systems with
Applications, 213(Part B), 119056. https://doi.org/10.1016/j.eswa.2022.119056

Chen, T., & Guestrin, C. (2016). XGBoost: A scalable tree boosting system. In Proceedings of the 22nd ACM SIGKDD
International ~ Conference on Knowledge Discovery and Data Mining (pp.785-794). ACM.
https://doi.org/10.1145/2939672.2939785

Elsayed, T., Ouda, S., Khalil, F., & Elmetwalli, A. (2025). Optimizing wheat yield and water productivity under water
scarcity in Egypt. Agricultural Water Management, 286, 108231. https://doi.org/10.1016/j.agwat.2024.108231

FAO. (2021). Global Agro-Ecological Zones (GAEZ v4).
https://pure.iiasa.ac.at/id/eprint/17175/1/GAEZ4 model documentation+app 20210415 withFAQOstyles_covers.p
df



http://www.amar.org.ir/
http://www.maj.ir/
https://doi.org/10.1109/ACCESS.2024.3456789
https://doi.org/10.22059/ije.2023.360033.1733
https://doi.org/10.1016/j.eswa.2022.119056
https://doi.org/10.1016/j.agwat.2024.108231
https://pure.iiasa.ac.at/id/eprint/17175/1/GAEZ4_model_documentation+app_20210415_withFAOstyles_covers.pdf
https://pure.iiasa.ac.at/id/eprint/17175/1/GAEZ4_model_documentation+app_20210415_withFAOstyles_covers.pdf

1 e 030 PSS 3 ot Sl Judxs 16 lonodizg 0T g gy

Hadi, M., Jalili, S., Mouneskhah, V., & Majnooni Heris, A. (2021). Estimation of rainfed wheat yield functions using
climatic parameters and multivariate regression methods. Iranian Journal of Soil and Water Research, 52(2), 497—
506. https://doi.org/10.22059/1JSWR.2021.309650.668731. (in Persian).

Haseeb, M., Ayub, M., Ashraf, M. S., Ahmed, W., Khan, M. A., & Ali, M. (2025). Winter wheat yield prediction using
linear (Ridge, LASSO) and nonlinear (SVR, RF) machine learning models with remote sensing and climatic data.
Computers and Electronics in Agriculture, 224, 108883. https://doi.org/10.1016/j.compag.2025.108883

He, Y., Wei, Y., DePauw, R., Qian, B., Lemke, R., Singh, A., & Wang, H. (2013). Spring wheat yield in the semiarid
Canadian prairies: Effects of precipitation timing and soil texture over recent 30 years. Field Crops Research, 149,
329-337. https://doi.org/10.1016/j.fcr.2013.05.015

Hengl, T., Heuvelink, G. B. M., & Stein, A. (2004). A generic framework for spatial prediction of soil variables based on r
egression-kriging. Geoderma, 120(1-2), 75-93. https://doi.org/10.1016/j.geoderma.2003.08.018

Hu, J., Li, Y., & Shi, P. (2025). Impact of future climate trend and fluctuation on winter wheat yield in the North China
Plain and adaptation strategies. Scientific Reports, 15, Article 06370. https://doi.org/10.1038/s41598-025-06370-6

IPCC. (2021). Summary for policymakers: Climate change, the physical science basis (Contribution of Working Group |
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change). Cambridge University Press.

Khalili, A., Bazrafshan, J., & Cheraghalilzadeh, M. (2022). A comparative study on climate maps of Iran in extended De
Martonne classification and application of the method for world climate zoning. Agricultural Meteorology, 10(1),
3-16. https://doi.org/10.22125/agmj.2022.156309. (in Persian).

Li, Q. C., Xu, S. W,, Zhuang, J. Y., Liu, J. J., Yi, Z. H., & Zhang, Z. X. (2023). Ensemble learning prediction of soybean
yields in China based on meteorological data. Journal of Integrative Agriculture, 22, 1909-1927.
https://doi.org/10.1016/S2095-3119(23)63477-2

Li, Y., Hu, J., Shi, P., et al. (2024). Knowledge guided machine learning for improving crop yield projections of
waterlogging effects under climate change. Computational and Structural Biotechnology Journal, 22, 234-246.
https://doi.org/10.1016/j.csbj.2024.03.007

Li, Y., Hu, J., Shi, P., et al. (2025). Using machine learning techniques to evaluate the impact of future climate change on
wheat  yields in Xinjiang, China. Agricultural Water Management, 300, 108960.
https://doi.org/10.1016/j.agwat.2025.108960

Liu, B., et al. (2024). Modeling impacts of climate-induced yield variability and adaptation on wheat and maize in
Northwestern China. Scientific Reports, 14(1), Article 09820. https://www.nature.com/articles/s41598-025-09820-
3

Liu, X., Wang, P., Chen, J., Zhang, Y., Li, M, Huang, C., ... & Zhou, T. (2025). Climate change impacts on crop yields
across temperature rise regimes and climatic zones. Scientific Reports, 15, 7405. https://doi.org/10.1038/s41598-
025-07405-8

Lundberg, S.M., & Lee, S.I. (2017). A unified approach to interpreting model predictions. Advances in Neural
Information Processing Systems (NeurlPS 2017), 30, 4765-4774.

https://papers.nips.cc/paper/7062-a-unified-approach-to-interpreting-model-predictions

Lundberg, S. M., Erion, G., Chen, H., DeGrave, A., Prutkin, J. M., Nair, B., Katz, R., Himmelfarb, J., Bansal, N., & Lee,
S.1. (2020). From local explanations to global understanding with explainable Al for trees. Nature Machine
Intelligence, 2(1), 56-67.

https://doi.org/10.1038/s42256-019-0138-9

Mann, H. B. (1945). Nonparametric tests against trend. Econometrica, 13(3), 245-259. https://doi.org/10.2307/1907187

Mehnatkesh, A., Ayoubi, S., & Dehghani, A. A. (2017). Determination of the most important factors on rainfed wheat
yield by using sensitivity analysis in Central Zagros. Iranian Journal of Field Crops Research, 15(2), 257-266.
https://doi.org/10.22067/gsc.v15i2.37244. (in Persian).

Monti, A., & Venturi, G. (2007). A simple method to improve the estimation of the relationship between rainfall and crop
yield. Agronomy for Sustainable Development, 27(3), 255-260. https://doi.org/10.1051/agro:2007011

Moreno Sénchez, J. C., Acosta Mesa, H. G., Trueba Espinosa, A., Ruiz Castilla, S., & Garcia Lamont, F. (2025).
Improving wheat yield prediction through variable selection using support vector regression, random forest, and

extreme gradient boosting. Smart Agricultural Technology, 10, 100791.
https://doi.org/10.1016/j.atech.2025.100791

Samani, Z. A. (2000). Estimating solar radiation and evapotranspiration using minimum climatological data.
Journal of Irrigation and Drainage Engineering, 126(4), 265-267. https://doi.org/10.1061/(ASCE)0733-
9437(2000)126:4(265)

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall’s tau. Journal of the American Statistical
Association, 63(324), 1379-1389. https://doi.org/10.1080/01621459.1968.10480934

Shapley, L. S. (1953). A value for n-person games. In H. W. Kuhn & A. W. Tucker (Eds.), Contributions to the theory of
games II (pp. 307-317). Princeton University Press.

Singh, N., & Mulye, S. S. (1991). On the relations of the rainfall variability and distribution with the mean rainfall over
India. Theoretical and Applied Climatology, 44(3), 209-221. https://doi.org/10.1007/BF00865531

Van Klompenburg, T., Kassahun, A., & Catal, C. (2020). Crop yield prediction using machine learning: A systematic
literature review. Computers and Electronics in Agriculture, 177, 105709.



https://doi.org/10.22059/IJSWR.2021.309650.668731
https://doi.org/10.1016/j.compag.2025.108883
https://doi.org/10.1016/j.fcr.2013.05.015
https://doi.org/10.1016/j.geoderma.2003.08.018
https://doi.org/10.1038/s41598-025-06370-6
https://doi.org/10.22125/agmj.2022.156309
https://doi.org/10.1016/S2095-3119(23)63477-2
https://doi.org/10.1016/j.csbj.2024.03.007
https://doi.org/10.1016/j.agwat.2025.108960
https://www.nature.com/articles/s41598-025-09820-3
https://www.nature.com/articles/s41598-025-09820-3
https://doi.org/10.1038/s41598-025-07405-8
https://doi.org/10.1038/s41598-025-07405-8
https://papers.nips.cc/paper/7062-a-unified-approach-to-interpreting-model-predictions
https://doi.org/10.1038/s42256-019-0138-9
https://doi.org/10.2307/1907187
https://doi.org/10.22067/gsc.v15i2.37244
https://doi.org/10.1051/agro:2007011
https://doi.org/10.1016/j.atech.2025.100791
https://doi.org/10.1061/(ASCE)0733-9437(2000)126:4(265)
https://doi.org/10.1061/(ASCE)0733-9437(2000)126:4(265)
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1007/BF00865531

1PeB (33959,8 ) osleis BY 0390 oyl S g o wligdizs Yo

https://doi.org/10.1016/j.compag.2020.105709

Xu, X., Li, Y., Zhang, H., & Wang, J. (2025). Variance-based sensitivity analysis of climate variability impacts on wheat
yield using machine learning. Agricultural Water Management, 294, 109409.
https://doi.org/10.1016/j.agwat.2025.109409

Xu, Y., Albalawneh, A., Al-Zoubi, M., & Baroud, H. (2025). Variance-based sensitivity analysis of climate variability
impact on crop yield using machine learning: A case study in Jordan. Agricultural Water Management, 313, 109409.
https://doi.org/10.1016/j.agwat.2025.109409

Xue, L., Khan, S., Sun, M., Anwar, S., Ren, A., Gao, Z., Lin, W., Xue, J.,, Yang, Z., & Deng, Y. (2019). Effects of tillage
practices on water consumption and grain yield of dryland winter wheat under different precipitation distribution in
the Loess Plateau of China. Soil and Tillage Research, 191, 66—74. https://doi.org/10.1016/j.still.2019.03.004

Yousefi, N., Dadfar, M., Sharafi, S., Ebrahimi, M., & Bazrafshan, O. (2024). Sustainability insights: Enhancing rainfed
wheat and barley vyield prediction in arid regions. Field Crops Research, 312, 109529.
https://doi.org/10.1016/j.fcr.2024.109529

Yue, S., Pilon, P., & Cavadias, G. (2002). Power of the Mann—Kendall and Spearman’s rho tests for detecting monotonic
trends in hydrological series. Journal of Hydrology, 259(1-4), 254-271. https://doi.org/10.1016/S0022-
1694(01)00594-7

Zhang, X,, Li, Y., Hu, L., & Wang, R. (2025). Impact of future climate trend and fluctuation on winter wheat yield.
Scientific Reports, 15, Article 06370. https://doi.org/10.1038/s41598-025-06370-6



https://doi.org/10.1016/j.compag.2020.105709
https://doi.org/10.1016/j.agwat.2025.109409
https://doi.org/10.1016/j.agwat.2025.109409
https://doi.org/10.1016/j.still.2019.03.004
https://doi.org/10.1016/j.fcr.2024.109529
https://doi.org/10.1016/S0022-1694(01)00594-7
https://doi.org/10.1016/S0022-1694(01)00594-7
https://doi.org/10.1038/s41598-025-06370-6

