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Extended Abstract

Introduction

Dust storms, which are particularly prevalent in arid and semi-arid regions such as Sistan and Baluchestan Province
in Iran, pose significant environmental and health challenges. These storms are influenced by climatic factors and
large-scale atmospheric patterns known as teleconnections, which modulate dust activity by affecting wind
patterns, precipitation, and temperature. This study investigates the relationship between teleconnection indices
and Aerosol Optical Depth (AOD) at two stations, Iranshahr and Zabol, aiming to improve the understanding and
prediction of dust storms in the region. By leveraging machine learning models, the research seeks to identify key
climatic drivers and develop accurate predictive tools for dust storm management.

Materials and Methods

The study utilized meteorological and climatic data from local weather stations, satellite sources (e.g., MODIS),
and global teleconnection indices obtained from NOAA’s Physical Sciences Laboratory. Data preprocessing
involved normalization and standardization to enhance model performance. Relationships between teleconnection
indices and AOD were examined using Pearson correlation analysis. Feature selection was performed with the
Boruta method, followed by the application of five machine learning algorithms Bagged CART, LightGBM,
Gradient Boosting, Random Forest, and XGBoost for AOD prediction. Model performance was evaluated using
Root Mean Square Error (RMSE), Mean Absolute Percentage Error (MAPE), and R-squared (R?). Furthermore,
Shapley values, Sobol sensitivity analysis, and Partial Dependence Plots (PDPs) were employed to assess variable
importance and interpret model behavior.

Results and Discussion

Correlation analysis revealed distinct patterns between teleconnection indices and Aerosol Optical Depth (AOD)
at the two study stations. At Iranshahr, a strong negative correlation (-0.437) was observed with the Atlantic
Meridional Mode (AMM), while the North Atlantic Oscillation (NAQO) showed a positive correlation (0.236). In
contrast, the most influential indices at Zabol were the Trans-Nifio Index (TNI) and the Western Hemisphere Warm
Pool (WHWP).Feature selection identified AMM, WHWP, and the Tropical Northern Atlantic index (TNA) as
critical drivers for Iranshahr, whereas TNI and WHWP emerged as dominant predictors for Zabol. The applied
machine learning models demonstrated strong predictive performance for AOD, with XGBoost and Gradient
Boosting achieving the highest accuracy (R*=1 for Iranshahr and R?=0.99 for Zabol). Sensitivity analyses
confirmed.
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Conclusion
The analysis of results from the Iranshahr and Zabol stations indicates that teleconnection indices significantly

influence Aerosol Optical Depth (AOD) variations in these regions. This influence stems from the indices' impact
on atmospheric circulation patterns, dust transport pathways, and regional moisture conditions. While similar
general patterns have been observed elsewhere, the intensity and direction of these relationships vary due to the
unique geographical characteristics of each location. Pacific Ocean indices dominate AOD variations at Zabol,
with increasing influence over longer lags, whereas Atlantic indices are the primary drivers at Iranshahr, due to
distinct local wind and geographical conditions. From a modeling perspective, boosting-based algorithms (e.g.,
XGBoost, Gradient Boosting) outperformed bagging models, demonstrating higher efficiency in capturing the
nonlinear relationships between climatic indices and AOD. This study advances the understanding of AOD control
mechanisms by identifying key teleconnection drivers and developing accurate predictive models. It also accounts
for spatial variations in influential factors, which can support the design of region-specific early warning systems
for dust storms. The identification of threshold-dependent relationships and critical behavioral thresholds in the
indices can significantly improve the accuracy of both short-term and long-term AOD predictions. Furthermore,
these results provide a robust scientific foundation for adaptive management planning in sectors such as water
resources, agriculture, public health, and transportation. By leveraging this enhanced understanding of regional
climatic mechanisms, policymakers and planners can develop more targeted and effective strategies to mitigate
the impacts of dust storms.

Keywords: Aerosol Optical Depth (AOD), Shapley value, Sobol sensitivity analysis, Teleconnections, XGBoost model.
Article Type: Research Article

Acknowledgement
We would like to express our sincere gratitude to the University of Hormozgan for the financial and logistical
supports who significantly contributed during the research project.

Conflicts of interest
The authors of this article declared no conflict of interest regarding the authorship or publication of this article.

Data Availability Statement:
We have no permission to release data and code.

Authors’ contribution

Abolfazl Davari: Performing software analyses, writing the initial version of the article, Rasool Mahdavi Najafabadi:
Guidance, conceptualization, editing and reviewing the article, review of results, Marzieh Rezai:
Conceptualization, reviewing the text of the article, Ommolbanin Bazrafshan: Conceptualization, reviewing the
text of the article, Alireza Shahriary: Conceptualization, reviewing the text of the article

Corresponding Author, E-mail: ra_mahdavi2000@hormozgan.ac.ir

Citation: Davari, A., Mahdavi Najafabadi, R., Rezai, A., Bazrafshan, O., & Shahriary, AR. (2026). Prediction of
teleconnection effects on AOD index in Sistan and Baluchestan province using machine learning models. Water and Soil
Management and Modeling, 6(3), 351-368.

doi: 10.22098/mmws.2026.19012.1755

Received: 20 December 2025, Received in revised form: 26 February 2026, Accepted: 27 March 2026, Published online: 27

August 2026.
Water and Soil Management and Modeling, Year 2026, Vol. 6, No. 3, pp. 351-368.
BY NC

Publisher: University of Mohaghegh Ardabili © Author(s)




%% SE 90T oy g Gilwdne

SIF

YYAF-Yo£ : K9 w01 bLs

o] CSie 5ol 3(AOD) Ladls b 590 5l Mgw b yasls bLs |
Ol ol 9 ol

165k e Lo ke Uil )iy (il &1L ) s po 2 galiTin S9k0 Jgmwy ¢ 8551 il

Ol ol 32z o8 50y olRtil>  rmbogulio g (559 Bl ¢ mblio utizs 095 (5S> syl
i eombie iz (S o oISl grbogulio 5 (55,918 518l (b lio sutige 09)S ol ®

) ity (I o oISl mborie 5 (5)9LS" SIS ( mbogplio (pudis 09,5 il ®

) cl3 gl 5 lhamps oSl mo (532,400 2 g Ll BASE chaas (51 09,8 ylusls

2 S>

929 3 o sloadls (o b5yl oy 4 Gimgk ol 50 )l )l 935 slagligle gl g b sl 55 590 | Lo slaasls
51 (¥+21-Y-00) AOD silale (claodly sl o aiilo gy liwargl 5 ltaw 55 bl g il pl (claolRi] 13 Jwg sl (Sl o @l poss
5 ool b o 35 ploxl gy (Siaran b adyl Juloo 45 gl il NOAA oISl 51 595 5 wgw slojasls 3 MODIS s
Gradient LightGBM Bagged CART _fols ‘puilo (¢ 553k i yo3 ety 508 el o] o (sl 550 (slo pite BOTULE 135,65
28,5 18 bl 3y90 R?2 g MAPE RMSE (gl jlxs b 9 i edlatel (gjlo e sl XGBoOSt 4 Random Forest Boosting
Partial Dependence Plots (PDP) sl 3505 5 SODOI coslus Lo SHAP (sl jsg, 5l cpmible (656550 (sby Jho yousds (sl ecules
o (Siwsed L (AMM) Mode Meridional Atlantic a3l sl oL AOD g 593 jl Sign (slayadld o (Siaed gols 135 oolitul
Syl yilyl gl (Sanl Bes w1y b opyiiw (0/236) cute Siwwes L North Atlantic Oscillation (NAO) 4 (-0/437)
A8 e bl ]y Lol s Western Hemisphere Warm Pool (WHWP) , Trans-Nifio Index (TNI) (sla a3l Jlj 5 45 Jls
Tropical Northern AMM ales 5l udbl (ugildl b b e sl jasls ol glis il ! o] 3 odl8l slo 555 bl gl Julos
Tropical Southern sl gldlaie claasls ol en 4 Atlantic Multi-decadal Oscillation (AMO) 4 Atlantic (TNA)
o TNI Jols ] Logildl & atly sl asls bl oliag) 5 (il 13 5505 ood8l Ll 1, 5k crUds NAO 4 Atlantic (TSA)
leea, Gradient Boosting s XGBOOSt (sla Jue by olis pile (5:53b o555 g b (il e 33,8 o] (g soisS yuns CEWHWP
XS o s M g el olSigl 53 50 laite Cond () ol o attn Juos ] (Sl Gos 355 it 4 6 s oyt
93 8 53 5 SteolisS oyl 13 ohigt e dole (550 plyiets AMM sl epgeislnl 3 iiaan jlose Wl adlain 1 )3 5o (ol Jolse
e il b )] s g sl e i (WHWP 5 TN ol Logldl slaasls L) o Jlie s .ai aslis Sobol  SHAP i,

XGBoO0st Jio ¢ gl (Sl Gos SOOI opmslus il ¢y j1 L5 Shapley sl 1 0lS laojly
gy 4o £y

ra_mahdavi2000@hormozgan.ac.ir : S9yS Coy « il gt

9% 3 Vgm )»L: i (1405) Lo ple oo,b s g (lidlyds cpuidlpl cns o« ols) (Jgm, :dbl.gig_é;?rjdg.xezc Juadllgl ¢ g0l L]
368 -351 ‘(3)6 SE gf&g{g.&a; ilw o yuile (65500 (sla Jao 5l ool b liwe sl g bt Lol 5o AOD o>l

doi: 10.22098/mmws.2026.19012.1755

1405/06/05 : L) o, 1405/01/07 : b i g, 1404/12/07 :6 i3l g s 1404/09/29 2y s g

368 1351 amis 3 o)lad 6 0,5 1405 Lo (55 5 ] oyt 5 (5l Jid
BY NC OB Ny © ko)) 3azes olSiily 1yl




368 U 351 Cilwio (1405 Jlo 3 ol 6 0,93 /S1a g O o e g (55 Lwrde 4y pal /3] Ko 5 (59l 354

salygy Slglhd (S Gidy (silojl & wlosly (L5 o)lgale
sl -yl (Zhao et al,, 2018) cusl o2l> ials' 1y ke 555
b cos bl Jle 53,5 ol o cunl o5l (S Slados
sy 2l JF (S by g il oldl Jolse Sl (55
oty i b o e i s Sl ol
S I > alensS 55305 i 538 Sl p S g 5 S
J 35le 05 i > 52 gl 19> J S (slnsS ol
e b Wl 0 88 o ulbol g8l g 5 (o9 g g1
52,5 Sl o3 5 i kiS5 s 3,5 b
5 Sew b (Lietal, 2021) sl 48,8 Jai > o5)i& b
s> gl o) (3bj Cuanl e 555 glapligl 9
calizeo gblio 0 1) laolygy opl i 5 Jlglyd calisie wlie )5
Jleil o)l ogildl (o5 wilo )93 3l Nign timd o yl,8 15l o
e Gl ot bl ogldl Jlod plog 5 1550l
Lol gl xio sl 5 35 slagligh gody 4 o (gp> Ly
SRl ) b 5 355 slaglish it okl Ugons 5 215 0
990 3l Non (glaoSl o Lol (w4 (odisio lallas aind o
Ol g e 505 ()05 sl gk wile s> slony o
(Ghojghar et al., 2021) xlasb, cilisee gble >  olgngc
65 sl bl &S woly -\l Tavousi and Zahraei (2013)
& ALl Slebo 3 5 o e Ozl 5 s (il >
Feng et al. .3,l> g blize bls)) ENSO 5 53 L § siad 0
Slg o limej Juad PNA (565 aS” b ol 35 (2016)
Alipour .a25 )13 156 cov 1) oaotie Sl )3 b gl clale
ey »AO 5 ENSO wils ye3 il N (slagSl 150 (2016)
Wlgg o oSl cpl a8 W0l lis 5 L0)S" sy |y il o (oyle
8 a2 Sl S e |y o)bé lajg) i a0 35 L
Sunet (pizced Cusl ol oo, Sl sblie Sy )0 G yie
e 905 lagbgb o b @l puis g AO L5 al. (2022)
AO &8 Woly L g 200)S oy |y diboygls o > Jloud o
535 slagligh cld sz sl 2 8 Bk g
st i Ll oo i Leetal. (2022) clasllas 3.4 Jyiss
sloasl ol 5 358 16 Sl JLégs,S el 131, ENSO
oobie 0 93,5 i g Jal y Baas ENSO «jimgy o
kel sloggls J hég ) il o Jbo 3 0)lIS e b e
3 )3 ol slacyled alos 5l oo Jolse 1l cov yuin
53,5 slasigy g dllwod &l yus oy p 4 Shaheen et al. (2023)
Llelge 48" 0y L g aidlyy Wil e By ddlate g )l o e

doado—1
oS ol bl > L bl eyl 5 Sy Le 5 5,5 olisb
(o) Oy Ol b dalio 3 )0 Jlap 3 1y Slold (i
S 2 )35 3 )3 e I (G o8l g 53> Jilge
tdew U slos (Zhang et al., 2003) 1)l jLé 93,5 (slo ool
Foe o bl (o et 1 658 ol B39 9 oS (5 e
(Ding et Lig) o jlosd 4 )L 92,5 (slaglbsl 15 g g8y
5 lisnS plish e e 5l Wsw sbably) al, 2005)
(Gong ol jl5)58 2 lojag cuonl Jl olidocS 0 couldl slagS
alblsyl cpl lys She s b byl 054 4 et al., 2006)
ol 5 g Camdy g SIS b ) Ml e e
Lt 935 o IS b lé 508 laglih » (ghdbais
e o2 a1y (osldl i i) & ol o Wgn So Sl
9355 olyie a4 e 95,5 Juwg sl (Shao etal., 2011) &5 o
ol Sy lp (o3b) Coonl 29800 ABLS G5 e LS
el il alo 3,15 lad] Coolls (s peiomon o o ¢ (clailaie
55 439 losiins Wgign Sl 5 25 Juug T g 13 la g5l
A8 e Cotasly 5 Coteclis gln il ol 5 e b e
o Juwg 5148 xloal ol wlagss (Miller and Tegen, 1998)
iz sailaie 1) Jhuugio s oo S Wl o Lol 8 5l 3l
) smige il 5 (95 e cnl g 005 gl Lol i
5l aslg oo yuomod b ws 3l oyl (Jin et al., 2014) LGS co s
e 5 03 s |y ol SIS ) S5 b ol 3o
(Choobari et %53 15U e piwsw (5500 42392 9 5)b
i 95,5 (elo sl sVl cloclale ¢ slys s 5o al., 2014)
5 00 Nghie Cdl SiSaed 5 Sis bl bies
93,5 WuyeS 9 5yl )18 (Jlodd 0 )8 )3 Jlé 93,5 wlie (p 50k
o B Bl Sl g8 ol § 8 dins o S5, s
LS (o yee Lol g g (535 50 Slsl iliaygls ) g 00 018
» Sl e bwl » Le g 5,5 (Washington et al., 2003)
ool 5395 i ool 10000 ) iy sl slac bl
(Uno et 555y )95 1) o) 05 plad (2 b 438 gy Jlad gl
Gilizeo Joloe @il oy sl o3sie lidss al., 2009)
FS)p e > Cusl 0ad plxl L 9 35 Clyi  egilly
5 85> 0535 Sl by o5 Ly gaw slod slags el
S bl jle 908 slacdld sl o wigi o Sl wgildl
B o a5le cimd )15 186 o j90 5l g sl 25k
2 e Sl I Sy (Lietal, 2021) g5 Jl osia Sl o



355 Ol oy g b oyl CSie (SW0Kum] )3(AOD) bl b 49 3! Wigw (s sl bl

ol 3 S S ke 935 Je 9 s ey i el
2 ke 535 slacudld s | digy sbaasls bl
Ol Gl ol 48,5 )5 oy )50 linish 5 Gl ol
On oy Ll Bl eolial (pdle (6550 o Jse ) opglaie
Cnl 298 oS (oS jobots L 53,5 £589 9 593 3l g (slagS]
9 9 )k 92,5 oy p e (4 Jaloe alulid (Sl 5)S)
Oldllas 13 29350 Cudgiome 5 AS 0 wpalyd |y b o i >
Ly by con Jolos dgaoee wyp 4 s Baes a5 ¢y
L y9o jl g lapasld J Jlod oS 5 culple il e )b
o Sy Coml gol> Jlos g (dle 650k byl (glo s
Lulyd b (dladate )3 JLé 53,5 5385 5 dBgedt sy S

2slise ool3 1y g arld

W shg; 9 dlge -2

axlllae 3,90 Ao ~2-1

SEly olnl Grd > @y gk VO Colus b Gl adlain
Ol ol 3y g qliuaglh 5 Gl Gl sl 0s
lopsye Bgiome ) 3l )5 il o) g g g
47°58 il el g o Jloss 'Y8OFY 573925 Ll s
ol 55y oS gt 4 B b ol )8 (8,5 "19°83 b

B g > o (Sahebzadeh, 2019) dgi o adliss ddlais
(1 JSs) sy 5 oyl

ilo gkl Cblug S gy dy > gl L i ale
5,38 556 L 95,8 slaligh i g Jlel 3 sl SPDO
on b & 6 F bl gyll ;6,50 Pereira et al. (2024)
Ol &8 K0,S 55 1y ygslel > AOD 5 ENSO (gl yaslis
ol 001y i 1y gl (glooygd 5l s AOD (giuoyd Vo v g
Glon g ol g ol alilir Ll b gl 5 Gl il
onty 15 cov polie jobas ol Liblie jI SG o St
soges Canll 5 15p S o S & ooyl )1 )13 5L 905
ol 5 (55908 355 GilS 4 W5 o oSk IS o i b
e i 0gd e 35 slainl g (oolaidl sy 4
Solr Sl jladdate (] 3 L8 505 Sl dBgetr 5 (35>
ofg 4 55> Joloe &S dad o Ui Slidss Cuwl Jlyyenp
oo b g gy » s JB SE g9 5l Ngy sl
L3 59y 2 g JiB jobots i gl cul )5 )L 93,5
3)5 oy o )3 eloe cul den o8 )35 800k o0 g 2L
25 &89 2 g ol b S ccplpliy Bl ol S8 )L
4 dog b S SoS b o i CB dag 4 Ml 0 le g
2ol Gl el g mble 650k alsej o 3] slocd ity
550 3,59y S g5 oo v Jdo oyl 5l oalitl codyz (slaodls Juls
U5 b il 55530, (slnJao 8l L 555 Lt ol
ow bl e STy 4 wilg e daedly jd diags slaeSl lolis

axlllao 390 alharo -1 JSS
Figure 1- Study area



368 U 351 Cilwio (1405 Jlo 3 ol 6 0,93 /S1a g O o e g (55 Lwrde 4y pal /3] Ko 5 (59l 356

) oobieS) 3 52 (SlagS Slatnns il o 5 Closl
Pereira et al., ) &S o Jdoo AOD boj 5 (Ko lyuss
MODIS sx:5xs 5 (AOD) A Lusg 3l Sl gas (gloosls (2024
YeYV B Yero Sbojojl slp Terra ojloale (g9 y oddicua
Gl a0 oS Canl dmy g9 el G AOD s gl el
5 i Bk 1) sl (gt 53 o Jusg 51 baogs (s AU
oyl (sl slS a8l Sy e 9 A5 e oS STy
@lia JJAOD 8 o Joe Ign S g (i 3 ol 55 g oo 5]
gl (o) SoaSid g lojlgale slaljl alox 5l ccibiseo o3l
AOD (sleodl> (Li et al., 2024; Solanki et al., 2015) 544 0
Copo & 5 035 Jols MODIS wlals ¥ paws g ;|
alyl Sk obde 3 VA x¥E e Sle oy b osd auaSiud
SSbe o i 4 Jolw o (Gupta et al., 2020) %o 0
Sloj 5 5o s o el Laosls o 5 el AOD ilale
s A5 o ol B ) Sla g (st el polido > Juog 31 )\
Gk J) pg5eal slaodly (giluodz LS ol odls 3l Sy
o b blyy Qs g (e g g Gloj siluplien
Sired ys ) oozl | AOD 5 45 5 Sgy (sl sasls
W8S B enn 9o M5 g setilpl ool )3 Ggu

(Hao 595 o0 auwlore 1 alasly bl yom o (Siussod o>
etal., 2022)

ry = 20y )
JZ(xi—f)ZJz(yi—mZ

i 290 piie 9> & bgye plie Viog Xi (Jyeyd opl

Sl ez 2l T g ciad o ol 1y polis cpl Sle § o X s
e 80y (S yline 0523 LB T Gy pd ! laodly plo
Sad sl JS )5 1| (Stad oo Gllao e a2y ol
S5 L alr| $1e8 gygboss il 5isgb puito 93 (o ol
ol YW T Cato e ol yidiy pakio 83 (po (Siuwed ASb
Mo oS Jo 5> and yusita 93 (0 (aftie alar))) St (Sisors
» {(Schober et al., 2018) cul 2o (Siumod Sy T 200
2 e Slagts) 5 Byg ey b e Shy Sl (g Ay
slodie Sl b Shy oosite b 5 48,5 5o Sy Coosl
Sl dawg doye D e Nad bl udle (65500

6 Arctic Oscillation
" Quasi-Biennial Oscillation
8 Aerosol Optical Depth (AOD)

9 Boruta

st allls il pSiks b g St b (S5 glop o T (gl
Cundge .l 35 e a3 28 alle gl 4 yio Lo 60
2 o)lsen adaio cpload el bl (B (o8l Lulyd 5 oldl s
bl )13 ol 93,5 slag ol g JuSits o coslilody 93 42y
CBSE L ol yos <9 500 b 3,5 51 059, 120 (el 559 b
@5 (AU Ghdy obj pes b dlod vl 4 plus by
s il g (bl claculle 5 (dloygd (clo JluSis
(one D9 oo ddlaie (pl )3 lé 935 (Slag sl g3y 9 S
9 Ol Gl G ore (slajred I (S plye 4 il
w9 (2P L bl (65550 Bblie Ngn ) (IS (38 (lazrgl
sl o3y Slaciond gyl Glopd S e
& Syisy Cuwl 355, Mg ailate g 485 )8 Jbygeile
b (Bpl GBS b Cuy briond § (Glawlods ©)jg0 4 adai
aghaio @Bl )b Giolwd 4 Sl cuwlus oS siun 5y cél
S g sl 05 (sl 105 £S5 Sblo 0 pmel g olesly
Jls 3 59y 342 391 (gl 0)9 1 Gl g 5 St (gl
9 sy (LS Jdy wculie (S L sl bl e
il (LS by S by Sl 3 Ll g o jitue dllusix
b Gl il S Colus g oS SB cogb) widly

B3 ulindipig; -2-2
Jols albBuis mbo 3l jlidyse (slaodhy (imgh ! 2
90 3l i Slgae (e Siginw wliilgn (slaolKiuw)
5 Aqua ¢ Terra lao,lsale (59, y odiicua MODIS oot
sl INOAA M)l oy yiize oL 3l 495 5l Son (sla ot lis
alale o8l gloyadls slaodly .35 7l y5l 2000-2021
NOAA Physical Sciences Laboratory (PSL)! colwesg 5
ool & bgrye slayasls Jols odlaiwl 3550 (glaodly . aps
Lsye sl _asls (TSA TNA AMO AMM NAO) bl
WHWP TNI BEST ME Nino 3.4 SOI2) )] ssildl L
oo )5 slogSl 9 593 3l Wigw (SagSll b (izxes 5 (PDO
o asls o) sl e (QBO7 (AO® \WPS (AAO* PNA)
S ok 9 lid Sblug g (wldeS) ) s agSl B jyue
el Ll g Juog 315k s g e g g2 &S Akt 330599
ol pio lgis 4 b jasls ol oplpl 0,8 o 45l lailaie

L https://psl.noaa.gov/

2 Southern Oscillation Index
8 Multivariate ENSO Index
4 Antarctic Oscillation

5 Western Pacific



357 Ol oy g b oyl CSie (SW0Kum] )3(AOD) bl b 49 3! Wigw (s sl bl

oy g i -3
A 99 ) Vem basls (Swer @b -3-1
Jl5 9 el 3] (G Woliius] 13 AOD b ciliseo gl ps s
ol bl 1ty 55 (Sns sl o & s ol 5
Sl oadbaidlyy paiilyl oy o] AOD 5 (wliecS) 5
oSl )3 4 3a)b 3l 93 5 Wgw il il clapunilSo a5 bl
£ e B (gloj (stoaiby b ] gy 5 o3 s 35
S Sl Pt St B b (Soon o ol csins
2 &S oaly j3 Jbliee baslgy 5,555y cpl 10 ol o sl 4 Laslgy oyl
o5l g 295 0 JSB 29 48, 0133k sl (S0 5B 8 i
loj o3l (lsis 48 A8 o asetio bl o (gl dinge 3T
awg gy (@5 Sl el g 08 Jeo Guge She
Jdos 3ygl e wald oanl BT i Slles (cla e
el 5 M5 ol 53 > (ol ol o (Soson
5 a3l g9 il Cod oS Cunl (Joldie 5 oduomy Loy, odimd i
sl asls ¢ bl oSl ;32 S ol 55l 3 Sloj H8b
PAO Jbo plbaooly ol amsd sl Siuer AO 5 AAO
0l ey 0/076 oo Siwwer yShs & anle ¥ 50
¥ 56 2 0/106) ey I e (Sier 5 > QBO
4 (b £) Slb oyl 3 SO & b o wush (aab
Nino3.4 sl ENSO (¢la o ls .y 0/153 cuto  Sisen
03l b5 dale £ B ¥ (glo sl o dte  Siwwen ;5 MEI
1 2 dalo 5 3L 3 Nino3.4 ¢l -0/114 & o Sl &
Sian AO 5 AAO (sl il oyutilyyl o) > o blie
4wl ¥ b 0 AAD & (gyba Wi g cute
PNAO asls ., 0/173 4 asle ¥ ,56 5 AO 40204
253 500 (i b5 4 Canad (65608 o (Sitasors eyl
oK) 93 2 > AMM 23li .y 0236 Slis & anlo ¥
S oiilpl 3 Sted cpl Lol widh Sl bl Siuson
St o] 93 0 3 PNA jasls (-0/437) 590 5 so5
»0/232) 591 g5 (Simmenr oyl wiilpl  lol wceils e
PSP e (Stumon geiilpl o WP (o) (aale ¥ 150
TSA (slojasls o (L5 b5 & cos (aale ¥ 55 5 0/198)
TSA & (g)sboas wizily glite ;b8 o&imnl 50 1o 13 55 TNA o
TNA § (aale ¥ ;3 ;5 0/208) oo  Siumor wuiilyl

12 R-squared (R?)

13 partial Dependence Plots (PDP)

LightGBM Bagged CART (loJio | cyuile (50500
ulp XGBoost 5 Random Forest «Gradient Boosting
(Khodayar et al., s odlitwl Jwsl (Sool Gos (g5l Jde
Ob9el odd Uil g oad B3l e (slaodls b la Jae 2025)
peit 3Slos glodinge el Lol oyl 5 Ssde odb
e gocro 93 &y lodld o Juo  oiwjliel 5 o)l dls e 53 2985 oo
&y o3l 153 70 a5 (IS 2y i oannis _oisloj] g (550!
oo 3,Shos s o3liusl b Jdo yiolojl (clp 20)3 30 5 3590l
Ske (RMSE) e @layyo (ke ity sl jhmo 51 o3liil b
il 90 (R:) Y i p8 5 (MAPE)" llao sllas s>
s (oS oty oo iy L 5 i b 25 8
e bawg &S (gpolie o ©olds las Slayye (16S0ko Ay j3940
ool 2 (b3l e sl Slanltio 3lie § 3950 (st

{(Sharma et al., 2022) 343 0 duwlxe 4 2 Lajlg,

, n o a2
RMSE = Yie1 G1=vi) (2)
n

1 Y1-yi
MAPE = 237, |%| x 100 3)

> Gi-v)?
R? = 1 — Sea QoI 4
S, =92 ( )

@y oyl (gl (el (Bly J3) Vi @0dd e JMRe T
Colgg 5 Cunl diuly pito WSbe Jade Y 5 Glialin dasn
sy 90 ] Cono g €8> g ors s e (sloin i
s (8l (gl (Sl shg o Jue (b5l Sl ey 128)5 )18
ey S b ad ool byl Cuwlus Jdod g b Jao (9,5
9 Jo e (gl 098 Jols Juo (295 5 39)9 o il
ool (anass ly SHAP Lo (bg) aw 5l daily) oo
1y (PDP) ¥ i (Saly (sl jloged g3k 0,5 b o o S
o g (e mite 9 S Gl Shy om Ay Gl
2] Sl g it 1 oo o8 iorias (gl S Comilus
ok Jh el b slye elo Al el (298 bl
caret {PDP 4 SHAP (4l,) iml sladlols’ g R wsgidaliy
L el (s ol o (gl y) stats (b Jae (gjlwesly ()

10 Root Mean Square Error (RMSE)

11 Mean Absolute Percentage Error (MAPE)



368 U 351 Cilwio (1405 Jlo 3 ol 6 0,93 /S1a g O o e g (55 Lwrde 4y pal /3] Ko 5 (59l

358

Nabat et ) Cuul adlaio ol y baylyd 5 jLegd,S Jla] (slo puno
eonlil el sl ol L ) oltug) el eizxen (al., 2020
o 2 AOD s ) 48t oyt WHWP o TN o554
Soppher Col (il SlapuslSn ) (26 Ly cpl 31> adlai
Chenetal,, ) dihaio cogb) g ()b slagS 56 3 )b ) TNI
5355 Sy 5 s (sled o oo 5l WHWP 5 (2025
w (Duran-Quesada et al, 2017) &S o Joo (55>
L & 593 5l Yigey & AOD (6l pusis 45 23S o ol ( Sawad
o3l g ol il Cobpa J| Slio oL yaSld £y 4 sy
Sy ol St b Sl ) loliss el Sloj b
el oS 52 Slo 3L (sl 2 Ssiter S 455 2 S

oadls ol ol (aale ¥ b -0/285) Late  Siwwen
Sansods oyl ol udly ale  Sinsod o] 93 2 > WHWP
sasls (anke ¥ 8L 1 -0/1294) 59 iesd il
Sl Stunon b )l oStusl 95 0l 2 (Sslite bl arll
U] &S Jlj 20 G Reilpl > glite Sloj slagsl 5 555
ol ol dilato 63 cpl Cy soul8l g oldlyin ol ;I 5b
o3gd 593 3l Won (sl yedls oS wmd o i il ) oK)
Susod LYNAO 4 (-0/437 (458 bio ( Siwumen L) AMM
L) adlate (pl > AOD s o g obiae il (0/236 o
W 505 oSl b asls b b5 sk Ly, oyl

Correlation of Teleconnection Indices with Different Lags

AAD2 AMM_Atantic Merdional Mads AMO AD BEST_Bivariale ENSO limeseries
0.2 - B 010+
0.0 / ] 0.054
0.1 005 0.1
oz v\\’/ o 0,004
i . 0.04 0059
00 \/\/\/ 015 o
04 0.20 X
Multivariate ENSC index MEI NAQ Nino 3.4 Nino1+2 Nine3 Eastern Tropical Pacific
005 J 0.04
0.20 005 0.0
0.00
oo 015 0.00 0,044
= 0.10 0.04
g 005 0.05 oes 0084 008
5 0.00 010
8 0.10 012
S Ninod_Central Tropical Pacific SST Pacific Decadal Oscillation_PDO Pacific Morth Ametican Pattern_PNAZ Quasi-Biennial Qscillation_QBO Southern Oscillation Index_S0O|
g ol 0.05 0.104
2L oos 0.00 0o a1
o 0054
& 000 -0.05
0.1 .04
-0.05 -0.10 0.00+
-0.10 K 0z ]
0.15 005 0.1 4
TNA Tropical Northermn Atlantic Index TNI TSA Tropical Southern Atlantic Index West Pacific Pattern WP WHWP
01 0.20 0.20+
0 vl 015 0154 001
0o 0.104 \
0.10 : a1y N
0.2 0.054 e
0.1 0.05 024
// 005 o0 0.2
T 7 T T ’ T T T T 0055 T T 03 T T T
Q n ™ @ @ @ [ @ @ 9 » © B n ™ o Q 0 » @

Station

Lag {month)

iranshahr =#= zabol

Jo5 9 il o (g 0linns] ;3 AOD b il (sl pa T 13 593 51 Wigw (Sla yad b  Siwmmod 2 JSui

Figure 2- Correlation of teleconnections indices at different lags with AOD at Iranshahr and Zabol stations
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Figure 3- Effective teleconnection indices on AOD at Iranshahr station using the Boruta algorithm
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Figure 4- Effective teleconnection indices on AOD at Zabol station using the Boruta algorithm

Sy jorls 9 Sblog 105 b dol (Yo V=Y YY) Liolojl 09
b Gl 1L b e Nlazsl 6 Y VA o 5l g op9) 203
b.cdl pials by Jae olod 8> Cunl Lol &l 5 ke gd S
5 XGBoost) Cusli p (gwe godoms b Jie Jb ol
Bagged ) & joslw (slo Jio b awlis j» (LightGBM
o) woie e 2Nes (Random Forest ¢ CART
Oliomen 105 Sy )90y 53 4o )STaisls lis 3¢5 5 Sblwg
Nt p e gladde (IS pbar 29d e saalie gl
s> ,» ,» (Gradient Boosting 5 LightGBM XGBoost)
SaSs Sladde 4 o sy 3Sles oy
byl UL oblg s> 4 & wizils (Random Forest s CART
556 JS unlmosly 13 39250 ody 5 (oS e Ly 653k
e 5383 5, Shee S o aul by o) el |y aolie ol
S5 @ g e by (YO8 5 ) (saiolojl )93 1> XGBoost
waas (i pannlSa 05 s 093 oyl sla il b o] clay S
03,5 S5 ol Sigel sloodls (59 » GBilnse 5l Jae ool
(hega)S (slocsy) wad Sllog b agalgo 101y o 5dmras 5

ol 04l dgaps

Bagged ) ¥

2 Bagging Models

C5b a5 dlewl L AOD  Jwyiw -3-3
L3 5 el §oolSiugl 3 ol
oeile (653l il glaJie 3,Sles awlie 5 S
Gradient Boosting LightGBM Bagged CART)
» AOD 23l o i 5> (XGBoost 4 Random Forest
da e o o i |y liwesb g s il peuisly) o)
205 03> 3590l Boruta oo o8l coxiie (sl e ) o3liil b
o] 0 10 s g5 Oyaody oK) 93 (gl Jde (sla 63959
AMM (lag0, lagl, lag2, : Jols (6399 miio V4 b Jio yeuiil
WHWP (lag3, lagd) TNA (lag0, lagl, lag2, lag3) dag3)
» 9 NAO (lag4) 4 TSA (lag2) AAO (lag3) AMO (lag3)
TINI (lag0) Jols (53559 o A b oo 35 Jil; oKt
PNA AMM (lag2, lag3) WHWP (lag3, lag5, lag6)
o yiio dcgaze ) Ciglis oyl Hwd jgel PDO g (lagd)
52 P AOD 2 o (ouldl (Sapusle )3 o 031235 (399
93 50 3 b Jae plas (Y VF-Y -
s 50005 (gilwdud Cuslio cBa b1y oy IS Wg, o]
2l lis 1y 3l o e XGBoost ¢ Gradient Boosting

') d.:)yo] 0y93 y Lol DK.'IM%I

1 Boosting Based



361

PO\ PN PP VWUV V) BT Se PR EY LW ).:(AOD) 0 li b g0 5l Wgm s el bl

- Actual vs Pradictuss Vs Gransiars

i

e

a)

4 XGBoost (& Random Forest (< LightGBM (¢ Gradient Boosting (< Bagged CART (! sy Juso LAOD  gus s -5 JSW5

FUINE] JU) o0y

Figure 5- AOD prediction with a) Bagged CART b) Gradient Boosting ¢c) Random Forest d) LightGBM e) XGBoost models at Iranshahr

a),

€)

©)

station

i s Predicted Values (zabol

b) Actun

|
L

|

W»;

\*JM W ‘WV‘WMWM

)

Actuat vx Prodictes - zabol

8luwy] 43 XGBoost (< Random Forest (csLightGBM (o Gradient Boosting (< Bagged CART (! s Juas LAOD o iy -6 JSU&

H;

Figure 6- AOD prediction with a) Bagged CART b) Gradient Boosting ¢c) Random Forest d) LightGBM e) XGBoost models at Zabol

station



368 U 351 Cilwio (1405 Jlo 3 ol 6 0,93 /S1a g O o e g (55 Lwrde 4y pal /3] Ko 5 (59l

362

oobatbl o 4 Stalojl 5 GBi9el 090 93 58 )31, (R?) s v
Random Forest 5 Gradient Boosting (¢l Jae ) j w3
5 LightGBM (sl Jao ¢ blao > i8S j18 oo (sloody po
e 1y 0ySlee oy pcamns dilaio 93 ;> Bagged CART oj54
XGBoost il boosting y (die slaJde iy 3 Slas.iin S
Shaheen et al sladidl b guen bagging cla Joo & Cumd
b e Llgy (oild s 0 b Jse ol sl oyl a8 el (2023)

S 65U LIS AOD g odil sla jaslis oy

P ol 55k sdse 3Sles 2L, -3-4
5 9 el ] (gloliun!
Osle 650k Jho gy 3o bl @l Vg ) sla g
Gradient Boosting LightGBM Bagged CART)
2 e g il pl ol 93 53 1) (XGBoost g Random Forest
80 ;0 ad o Wis R? g MAPE RMSE (gl jlxe ol
e BB BRI L o oy e laicdy XGBoost Jio ol
oeplk g (MAPE g RMSE) s y0lds oy oS oS A il

il ] 8] 33 AOD (g v (6152 cramile (6 53 (S0 Ay lio -1 Joua
Table 1- Comparison of machine learning models for AOD prediction at Iranshahr station

R2 MAPE

RMSE

Test Train Test Train Test Train Model
0.88 0.66 22.235 29.734 0.044 0.039 Bagged CART
0.88 0.73 17.926 22.808 0.045 0.034 LightGBM
0.96 0.89 12.459 17.087 0.023 0.022 Gradient Boosting
0.95 0.89 14.258 18.098 0.030 0.024 Random Forest
1 0.99 3.170 4.104 0.006 0.006 XGBoost
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Table 2- Comparison of machine learning models for AOD prediction at Zabol station
R2 MAPE RMSE Model
Test Train Test Train Test Train ode
0.67 0.80 42.677 38.261 0.071 0.078 Bagged CART
0.73 0.76 31.911 30.418 0.061 0.086 LightGBM
0.91 0.93 24.132 22.833 0.039 0.041 Gradient Boosting
0.92 0.91 23.993 24.635 0.040 0.057 Random Forest
0.99 0.99 9.465 8.595 0.014 0.017 XGBoost
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Figure 7- a) Feature importance diagram b) Changes in climatic indicators using the SHAP method c) Sensitivity analysis of indicators
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Figure 8- Investigating the behavior of the model against changes in climatic indicators using PDP analysis at Iranshahr station
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Figure 9- a) Feature importance diagram b) Changes in climatic indicators using the SHAP method c) Sensitivity analysis of indicators
using the Sobol method d) Analysis of the importance of permutation of indicators at Zabol station
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