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Abstract

Accurate monitoring of the growth patterns and spatial distribution of paddy rice cultivation in areas
dependent on surface water resources is essential for sustainable water-resource management and irrigation
planning. The aim of this study was to develop a multi-source framework for phenological analysis and
mapping of paddy rice cultivation by integrating Sentinel-2 optical and Sentinel-1 radar data within the
Google Earth Engine (GEE) platform in northern Bavi County and the agricultural lands surrounding the
Karun River. To this end, time series of NDVI, EVI, and LAI were analyzed over the period from 2022 to
2025 to characterize the temporal growth dynamics and phenological stages of paddy rice. Based on the
resulting temporal patterns, the growth stages and peak greenness of paddy rice were identified, and an
appropriate time window was selected for generating the final 2025 cultivation map. For classification,
optical features were integrated with Sentinel-1 radar backscatter features, including VV and VH
polarizations, and three machine-learning algorithms, namely Support Vector Machine (SVM), k-Nearest
Neighbors (KNN), and Random Forest (RF), were evaluated. Model performance was assessed using an
independent validation dataset. The results showed that Random Forest achieved the best classification
performance, with an overall accuracy of 91.51% and a Kappa coefficient of 0.9310. Based on the final
classification map, the paddy rice cultivation area within the study area was estimated at 7,457 ha in 2025.
The proposed framework, through the integration of optical, radar, and temporal information, can support
monitoring of cultivated areas, assessment of crop condition and water stress, and provision of spatial
information for water-resource allocation, irrigation planning, and cropping-pattern management. When
integrated with complementary information such as evapotranspiration, climate, soil, and irrigation data,
the resulting rice distribution maps can also serve as a basis for assessing crop water requirements and
supporting more informed water-resource management.
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1-Introduction

Rice paddy cultivation is among the world’s most strategic agricultural systems due to its critical role in
food security. As a carbohydrate-rich staple, rice provides a major share of daily energy intake for a large
portion of the global population, while also contributing protein, vitamins, and essential minerals, thereby
supporting public health and helping alleviate malnutrition (Mohapatra et al., 2021; Zhao et al., 2020). In
Iran, although rice production is mainly concentrated in the northern provinces, Khuzestan Province has
become an important production pole in the south because of its access to surface-water resources and
suitable agricultural lands (Eyni-Nargeseh et al., 2023; Karimi et al., 2025). In the northern part of Bavi
County, a considerable share of downstream farmlands depends directly on the hydrological regime of the
Karun River, the principal water-supply artery in southwest Iran (Yazdanpanah Dero et al., 2025).
However, the dominance of traditional flood irrigation for summer rice cultivation and reliance on electric
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pumps and diesel engines for water conveyance have increased production costs and energy use while
reducing water-use efficiency. These challenges have been further intensified by recent hydrological
fluctuations, declining Karun River discharge, and groundwater-level depletion, which together have
increased the vulnerability of the local agricultural production system to water stress and climate variability
(Granata et al., 2025). Under these conditions, continuous monitoring and improved water-management
strategies are essential. Remote sensing (RS), supported by satellite imagery and data-processing
techniques, provides timely and spatially extensive information on field conditions and offers a cost-
effective alternative to labor-intensive ground surveys, particularly for large and water-demanding crops
such as rice (Sishodia et al., 2020). Satellite observations enable the assessment of crop growth status,
water-stress signals, and spatiotemporal dynamics of cultivated areas, facilitating evidence-based decision-
making for sustainable agricultural management (Rabie et al., 2025; Wu et al., 2023). Accordingly, this
study aims to monitor and analyze the spatiotemporal patterns of rice paddy cultivation in northern Bavi
County using remote sensing approaches, with the ultimate goal of supporting improved water-use
efficiency and more sustainable agricultural resource management in the Karun River basin.

2- Material and methods

This study aimed to identify and map rice paddy cultivation during the summer of 2025. The input data
comprised optical Sentinel-2 imagery and Sentinel-1 SAR data. A Sentinel-2 image collection from January
to September 2025 was selected to compute vegetation indices, namely the Normalized Difference
Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and Leaf Area Index (LAI), and to analyze
crop growth trajectories throughout the growing season. Sentinel-1 data were used as complementary radar
information and were integrated with the optical dataset to improve the discrimination of rice fields.

In the preprocessing stage, the images were filtered, and cloud- and shadow-affected pixels in Sentinel-2
scenes were masked. Vegetation indices were then calculated for all images, and monthly mean NDVI was
derived to extract a time-series signal. To detect similar vegetation-behavior patterns and to infer the crop
calendar during the summer season, a heatmap matrix was generated in MATLAB. In addition, the mean
value of each index for each sampling area was calculated in Google Earth Engine (GEE) to delineate
greenness dynamics more robustly. Land-cover classification was performed using the Random Forest
algorithm to separate major classes including rice, legumes, sugarcane, bare land, and non-cultivated areas.
Field samples and ground control points were used as training data, and radar-derived features were added
to the model to enhance the separability of rice paddies. Model validation was conducted using an
independent subset of field samples, and classification performance was quantified using a confusion
matrix. The study outputs include monthly and aggregated vegetation-index maps, a preliminary
classification map, and a final rice paddy distribution map for summer 2025 (Figure 2).
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Fig. 2. Flowchart of the methodology for paddy field identification.
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3- Results and discussions

The integration of optical Sentinel-2 and Sentinel-1 SAR data provided an effective framework for
identifying and mapping rice paddy fields in northern Bavi County and the agricultural lands adjacent to
the Karun River. Time-series analysis of NDVI, EVI, and LAl revealed a clear phenological pattern for rice
cultivation throughout the 2025 growing season. At the beginning of the season, corresponding to field
flooding and transplanting, NDVI values remained relatively low because standing water and saturated
soils reduced spectral contrast. Under these conditions, EVI proved more reliable, as it better minimized
background and moisture effects and captured early canopy development more clearly. LAI also showed a
gradual increase during this stage, reflecting the onset of leaf-area expansion. During the peak growth
period, approximately from July to August, all three indicators increased markedly, with NDVI and EVI
generally ranging from 0.7 to 0.9 and LAI reaching about 5-6, indicating maximum canopy density.
However, NDVI approached saturation at high biomass levels, whereas EVI retained greater sensitivity to
subtle canopy variations. Toward the end of the season, all three indices declined consistently due to
chlorophyll reduction, canopy senescence, and harvest-related vegetation loss. These results indicate that
although NDVI is suitable for general vegetation monitoring, EVI and LAI provide a more robust basis for
phenological discrimination of rice under flooded-field conditions. The three-year NDVI time-series
analysis (2022-2025) further confirmed the seasonal behavior of rice in the study area, showing low values
during early establishment, a progressive increase through summer, and a decline in autumn. The maximum
greenness consistently occurred in September, identifying this month as the representative period of full
canopy development in 2025. Based on this phenological pattern, monthly NDVI layers from January to
September 2025 were stacked to construct a continuous temporal dataset, which improved the selection of
training samples by relying on actual crop-growth behavior rather than a single-date spectral response. This
approach enhanced the reliability of rice field detection and strengthened the distinction between rice and
other agricultural classes. For final classification, field observations were integrated with training samples
representing rice, summer crops, evergreen vegetation, winter crops, and non-cultivated lands. Spectral
indices derived from Sentinel-2, including NDVI, EVI, WDVI, LAI, and Clgreen, were combined with
Sentinel-1 VV and VH radar backscatter to improve class separability. The Random Forest classifier trained
with 100 decision trees showed satisfactory performance in distinguishing rice paddies from other land-
cover classes. To improve spatial consistency, patches smaller than 1 ha were removed from the final map.
After this post-processing step, the total extent of single-season rice cultivation in 2025 was estimated at
7,457 ha. The overall workflow and the final rice paddy distribution map are presented in Figure 2. These
findings demonstrate that integrating phenological analysis with optical-radar data fusion can provide a
reliable basis for rice mapping and can serve as a practical support tool for irrigation planning, hydrological
modeling, and sustainable agricultural water management in water-stressed environments.
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Fig. 7. Final map of paddy rice distribution in Bavi County and the surrounding areas of the Karun River,

4- Conclusion

This study adopted a multi-source remote-sensing approach to accurately identify rice paddies and monitor
rice growth stages in northern Bavi County and the agricultural lands adjacent to the Karun River during
the 2025 season. Phenology-based analyses derived from NDVI, EVI, and LAI time series indicated a
distinctive spectral-biophysical trajectory for rice in the region, with peak greenness and maximum leaf
area consistently occurring in September. In the modelling and classification phase, the methodology was
designed around a comparative assessment of three widely used machine-learning algorithms (KNN, SVM,
and Random Forest). Although all three models were able to separate major land-use/land-cover classes,
Random Forest exhibited superior robustness, particularly in reducing spectral noise and capturing complex
patterns associated with rice cultivation in high-dimensional feature spaces. Accordingly, the final mapping
step relied on a retrained Random Forest model using the optimal feature set extracted from Sentinel-2
optical vegetation indices and Sentinel-1 SAR backscatter (VV and VH polarizations), producing the final
rice distribution map. Accuracy assessment using confusion matrices, overall accuracy, and the Kappa
coefficient confirmed the reliability of the outputs. The high performance is attributed to the complementary
integration of SAR information—sensitive to canopy structure and surface moisture with optical vegetation
indicators, which together reduced cloud-related limitations and improved model stability. Based on the
final map, the rice cultivated area within the study region in 2025 was estimated at 7,457 ha. Overall, the
results demonstrate that combining remote sensing and machine learning can provide a strategic tool for
water-resources management in the Karun Basin. Under increasing pressure on surface water and climate-
related stress in the Bavi region, the study outputs can support precision agriculture, realistic irrigation-
demand estimation, and optimized water allocation during critical periods (e.g., peak summer water
demand), ultimately facilitating the deployment of smart irrigation systems and improving water-use
efficiency.
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Fig. 2. Flowchart of the methodology for paddy field identification.
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Fig. 3. Spatiotemporal monitoring of rice paddies using various vegetation indices: (a) NDVI in May 2025, (b)
NDVI in September 2025, (c) EVI in September 2025, and (d) LAI in September 2025.
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Fig. 4. Paddy rice growth dynamics revealed through NDVI time-series analysis and stacked temporal layers.
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Table 1- Analysis of rice phenology using time series periods.
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Fig.5. Annual time-series variations of vegetation indices (NDVI, EVI, LAI, and Clgreen) for monitoring
phenology and identifying paddy rice cultivation in the study area.
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Fig. 6. Final classification procedure and paddy field map production in the study area.
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Table 2 - Comparison of the performance of models for product classification in the study area.

Jos  (PA)esusSuds cds (CA)osisS G s 2o LS cuye (OA)IS cds Jow o yige
RF  [0,1,1,0.571,0.923,1,1] [0,1,0714,1,1,1,075] 0.9151 0.9310
SVM [0.923,1,0.429,0.538,0.786,1]  [0,0.8,0.417,1,1,0.917,0.667]  0.7074 0.7586
KNN [0,0.846,1,0.714,0.923,1,1]  [0,1,0.833,1,0.923,0.875,0.857] 0.8934 09138
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Table 3- Confusion matrix of models for classifying products in the studied area.

Model RF SVM KNN
Class TP FP N FN TP FP N FN TP FP N FN

wintCrop 0 0 58 0 0 0 58 0 0 0 58 0
summerl 13 0 45 0 12 3 42 1 11 0 45 2
summer2 5 2 51 0 5 7 46 0 5 1 52 0
everGreen 4 0 51 3 3 0 51 4 5 0 51 2
Wintcrop2 12 0 45 1 7 0 45 6 12 1 44 1

noCrop 14 0 44 0 11 1 43 3 14 2 42 0

AR



Y O)LA-MJ Y4 0)30 s\f‘a ULH.M.IL'

e

A & .t R Yy
a8yl 60 )5 (omlidiee) I ) Zar ol

s Sy5 s oo ol A sl LS VEOY L i,
5 lojlgale pglar gunadl ulul » Sgld ciS
S ss:l oams iyl g el S (o3le 5 e 01,8
asdi ol addllae 550 03gaste ;o 0ud olulild Lol
Sgils 2381 0l Sl oSl 1) s odle sl
oz jlgan Slalllas gl p b Y S lgieas wlgs o
@lad Jolos g ol 5l 050 «Soglgame gsludas
0,8 18 solaiwl 0)50 ddlaie o Gl Brae X
aile Sledbsl LS o wilgs oo Sl ools (b puioran
sly ol glealils 5 S o8l (5 s
o e S, 5 5l 2300 el ety
Dgb a5 Sy

&)l slrada -0

Sledbl Y S lgredas il o ik pl ls
Cupde )3 G S 3l Sl sl Sl - (S
alog, 4 aaly gblie ;o Ol mlie 5 )15l (L2l
Slr oadand ol 4 0,5 18 eolatul 8590 (98
el LS VEOY et 5 bas 3,50, L YYD Lo
lolid 5 St ciS a8l mhan (Slo)i9,4 9 S
g3 o DMLl ) S e pal 3 1, T las ST,
@lolid iS5 e Sk amlie Gl ol
2 el b anwgs ol g 2SS e sl (g
&lie Co e i jlall el slao,go ,o o)L
Wl oo bl S 2uSTy g maw Sledbl ol
&3 0555 sl s3ael 2 slosg g 3l (S plyeas
3 ooliul 850 adlate ghaws o ol alie sarass
(il Sgulls conS a5 sleosgaste (o ogd 0,5
Hly gl 5 @bl o)y (e O b YL
&35 0575 0)0)0 (6 S el 4 WlgT g0 LS 5 o)
saslyy gancaglsl 5 55yl (s ol o wlio
S ol @l Jb ol b S e
2 @sradyo b ol lly Bpan (e Sle lesa
soslo bl ol ol iz (sl g s O B e
Gl ()l DMl 5 5ym e (S ulidlse
SEVI (NDVI slaasls Jloj sy Jalows 05
655 2l 3l el 55 Yo YO b YA YY 0,90 LLAI
w2l 2 1) (S @l 0)90 e 9 Sl wl; S

'Y

e 485wl g S gl S oLl —F-F
CoiS 5 ool S 5 alolis anld el e ol o
09,8 w09, Ggeli (28l 9 sk (liw e jo Skt
A pleil gyloly g (o) slaosls 3aals 5l eslasl b
Sk S 5 o) e 559 gl e
5 Jyaze (nl (ST aled 4l 4 9 05 gl 0)99
S 5 el oo ol & i b oy Yo YO Lo
YoVO 5,0 ilsl B 4 ulsl Slej o5k NDVI Sle;
5 &1 sl Thg gl Gl el 093 Slsicay
sk ol ol s a3 T L s Serls luls
V=) Slojosb 0o VH g VV el g0 LV - Jiw
REVURRTRVANS NN EET | P8 7PL WRR TR 28 )
0,99 cnl bl slacols ile (5Ll &b 5l eolatul b
VH § VV slawil « o (o Jlesl 51 w9 anoss
03938l (sainadels ;0 osliinl 3 50 (sla S g dcgene &
SloThy Jolb S5 peas S sl il
9 LA ale> 3l Snl sleosls 51 eadzl el
ol sbul VH g VV (g sl sla 559 9 LClgreen
5 b Sl 5l lejen eoliil Gus L 3.l
6l bk sl Sy 5 25 e kSl
@ bgrye s srdigai 285 plil gonailo wil )b
ools dsgerme (pl 5l sl (60,5 alize sla WS
S8 ookl )50 Joe 23yl 5 Gassel sl 5 @l
VO Jolis acgasme g0 4y Bolal O jgod; diges 03,5
i Liel laools aoy 3 YO 3 ij9el (sloosls wuoyo
ppsSl (oly sanail gl Wal e i
03l dcgazma (59, i puenal Sy Vo v b SBolay K
sl S 5l coliwl b Jow i ools bigel S5
2l enls it Gl S s o, 5 (S
Jios tegama 3 oslial L 1 3,She 5 55 S5
D bl GBS wds (sl g las s ile (i) Lel]
Google Earth L ,o gomail asis «olys o
L olalad ¢ Sl ks G Jleel b g 0 0o Engine
GlasI b wad Bd> ands 5l LS S 5l S Coluw
awd (olad pbeal g adl falS oaiSly 9 Soo
Colue (ol aad wlal 5 (Vv JS2) sl il
YoV0 Jlo o Seals cuns laicas oad plolis Lol



Y O)Lo.:: Y4 0)3«) AR KA uL......uLt

]

PN o, . A
ad i (69 )8 gwlidpe) ;j,qldf/:y:,@,

Gl bl 5 Gloj slooygs jo Jhiws (2w )lisl
Sledbol § iS5 v Al (S pae A el
b JLS 3 Wl e gk cnl 5l Jolo SG3eld
sor 9 eSS bl lr (Sl slaaY
b e )b b pol O¥game ot mdaw el
ol Gl eBb cnl ) ogd 485 IS 4y 5 adlate
s ladigy olulid 4 Wlgioe la)lplles 2usTy,
slp S waled o Sealp g s X
1o aS SeS ol sl syl 9 g M8 el
sloosls has (soliin oz )ly (ol 9015 cggae
Sledbol 4y Sy (5 Sledbl 5 aiwaiz slo)lgals
oy Nsy 5 2lad STyl o)l eslanal LI
oleiy Glgredy wilgs g0 a5 Sledbl coonl Sl 0l
kel Gpaelip wwitS py maw Gl S eess
3 S o8 objyl g of wlie parass § Cupae
oolitul 850 (el Of wlis & atly (53,5l 3blis

VO

o8l glaosls LS o Wilgh oo Dledbl cpl .ol 00,5
Solel samiley e iyaalip sl ol o 5o wledlbl
Ored 35 I8 eolitul 3j5e wy Ll il
4 lgige LS sl b ad) Jloj) 58 i
5 bl dengs o il o Sy olnss oLl
S S (55,5188 Slhbos s yaalp Sgnte
bl leesle b Y- Lt Gi...bl sleosls 5.l
Sl S bae o Gloy g Gl 5 Vi
N O PO P IS NROR S ERNES]
3ol eolatwl WS o w2l B 1 gyl Lol
SleMbl 51 (6,800 oGl (g bl 5 ik Dl
5 g JESle (alS Adg Cuxdg 4 bgye JoSa
bl il )3 Al e 5 08 wald 1, g, Bl
axlge Covgazs b Syl polar 5l Bro eolatul a5
drwgs CubilB ouldsl )| Gox il ol by ol aude el
A5y Candy 5 S ) s (sl gs el Al 5 &
piline Sllas aibols G obnl wiz o o)l 1) Seals

5 Sl wmld sl Ss3 daosls plaie Lo )94

ice Caltivation Identification 2025
Shaltok

YeV0 Jlo jo 55,55 4oy, Gselm 2] 5 sk Lyt jo Skt ciS 2Ty ol asis -V JSS
Fig. 7. Final map of paddy rice distribution in Bavi County and the surrounding areas of the Karun River, 2025.
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