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EXTENDED ABSTRACT

Introduction

In Iran, Khuzestan Province is the primary
hub for sugarcane production, holding
significant importance for national food
security and the sugar industry. Due to the
vast scale of production in this region, even
minor improvements in yield prediction
accuracy can lead to substantial economic
savings and more efficient resource
management at both regional and national
levels. In recent decades, precision
agriculture technologies, especially remote
sensing and machine learning, have offered
promising solutions to these challenges.
Satellite imagery, such as the high-resolution
data from the Sentinel-2 mission, enables
continuous and large-scale monitoring of crop
health and growth. The main objective of this
research is to develop and evaluate a high-
accuracy yield prediction framework for
sugarcane by integrating satellite and agro-
technical data. The key innovation of this
study lies in two aspects: first, the
introduction and validation of novel
engineered features, such as "Water Use
Efficiency," that directly model the impact of
farm management. Second, a comparative
analysis of two powerful ensemble models,
Random Forest and Gradient Boosting, is
conducted to identify the best approach for
achieving maximum predictive accuracy.

Material and Methods

This research was conducted on sugarcane
farms of the Dekhoda Sugarcane Agro-
industry in Khuzestan Province, Iran. The
dataset integrates three distinct data sources:
Agro-technical and Management Data: This
dataset includes 2,417 records of farm plots
for the crop years 2017 to 2024, extracted
directly from farm records. Key variables
include final gross yield (tons/ha), water
consumption  (m’/ha), total fertilizer
application (kg/ha), and soil electrical
conductivity (EC). Satellite Data: We used
Sentinel-2 Level-2A (atmospherically
corrected) multi-spectral images.
Meteorological Data: Daily climatic variables

including average temperature, relative
humidity, wind speed, precipitation, and
sunshine hours were obtained from the
nearest weather station and averaged for the
growing season. Three standard VIs were
calculated  from  Sentinel-2  images:
Normalized Difference Vegetation Index
(NDVI) and Enhanced Vegetation Index
(EVI). To identify spatial patterns and group
plots with similar characteristics, the K-
means clustering algorithm was used. Two
powerful ensemble models, Random Forest
and Gradient Boosting, were trained to predict
final yield. All data analysis and modeling
were performed using Python (version 3.13.2)
and its key libraries, including Pandas and
Scikit-learn. The dataset was split into 80%
training and 20% test sets using a stratified
approach based on the cluster labels. Model
stability was evaluated using 5-fold cross-
validation. Performance was measured using
R?, RMSE, and MAE.

Results and Discussion

The statistical analysis of the final dataset,
comprising 2,417 sugarcane plots, revealed
significant yield variability, with a standard
deviation of 22.17 tons/ha, highlighting the
inherent complexity of the prediction task.
The K-means clustering successfully
identified four distinct agro-technical
profiles. For instance, Cluster 1, with the
highest average yield (76.78 tons/ha), low soil
salinity, and highest fertilizer use, represented
high-potential ~ plots  with  intensive
management. Comparison of Prediction
Models: The performance of both Random
Forest and Gradient Boosting models was
evaluated on the unseen test data. The results,
summarized in Table 3, show that both
models achieved high accuracy, but the
Gradient Boosting model exhibited superior
performance, with an R? of 0.9924 and an
RMSE of 1.88 tons/ha. This performance is
on par with the state-of-the-art in this field.
The high accuracy of the Gradient Boosting
model is largely attributable to the feature
engineering step. A feature importance
analysis revealed that the water efficiency
feature was the most dominant predictor,
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accounting for 87% of the model's
explanatory power. This finding is in contrast
to studies that focus solely on radar data and
underscores the critical importance of
integrating on-ground management data with
optical satellite data. Performance Analysis
within Clusters and Comparison with Prior
Work: The model's performance was also
evaluated within each cluster to assess its
stability. The results, shown in Table 5,
demonstrate that the Gradient Boosting model
maintained consistently high accuracy
(R?>0.96) in the two largest clusters (0 and 1).
This indicates that the model is robust and
performs well under varying conditions, such
as high yield or high salinity

Conclusions

This research presented a comprehensive
framework for high-accuracy sugarcane yield
prediction by integrating satellite and agro-
technical data. The study showed that by
using advanced feature engineering and
ensemble machine learning models, highly
accurate yield estimations can be achieved.
Farm plots were first clustered using K-
means, and then two ensemble models,
Random Forest and Gradient Boosting, were
trained on a rich set of features. The main
achievement of this research was reaching a
state-of-the-art performance level with the
Gradient Boosting model, which achieved an
R? of 0.9924. The key innovation and the
reason for this success was the introduction

and validation of engineered features. The
feature importance analysis revealed that the
"water efficiency" feature alone accounted for
87% of the model’s explanatory power,
emphasizing the critical role of efficient water
management compared to standard vegetation
indices.
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