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Objective: The aim of this study is to develop and evaluate a hybrid deep learning-based
model for accurate classification of strawberry crops using Sentinel-2 satellite time-series
imagery and indigenous phenological data in Kurdistan Province. The primary motivation
for designing the model lies in the spatial identification of crops with limited distribution
and specific growth cycles. Additionally, the study attempts to assess the model’s
performance under diverse spatial and regional climatic conditions.

Methods: Ground truth data were collected and labeled during the 2022 growing season
using GPS and the regional agricultural calendar. Selected Sentinel-2 images temporally
aligned with the phenological stages of strawberry growth underwent geometric,
radiometric, and atmospheric preprocessing. These data were then fed into a Convolutional
Neural Network (CNN) consisting of three convolutional layers, one pooling layer, two
fully connected layers, and a Softmax output function. To address class imbalance, class
weighting techniques and grid search optimization were employed. Data augmentation was
also utilized to enhance the model's generalizability. The training process was conducted
using the Adam optimizer with a learning rate of 0.0001 over 150 epochs.

Results: The proposed model successfully classified 15 land use/land cover classes with an
overall accuracy of 96.57 percent and a Kappa coefficient of 0.8582. For the target class—
strawberry—the F1-score reached 86.4 percent, indicating a favorable balance between
precision and recall. The model demonstrated strong performance in identifying crops with
limited cultivated areas and irregular spatial structures, although accuracy declined in
classes such as greenhouses and rangelands due to high spectral heterogeneity. Error
analysis revealed that most misclassifications occurred at spectrally similar boundaries and
during climatic fluctuations in the growth period

Conclusions: The findings indicate that integrating satellite time-series data with an
optimized CNN architecture and local phenological knowledge provides an efficient and
generalizable approach for classifying specific agricultural products. This model can be
effectively used in smart agricultural monitoring systems, land use planning, geospatial
decision-making, and crop pattern analysis. Moreover, it can serve as a foundation for
developing advanced tools in data-driven agriculture and contribute to regional policy-
making and the sustainable management of natural resources.
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Introduction

Accurate classification of agricultural crops using remote sensing technologies is a crucial requirement for
enhancing land management, optimizing agricultural planning, and ensuring food security. The advent of
advanced satellite platforms and artificial intelligence methods—particularly deep learning—has significantly
improved land cover mapping capabilities. Nonetheless, certain crops like strawberries, which exhibit short
seasonal growth cycles and limited spatial distribution, pose persistent challenges for classification algorithms
due to their spectral similarity with other vegetation types and sparse field presence.

Strawberries are a key strategic and export-oriented crop in regions such as Kurdistan Province, Iran. Their
precise monitoring and classification have economic, ecological, and policy implications. Conventional
classification models, including decision trees and Support Vector Machines (SVM), often underperform when
dealing with imbalanced datasets and spectrally similar vegetation classes. These models typically rely on
handcrafted features, limited temporal imagery, and fail to incorporate phenological insights, reducing their
generalizability and classification accuracy.

Recent advances in deep learning—especially Convolutional Neural Networks (CNNs)—have demonstrated
superior performance in extracting spatiotemporal features from satellite imagery. When combined with
phenological calendars and domain-specific knowledge, these models provide an opportunity to enhance crop
mapping at a regional scale.

The current study addresses these limitations by developing a CNN-based classification framework that
leverages Sentinel-2 time-series imagery and local phenological data for the spatial and temporal identification
of strawberry fields across four key agricultural districts in Kurdistan Province: Sanandaj, Marivan, Sarvabad,
and Kamyaran.

Materials and Methods

The methodology integrates three core components: high-resolution multi-temporal Sentinel-2 imagery, precise
ground-truth data obtained via GPS and field surveys, and a carefully optimized CNN architecture.

1. Study Area and Data Collection: The research area spans four agricultural regions within Kurdistan
Province, known for their climatic diversity, topographic complexity, and active strawberry cultivation.
Ground samples were collected during the 2022 growing season in coordination with the regional
agricultural calendar. These samples were digitized into polygon features and converted into raster labels
suitable for model training and evaluation.

2. Satellite Imagery Preprocessing: A total of 54 Sentinel-2 images were selected across the regions,
filtered to minimize cloud coverage and maximize overlap with critical phenological phases, such as
planting, flowering, and harvesting. Images underwent geometric correction, radiometric normalization,
atmospheric correction, and topographic adjustment. Only bands relevant for vegetation monitoring
(e.g., red-edge, NIR, and SWIR) were retained.

3. Model Architecture and Training: The CNN model comprises three convolutional layers (kernel size:
3x3, filters: 16, 32, and 64), one max-pooling layer, two fully connected layers (Dense-128), and a
Softmax classifier. Activation functions include ReLU and Softmax, and a dropout layer (rate: 0.5) was
inserted between fully connected layers to prevent overfitting.

4. To tackle class imbalance, especially due to the limited representation of strawberry fields, a class
weighting technique was used. Model training employed the Adam optimizer (learning rate: 0.0001) and
categorical cross-entropy loss over 150 epochs with a batch size of 32. Early stopping was implemented
to enhance generalizability.

5. Validation and Evaluation Metrics: The model's performance was assessed using metrics such as
Overall Accuracy (OA), Kappa coefficient, Precision, Recall, and F1-score. Ground-truth data were
divided into 60 percent for training and 40 percent for validation and testing. Stratified random sampling
ensured unbiased distribution across all 15 land-use classes.
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Results

The trained CNN model achieved an Overall Accuracy of 96.57 percent and a Kappa coefficient of 0.8582
across all classes. For the strawberry class specifically, the Precision was 88 percent, Recall 85 percent, and F1-
score 86.4 percent, indicating robust performance despite the limited and spatially scattered nature of strawberry
fields.

The classification results revealed high discriminability for well-defined vegetation types such as irrigated
orchards, urban areas, and water bodies (F1>90 percent). However, lower classification accuracies were
observed for heterogeneous and spectrally overlapping classes like rangelands and greenhouses. These
discrepancies highlight the challenge of spectral confusion in fine-scale mixed pixels and suggest a need for
multi-source data fusion in future work.

Visual inspection of classification maps for each district confirmed spatial coherence between the predicted
and actual land cover. Regions with clear phenological transitions yielded higher classification confidence,
whereas visually ambiguous areas such as marginal lands and fragmented plots exhibited increased confusion.

The spatial distribution maps generated through this study offer valuable inputs for crop monitoring and land
management programs. Additionally, the derived area estimates for strawberry cultivation align closely with
local agricultural records, affirming the model's practical relevance.

Conclusion

This research successfully demonstrates that integrating time-series Sentinel-2 imagery with a phenology-
informed CNN architecture can significantly improve crop classification accuracy, especially for region-specific,
low-area crops like strawberries.

The study’s key contributions are as follows:

o It bridges the gap between remote sensing data and local agricultural knowledge through phenology-
based data selection.

e It proposes a CNN architecture tailored for high-resolution, multi-temporal imagery and optimized
through parameter tuning techniques.

o It delivers accurate land cover classification maps that can serve as reliable decision-making tools for
local authorities and agribusiness stakeholders.

Despite its success, the study identifies several avenues for improvement. The CNN model struggles with
heterogeneous classes and structurally diverse land uses, such as greenhouses, due to spatial fragmentation and
spectral noise. Future studies should explore multi-source data integration, including Synthetic Aperture Radar
(SAR) and hyperspectral imagery, to mitigate these limitations.

Moreover, the generalizability of the current framework to other regions or crops requires further validation.
Incorporating transfer learning or pre-trained models may enhance performance in data-scarce environments.
Additionally, the use of attention mechanisms and graph-based neural networks could improve interpretability
and contextual awareness in complex landscapes.

Ultimately, this study underscores the potential of Al-driven frameworks in transforming agricultural
monitoring practices in Iran and beyond. By aligning technological innovation with local agronomic realities, it
paves the way for scalable, precise, and efficient agri-intelligence solutions that address national food security
and sustainability goals.
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Fig. 5. Flowchart of the proposed method
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