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Advanced Tree Detection and Classification for Afforestation Monitoring Using

ABSTRACT

This study presents an innovative
monitoring methodology developed
for Saudi Arabia’s national
afforestation campaign, with a focus
on a key implementation site in
Medina, where 50,000 trees are being
planted. The initiative forms part of a
broader national goal to plant 5
million native desert plants by 2030,
supporting Saudi Vision 2030’s
environmental and sustainable
development objectives.

The methodology combines
advanced remote sensing, machine
learning, and distributed computing
to provide a scalable solution for
vegetation monitoring and land
management. Using high-resolution
Pléeiades Neo 3 satellite imagery
(0.27-meter spatial resolution)
covering 1.20 km?, the analysis
employed Principal Component
Analysis (PCA), multiple vegetation
indices (NDVI, SAVI, MSAVI2,
GNDVI), and Random Forest
classification. Post-processing
included the Circular Hough
Transform for accurate tree
detection and counting.

The results identified 18,442
individual trees, classified into three
size categories: 1,074 large trees
(average crown diameter of 3.8
meters), 3,181 medium trees (2.3
meters), and 14,187 small trees (1.1
meters). Validation procedures
confirmed 92% overall detection
accuracy for mature vegetation,
demonstrating the methodology’s
robustness and its potential for
large-scale application across Saudi
Arabia’s afforestation efforts.
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High-Resolution Satellite Imagery: A Case Study from Medina, Saudi Arabia

 INTRODUCTION

The Kingdom of Saudi Arabia is undergoing an unprecedented environmental transformation under Vision 2030, placing environmental
sustainability and biodiversity conservation at the core of its national development agenda. Central to this effort is the Saudi Green
Initiative, one of the world’s most ambitious afforestation programs, which aims to plant 5 million native desert plants across diverse
ecological zones by 2030. This large-scale effort addresses critical environmental challenges, including desertification, carbon
sequestration, biodiversity restoration, and the development of resilient ecosystems suited to arid conditions.

The Medina afforestation site is a flagship demonstration within this national program, where 50,000 trees are being planted in a
carefully selected area based on scientific assessments of soil composition, groundwater availability, climate, and ecosystem
compatibility. Designed as a pilot, the site reflects the typical challenges of afforestation in arid environments, making it an ideal
location for testing and validating innovative monitoring methodologies.

Monitoring such expansive initiatives requires new approaches that go beyond traditional field surveys. Ground-based methods, while
detailed, are costly, time-intensive, and often impractical at scale. This study responds to these challenges by developing a remote
sensing-based monitoring framework that integrates high-resolution satellite imagery, advanced machine learning techniques, and
distributed computing systems to deliver efficient, scalable, and cost-effective monitoring of vegetation establishment, growth
dynamics, and project performance.

« CASE STUDY

The Medina afforestation site (Figure 1) plays a central role in advancing Saudi
Arabia’s Vision 2030 and the Saudi Green Initiative. Covering 1.20 km?, it
supports the planting of 50,000 native desert trees as part of the national goal
to plant 5 million by 2030. Implemented between 2018 and 2021, the project
allows for early assessment of vegetation establishment. The site was selected
based on environmental suitability, including soil quality, water availability, and
ecosystem compatibility. Native species were chosen for their resilience to e T eSO
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- METHODS

A remote sensing—based methodology (Figure 2) was developed to monitor tree
planting progress at the Medina afforestation site. It combines very high-resolution \
satellite imagery, advanced image processing, machine learning classification, and modUl@ 1x Ere-RTocess
automated tree detection to provide accurate, scalable, and cost-effective vegetation
monitoring.

» Imagery and Preprocessing
The analysis used Pléiades Neo 3 imagery acquired in May 2024, covering 1.20 km? at #
0.27m (panchromatic) and 1.2m (multispectral) resolution. Preprocessing steps
included radiometric and geometric corrections, orthorectification, and pan-
sharpening to ensure image clarity and spatial accuracy for individual tree analysis.
> Feature Extraction and Classification
Principal Component Analysis (PCA) was applied to reduce data complexity while
preserving key spectral information. Vegetation indices (NDVI, SAVI, MSAVI2, GNDVI) ‘
were used to enhance vegetation detection. A Random Forest classifier was trained \
on selected land cover samples to accurately classify vegetation types and tree St A it Al
crowns.

» Tree Detection and Post-Processing
The study area was divided into 56 tiles and processed using distributed computing
to ensure scalability. Morphological analysis identified vegetation clusters, followed
by a constrained circular Hough Transform to detect and locate individual trees
based on their crown shape and size.

Sequential Processing Workflow

a) Atmospheric Correction (Reflectance) b) Pan-sharpening

¢) Masking d) Spectral Indices Calculation

Module 2: Dataset Creation

Machine Learning (RF) Datasets
- Fealure extraction

- Random Forest classification - Training dataset generation

a) Tile-Based Crown Segmentation c) Tree Size Classification

Qutput

e) CHT for Tree Location Count Tree Count

b) Region Labeling and Morphological Analysis Tree Location
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Figure 2: Sequential processing workflow for tree detection and
counting in Medina Afforestation Monitoring Site.

 RESULTS

» Tree Detection and Classification
The developed methodology successfully detected and classified 18,442 individual trees across
the Medina afforestation site. This very high-resolution dataset provides an essential baseline
for monitoring afforestation progress and evaluating vegetation establishment over time. Trees
were categorized into three size classes based on crown diameter. Large trees, totaling 1,074,
had an average crown diameter of 3.8 meters and represent the most mature vegetation.
Medium trees, numbering 3,181 with an average diameter of 2.3 meters, indicate successful
establishment in intermediate growth stages. Small trees were the most numerous, with 14,187
individuals averaging 1.1 meters, reflecting recent planting efforts and early-stage development
(Figure 3 and Figure 4).
» Validation and Accuracy Assessment

Validation was conducted using stratified random sampling combined with field-based ground
truth data collected on site. The overall detection accuracy for mature vegetation reached 92
percent, confirming the reliability of the automated detection process. Species classification
achieved an accuracy of 85 percent for dominant planted species. Size classification accuracy
varied by category, with 91 percent for large trees, 85 percent for medium trees, and 78 percent
for small trees. The slightly lower accuracy for small trees is attributed to the difficulty of
distinguishing young vegetation in dense planting areas with limited spectral contrast. Despite
this, the results demonstrate strong methodological reliability suitable for operational-scale
afforestation monitoring.
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Figure 3: The detected trees and location for Medina
Afforestation site

Figure 4: Application of Circular Hough Transform for
tree localization in scenarios with complex connected
regions
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« CONCLUSIONS ’

This study presents a scalable, cost-effective
method for vegetation monitoring in arid regions,
combining remote sensing, machine learning, and
distributed computing. Supporting Saudi Arabia’s
Vision 2030, it offers a replicable model for
afforestation efforts.The approach enabled precise
vegetation detection with an estimated 85% cost
reduction compared to traditional methods and is
scalable across large areas. Future enhancements
include deep learning, multi-temporal analysis,
and drone or hyperspectral integration to improve
accuracy. The methodology supports adaptive,
data-driven management for afforestation, carbon

capture, and ecosystem restoration.

Figure 4: The spatial distribution
of detected trees by size class
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