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ABSTRACT
Wildfires are increasing in frequency and severity due to climate change, land-use changes
and droughts, threatening global forests. Traditional detection methods lack speed and
scalability. Smart forests, driven by machine learning (ML), utilize sensor networks and data
analytics to facilitate early warning systems, risk evaluation and mitigation strategies. This
article reviews recent ML advancements in wildfire detection, prediction and response,
emphasizing current technologies, real-world applications and key challenges, while
outlining future opportunities for enhancing forest resilience through intelligent, data-driven

solutions.

INTRODUCTION

orests play a crucial role in carbon

storage, biodiversity and climate
regulation but face increasing wildfire
threats. According  to the  World

Meteorological Organization, global burned
areas have increased by 15% over the past two
decades. Wildfires in countries like the U.S.,
Australia and India cause major ecological and
economic losses. Due to complex fire
dynamics, solutions essential.

smart are
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Machine learning, integrated with remote
sensing and IoT data, enables near real-time
wildfire prediction and risk management (Jain
et al., 2020).

Foundations of Smart Forests and Machine
Learning
> Smart Forest Architecture

A smart forest integrates the following

components:
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Remote  sensing (MODIS,

Sentinel-2, VIIRS)

systems

Edge sensors and loT devices (temperature,
humidity, smoke and wind)

Cloud computing infrastructure for real-
time data processing

Machine learning algorithms for detection,
prediction and alert generation

Visualization and decision support tools

These components form a feedback-driven

ecosystem

that  continuously  monitors

environmental variables and predicts wildfire
risks at different spatial and temporal scales.

» Common Machine Learning Models

to create fire risk maps for targeted
intervention (Jain et al., 2020 and
Bhattacharya et al., 2023).

Fire Spread and Response Planning:
LSTM networks predict wildfire spread,
identify escalation zones and aid in
planning evacuations and firefighting
(Radke et al., 2021).

Post-Fire Assessment: Unsupervised ML
(e.g., k-means) analyzes satellite data to
evaluate burn severity, biomass loss and
vegetation recovery.

Climate Policy Support: ML combined
with models like CMIP6 forecasts future

Used
ML Model Application References
Area
Fi isk
Random Forest clle::si fication 5 Jain er al.,
(RE) fuel modeling 2020
Suppgrt Vector | Vegetation .t}./;.)e, Bhattacharya
Machines fire susceptibility otal 2003
(SVM) mapping v
Convolutional
Smoke and fire
Neural detection via Alvarez et
Networks imace al., 2022
(CNN) gery
L Short- | Fi d and
ong o ire spread and | o al.,
Term Memory | temporal 2001
(LSTM) forecasting
XGBoost, Feature-rich risk | Liu et al,
CatBoost modeling 2023

Role of Machine Learning in Preventing

Wildfires

= Real-Time Monitoring and Detection:

wildfire risks and informs zoning,
adaptation and resilience planning.
Case Studies and Implementations
. Tool/ ML
Location Platform Method Outcomes
>85% risk
California. CalFire
) . 0,
USA Al RF, LSTM accuracy; 148A1
faster suppression
Spain FireWatch CNN j;ltl;rzi)?lutinsmg(l)(i
p (YOLOVS) | ©
sites
Fire zoning and
Western FSI + IIT | SVM, resoUrce
Ghats, IN system CatBoost Lo
prioritization
Sentinel Predictive risk
Australia Risk XGBoost layer with <10%
Mapper false alarms

Challenges and Limitations

Challenge

Explanation

Data Scarcity &

Incomplete or biased historical

Smart forests use IoT sensors, drones, and
satellites to track temperature, humidity,
smoke and CO.. ML detects anomalies and
triggers instant alerts (Alvarez et al., 2022).

Predictive Risk Assessment: ML models
like Random Forest and Gradient Boosting
analyze vegetation, weather and terrain data

August 2025

Quality data limits model training
. High-resolution ML  models
Computational require significant cloud/GPU
Overhead d g
resources
. Delays in  satellite  data
Real-time .y .-
. availability or sensor
Constraints L
communication
Models trained in one biome
Transferability often underperform in another
without fine-tuning.
Privacy concerns around
Ethical Issues surveillance in  community
forests
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Future Directions

= Explainable AI (XAI): Enhances model
transparency, helping forest managers
understand wildfire predictions.

» Federated & Transfer Learning: Enables
privacy-preserving, cross-regional model
training without centralizing data.

* Climate-Aware Models: Use CMIP6
projections to support long-term fire risk
planning under climate change.

= Edge AI & Sensor Fusion: Enables real-
time decisions in remote areas by running
ML on edge devices with drone-based data
integration.

CONCLUSION

The emergence of smart forests through the
convergence of machine learning, remote
sensing, and [oT offers a powerful pathway for
mitigating wildfire risks. As ecosystems grow
increasingly vulnerable due to climate
volatility, such intelligent systems can provide
timely insights for early detection, targeted
suppression and post-event rehabilitation.
Fully unlocking the potential of smart forests
requires greater investment in infrastructure,
access to high-quality open datasets, improved
inclusive

model interpretability  and

governance frameworks.
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