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ABSTRACT: Remote and disaster-prone regions frequently experience failures in conventional communication 

infrastructure during emergency situations, resulting in delayed warnings and increased loss of life and property. To 

address this challenge, this paper presents an adaptive AI-driven LoRa-based early-warning system designed to operate 

reliably in infrastructure-deficient environments. The proposed system employs distributed sensor nodes to 

continuously monitor critical environmental parameters, including flood level, rainfall, soil moisture, seismic vibration, 

fire, and gas leakage. Upon detecting abnormal conditions, sensor data is transmitted using a low-power long-range 

(LoRa) communication network to a central gateway. An embedded AI-based decision module processes multi-sensor 

data to classify disaster type and severity and generates context-aware safety instructions rather than generic alerts. The 

system operates on battery power with optional solar support, ensuring continuous functionality during power outages. 

Experimental evaluation demonstrates reliable long-range communication, low power consumption, and timely 

generation of actionable alerts. The proposed solution is suitable for large-scale deployment in rural and remote regions 

for effective disaster management and early warning. 

 

KEYWORDS: Disaster management, LoRa communication, Internet of Things, Early warning system, Artificial 

intelligence, Remote monitoring 

 

I. INTRODUCTION 

 

In many disaster-prone areas, conventional communication systems based on cellular networks or internet connectivity 

become unreliable or completely unavailable during emergencies due to power outages, network congestion, and 

physical damage. As a result, warnings are often delayed, leading to avoidable loss of life and property. Furthermore, 

traditional early-warning systems commonly rely on fixed threshold-based mechanisms that generate generic alerts 

without providing actionable or situation-specific guidance to affected communities. 

 

Recent advancements in low-power wide-area networks (LPWAN) and artificial intelligence (AI) have enabled the 

development of more resilient disaster monitoring solutions. LoRa technology provides long-range communication with 

low power consumption and robust performance in harsh environments, making it suitable for remote and off-grid 

monitoring applications. Although AI-based approaches can improve disaster detection accuracy by analysing sensor 

data patterns and assessing severity levels, most existing solutions depend on cloud-based processing and continuous 

internet connectivity. To address these limitations, this paper proposes an adaptive AI-driven LoRa-based early-warning 

system that integrates multi-sensor monitoring with localized intelligent decision-making to deliver context-aware safety 

instructions in disaster-prone remote regions. 

 

II. RELATED WORK 

 

A. LoRa-Based Disaster Monitoring Systems 

 LoRa technology has been widely adopted in disaster monitoring applications due to its ability to provide long-range 

communication with minimal power consumption. Several studies have proposed LoRa-based systems for flood 

monitoring, landslide detection, fire alerting, and earthquake sensing. These systems typically employ distributed sensor 

nodes that collect environmental data and transmit it to a central gateway or monitoring station. Experimental results 

reported in the literature demonstrate reliable communication over several kilometres and extended battery life, making 

LoRa suitable for continuous monitoring in rural environments. 
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However, most LoRa-based disaster monitoring systems rely on predefined threshold values to trigger alerts. While 

effective in simple scenarios, threshold-based systems are prone to false alarms and lack adaptability to dynamic 

environmental conditions. Additionally, these systems generally transmit raw sensor data or basic alerts without 

interpreting the information to provide actionable guidance 

B. AI-Based Disaster Detection Systems 

Artificial intelligence and machine learning techniques have been increasingly explored to enhance disaster detection 

accuracy. AI-based systems analyze historical and real-time sensor data to identify disaster patterns and predict severity 

levels. These approaches reduce human intervention and improve decision-making efficiency. Despite their advantages, 

most AI-assisted disaster management systems depend heavily on cloud computing platforms and internet connectivity 

for data processing and storage. This dependency limits their usability during disasters when communication 

infrastructure is compromised. 

 

The proposed system combines the strengths of both approaches by integrating LoRa-based communication with 

embedded AI-driven decision-making, enabling intelligent, decentralized disaster monitoring without reliance on 

external networks. 

 

III. SYSTEM ARCHITECTURE AND METHODOLOGY 

 

C. Overall System Architecture 

The proposed system adopts a three-tier architecture comprising distributed sensor nodes, a LoRa-based wireless 

communication network, and a central gateway with an embedded AI-driven decision module. This architecture is 

designed to enable reliable disaster monitoring and alert dissemination in remote and infrastructure-deficient regions. 

Sensor nodes are deployed across disaster-prone locations to continuously monitor environmental parameters such as 

rainfall, soil moisture, water level, vibration, fire, and gas leakage. Each node performs preliminary data evaluation to 

detect abnormal conditions while reducing unnecessary data transmission. The collected data is transmitted to the 

gateway via a low-power long-range LoRa network, where it is processed by the AI-based decision module to determine 

disaster type and severity. Based on the analysis, context-aware alerts and safety instructions are generated and delivered 

through local visual and audio indicators, ensuring timely warnings even in the absence of internet or cellular 

connectivity.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Block diagram of the ESP32-based multi-sensor disaster monitoring node 

 

D. Sensor Node Design and Data Acquisition 

Each sensor node is built around an ESP32 microcontroller and integrates multiple environmental sensors, including 

rainfall, soil moisture, ultrasonic water level, vibration, flame, and gas sensors. This combination enables the detection of 

a wide range of disaster events such as floods, landslides, earthquakes, fires, and gas leaks. The ESP32 serves as the 

central processing unit, handling sensor interfacing, data acquisition, and communication tasks. 
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The sensor nodes continuously sample environmental data at predefined intervals and perform preliminary threshold-

based evaluation at the node level. This local processing approach helps identify abnormal conditions while minimizing 

unnecessary data transmission. By transmitting only relevant event-based information, the system conserves energy and 

reduces communication overhead, making the sensor nodes suitable for long-term deployment in remote and power-

constrained environments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 shows the functional block diagram of the ESP32-based sensor node with LoRa communication and 

 peripheral modules. 

 

E. LoRa Communication Network  

LoRa RA-02 modules are used to enable long-range wireless communication between distributed sensor nodes and the 

central gateway. The network is designed for low transmission power while maintaining reliable data delivery under 

varying environmental conditions. Using chirp spread spectrum (CSS) modulation, LoRa provides high receiver 

sensitivity and strong interference resistance, making it suitable for disaster-prone and infrastructure-deficient regions. 

The LoRa network supports communication over several kilometres, enabling wide-area coverage with minimal gateway 

deployment and reduced infrastructure cost. Its low power consumption allows sensor nodes to operate for extended 

periods on battery power with optional solar support. Event-based data transmission is employed to reduce network 

congestion and energy usage while ensuring timely alert generation. Overall, LoRa communication ensures scalable, 

energy-efficient, and reliable data transmission for effective early-warning dissemination in remote areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 illustrates the hardware prototype used for experimental validation of the proposed early-warning system. 
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F. Gateway and AI-Based Decision Module 

The central gateway acts as the data aggregation and processing unit for the proposed system. It receives sensor data 

from multiple distributed nodes through the LoRa communication network and forwards the information to an embedded 

AI-based decision module for analysis. The gateway is designed to operate independently of internet connectivity, 

ensuring continuous functionality during communication outages and power failures commonly observed during disaster 

events. 

 

The AI decision module analyzes multi-sensor inputs to classify the type and severity of detected disasters using 

predefined models and rule-based inference. By correlating data from multiple sensors, the system improves detection 

accuracy and reduces false alarms compared to single-parameter threshold-based approaches. Based on the analysis 

results, the system generates context-aware alerts and safety instructions tailored to the identified disaster scenario rather 

than generic warnings. These alerts are delivered locally through visual indicators, LCD displays, and audio alarms, 

enabling timely and effective response by affected communities even in the absence of personal communication devices 

or external networks. 

 

G. Thingspeck IoT Server Intergration 

     To enable remote monitoring and data visualization, the proposed system integrates the ThingSpeak IoT server as an 

optional cloud-based data platform. The central gateway uploads selected sensor data and alert information to the 

ThingSpeak server when internet connectivity is available. This integration allows real-time visualization of 

environmental parameters such as rainfall, soil moisture, water level, vibration intensity, gas concentration, and fire 

detection status through graphical dashboards. 

 

ThingSpeak provides time-stamped data storage and supports MATLAB-based analytics, which can be used for post-

disaster analysis and system performance evaluation. The platform enables authorized users, such as disaster 

management authorities, to remotely access historical and real-time sensor data through web or mobile interfaces. This 

feature enhances situational awareness and supports informed decision-making during emergency response and recovery 

operations. 

 

The integration of ThingSpeak does not affect the core functionality of the proposed system, as all critical alert 

generation and decision-making processes are performed locally at the gateway. In the absence of internet connectivity, 

the system continues to operate autonomously and delivers alerts through local indicators. When connectivity is restored, 

data synchronization with the ThingSpeak server resumes automatically. This hybrid architecture combines the reliability 

of local processing with the benefits of cloud-based monitoring, making the system both resilient and scalable. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 ThingSpeak IoT platform showing the channel creation interface used for cloud-based data storage and 

visualization of sensor parameters transmitted from the disaster monitoring system. 

 

II. SOFTWARE DESCRIPTION AND PROGRAM IMPLEMENTATION 

 

This section describes the software architecture and program implementation of the proposed adaptive AI-driven LoRa-

based early-warning system. The software framework is designed to ensure reliable sensor data acquisition, efficient 

communication, intelligent disaster classification, and real-time alert generation. The system software is divided into 

two major components: firmware for the distributed sensor nodes and application software for the central gateway. 

 

A. Software Architecture 

The overall software architecture of the proposed system follows a modular and layered design approach to improve 

system reliability, scalability, and ease of maintenance. Each functional module is designed independently and 
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integrated to achieve coordinated system operation. The major software modules include sensor data acquisition, 

preprocessing and filtering, LoRa communication handling, AI-based decision logic, alert generation, and cloud 

communication. 

 

The sensor node firmware is responsible for real-time sensor sampling, preliminary threshold evaluation, power 

management, and LoRa-based data transmission. The gateway software aggregates data from multiple nodes, executes 

the AI-based disaster classification algorithm, generates alerts, and optionally uploads data to the ThingSpeak IoT 

cloud platform. This modular software architecture enables efficient real-time operation while maintaining low power 

consumption and high reliability. 

 

Firmware Design of Sensor Node 

The sensor node firmware was developed using the Arduino IDE platform with embedded C/C++ programming. The 

ESP32 microcontroller serves as the central processing unit, handling multi-sensor interfacing, data acquisition, local 

threshold evaluation, and LoRa communication. Each sensor is interfaced through appropriate analog or digital input 

channels, and periodic sampling is performed at predefined time intervals. 

 

To minimize power consumption, the firmware implements sleep modes and event-based transmission strategies. 

During normal environmental conditions, the microcontroller operates in low-power idle mode. When abnormal sensor 

readings exceed predefined thresholds, the system transitions into active mode, processes the sensor data, and transmits 

event-based alerts to the central gateway using LoRa communication. 

 

Noise filtering and signal smoothing techniques are applied to reduce false triggers caused by environmental 

fluctuations. This approach enhances system stability and improves detection accuracy. The firmware design ensures 

robust operation under dynamic environmental conditions while maintaining minimal energy consumption. 

 

Gateway Software and AI Decision Logic 

The central gateway software is responsible for collecting data packets from multiple distributed sensor nodes, 

processing the received data, executing the AI-based disaster classification algorithm, and generating real-time alerts. 

The gateway firmware was also implemented using embedded C/C++ programming on the ESP32 platform. 

 

The AI-based decision module utilizes a rule-based inference mechanism combined with adaptive threshold filtering to 

analyze multi-sensor inputs. By correlating sensor parameters such as rainfall, soil moisture, water level, vibration, 

flame detection, and gas concentration, the system accurately classifies disaster types and estimates severity levels. 

This multi-sensor fusion approach significantly improves detection reliability and reduces false alarm rates compared to 

conventional single-parameter threshold-based methods. 

 

Upon disaster detection, the gateway triggers visual indicators, LCD display messages, and audio alarms to alert nearby 

populations. In addition, when internet connectivity is available, the gateway uploads sensor readings and alert data to 

the ThingSpeak IoT server for real-time monitoring and data visualization. 

 

Communication Protocol and Data Format 

A lightweight custom communication protocol was implemented to enable efficient data transmission between sensor 

nodes and the gateway. Each data packet contains a unique node identification number, timestamp, sensor readings, and 

event flags indicating abnormal conditions. This structured data format allows fast processing and accurate 

interpretation at the gateway. 

 

LoRa communication parameters such as spreading factor, bandwidth, and coding rate were optimized to ensure 

reliable long-range transmission with minimal power consumption. Event-based packet transmission reduces network 

congestion and improves system scalability, enabling the deployment of a large number of sensor nodes over wide 

geographical areas. 

 

Algorithm and Flowchart Description 

The overall operational algorithm of the proposed system follows a sequential workflow comprising sensor data 

acquisition, preprocessing, anomaly detection, AI-based classification, and alert generation. Initially, sensor nodes 

continuously monitor environmental parameters and compare readings with predefined threshold values. When 

abnormal conditions are detected, data is transmitted to the gateway. 
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At the gateway, the AI-based decision module processes the incoming multi-sensor data and determines the disaster 

type and severity level. Based on this analysis, appropriate safety instructions and alert signals are generated. Fig. X 

illustrates the flowchart of the complete software operation of the proposed system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Flowchart of the software operation and AI-based disaster classification process 

 

III. EXPERIMENTAL SETUP AND RESULTS 

 

This section presents the experimental setup and performance evaluation of the proposed adaptive AI-driven LoRa-based 

early-warning system. The objective of the experimental study is to validate the reliability, efficiency, and effectiveness 

of the system under practical operating conditions. A hardware prototype consisting of ESP32-based multi-sensor nodes 

and a centralized LoRa gateway was implemented and tested in both controlled and simulated real-world environments. 

Key performance aspects such as communication range, power consumption, response time, and disaster classification 

accuracy were analyzed. The obtained results are discussed to demonstrate the system’s capability to provide timely and 

reliable alerts in disaster-prone remote regions.. 

 

A. Experimental Setup  

The experimental setup of the proposed Adaptive AI-driven LoRa-based Early Warning System was designed to 

evaluate its performance under realistic operating conditions. A hardware prototype consisting of multiple ESP32-based 

sensor nodes and a centralized LoRa gateway was developed and tested in both controlled laboratory environments and 

simulated field conditions. 

 

Each sensor node was built using an ESP32 microcontroller interfaced with multiple environmental sensors, including a 

rain sensor, soil moisture sensor, ultrasonic water-level sensor, vibration sensor, flame sensor, and gas sensor. These 

sensors were selected to monitor critical environmental parameters associated with common natural and industrial 

disasters such as floods, landslides, earthquakes, fires, and gas leaks. The sensor nodes were powered using rechargeable 

batteries with optional solar charging support to simulate deployment in remote and off-grid regions. 

 

LoRa RA-02 modules operating in the 433 MHz frequency band were used to establish long-range wireless 

communication between the distributed sensor nodes and the central gateway. The LoRa parameters such as spreading 

factor, bandwidth, and transmission power were configured to achieve reliable communication with low power 

consumption. Event-based data transmission was implemented so that sensor nodes transmit data only when abnormal 

conditions are detected, thereby conserving energy and reducing network congestion. 
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The central gateway was implemented using an ESP32 microcontroller integrated with a LoRa receiver, LCD display, 

buzzer, and LED indicators. The gateway hosted the embedded AI-based decision module responsible for processing 

multi-sensor data, classifying disaster type and severity, and generating context-aware alerts. The gateway was capable 

of operating independently of internet connectivity to ensure uninterrupted functionality during disasters. 

 

To enable cloud-based monitoring, the gateway was optionally connected to the ThingSpeak IoT server whenever 

internet connectivity was available. Sensor data and alert status were uploaded to the cloud for real-time visualization 

and historical analysis. This hybrid setup allowed evaluation of both autonomous local operation and cloud-assisted 

monitoring. 

 

B. Test Methodology  

The system was tested under various simulated disaster scenarios to evaluate its effectiveness and reliability. Flood 

conditions were simulated by gradually increasing water levels near the ultrasonic sensor while rainfall intensity was 

emulated using the rain sensor. Landslide risk was tested by increasing soil moisture content beyond predefined 

thresholds and introducing vibration patterns. Fire and gas leakage scenarios were tested using controlled flame and gas 

exposure near the respective sensors. Earthquake-like vibrations were simulated using mechanical disturbances applied 

to the vibration sensor. 

 

During each test scenario, parameters such as sensor response time, LoRa communication reliability, alert generation 

delay, and system stability were recorded. The power consumption of the sensor nodes was also monitored to assess 

suitability for long-term deployment in power-constrained environments. 

 

C. Performance Metrics 

 To quantitatively evaluate the effectiveness of the proposed early-warning system, several key performance metrics 

were considered. These include communication range, packet delivery ratio (PDR), system latency, power 

consumption, and disaster classification accuracy. These parameters provide a comprehensive assessment of the 

system’s reliability, efficiency, and suitability for long-term deployment in remote and disaster-prone environments 

 

 Communication range was measured as the maximum distance at which reliable data transmission between sensor 

nodes and the gateway could be maintained without packet loss. Packet delivery ratio was calculated as the ratio of 

successfully received packets to the total number of transmitted packets. System latency refers to the total time delay 

from sensor data acquisition to alert generation at the gateway. Power consumption was measured to estimate battery 

lifetime under continuous monitoring conditions. Disaster classification accuracy was evaluated by comparing AI-

based system predictions with known ground-truth conditions during controlled experiments. 

 

These performance metrics collectively determine the feasibility of the proposed system for real-world disaster 

management applications, particularly in infrastructure-deficient regions. 

 

D.  Communication Performance Evaluation 

The LoRa communication performance was evaluated by deploying sensor nodes at distances ranging from 200 meters 

to 5 kilometers under both semi-urban and open-field conditions. The experiments demonstrated reliable 

communication up to 4.5 km in open environments and approximately 2.8 km in built-up areas with obstacles. The 

reduction in communication range in semi-urban environments was primarily due to signal attenuation caused by 

buildings, vegetation, and terrain variations. 

 

 The packet delivery ratio (PDR) remained above 96% for distances up to 3 km and above 90% for distances up to 4.5 

km in open-field conditions. In semi-urban environments, the PDR was observed to be above 93% up to 2 km and 

approximately 88% at 2.8 km. Beyond these ranges, signal degradation resulted in increased packet loss due to path 

loss, shadowing, and interference effects. These results confirm the suitability of LoRa technology for reliable long-

range data transmission in disaster monitoring applications. 

 

End-to-end latency, measured from sensor data acquisition to alert generation at the gateway, consistently remained 

below 2.5 seconds. This low response time ensures rapid dissemination of emergency alerts, which is essential for 

effective disaster management. Furthermore, the implementation of event-based data transmission significantly reduced 

network congestion and power consumption, improving system reliability during high-activity periods. Overall, the 

results validate the effectiveness of the proposed communication architecture for real-time early-warning systems in 

remote and infrastructure-deficient regions. 
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E. Power Consumption Analysis 

 Power efficiency is a critical design requirement for wireless sensor networks deployed in remote and disaster-prone 

regions, where access to reliable power sources is limited. The proposed system was experimentally evaluated under 

continuous monitoring conditions to analyze energy consumption patterns and assess long-term operational feasibility. 

 

The ESP32-based sensor nodes consumed an average current of 70–90 mA during active sensing, processing, and data 

transmission phases, while the current consumption was reduced to less than 10 mA during idle monitoring and sleep 

states. By incorporating event-based data transmission and optimized duty cycling mechanisms, the overall power 

consumption of the sensor nodes was significantly minimized. This strategy ensures that sensor nodes remain in low-

power states for most of the operational time and activate high-power modules only when abnormal environmental 

conditions are detected. 

 

Using a 3000 mAh rechargeable lithium-ion battery, the sensor nodes achieved an operational lifetime of 

approximately 7–10 days under continuous monitoring conditions. With the integration of solar-assisted charging, the 

operational lifetime can be extended beyond 30 days, making the system suitable for long-term deployment in off-grid 

and remote environments. The low energy consumption of LoRa communication further contributes to prolonged 

battery life by enabling long-range transmission at minimal power levels. 

 

The central gateway unit, powered using a stabilized DC supply with integrated battery backup, demonstrated stable 

and reliable performance with negligible power fluctuations. The gateway maintained uninterrupted operation during 

temporary power outages, ensuring continuous monitoring and alert generation. These experimental results confirm that 

the proposed system offers an energy-efficient and sustainable solution for large-scale disaster monitoring applications, 

significantly reducing maintenance requirements and operational costs. 
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Fig. 4 Block diagram of regulated DC power supply unit 

 

F. AI-Based Disaster Classification Accuracy 

The embedded AI decision module was evaluated using datasets collected during controlled disaster simulations. A 

rule-based inference system combined with threshold-based filtering was employed to classify disaster types such as 

floods, landslides, earthquakes, fires, and gas leaks. 

 

Experimental results demonstrated an overall classification accuracy of 94.6%, with flood detection accuracy of 96.2%, 

fire detection accuracy of 98.1%, gas leakage detection accuracy of 97.4%, and earthquake vibration detection accuracy 

of 92.5%. Landslide risk prediction achieved an accuracy of 89.8%, primarily influenced by soil composition and 

moisture variability. 

 

False alarm rates were significantly reduced compared to conventional single-sensor threshold-based approaches. By 

correlating data from multiple sensors, the system effectively differentiated between similar environmental conditions, 

enhancing detection reliability and minimizing unnecessary alerts. 
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Table 1 Performance Evaluation of AI-Based Disaster Classification System 

        

Disaster 

Type 

Key Sensor 

Inputs 

Detection 

Accuracy 

(%) 

False 

Alarm 

Rate (%) 

Flood 

Rainfall, 

Water Level, 

Soil Moisture 

96.2 2.1 

Fire 

Flame 

Sensor, 

Temperature 

98.1 1.3 

Gas Leakage 
Gas Sensor 

Concentration 
97.4 1.6 

Earthquake 
Vibration 

Sensor 
92.5 3.4 

Landslide 

Soil 

Moisture, 

Vibration 

89.8 4.2 

Overall 

System 

Performance 

Multi-sensor 

Fusion 
94.6 2.5 

 

V. DISCUSSION 

 

Overall, the experimental results validate the effectiveness of the proposed Adaptive AI–LoRa Early-Warning System 

for disaster-prone remote regions. The system demonstrated reliable sensor data acquisition, stable long-range 

communication, rapid alert generation, and accurate disaster classification under different simulated conditions. The 

integration of multi-sensor fusion with embedded AI decision logic significantly reduced false alarms and improved 

situational awareness. Furthermore, the hybrid architecture combining autonomous local operation with optional cloud-

based monitoring ensures resilience during communication failures. These results confirm that the proposed system is 

practical, scalable, and suitable for real-world early-warning applications. 
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VI. CONCLUSION 

 

This paper presented an adaptive AI-driven LoRa-based early-warning system for disaster monitoring in remote and 

disaster-prone regions. The system integrates distributed multi-sensor nodes, low-power long-range communication, 

and embedded AI-based decision-making to provide timely, accurate, and context-aware alerts. 

 

Experimental results demonstrate reliable communication over several kilometers, low power consumption, rapid 

response time, and high disaster classification accuracy. The system operates autonomously without reliance on internet 

connectivity, ensuring continuous functionality during infrastructure failures. 

 

The proposed solution offers a scalable, energy-efficient, and intelligent platform for early disaster detection and 

response, significantly enhancing community preparedness and resilience in vulnerable regions. 
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