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Abstract 
 

Long-term monitoring of forest fires with distributed sensors is an exact but 

demanding application that requires low-cost, low-maintenance sensors with 

long long-life which can be quickly deployed and can identify errors. The 

paper presents a generic, scalable readily deployable long term and low 

maintenance, forest fire detection system with a focus on the core design 

requirements and optimisations of all elements that form the basis of a low-

cost WSN device prototype. The gateway was built with extra resources 

(solar panel) to support high energy sensor and tasked with data gathering 

from the sensor nodes on LoRa channels and forward the same via GPRS on 

the application server. The system was tested with 7 sensor nodes, and one 

gateway in a test forest of 15 Ha with different conditions to mimic fire 

events (normal condition, fire in the testbed, destroyed nodes) and sensor 

data was observed on admin interface over the application server. 

 

Keywords: Wireless Sensor Network, LoRa, LoRaWAN, Environmental 

Monitoring, Fire tracking Forest Fire detection. 

 

1 Introduction 
 

Since the advent of the Internet of Things (IoT) over ten years ago [1], 

the wireless sensor networks (WSNs) came up as means to provide a flexible, 

low-cost system suitable cost-effective monitoring infrastructures [2]. When 

compared to other monitoring technologies, WSNs have moderately low  
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material, and arrangement costs as these are self-configuring. These wireless 

systems can work for long periods with little or no human interference. For a 

variety of outdoor applications, ranging from remote locations in the wild to 

the spaces close to human activity, sensor networks provide the best solution 

for the collection of data. WSNs comprises of numerous small embedded 

systems equipped with sensors and communication modules which provides 

an advantage of being compact and handy. Such platforms are designed to 

use minimal energy while autonomously sensing, processing and 

transmitting the data for extended periods without maintenance. Over the 

past decade, WSN has proved to be useful for multidisciplinary problems, 

especially ones that cater to outdoor applications [3-5]. 

Also, drastic growth has been reported in the importance of 

environmental monitoring. Regularly gathered information about the state 

and the advancement of the environment can assist with identifying and 

raising the alarm for hazardous events. However, it is noteworthy to point out 

that outdoor monitoring applications can prove to be quite challenging [6]. 

Natural events like rain, fog, plant growth and its movement with wind or 

insect activity and dust accumulation over the nodes can significantly affect 

the wireless connection between the nodes. Harsh weather conditions and 

hazardous events also can put much stress on the hardware causing it to 

damage before time and hence leading to increased cost because of required 

maintenance. Applications that require enormous observation points for 

uninterrupted observation may stretch the deployment and manufacturing 

cost of nodes  

Applications with rigid prerequisites, for example, low maintenance, low 

cost, a large number of nodes, quick field deployment can inspire specially 

designed WSN's.  

The present paper focuses on the requirements of a demanding 

application, continuous forest fire observation utilising in situ disseminated 

wireless sensors. Early identification of out of control forest fires is 

significant for suppressing fires in the initial phases while the extent of the 

fire is still low for reducing the damage. An improved detection system was 

tested with, redefined design objectives which were finalised from the 

analysis of existing detection and alert systems.  

 

2 System Definition 
 

In just 3 decades, the world's forest area has diminished by 178 million 

hectares which is roughly the size of Libya [7]. The pressure on the world's 

forests has increased considerably, with only 0.5 Ha left per capita in 

comparison to 0.6 Ha 5 years ago. [8]. Approximately 67 million hectares 

burn annually as per the global analysis of the forest area affected by fire 

between 2003 and 2012 [9]. Around 98 million hectares of forest were 

affected by fires in 2015 (FAO, 2020) [7]. The best way of reducing the 

damage caused by the forest fire is to avoid it or at least detect it, in its early 

stages with a real-time detection system. To better characterise the 
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details of the proposed fire detection system, a quick survey of a few most 

preferred systems with attention on cost, discovery dependability, and 

adequacy for early detection. 

 

3 Existing Forest Fire Detection Methods 
 
3.1 Aerial Detection Methods 
 

There are quite a few satellite-based systems that take imaging which is 

designed explicitly for wildfire detection. Both low earth orbit satellites and 

geostationary satellites can be used for this purpose, offering up different 

advantages while giving a compromise on spatial and temporal resolution. 

Lower earth orbit satellite sensors like AVHRR [10], launched in 1998, 

MODIS launched in 1999 [11], [12] and VIIRS launched in 2011 provide an 

excellent spatial resolution with the minimum being 375m while giving up 

the minimum temporal resolution at 6 hrs. Web Fire Mapper is a web service 

in the public domain through which MODIS allows the detected fire spots to 

be accessed [13]. On the contrary geostationary satellites like GOES and 

MSG-SEVIR, I can provide images after every 15 mins but with a reduced 

spatial resolution of as high as 5 km. [14, 15] 

While Satellite systems offer monitoring over a large geographical area, 

the performance is challenged by some serious problems. Industrial exhaust 

and volcanic activity generate the same thermal signature as fire and are 

likely to be picked as a hot spot by the Satellite images (thermal images). 

Satellite-based detection systems are not continuous, and hence, there can be 

a significant time gap before the next phase of information can be retrieved. 

Which is also not promised since the satellites might not be able to notice fire 

intensity in the initial phases as the fire intensity decreases with distance. 

Also, weather conditions like clouds, rain and fog etc. can drastically affect 

the quality of images [16].  

Unmanned aerial vehicles (UAV) can also be used over large areas to 

competently monitor forest for fire [17, 18] with better spatial and temporal 

resolution than satellites. Still, wind provides a risk factor during the take-off 

and landing of UAVs. Like satellite systems, local meteorological conditions 

(low altitude clouds, strong wind, fog and mist) significantly affects its 

efficiency [19]. 

 

3.2 Ground-Based Detection Methods 
 

Customarily, forest fire monitoring depends on persistent human 

observation from chosen vantage points in the field with a purpose to 

perceive light from fire flares during nighttime, and noticeable light  [20, 21] 

or smoke patterns during the day. But, since distant field monitoring 

progressively subjects the observers to loss of concentration, fatigue and 

exhaustion, a few semi-automated forest fire detection systems were 
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proposed. These frameworks decrease the exertion of the observers, which 

essentially need to approve the positives set off by the automated recognition 

system [22]. These systems also reduce the time gap offered by the satellite 

systems by taking the images on land. 

One way of detecting fires is to use infrared (IR) imaging to identify 

combustion-generated heat. The only disadvantage is because of thermal 

signatures generated by reflective surfaces and vehicular and industrial 

exhaust that could lead to false-positive [23]. This problem can be solved 

with the systems detecting combustion specific products in smoke using 

Optical spectrometry [24, 25]. Since smoke generated from different sources 

absorbs sunlight differently, the source of smoke can be differentiated 

thereby increasing the accuracy of forest fire detection by rejecting the other 

sources of a hot spot like burning debris and industrial exhaust. During the 

daytime, such a system provides good reliability in detecting the smoke only 

when it clears the horizon. But, at night, when the smoke is not visible, the 

thermal infrared system is required to detect the flames [26].  

Smoke causes light to backscatter, and the same phenomenon is used by 

Light detection and ranging systems (LIDAR) to analyse backscattering of 

the laser. [27, 28]. But it is shown to work under clear weather conditions 

only when a clear line of sight is achieved.  

 

3.3 In-Situ Detection Methods 
 

The solution to the challenges offered by remote detection systems was 

catered by wireless sensor networks (WSN) which are used for in-situ 

detection. The sensors are nearer to the occasions (e.g., ignition), which 

makes the fire detection less prone to disturbance from external components 

(e.g., wind, haze, loss of line of sight). Sensors deployed in WSN adapt 

superior to environmental changes (if one sensor value gets affected other 

may give correct value) that too in a brief period. It is worthwhile to notice 

that the cost per unit area of detection offered by remote sensing is less than 

that is provided by WSN. But higher accuracy in detection and better spatial 

and temporal resolution compensates for the cost occurred by WSN in areas 

of high risk 

WSN nodes generally include sensors and processing power to 

autonomously sense environmental parameters such as smoke and light [29, 

30], which can be used to detect events like fire or the factors affecting its 

initiation or propagation. Setup/sensor deployment scheme and 

communication protocol used for data transfer play a crucial role in reducing 

delay during transmission. Data aggregation is another challenge in such 

systems and is often governed by the application in focus. But sensing, 

processing and transmission take energy, and since the nodes are meant to 

work for an extended period without the need for maintenance, it is expected 

to work on batteries that can run for long. Energy requirements can be solved 

by scavenging, or the other way could be to send out the data intermittently,  
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only when an event is registered at the node. [22].   

Pervasive systems can also generate false alarms due to non-fire-related 

events, (for example, mist, residue or insect activity) but combining data 

from multiple sensors can increase reliability. Smoke detection, combined 

with flame detection, can increase the efficiency of detection  [30]. The 

variation in the pattern of temperature or smoke can also be used, or it could 

be correlated with humidity, wind and rainfall data [31]. Sensor nodes can 

further increase the reliability in detection by using adaptive methods. Along 

with changes in the metrological parameters, detection of the levels of gases 

generated during combustion, individually or combined with temperature 

detection can also be used. But it comes at the cost of higher energy 

requirements. Outdoor environmental monitoring remains challenging [32-

33], and this is perhaps the only drawback with WSN systems at present.  

 

4 System Specifications 
 

From the analysis of existing detection systems, it was clear that 

persistent in-situ detection systems are one of the fastest and most reliable 

observation methods. It allows early detection of the fires and offers higher 

reliability, which results in the generation of low false alarms. 

Features that make WSN attractive for detection and broadcasting are 

reliable operations for extended periods, no or significantly less maintenance 

and fully autonomous systems. The sensor nodes can periodically sample the 

environmental data to check for abnormal patterns and can send alerts. As 

discussed in section 2.1.3, combining and correlating measurements from 

multiple sensors can increase the reliability of the detection. However, 

multiple sensors increase the energy consumption of the node, which can be 

solved by using sensors intermittently and having specialised sensor nodes. 

High power consumption sensors require more energy, which adds to the 

cost of the system, so these can be deployed seldom, while the deployment of 

the sensors with low power consumption can be denser. Energy scavenging 

techniques can be used to provide support for sensor nodes with higher 

power consumption. 

Field data from the nodes can also be combined on the gateway and sent 

on an application server for further processing, hence, reducing the overhead 

due to continuous local processing. Also, the nodes can be kept on standby 

mode, consuming little or no energy and invoked for sampling only when the 

central node/gateway sends a trigger signal. 

 

4.1 Platform Design Criteria 
 

As a result, the specifications evolved towards a tiered WSN structure 

with active sensor nodes as given in Figure 1. As per the requirement of the  
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application, different environmental sensors are connected with the nodes 

that can communicate with the central node/gateway through short-range 

wireless channels either directly or through different routing algorithms. The 

gateway can further accumulate and process the data and forward the same 

on the application server over long-range wireless communication. The 

server can then use the forwarded data for consistent storage, generating 

alerts, providing user interfaces for further analysis and interface with other 

applications.  

 

 

 
Requirements for a WSN based environmental monitoring system can be 

defined as: 

1. Having specialised nodes for different sensors (low energy consuming 

sensor and high energy-consuming sensors) 

2. Have a quick and consistent field deployment method for nodes. 

3. The server has connectivity over the long-range communication channel 

with the field network. 

4. Field devices have a short-range communication protocol that should 

allow: 

 Scalability of the network. 

 Resource- inhibited consistent operation. 

 Seamless operation in case of device failure. 

5. Capable of transmitting raw data for environmental observation and if 

required, capable of transmitting only events (like fire)  

6. Rugged to endure environmental exposure. 

7. Have a method to identify the fault in the functionality of the network 

nodes.  

8. Provide access to server data for interfaces  

Factors included in designing the system are: 

 The proportion of sensor nodes and gateway in the field, to optimise the 

cost of the network. 
 

 

 

Figure 1 Network configuration 
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 Methods of validating the alerts and network maintenance, while 

reducing the false alarms. 

 Reusability of the hardware for different environmental events with a 

provision of redeployment of nodes at other location.  

WSN sensor nodes used in persistent in-situ observation may need a 

variety of sensors for environmental monitoring of the parameters in focus. 

The following section analyses the parameters and associated sensors which 

could only be correlated to events like a forest fire. 

In a tiered WSN, the system may have at least two different specialised 

nodes, central and local node. While the local node is a sensor node more 

densely deployed and contains low energy consumption sensors, the central 

node will act as a gateway transmitting the aggregated data to the central 

server. High energy consumption sensors can support central node to widen 

the range of parameters available for environmental monitoring. Different 

requirements at the nodes needed different design strategies. 

 

4.2 Sensor Node Design  
 

Since the sensor nodes were required to make up for most of the field 

hardware, size, low power sensors, long-range, low power communication 

were at the focus of the design. Since temperature and humidity sensors are 

directly correlated to fire and have low power consumption, these form the 

basis of any fire detection system.  However, as analysed in previous 

sections, multiple sensors can increase the reliability of observation made 

from environmental parameters, for detection of a fire event smoke plays a 

crucial role. While the temperate, humidity and smoke are excellent markers 

to detect a fire, fuel moisture which is affected by relative humidity and the 

duration and time of the last rainfall can best derive the conditions that 

favour fire initiation and propagation. The fact that temperature, humidity, 

smoke and rain sensors consume significantly less energy makes it an 

excellent choice for the sensor node.  

The communication protocol requires much attention as the radio devices 

are the highly active component that consumes much energy. LoRa is a long-

range, low power protocol that is ideal for such energy constraint 

applications. 

Each node was provided with sensors to sense the environmental 

conditions (smoke, relative humidity, temperature and precipitation), a 

processing unit (ESP32), a wireless communication unit (LoRa), and a 

battery unit. The node collected the environmental data every 10 mins, and 

based upon the relative change in the values, it was checked for the anomaly 

(possible event). On detection of an anomaly, the data was immediately 

forwarded to the central node. A separate provision was kept to collect the 

environmental data every one hour irrespective of the case whether an 

anomaly was detected or not.  
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4.3 Central Node/Gateway Design  
 

Gateway was designed to work on two types of communication protocols 

long-range and short-range.  While the sensor nodes are connected through 

short-range communication, the application server is connected through long-

range communication with the field network. The gateway also performs the 

role of a central/control node, whose role is to interact with the end devices. 

These are connected with sensor nodes in master-slave connection sending 

out control signals and aggregating data coming from sensing nodes before 

forwarding it to server. Because of the specialised and extended nature, the 

central node /gateway is deployed in significantly less density as compared to 

the sensor node.  

Gateways were provided with uninterrupted energy source since long-

range communication is a very energy-consuming process. A solar panel 

supported the gateway for energy harvesting. Presence of large energy source 

allowed the installation of gas sensors that play a crucial role in 

environmental monitoring. Moreover, gas sensors are used in coherence with 

temperature and smoke sensor in detecting fire events, since there is a drastic 

change associated with many gases which are released only during 

combustion.  

For improving the communication range, every sensor node in the field 

was deployed in a manner such that it was connected to at least 2 central 

nodes so that end-devices can communicate with more than one gateway. 

The role of the central node was to collect data from the sensor nodes on 

LoRa channels and send it to the central server via GPRS over the internet. A 

constant supply of energy powered the control node, which was replenished 

by the solar panel. 

 
4.4 Server Design  
 

The application server was designed to receive field data from the local 

control nodes. The administrator was provisioned to set the location values 

for every node, located in the field against a node ID. The node sent the data 

with this node ID so that it could be identified over the server. After the data 

was received at the server, the location values were mapped with node ID's. 

Then the data was processed and validated for anomalies. The sensor data 

was checked for flags which were raised by the field node and sent over the 

internet. Depending upon the conditions of the flags following actions were 

taken: 

Case i. When none of the flags was raised, then the data was transferred 

to the mapping service with status code as "Normal" which was denoted by 

green colour. 

Case ii. If the flags were found raised, then it was checked how many 

sensors had crossed the threshold (gas sensors, smoke and temperature). In 

case, multiple flags were raised, then the data was transferred to the mapping  
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service, and status code of the code is modified as "Fire" which was   

denoted by red colour. 

Case iii. Extending the above condition, when only one sensor flag was 

found raised, then the associated data was discarded and, a counter was 

associated with the node ID. Six consecutive data entries were checked, for 

the condition to modify into case 1 or 2, after which the status code is 

modified to "defective" which was denoted by yellow colour, and the same is 

forwarded to mapping service.  

The server provided an interface for forest authorities (admin), and 

external users (general public). Admin was given the interface for the field 

nodes (to add the location, visualise the incoming data and access log of the 

status of the nodes), and alert channels along with a channel to directly 

connect to the general public. In contrast, the general public was given an 

interface where they could register for alerts and communicate with the 

administrative services during an event. While at the same time, they can 

monitor the extend of fire and prepare an action plan to tackle the same 

To reduce the resource requirements for the nodes, the overhead to 

resume interrupted transfer was minimised, because the long-range 

communication with GPRS was unstable. If the primary server failed, a 

secondary server was kept in sync for backup to ensure a high QoS. 

 

5 Experimental Setup and Results 
 
5.1 Network Architecture 
 

 

 
A three-layered hierarchical sensor network was implemented for a small 

forest area. As given in fig 2, The network constituted of a field network 

connected to an application server on the cloud. The field network consisted 

of 7 sensor nodes connected to a central /gateway node at the centre of the 

grid with distance not exceeding 250 m. Each layer has different 

functionality and hardware requirements, as given in Fig 3. 
 

 

Figure 2 Network for Field Test 
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6 Network Setup 
 

The GPS coordinates of the nodes were taken and set manually in a table 

to register the node ID and its location. The node was connected to the 

battery, and its connectivity to the central node was checked. One there is 

good signal reception from the central node the sensor node is placed 3-4 

meters high from the ground to protect the node from the surface fire flames. 

To protect the node from rain, dust and insect activity, the node was put in an 

enclosure. The location for the central node was chosen so that it can receive 

direct sunlight. The central node/ gateway was kept at the height of 3-4 

meters (below tree canopy) above the ground within the LoS of the sensor 

nodes. The area around the gateway node was cleared of the dead fuel load to 

protect it from surface flames.  

At the application server, the admin mapped the location of the nodes 

with the latitude and longitude values registered from the site. The status of 

the nodes was visible on the mapping service and was accessible from admin 

and user interfaces. The admin was able to observe the log of the status of the 

nodes, as in Figure 4. 
 

 

Figure 3 Functionality of the nodes 
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For testing, the fuel bed of size 1 m x 1m x 5 cm was prepared with dead 

fuel at 4% moisture content. Fuel consisted of try twigs, leaves and grass. 

Change in status of the nodes was observed because of the variations in 

smoke and gas levels due to combustion. However, the flame intensity was 

not sufficient to make any significant change in the temperature readings, so 

a sensor node was bought close to the testbed to check for temperature 

sensing. Environmental parameters were accessible to the admin with the 

status of nodes on the map as in Figure 5. While only the map with the status 

is visible for the external user (general public)  

 

 

 
Different situations were simulated to mimic the conditions that may arise 

at the time of a fire event. 

1. Normal conditions: Sensors sent out data after every one hour, and the 

same is reflected on the admin and user interfaces in the form of green status 

at the nodes. 

2. Small fire at a distance: When the fire was initiated at a distance then 

only smoke sensor observed a significant change in its concentration to raise 

the flag and forward the data to the application server via the central node. At 

admin and user interfaces, yellow colour status was observed at the node. 
 

 

Figure 4 Log of the Status of the Nodes 

Testbed 

Figure 5 Admin View of the Map 
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3. Fire closer to the node: To simulate the conditions of a large intensity 

fire, the node was brought closer to the testbed such that sensors could 

observe the change in both smoke and temperature.  

At the admin and user interface, the red colour status of the node was 

observed, and the users received an alert of fire on their registered e-mail id's  

4. Damaged node: To simulate the conditions of a damaged node, the node 

was simply turned off. After one hour when the application server could not 

observe any value from the node location, then it considered it as dead and 

yellow colour status was observed at the admin and user interfaces. 

5. Replacement node: At the damaged node location, a new node was 

replaced with the same Node ID, and under normal conditions, it was 

observed with a green status on the admin interface. 

6. Node relocation: To simulate the condition in which the node is 

relocated, the admin registered the new lat/long positions against the node 

ID, and the node was observed to be present at the new location in the next 

cycle. 

 

7 Discussion And Conclusion 
 

On-site intensive surveillance of forest fires has significant benefits, but 

its usage can be restricted by comparatively higher expense than satellite 

systems. We also seen in this papers many platform optimisations that can 

reduce the expense and improve its economic viability. Carefully designed 

specifications of the nodes and their roles and communication protocol 

minimised the error and the cost substantially. For e.g., sensor nodes in star 

topologies reduce the stacking of the protocol and reduce the exact time 

requirements. This decrease the processor load and energy usage, thus 

decreasing component costs, battery costs, and maintenance of node. In case 

of crucial faults (e.g., malfunction of the sensor node), the node can be 

replaced without impairing the function of the network or the gateway 

Nodes. Introduction of such conditions to test the integrity of the nodes 

improve the efficiency, repair needs and costs of the network.  

The experiment in the fields has shown us that a small network of even a 

few nodes may be very time consuming for implementation. The method 

should then be as straightforward and streamlined as feasible so that human 

mistakes and costs can be minimised. However, node deployment should be 

closely monitored because open RF propagation can be unpredictable, 

mainly in forests because of tree canopy ground features. We aim to enhance 

the handheld installation device that could gather the coordinates and 

automatically report it on the application server. Moreover, it will be able to 

assess the GPRS signal and coverage of the short-range field communication 

protocol . 
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