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Abstract: Peatland refers to the peat soil and wetland biological environment growing on the surface.
However, unexpected fires in peatlands frequently have brought severe greenhouse gas emissions
and transboundary haze to Southeast Asia. To alleviate this issue, this paper first establishes an
Internet of Things (IoT) system for peatland monitoring and management in the Raja Musa Forest
Reserve (RMFR) in Selangor, Malaysia, and proposes a more efficient and low-complexity model
for calculating the Duff Moisture Code (DMC) in peatland forests using groundwater level (GWL)
and relative humidity. The feasibility of the IoT system is verified by comparing its data with those
published by Malaysian Meteorological Department (METMalaysia). The proposed Linear_ DMC
Model and Linear_Mixed_DMC Model are compared with the Canadian Fire Weather Index (FWTI)
model, and their performance is evaluated using IoT measurement data and actual values published
by METMalaysia. The results show that the correlation between the measured data of the IoT system
and the data from METMalaysia within the same duration is larger than 0.84, with a mean square
error (MSE) of 2.56, and a correlation of 0.91 can be achieved between calculated DMC using the
proposed model and actual values. This finding is of great significance for predicting peatland forest
fires in the field and providing the basis for fire prevention and decision making to improve disaster
prevention and reduction.

Keywords: forest and peatland fire; Internet of Things system; peatland monitoring; ecological data
acquisition; conceptual modeling; tropical region

1. Introduction

Peatland is a specific type of wetland with a peat layer developed in the soil profile; it
is a terrestrial ecosystem with high carbon storage and the fastest carbon accumulation per
unit area [1]. In the presence of excessive moisture or a shallow water layer, the surface soil
supports numerous plants” growth while concurrently facilitating peat accumulation be-
neath it. However, tropical peatland is dominated by woody plants or trees, not herbaceous
plants as in marshes.

In addition, peatland is distributed all over the world. The global peatland area is
about 1.79 million square kilometers, accounting for 3% of the worldwide land area [2]. The
total carbon content is about twice the entire carbon content of the global forests, storing
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35% of the worldwide carbon reserves [3]. Because of their vital carbon fixation function,
peat swamp wetlands may become the hope to solve the problem of global warming [4].

Furthermore, peatlands can hold much water [5], which slows the rate at which organic
matter in the soil breaks down. Plant respiration and microbial decomposition are also
slow [6]. After centuries of accumulation, peatland has absorbed a large amount of carbon
dioxide [7], so peatland is of great significance in controlling atmospheric carbon dioxide
concentration, reducing the greenhouse effect, and slowing down global temperature rise.

However, in recent years, due to the frequent occurrence of unexpected peatland fires
in Southeast Asia [8], especially in Indonesia [9-11] and Malaysia [12,13], greenhouse gas
emissions have increased. Worse, transboundary haze has resulted, which has caused many
social problems, such as smoke disasters from fires seriously affecting human respiratory
health [14] and air transport stagnation [15]. Many schools were forced to suspend classes
when the smoke disaster was severe [16], especially in 2015 [17] and 2019 [18].

To deal with this problem, the Canadian Fire Weather Index (FWI) is the basis for
the proposed Fire Danger Rating System (FDRS) in Southeast Asian countries, which falls
under the jurisdiction of the Malaysian Meteorological Department (METMalaysia). In
addition, Indonesia has also developed a patrol fire protection system [19]. However, the
FDRS does not incorporate critical soil observation parameters, such as groundwater level,
which is particularly significant in tropical areas with a higher likelihood of rainy days.
The exclusion of these vital parameters in the FDRS limits its effectiveness in accurately
predicting and preventing forest fires, highlighting the need for further research and
improvements to the system in the context of Southeast Asia. The groundwater level is also
an important indicator of forest fire monitoring in peatlands [20,21]. Therefore, considering
a model integrating groundwater level (GWL) into the existing FWI system contributes to
monitoring and preventing peatland forest fires in tropical areas. One approach to prevent
such fires is to monitor the moisture content of the peatland using an Internet of Things
(IoT) system and predict the evaporation rate of water from the peatland.

The evaporation rate from a peatland can be modeled using several factors, such as
temperature, rainfall, and humidity. These factors can be measured using various sensors
that are part of the IoT system. To develop a model for evaporation rate, historical data
from the sensors can be used to train models. The model can then predict the evaporation
rate in real time and provide early warning of potential fire risks. The model’s accuracy can
be improved by incorporating data from additional sources, such as the Meteorological De-
partment. Additionally, the IoT system can trigger early warning systems to enable timely
response and intervention by relevant authorities. An IoT system that models evaporation
rates can effectively prevent peatland fires and mitigate their environmental impact.

This paper proposes a new approach for calculating fuel moisture in tropical peatland
forests by integrating groundwater level and humidity measurements into a linear mixed-
effects model, providing valuable insights for fire prevention and management decision
making. Next, this paper demonstrates the feasibility and effectiveness of an IoT system
for monitoring peatland moisture in tropical forests, facilitating timely and accurate fire
prevention measures. The following three contributions have been achieved by selecting
the research site of the forest peatland in Selangor, Malaysia:

1. A new model integrating groundwater level (GWL) into the existing Fire Weather
Index (FWI) system is proposed; specifically, the Duff Moisture Code (DMC) can be
calculated using GWL and humidity under low complexity.

2. An Internet of Things (IoT) system is established to monitor and manage peatland
data in Raja Musa Forest Reserve (RMFR), Selangor, Malaysia.

3. The validity of IoT system data has been proven by the data comparison of the
Malaysia Meteorological Department (METMalaysia) in the same period, which
means that the feasibility of the IoT system has been affirmed.

In this study, we aim to address the research gaps and introduce the novelty of our

research in the context of peatland fire prevention. Firstly, our study focuses on tropical
peatland forests, which present unique challenges and require tailored fire prevention
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strategies. Previous studies have primarily focused on temperate regions [22,23], overlook-
ing tropical peatlands’ distinct characteristics and complexities [24,25]. By investigating fire
prevention in these ecosystems, we contribute to filling the research gap in understanding
and managing fire risks in this specific context.

Additionally, our research introduces the novel integration of groundwater level
(GWL) data into the Fire Weather Index (FWI) model using an Internet of Things (IoT)
system. This integration offers an innovative approach to assessing the moisture content
of peatland, a critical factor in fire prevention [26]. By incorporating real-time GWL
data collected through IoT sensors, we improve the accuracy and timeliness of fire risk
assessments. This novel combination of FWI and IoT technologies addresses another
research gap, as the application of IoT systems for peatland fire prevention is relatively
unexplored. By highlighting these research gaps and presenting our novel contributions,
we provide a new understanding of the unique value of our study. Our research fills the
knowledge gaps in fire prevention strategies for tropical peatland forests and introduces a
new approach that leverages IoT and GWL data integration.

2. Materials and Methods

This section introduces the relevant parameters of the IoT system and the Fire Weather
Index (FWI) model for peatlands in Southeast Asia. Specifically, the model is designed to
calculate the Duff Moisture Code (DMC) using groundwater level (GWL) and humidity
instead of humidity, temperature, and rainfall. This approach is better suited to the region’s
unique climate and conditions, providing more accurate predictions of forest fires in
peatlands. By incorporating these parameters into the FWI model, the IoT system can more
effectively monitor and assess the risk of forest fires in peatlands, aiding in prevention and
mitigation efforts.

2.1. IoT System for Peatland Forest Management

In the context of peatland forest data collection and fire prediction in Malaysia, the
Malaysia Meteorological Department and the Malaysian Forestry Fire Department heavily
relied on manual measurements and calculations before implementing IoT systems. Due
to the vast expanse of peatlands, dense vegetation, and extensive groundwater, accessing
these areas by vehicles was impractical, necessitating labor-intensive on-site measurements.
However, the advent of IoT systems has the potential to revolutionize this process, offering
both economic and enhanced accuracy benefits in the long run.

The integration of IoT technology allows for automated data collection and real-time
monitoring of peatland forests, which was previously unattainable through conventional
manual methods. By employing IoT systems, measurements and observations of vari-
ous parameters such as groundwater levels, temperature, humidity, and rainfall can be
efficiently acquired and transmitted for analysis. This technological advancement holds
significant promise in improving the accuracy and reliability of fire predictions in tropical
peatland areas.

Implementing IoT systems overcomes the limitations posed by the challenging terrain
of peatland forests, where vehicle access is restricted. With IoT-enabled devices strategically
placed within the peatland ecosystem, continuous and real-time data monitoring becomes
feasible, providing valuable insights into the prevailing environmental conditions. This
data-driven approach, facilitated by IoT technology, offers a more cost-effective and precise
alternative to labor-intensive manual measurements.

Integrating IoT systems in peatland forest monitoring and fire prediction represents a
paradigm shift in collecting and analyzing crucial data. The automated and continuous
nature of IoT-enabled measurements ensures a comprehensive understanding of peatland
ecosystems’ dynamic and complex nature. Furthermore, the precise and timely information
from IoT systems empowers relevant authorities to make informed decisions and allocate
resources effectively to mitigate and prevent peatland fires.
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In conclusion, incorporating IoT systems in peatland forest monitoring and fire pre-
diction demonstrates significant potential in revolutionizing traditional data collection
methods. By leveraging IoT technology, the limitations associated with manual mea-
surements in inaccessible areas can be overcome, allowing for enhanced accuracy and
efficiency in forecasting peatland fires. This technological advancement heralds a new era
of data-driven approaches to managing and conserving peatland ecosystems.

The location chosen for the peatland monitoring discussed in this paper is the Raja
Musa Forest Reserve (RMFR) in Selangor, Malaysia, as depicted in Figure 1.
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Figure 1. Peatland Distribution in RMFR (3°27'58” N, 101°26’31” E).

The distribution of peatland within the RMFR is displayed with the dark brown section
indicating the extent of the peatland area. The vast peatland coverage within the reserve
presents an ideal site for the current study. To facilitate data monitoring and collection, an
IoT system was deployed in the peatland forest reserve, and the layout structure is shown
in Figure 2. The system’s layout structure is designed to enable efficient and comprehensive
monitoring of relevant parameters, providing real-time data that can aid in predicting and
preventing forest fires. Integrating IoT technology into the study of peatlands holds great
promise for advancing our understanding of these ecosystems and mitigating the risk of
environmental disasters caused by forest fires. Moreover, the system has been used, and
many research results based on the IoT system have been published [27-29].
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Figure 2. Deployment Structure of The IoT System.

The temperature, humidity, and rainfall data provided by METMalaysia were obtained
from a meteorological station, which is situated at ground level, located approximately
8 km away from the IoT system in a direct line. The sensors in the IoT system used for
measuring humidity, temperature, and rainfall were integrated into a weather station
located approximately 20 m above the ground. The humidity sensor utilized a resistive
sensing element. To evaluate the accuracy of the IoT measurements compared to the
METMalaysia data, we refer to Section 3.1, where a detailed comparison is presented.

It is important to note that the meteorological stations used by the Malaysian Mete-
orological Department for weather monitoring are located approximately 8 km from our
IoT system. METMalaysia currently possesses 43 main meteorological stations and 221
auxiliary meteorological stations [30]. Moreover, the meteorological data, including rainfall,
temperature, humidity, and predicted DMC, obtained from the meteorological stations
around 8 km from our IoT system, adequately cover and apply to the peatland forest areas
where our IoT system is deployed. This ensures that the meteorological data used for
calculations and predictions within our IoT system align with the specific conditions of
the target peatland forest region. By utilizing the data collected from the meteorological
stations near our IoT system, we can effectively monitor and incorporate accurate weather
parameters, enabling reliable computation of DMC values and relevant predictions within
the designated peatland forest areas.

Figure 2 shows the IoT system deployed in RMFR for peatland data monitoring. The
system comprises an observation tower, a LoORaWAN gateway for data reception, a weather
sensor node for measuring relative humidity and rainfall, a sensor node for monitoring
and transmitting peatland groundwater level (GWL) data, and a LoRaWAN transmitter.
The sensor node for measuring GWL is located at the southwest corner of the observation
station, about 262 m in the direction of 8 o’clock. It is surrounded by a one-meter-high
fence to prevent wild animals from damaging the IoT system. It is worth noting that the
GWL measurement is achieved utilizing a piezometer located in a UPVC pipe with a small
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hole and a depth of 5.26 m. The sensor is clamped at the bottom and measures the water
level above the sensor based on the pressure.

To facilitate the smooth flow of groundwater within the pipeline, a small hole is
incorporated while ensuring that the gap is not too large to prevent the piezometer from
being obstructed by soil and stones. The pipeline is placed at a depth of 5.26 m to ensure the
measurement of the actual groundwater level within the peat layer. These considerations
are essential for accurately monitoring peatland parameters, as imprecise measurements
could lead to inaccuracies in the Fire Weather Index (FWI) model and potentially undermine
the effectiveness of mitigation efforts against forest fires.

Additionally, the IoT system can log the real-time measurement of relevant parameters
every minute and transmit data to the LoRaWAN gateway by LoRaWAN radio protocol [31],
and the cellular network communication with LTE 4G will transfer data to the cloud for
other data analytics processes.

2.2. Fire Weather Index (FWI) System

This paper involves a forest FWI system, which can help to predict the degree of
danger of forest fire in peatlands and achieve the effect of quantifying various fire risk
indicators by measuring the humidity, temperature, rainfall, and other parameters of the
natural conditions in a specific area in real time.

Furthermore, the Canadian Forest Fire Weather Index (FWI) system was developed as
early as 1970 and revised in 1984 [32]. In 1987, Van Wagner [33] detailed the FWI system, as
shown in Figure 3.

Fire Temperature, Wind Temperature, Temperature,
weather relative humidity, speed relative humidity, rain
observations wind speed, rain
rain l
Fuel Fine Fuel Duff Moisture Drought
moisture Moisture Code Code Code
codes (FFMC) (DMC) (DC)
v v
Initial Spread Buildup
Index Index
Fire (ISI) (BUI)
behavior I I
indices
Fire Weather
Index
(FWI)

Figure 3. Structure of the Canadian FWI System [33].

Figure 3 illustrates the system’s components, which include three fuel moisture codes—
Fine Fuel Moisture Code (FFMC), Duff Moisture Code (DMC), and Drought Code (DC), as
well as three fire behavior indexes—Initial Spread Index (ISI), Buildup Index (BUI), and Fire
Weather Index (FWI). It is worth noting that forest fuel moisture rates vary depending on
forest fuel type, with each having its special drying rate. Additionally, the moisture content
of combustibles is subject to fluctuations due to daily weather changes. These nuances must
be considered in calculating the Fire Weather Index (FWI) model to ensure its accuracy
and reliability in predicting forest fire risks. Incorporating these elements into the system
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design enhances its data collection, processing, and analysis capacity, thereby contributing
to improved peatland fire prevention and mitigation.

FFMC is a quantitative indicator reflecting the moisture of the surface litter layer and
other mature fine combustibles (needles, mosses, and twigs less than 1 cm in diameter) [33].
DMC indicates the moderate depth of loose organic layer moisture, which is affected by
rainfall, temperature, and relative humidity but not by wind speed. DC is the moisture
indicator of the deep tight organic layer. ISI combines FFMC and wind speed to express
the expected fire spread speed. BUI is the sum of DMC and DC weights, indicating the
total amount of effective combustibles the moving fire line burns. FWI combines ISI and
BUI and quantitatively indicates potential fire intensity. These indicators of the FWI system
provide important quantitative reference data for forest fire management activities.

This system is widely used in Canada and other countries but does not consider
different forest types. Therefore, for peatland forests in tropical areas with rich groundwater,
the innovation of this study is to design a model suitable for the characteristics of peatland
forests in tropical areas to integrate groundwater levels into the FWI system, as shown in
Figure 4.

Fire Temperature, Wind Ground Water Temperature,
weather relative humidity, speed Level (GWL), rain
observations wind SpCCd. Relative HUITlidin
rain |
---------------------------------------- ¢ '---.ll.ooooo--'--l..qn.oo-o'----l-.oo.oo-¢--.l-.ouooo-----l-ooo..o-o' sssssnnsnnnsnnnnns
Fuel Fine Fuel Duff Moisture Drought
moisture Moisture Code Code Code
codes (FFMC) (DMC) (DC)
v
Initial Spread Buildup

Index Index
Fire (IST) (BUI)
behavior I |
indices

Fire Weather
Index
(FWI)

Figure 4. The Proposed Model Integrates GWL into FWI System.

Figure 4 depicts the integration of groundwater level (GWL) into the Fire Weather
Index (FWI) system. Previous studies have confirmed the viability of using GWL in place
of temperature and rainfall to compute the Drought Code (DC) in the FWI system [28].
Precisely, the Duff Moisture Code (DMC) is calculated using GWL and relative humidity,
as opposed to temperature, rainfall, and relative humidity in the original Canadian FWI
system (refer to Figure 3). This modification to the FWI system improves its ability to
accurately predict and prevent peatland forest fires.

The advantage of using groundwater level (GWL) data to calculate the Duff Moisture
Code (DMC) lies in its consideration of the specific conditions in Malaysian peatlands.
Given Malaysia’s tropical climate characterized by heavy rainfall, significant amounts of
groundwater are present in these areas. Consequently, we propose an innovative approach
to synthesizing GWL data to estimate soil moisture in peatland regions.

Our method is not intended to replace the existing FWI system but instead aims
to introduce a localized approach explicitly tailored to the tropical peatland forests of
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Malaysia. Our IoT-based DMC calculation relies on GWL data obtained from ground
sensor nodes, as depicted in Figure 2. Moreover, it is crucial to note that the IoT system
enables automatic computation without requiring manual calculations based on formulas.
This means that our IoT system can continuously monitor and display weather parameters
such as rainfall, temperature, and humidity, as well as GWL data from the ground sensor
nodes. The proposed algorithm can automatically calculate and display DMC values in
real time, eliminating the time-consuming manual calculations.

Therefore, the advantages of using groundwater level (GWL) to calculate the Duff

Moisture Code (DMC) for tropical peatland forests can be summarized as follows:

>

Relevance to Peatland Ecosystem: Tropical peatland forests are characterized by
a thick layer of organic material called peat. The groundwater level is a crucial
factor affecting the moisture content of peat, as it influences the water table and the
overall hydrological conditions [34]. Incorporating groundwater level into the DMC
calculation can capture the specific moisture dynamics of peatland ecosystems.
Reflects Local Conditions: Groundwater level directly measures the water availability
in the specific peatland area [35]. It considers the local hydrological characteristics,
such as rainfall patterns, drainage, and evaporation rates [36]. Considering these
factors, the DMC calculation becomes more representative of the moisture conditions
in the tropical peatland forest.

Long-Term Moisture Dynamics: Groundwater level represents the long-term wa-
ter availability in peatland ecosystems [37]. Unlike surface water or precipitation,
groundwater is often more stable and persists longer [38]. Incorporating groundwater
level into the DMC calculation allows us to assess the moisture conditions over a
longer period, capturing seasonal variations and enabling better fire risk prediction in
tropical peatland forests.

Improved Fire Risk Assessment: DMC estimates the fire danger rating and potential
fire behavior. Considering groundwater level can enhance the accuracy of fire risk
assessment in tropical peatland forests [39]. Peatlands are highly vulnerable to fires,
and their management and conservation depend on accurate fire risk evaluations.
Groundwater-informed DMC can contribute to more effective fire prevention and
management strategies.

Informing Land Management Decisions: Groundwater-informed DMC can provide
valuable information for land managers and decision-makers in tropical peatland
forests [40]. Understanding the moisture conditions derived from groundwater level
data enables them to make informed decisions regarding land use planning, fire risk
mitigation, and sustainable resource management.

In addition, the use of groundwater level to calculate the Duff Moisture Code for

peatland forests in Malaysia also has the following advantages.

O

Peatland Extent: Malaysia has a significant extent of peatland forests, particularly
in the states of Sarawak and Sabah on the island of Borneo [41]. Thick layers of
organic peat material and unique hydrological conditions characterize these peat-
lands [42]. Incorporating groundwater level data into the DMC calculation allows
for a more accurate representation of the moisture dynamics specific to Malaysian
peatland forests.

High Fire Risk: Peatlands in Malaysia are highly susceptible to fires, especially during
prolonged dry periods [43]. The peat soils can become highly flammable when dried
out, and once ignited, these fires can be challenging to control and extinguish [44].
Incorporating groundwater level data into the DMC calculation helps better assess
the moisture conditions and fire risk specific to Malaysian peatland forests. This
information can assist in fire prevention and management strategies, helping to
protect these valuable ecosystems.

Hydrological Variability: Malaysia experiences precipitation patterns and climate
variations across different regions and seasons [45]. Groundwater level data captures
the local hydrological variability, considering the specific characteristics of Malaysian
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peatland ecosystems [46]. This information enhances the accuracy of the DMC cal-
culation, enabling a more precise assessment of moisture conditions and fire risk in
Malaysian peatland forests.

{  Sustainable Resource Management: Malaysian peatland forests are valuable ecosys-
tems that provide essential ecosystem services and support biodiversity. They con-
tribute to local livelihoods through agriculture, timber extraction, and ecotourism [47].
Land managers and decision-makers can make more informed choices regarding
sustainable resource management practices using groundwater-informed DMC [48].
This helps to balance economic development with the conservation and protection of
Malaysian peatland forests.

¢ Climate Change Mitigation: Peatlands play a vital role in climate change mitigation by
storing large amounts of carbon. However, when peatlands are degraded or subjected
to fires, significant amounts of greenhouse gases are released into the atmosphere [49].
Accurate assessment of fire risk using groundwater-informed DMC can aid in pre-
venting peatland fires [50], which helps to maintain the carbon sequestration capacity
of Malaysian peatland forests and mitigate climate change impacts.

In summary, the utilization of GWL data in the calculation of DMC offers the ad-
vantage of accounting for the specific conditions of Malaysian tropical peatland forests
characterized by abundant groundwater due to high rainfall. Moreover, incorporating
groundwater level data into the DMC calculation for Malaysian peatland forests provides
specific advantages that enable better fire risk assessment, improved resource management,
and enhanced climate change mitigation efforts. Our approach aims to complement, rather
than replace, the existing FWI system by proposing a localized method tailored to the
unique characteristics of this peatland region. Furthermore, our IoT-based system enables
real-time monitoring and display of weather parameters and GWL data and automated
DMC computation, eliminating manual calculations.

2.3. Algorithms for Evaporation Rate

The Duff Moisture Code (DMC) is a parameter that measures the moisture content
of organic matter with a middle layer thickness ranging from 5 to 10 cm and a dry mass
of 5.00 kg/m?, according to Groot et al. [51]. DMC represents the moisture content in the
middle-lower deciduous layer and me-dium ligneous material, indicating fuel consump-
tion in the forest. The DMC algorithm model of the FWI system in Canada (referred to as
Algorithm 1) is a simple exponential water exchange model, meaning the previous day’s
value is required.

In Algorithm 1, Re refers to the adequate rainfall, Mo refers to the moisture content of
the previous day, dmc0 refers to the DMC of the previous day, Mr refers to the moisture
content after rainfall, b refers to the reaction factor of DMC after rainfall, Pr refers to the
DMLC after rainfall, and K refers to the drying rate.

The disadvantage of this algorithm is that it is highly dependent on the previous day’s
data. Therefore, this paper proposes a model that can accurately calculate DMC by directly
using the GWL and humidity parameters without considering the low complexity of the
DMC of the previous day.

Table 1 presents the descriptive statistics of the key variables used in our study,
namely groundwater level (GWL), humidity, rainfall, and temperature. The table provides
an overview of the dataset, including each variable’s count, mean, standard deviation,
minimum, 25th percentile, median, 75th percentile, and maximum values. These statistics
offer insights into the distribution and range of the environmental parameters measured
in the Malaysian peat forest area. The dataset comprises 47,306 observations, providing
a robust foundation for our analysis and subsequent calculations. The inclusion of this
table enhances the transparency and comprehensibility of our research findings, allowing
readers to gain a better understanding of the characteristics of the collected data.
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Algorithm 1. DMC model of Canadian FWI system [52]
Input: rainfall as R, temperature as T, humidity as H, DMC of the previous day as dmc0.
Output: DMC
ifR>15
Re=092 %R —1.27
Mo =20.0 + 280.0/exp(0.023 * dmc0)
if  dmc0<=33.0
b=100.0/(0.5 + 0.3 * dmc0)
elseif dmc0 > 33.0 & dmc0 <= 65.0
b =14.0 — 1.3 * log(dmc0)
else
b =6.2 x log(dmc0) — 17.2
end if
Mr = Mo + (1000 * Re)/(48.77 + b * Re)
Pr=43.43 x (5.6348 — log(Mr — 20.0))
K=1.894 (T + 1.1) * (100 — H) * 12 % 0.0001
DMC = Pr +100 * K
else
K=1.894 % (T + 1.1) % (100 — H) * 12 % 0.0001
DMC =dmc0 + 100 * K
end if
return DMC
Table 1. Descriptive Statistics of Environmental Variables in the Malaysian Peatland.
GWL Humidity Rainfall Temperature
count 47,306.00 47,306.00 47,306.00 47,306.00
mean —92.60 81.42 0.39 27.69
std 63.64 14.65 4.71 3.59
min —254.17 39.53 0.00 21.81
25% —134.91 68.97 0.00 24.65
50% —90.55 8741 0.00 26.38
75% —42.01 94.35 0.01 31.13
max 55.91 98.41 157.00 36.05

In this paper, 70% of the data samples (i.e., 33,114 samples) are used for curve fitting
model training, and the remaining 30% (i.e., 14,192 samples) are used to verify the accuracy
of the curve fitting model. The 70% sample data selection rule is to randomly select 70% of

the data at different times each day.

Moreover, 70% of the data, which are the DMC published by METMalaysia, the
groundwater level (GWL), and the humidity measured by the IoT system, are curve

fitted differently.

2.4. Linear_DMC Model

The 33,114-sample data of groundwater level and humidity measured by the IoT
system are fitted in linear curves with the data of DMC published by METMalaysia in the
same period in 2020. The formula for calculating DMC using GWL and humidity can be

obtained, as shown in Figure 5.
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Figure 5. Curve Fitting of DMC, GWL, and Humidity of Linear_DMC Model.

Figure 5 shows the curve fitting between DMC from METMalaysia between January
and March 2020 and GWL and humidity from the Internet of Things system at RMFR
obtained using the Linear Model Poly13 (referred to as Linear_ DMC Model). The term
Poly13 means that the maximum power exponent of GWL, g, is 1, and the maximum power
exponent of humidity, &, is 3. The fitting equation can be expressed as follows:

DMC = g x (1.182 — 0.03258 x h + 0.0002108 x h?) + 0.003829 x h® — 1647 )
—0.8782 x h? 4 66.44 x h

where DMC is the Duff Moisture Code, g is groundwater level (unit: mm), and # is the
relative humidity in the percentage system.

2.5. Linear_Mixed_DMC Model

In order to capture the complex patterns and dynamics present in the data, we em-
ployed a trigonometric model with a linear combination approach. The trigonometric
model incorporates sinusoidal functions that represent linear and nonlinear relationships
among the variables. By incorporating these trigonometric functions, the model gains the
ability to capture periodic variations and intricate patterns that a simple linear model may
not adequately capture. This enhanced flexibility allows for a more accurate representation
of the intricate interactions between the variables and provides a more comprehensive
understanding of the underlying dynamics. Furthermore, the linear combination approach
enables the model to adaptively weigh the contributions of different components, thereby
allowing for a more nuanced and accurate representation of the data. The resulting mixed
model exhibits improved goodness of fit, as evidenced by the reduced mean square error
and better alignment with the actual DMC values reported by the Malaysian Meteorological
Department. Therefore, the trigonometric model offers significant potential benefits for
capturing the data’s complex patterns and underlying dynamics, providing a more accurate
and comprehensive analysis of the DMC in the context of peat fire prediction and control.

The 33114-sample data of groundwater level and humidity measured by the IoT
system are fitted in linear mixed trigonometric function curves with the data of DMC
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published by METMalaysia in the same period. The formula for calculating DMC using
GWL and humidity can be obtained, as shown in Figure 6.

DMC vs. GWL, Humidity

DMC
=
/

-50

80

75 -100

-150
N 70 -200
Humidity (%) GWL (mm)

Figure 6. Curve Fitting of DMC, GWL, and Humidity of Linear_Mixed_DMC Model.

Figure 6 shows the curve fitting between DMC from METMalaysia between January and
March 2020 and groundwater level and humidity from the IoT system in RMFR obtained using
trigonometric function and linear mixed model (referred to as Linear_Mixed_DMC Model). The
fitting equation can be expressed as follows:

DMC = 346.2 — 0.02627 x g + 0.0002559 x ¢* — 8.094 x h + 0.0484 x h?
— 2.452 x c0s(0.7233 x g) + 2.776 x sin(0.3306 x g x h) 2)
+ c0s(0.9087 x h)

where DMC is the Duff Moisture Code, g is groundwater level (unit: mm), and # is the
relative humidity in the percentage system.

In order to validate the accuracy of the DMC values derived from the Linear DMC
and Linear_Mixed_DMC models, we utilized the rainfall, temperature, and humidity data
obtained through our IoT system. Figure 7a presents the goodness of fit achieved by the
Linear_DMC model compared to the DMC values calculated using the IoT-monitored
temperature, humidity, and rainfall data. The results demonstrate a correlation coefficient
of 0.83 and a mean square error of 2.15.

Figure 7b showcases the results obtained from the Linear_Mixed_DMC model. The
model exhibits a higher goodness of fit, with a correlation coefficient of 0.93 and a mean
square error of 1.53. These results indicate a closer alignment between the DMC values
derived from the Linear_Mixed_DMC model and the IoT-monitored temperature, humidity,
and rainfall data.

Figure 7 provides a comprehensive evaluation of the performance of both the Lin-
ear_ DMC and Linear_Mixed_DMC models in capturing the underlying patterns and
dynamics of the DMC values. The high correlation coefficients and relatively low mean
square errors reflect the capability of these models to estimate the DMC parameter using
the IoT-collected meteorological data accurately. It shows here that the Linear_Mixed_DMC
model performs better than the Linear_ DMC model.
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Figure 7. Comparison of goodness of fit between different models. (a) Linear_ DMC Model, (b) Lin-
ear_Mixed_DMC Model.

3. Results and Discussion

This section mainly shows the correlation between the IoT system deployed in this study
and the weather parameters published by METMalaysia (3°24'11.69” N, 101°24'14.33” E) in
the same period, proving the feasibility of using the parameters measured by the IoT
system to calculate the fire weather index. In addition, the model’s accuracy is verified by
comparing the DMC value calculated by the proposed model with the value published by
METMalaysia.

3.1. Results of Data Validation

The data in this paper are all from the measurement of the IoT system in 2020, as
presented in Section 2.1. The system can measure the cycle time of each response as
one minute. The comparison of single-day total rainfall between the IoT system and
METMalaysia is shown in Figure 8.

120 T T T T T T T T T T T
R*=0.91 _
100 —S—METMalaysia | 4
—# ~loT System
iy
—~ 80| .
g ® §
£ i
E 60 - | A il
§= {
5 :
m 40 - -
204 | |
If !
Jan-17 Feb-17 Mar-17 Apr-17 May-17 Jun-17 Jul-17 Aug-17 Sep-17 Oct-17 Nov-17 Dec-17

Year of 2020

Figure 8. Comparison of METMalaysia and IoT System in Rainfall.
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Figure 8 compares the daily rainfall from the IoT system and METMalaysia in the
same period in 2020 from 17 January. The IoT system and METMalaysia have the same
collection standard for daily rainfall: the single-day total rainfall recording cycle is 24 h
from 8 am to 8 am of the next day. It can be seen from the figure that the IoT system and
METMalaysia have a high correlation (Represented by R?) of 0.91 for the data of single-day
rainfall, which proves that the measurement of the IoT system is effective.

Figure 9 shows the comparison of annual daily average humidity from the IoT system
and METMalaysia in the same period in 2020 from 17 January. Daily average humidity is
the average value of humidity always recorded from 0:00 to 24:00 of the day. The figure
shows that the trend of annual humidity of METMalaysia and the IoT system is highly
correlated, and the correlation is 0.95.

R?=0.95
—S—METMalaysia|
—% ~[oT System

Figure 9. Comparison of METMalaysia and IoT System in Humidity.

Figure 10 compares the daily maximum temperature from the IoT system and MET-
Malaysia in the same period in 2020 from 17 January. The daily maximum temperature is
the maximum value of the temperature recorded from 0:00 to 24:00. The figure shows that
the trend of the annual daily maximum temperature of the IoT system and METMalaysia
is roughly the same and reaches a high correlation of 0.84. However, the daily maximum
temperature published by METMalaysia is higher than the daily maximum temperature
data measured by the IoT system because the weather sensor in the IoT system is located
about 25 m from the ground. In comparison, the measurement sensor in METMalaysia is
situated about 1 m from the ground.

Figure 11 shows the distribution of the daily average groundwater level measured
by the IoT system in 2020 from 17 January. The daily average groundwater level is the
average of the GWL values measured and recorded every other minute from 0:00 to 24:00
daily. It can be seen that Figure 10 is divided into two parts. From 17 January to 31 March,
the upper part is relatively continuous and stable and can be used for research. However,
data were lost from April to December, and the data fluctuation range was too large to be
used as objective scientific research data. The main reason is that Malaysia was in a closed
state during the COVID-19 pandemic [53], so the IoT system could not be maintained
and inspected. Therefore, this study uses the data from 17 January to 31 March, when
the groundwater level performance was relatively stable, as the dataset for research and
demonstration. In addition, to improve the research data’s reliability, this paper chooses the
measured value per minute from 17 January to 31 March 2020 (i.e., 97,285 samples), after
removing the missing values and anomalies from the research data (i.e., 47,306 samples).
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Figure 10. Comparison of METMalaysia and IoT System in Daily Maximum Temperature.
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3.2. Results of The Proposed Model

The Canadian FWI system calculates the DMC (refer to Algorithm 1). The measured
values of the IoT system and the weather parameters (i.e., temperature, humidity, and
rainfall) published by METMalaysia are calculated to compare DMC with the actual DMC

published by METMalaysia, as shown in Figure 12.
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Figure 12. Using IoT System and METMalaysia Data to Calculate DMC Based on Canadian Model.

Figure 12 shows the comparison of DMC calculation based on the Canadian model
using the Internet of Things system and METMalaysia data. The DMC calculated using
the weather parameters published by METMalaysia and the actual DMC value published
by METMalaysia through the Canadian FWI system method has a high correlation of up
to 0.85, and the mean square error (MSE) is 5.06. However, the DMC calculated using the
IoT system based on the Canadian model performs poorly, and its MSE reaches 7.20, even
if the correlation can reach 0.78. However, this performance is similar to that calculated
using the data published by METMalaysia. Therefore, proposing a model with a higher
correlation and lower error is necessary, as shown in Figure 13.
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Figure 13. Comparison Between Different Models and METMalaysia.

Figure 13 shows the comparison between the DMC calculated based on different
models using the measurement data of the IoT system and the actual values published by
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METMalaysia. It can be seen from the figure that the mean square error of the Linear_DMC
Model is lower than that of the Canadian model, only 4.58. At the same time, its correlation
is unexpectedly reduced by about 0.1, which could indicate a better algorithm performance.
Fortunately, Linear_Mixed_DMC Model performs better both in terms of correlation and
mean square deviation; that is, the correlation is about 0.91, and the mean square error
(MSE) is 2.56, which is a complete affirmation of the feasibility of using Linear_Mixed_DMC
Model to calculate DMC using GWL and humidity. To make it easier to compare the
performance of different models, refer to Table 2.

Table 2. Performance Comparison of Different Models.

Data Source

METMalaysia

IoT system

IoT system
IoT system

Data Type Model Correlation (R?) MSE
Rainfall, Temperature, .
Humidity, Previous DMC Algorithm 1 [52] 0.85 5.06
Rainfall, Temperature, .
Humidity, Previous DMC Algorithm 1 [52] 0.78 7.20
Groundwater Level, Humidity Linear_ DMC Model 0.68 4.58
Groundwater Level, Humidity Linear_Mixed_DMC Model 0.91 2.56

Table 2 compares the results of the three models and two data sources (i.e., IoT system
and METMalaysia) involved in this paper. It shows that the proposed Linear_Mixed_DMC
Model performs the best. While the differences between the METMalaysia results and the
Linear_Mixed_DMC Model may appear somewhat distinct, it is essential to consider the
inherent limitations of using generalized data for localized fire risk assessment. It is worth
noting that access to METMalaysia’s extensive dataset comes with a cost, making it less
accessible for researchers and practitioners working with limited resources. In contrast,
the IoT system provides a cost-effective alternative by leveraging real-time monitoring
capabilities and integrating groundwater level (GWL) data. This approach offers a sub-
stantial improvement in accurately assessing the moisture content of peatland and enables
more precise and targeted fire prevention strategies. By capturing localized variations
and providing continuous measurements of key parameters, such as GWL and humidity,
the IoT system facilitates early detection of changes in peatland conditions, allowing for
proactive fire prevention measures. While the initial investment in the IoT system may
incur costs, the long-term benefits outweigh them, as it significantly reduces the risk of fire
incidents and associated economic and environmental damages.

In order to facilitate a more comprehensive comparison of the performance of different
models, a bar chart was also created, as shown in Figure 14. This visualization allows
for a clear and concise representation of the differences in model performance, providing
additional insight beyond the tabular data.

This paper demonstrated the effectiveness of the proposed IoT system for peatland
monitoring and management. The real-time data collected from the IoT sensors allowed
for comprehensive monitoring of key parameters such as groundwater level and humidity,
which are crucial for assessing fire risk in peatland areas. Integrating these data into
the FWI model, specifically the Linear_Mixed_DMC Model, showed improved accuracy
and performance compared to the traditional Canadian FWI system. This highlights the
potential of IoT technology in enhancing fire prevention and management strategies in
tropical peatland forests. Furthermore, comparing DMC calculations based on the IoT
system with METMalaysia data revealed the value of using localized and real-time data
for more accurate predictions. These findings contribute to the existing literature by
providing valuable insights into the application of IoT systems for peatland fire prevention
and management.
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4. Conclusions

This paper first verified the feasibility of an IoT system deployed in the Raja Musa
Forest Reserve (RMFR) for peatland monitoring and management by comparing it with
data published by METMalaysia in the same period. Then, based on Canada’s Fire Weather
Index (FWI) model, a more efficient model for calculating DMC by integrating groundwater
level (GWL) into the FWI system was proposed, and this model is suitable for tropical
peatland forests. In this paper, the proposed models (i.e., Linear Mixed_DMC Model and
Linear_DMC Model) have the advantages of lower complexity and no dependence on the
previous period’s values because the models do not need to consider the last calculation
value to carry out the iteration as the Canadian FWI system (i.e., Algorithm 1) does. They
only need to consider the current GWL and humidity to calculate a more accurate DMC.
This finding can make an indelible economic contribution to supporting fire prevention
and fire management decision making for peatland forests in tropical areas.

Future research could explore the scalability and adaptability of the IoT system in
different peatland ecosystems and geographical regions to assess its transferability and
effectiveness in diverse settings. Additionally, developing predictive models that incorpo-
rate machine learning algorithms and data analytics techniques can enhance the predictive
capabilities of the IoT system, enabling early detection and proactive fire prevention mea-
sures. Lastly, the socio-economic impact and cost-effectiveness analysis of implementing
IoT-based fire prevention systems should be investigated to provide a comprehensive
understanding of the practical implications and benefits for stakeholders. By addressing
these research gaps, we can further advance our knowledge, contribute to the sustainable
management of peatland ecosystems, and mitigate fire risks.
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