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Abstract
Copula model is a method that can be implemented in various study fields, including analyzing wildfires.
The copula distribution function gives a simple way to define joint distribution between two or more
random variables. This study aims to review the application of copula in the analysis of wildfires using
a Systematic Literature Review (SLR) and provide insight into research opportunities related to the
application in Indonesia. The results show there are very few articles using the copula model in the
analysis of wildfires. However, the increasing number of article citations each year shows the
importance of such article research and has contributed to wildfire analysis development. In that article,
50% of studies applied the copula model to direct wildfire analysis (using fire data) in Canada, Portugal,
and the US. Meanwhile, the other 50% use the copula model for indirect wildfire analysis (not using
fire data) in Canada and the European region. The outcome of the presented review will provide the
latest research positions and future research opportunities on the application of copula in the analysis
of wildfires in Indonesia.
Keywords: copula; wildfire; systematic literature review.

Abstrak

Model copula merupakan metode yang dapat diimplementasikan pada berbagai bidang penelitian, salab satunya pada
analisis kebakaran hutan. Fungsi sebaran copula memberikan cara yang mudal untuk mendefinisikan sebaran pelnang
bersama antara dua peubab acak atan lebib. Tujuan penclitian ini mengulas penerapan model copula tersebut pada
analisis fkebakaran hutan dalam studi literatur menggunakan Systematic Literature Review (SLR) serta
memberikan pelnang riset ke depan terkait implementasinya pada analisis kebakaran butan di Indonesia. Hasil
penelitian menunjukkan babwa model copula pada analisis kebakaran butan masib sangat sedikit. Namun,
peningkatan jumlab sitasi artikel tiap tabun menunjukkan pentingnya penelitian tersebut dan memiliki kontribusi pada
perkembangan analisis kebakaran butan. Pada artikel tersebut, sebanyak 50% penelitian menerapkan model copula
pada analisis kebakaran secara langsung (menggunakan data kebakaran) di Kanada, Portugal, dan Amerika.
Sementara, sebanyak 50% lainnya menerapkan model copula pada analisis kebakaran secara tak langsung (tidak
menggunakan data kebakaran), yaitn di Kanada dan kawasan Eropa. Hasil tinjanan memberikan posisi riset terkini
serta usulan riset ke depan mengenai penerapan model copula untuk analisis kebakaran hutan dan laban di Indonesia.

Kata kunci: copula; kebakaran butan; studi literatur sistematik.

1. INTRODUCTION

Wildfires in Indonesia have become a crucial issue and have attracted the attention of various
people, especially in Sumatra and Kalimantan [1]. Based on the burned area recapitulation per province
in Indonesia, Sumatra and Kalimantan are the largest burned areas with percentages of 36 and 34%
of the total burned area [2]. It is related to the peatland area over South Sumatra and Central
Kalimantan. These two provinces have peatland areas of 14,600 and 30,400 km?, respectively, with
19,400 and 20,300 hotspot occurrences in 2015 [3].
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A wildfire prediction model is needed to reduce forest area losses. So far, the prediction model
issued by the Meteorology, Climatology, and Geophysics Agency of Indonesia (BMKG) is still
experimental and unofficial [4]. Therefore, research in predicting the wildfires risk in Indonesia is very
potential and needs to be developed.

A fire risk model can be defined as a conditional probability of fire size (such as the number of
hotspots) when given specific climatic conditions [5]. To construct this conditional probability, a joint
distribution function between fire size and climatic conditions is needed. The copula function provides
an easy way to construct the joint probability distribution between random variables. The copula
function is a function that links the univariate distribution functions to the multivariate joint
distribution function [0].

Initially, the copula function was applied in the financial fields. Many literature studies on the
copula model in finance, such as a review of pair-copula construction in financial applications 7] and
a review of the copula on economic time series [8]. The copula model began to develop in
environmental sciences, especially in hydrology and water resources [9]. However, wildfire analysis
that uses the copula model is still very few, especially in Indonesia.

Therefore, this review article aims to study the application of the copula model in wildfires
analysis. We use the Systematic Literature Review (SLR) for descriptive analysis and article synthesis.
The results are expected to provide information on the current research position and future research
opportunities on applying the copula model in wildfires analysis, especially in Indonesia.

2. METHOD

We use the Systematic Literature Review (SLR) for descriptive analysis [10]. SLR is used to
provide a comprehensive overview of the research topic [11]. In detail, the SLR process can be seen
in Figure 1.

Problem Formulation
Review Protocol Development

x ¥

Searching Articles Title and Abstract Review
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Filtcring Articles Full Text Review

Descriptive Analysis

Implementation

Articles Synthesis

F

Reporting Report

Figure 1. The systematic literature review process.

At the scheming stage, the inclusion criteria that will be used in the searching and filtering articles
process are defined, such as
a. We search reputable articles and indexed by Scopus;
b. The article keyword is copula and forest fire (or wildfire); and
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c. The filtering process is used to eliminate articles that do not match the theme, i.e., applying the
copula model in wildfires analysis.

The descriptive analysis provides an overview of the current research position related to the copula
model in wildfires analysis at the implementation stage. The collected articles are classified based on
the publication's year, publication's source, variables (climate indices) used, and study results.
Furthermore, articles were synthesized to discuss the contribution of articles in wildfires analysis. The
development of research opportunities related to applying the copula model in wildfires analysis in
Indonesia is constructed based on the results of literature studies and also based on climatic
conditions that affect wildfires in Indonesia.

3. RESULTS AND DISCUSSION

In this section, we discuss the concept of the copula model that can be applied in wildfires
analysis, the result of the literature study, and research opportunities for the development of the copula
model in wildfires analysis in Indonesia. First, we discuss the literature study about the concept of the
copula as follows.

3.1. The Concept of the Copula

Before discussing the articles and reviewing the opportunities in the application of the copula
model to wildfires analysis in Indonesia, we will first discuss the copula concept along with other
techniques that are often used, such as dependence analysis, coincidence probability, conditional
probability, and joint return period.

3.1.1 Dependence Analysis

The dependency coefficient shows how two (or more) variables are grouped [9]. The dependency
coefficient in multivariate cases includes linear correlation, rank (or monotonous) correlation, positive
quadrant dependency, tail dependency, and others. Copula model analysis usually uses the Kendall-t
correlation coefficient and tail dependency to measure dependencies, especially in the extreme (tail)
regions.

The Kendall-t rank correlation provides a measure of the degree of association between variables.
In contrast to linear correlation, rank correlation can capture non-linear relationships between
variables. Values for each pair of variables will also be used to determine a statistically significant
correlation between the two, if Hy: T = 0 can be rejected [12]. Rank correlation has been commonly
used to measure non-linear dependencies between variables and overcome the weakness of linear
correlation coefficients to some extent. However, this correlation may fail to measure dependencies
in the extreme or tail [9].

The Kendall-t rank correlation only measures the degree of the relationship between random
variables in general. Still, it does not measure the dependencies in a particular part of the distribution
(such as the extreme or tail regions), which may be more attractive in practical applications of extreme
modeling. Tail dependency measures the probability of two random variables in the extreme region
and is suitable when extreme dependencies are the main focus. In the bivariate copula, the
dependencies on the upper right (upper tail) and lower left (lower tail) regions were the most
interesting. The upper (bottom) tail dependency - denoted by Ay (4;) - of the random variables X
and Y with marginal distributions F(x) and G (y) is given by
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A, =lim P(Y>G'(®)|X >F (1)

1
- limP(Y <601 X <F ) ®

A random variables pair has an upper (bottom) tail dependency if 0 <Ay <1 (0 < A, < 1) and has
no upper (bottom) tail dependency if Ay = 0 (4, = 0) [9].

3.1.2 Copula Function

Let X is a collection of m-dimensional random variables, i.e., X3, ..., X, in real domain area, and
has a marginal cumulative distribution function (CDF) ie., Fy, ..., B, respectively. Copula function
(Cx) is defined as a function that connects the multivariate joint distribution Fy(xy, ..., X;,) with its

univariate marginal distributions F;(x;) for i = 1,2, ..., m [13] given by

Fy (%o Xy) =Cy [R(X), o B (%) ] = C [0 Uy | )

where Cy : [0,1]™ — [0,1] is the joint distribution function of the random variable transformed by
u; = Fi(x;) fori = 1,2, ..., m. Because of the transformation, u; always has a uniform (0,1) marginal
distribution function [14]. The copula function is unique if the marginal distribution is continuous
[15]. However, this approach can easily be extended to discrete and continuous mixed random
variables [6]. Therefore, Cyx is unique because the type of fire size is usually discrete and climate
conditions are usually continuous and can be written as

Up U,
Cy (U, Upy) = .[mJ.cx (ui,...,u;n)dui...du;n 3)
0 0

where u; = F;(x;) for i = 1,2,...m. The function Cy is called the copula function, and ¢y is the
probability density function. An important consequence [13] is that each joint probability density

function can be written as the product of the marginal density functions fi, ... f;, and its copula

probability density function cy, given by

Fi (45w Xn) = F1.0X) -+ Fiy () - O (U oy Uy )

Differences in the copula distribution function will provide different descriptions of the
dependency structure [16]. Empirically, the copula distribution function can be approximated using
the following equation [15].

C (l ijz#(xsx(iwyﬁy(n) G
"Un'n n

where Xy and y(jy (1 <i,j < n) are statistical sequences of the data. Alternatively, the empirical

copula function can also be approximated by the Gringorten formula [17].

Parametric copulas are an important alternative. There are many families of parametric copulas,
including the meta-elliptic copula (Gaussian and Student's t), Archimedean copula (Clayton, Gumbel,
Frank, and Joe), extreme value copula (Galambos copula, extremal-t copula, and Husler—Reiss copula
), and other families (e.g. the Plackett family) [18]—[23]. An essential step in determining a parametric
copula is the selection of the most suitable copula. Empirical copulas are usually used to assist in the
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selection of copula families. Moreover, statistical tests, such as Akaike’s Infirmation Criterion, Cramer-
von Mises, and Kolmogorov-Smirnov statistics, can be used to select the appropriate copula
function [9].

3.1.3 Coincidence and Conditional Probability

Coincidence probability or exceedance probability is used to analyze the probability of two or
more events occurring simultaneously. In hydrological analysis, climatic conditions are divided into
three conditions (dry, normal, and wet) [24], [25]. The probability of joint occurrences of dry-dry,
normal-normal, wet-wet, dry-wet, and so on is calculated from the three climatic conditions. Suppose
that the dry condition of the random variable X is given by X < X; and the wet condition X > X,,,,
then some coincidence probability calculations are given by

Pw =P(X > X, Y >Y,)=1-u, -V, +Cyx (u,,Vy)
Py = P(X < X4, <Yy) =Cy (Ug,Vy) ©)
Pug =P(X > XY <Yy) =V, —Cy (Uy,Vy)

where u and v are the marginal distributions of X and Y, while the indices w, n, and d represent wet,
normal, and dry conditions, respectively. For example, the index dd represents the dry-dry condition,
and Py is the probability of this condition [17].

Meanwhile, conditional probability is also often used in analysis using the copula model. One
such study is Madadgar et al. [5] which uses conditional probability to define a fire risk model. That
research is interested in the probability that the fire size Y exceeds a specific threshold y, under climatic
conditions X is equal to X, namely Fy, x(Y > y|X = x), and the conditional probability is frix (vlx)
defined by

_ T (%) _e[F (). R (] Fx (%) R (y)
A I Fe ()

=C[Fx (). R (] K (¥) ()

The conditional probability Fy|x (Y > y|X = x) is the area of fyx (¥|x) with the origin Y > y [5].

3.1.4 Joint Return Period

The expected value of the drought inter-arrival time (DIT; the time between two consecutive
drought events) is one of the most common drought characteristics to be analyzed in hydrological and
water resource system applications [26]. Theoretically, the return period (T') of drought with univariate
drought characteristics is given by

E(DIT)
P(U>u)
where E(DIT) is the expected value of DIT and Tys,, is the return period of drought, which is

(®)

TU>u =

determined by u. E(DIT) was calculated as the ratio of the total duration to the total number of
droughts. It is also possible to extend the return period to the bivariate case by characterizing events
with a coincidence or conditional probability [27], [28], i.e
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. _ E(DIT)
U>unvev) = P(U>unV >v)
. ____E(DIm) o
UAUV=9 o S uUV > v)
E(DIT)

T =
UV TR (U SV > v)

3.2. The Result of the Literature Study

From the article search results, we found seven reputable articles indexed by Scopus that match
specific keywords until June 2021. After the article filtering process, one article did not match the
theme, so the article was eliminated and six articles remained. The literature study results are written
in two parts, i.e., the distribution of articles containing descriptive analysis and the description of
articles containing a synthesis of articles.

3.2.1 The Distribution of Articles
Table 1 shows the distribution of articles by year, journal name, and data used. Meanwhile, Figure
2 shows the number of articles and citations each yeat.

Table 1. The distribution of the six articles by year, journal name, and data used.

Data*
Author(s) Year  Journal Name A B C D & T
Manning et al. [29] 2018  J. Hydrometeorol. (Q1) L
Singh et al. [30] 2020  Theor. Appl. Climatol (Q2) e e
Xietal. [31] 2020  Environmetrics (Q2) . * e
Tilloy et al. [32] 2020  Nat. Hazards Earth Syst. Sci. (Q1) * e
Zscheischler & Fischer [33] 2020  Weather. Clim. Extremes (Q1) L
Madadgar et al. [5] 2020  Stoch Environ Res Risk Assess. LA I

Q1)

*A: Soil Moisture, B: Potential Evapotranspiration, C: Precipitation, D: Temperature, E: Fire Size, F: Fire Duration

The application of the copula model in wildfires analysis is still very few and has only been
developed in the last three years. The first reputable article was published in 2018, and there were only
six articles recorded until August 2021. The six articles were published under different journal names,
L.e., four articles (67%) in Q1 ranked journals, and the rest (33%) in Q2 ranked journals. Based on the
data used, it can be used fire indicators and also local climate indicators. Table 1 shows that the copula
model can be applied to fire analysis directly (using fire data) or indirectly (not using fire data) with a
percentage of 50% each. In the indirect wildfires analysis, the indicators used are closely related to
wildfires, such as soil moisture, potential evapotranspiration, rainfall, and temperature. Meanwhile, in
the direct wildfires analysis, the indicators used are the fire size and duration.

Based on Figure 2, research development using the copula model for wildfires analysis has
increased from 1 article in 2018 to 5 articles in 2020. Although the number of studies is very few, the
number of article citations every year always increases from 5 citations in 2019 to 34 citations in
January - August 2021, showing the article's importance and contribution to the development of
wildfires analysis.
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Figure 2. The number of articles and citations each year.

3.1.2 The Description of Articles

Table 2. Synthesis of each article.

Authors Method(s) Location Research
Manning et al. [29] Pair Copula Constructions (PCCs) Europe

Singh et al. [30] 39 different bivariate copulas Canada

Xi et al. [31] Four copulas and three joint models Canada

Tilloy et al. [32] Copulas, extreme conditional model, and joint tail England & Portugal
Zscheischler & Fischer Bivariate return period based on copula Germany

[33]

Madadgar et al. [5] Conditional probability based on copula United State

Based on Table 2, the copula model applied in wildfires analysis was initiated by Manning et al.
in 2018 [29]. However, this research does not discuss wildfires directly but discusses soil moisture
drought, which fuels fires. Using the Pair Copula Constructions (PCCs), the study models soil
moisture drought as a combined event between precipitation and potential evapotranspiration on
various timescales in Europe. The results showed that soil moisture drought was more influenced by
precipitation, while potential evapotranspiration was only used to explain the severity of drought
conditions in wet climates. Increasing drought severity will increase energy availability which can
contribute to environmental hazards such as heatwaves and wildfires. Another indirect fire analysis
was also carried out by Singh et al. [30] and Zscheischler & Fischer [33], which examined the
relationship between precipitation and temperature, in particular examining dry-hot climate conditions
that can increase fire risk. Singh et al. [30] use copulas to describe the joint behavior of temperature
and precipitation in 15 ecozones over Canada on several time scales. Analysis on a seasonal and
monthly scale shows an increase in warm-wet conditions in winter and hot-dry conditions in summer.

Meanwhile, Zscheischler & Fischer [33] examined extremely hot temperatures in 2018,
particularly Germany, accompanied by deficient precipitation. With data dating back to 1881,
Germany's extremely dry and hot conditions in March-November 2018 were unprecedented. This
study analyzes the rarity of such events and estimates the return period to be very high but very
uncertain depending on the method used.

The first article to analyze wildfires directly using the copula model is Xi et al. [31]. This study
modeled fire duration and size in British Columbia, Canada, using the copula model as a survival
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outcome. Small changes in the average deviation from the threshold of precipitation will affect fire
size substantially. In another study, Tilloy et al. examined the interrelationship between temperature
and burned area in Porto, Portugal [32]. This study explores multi-hazard events and identifies the
most efficient model for a specific synthetic data (hazard) set. This study has two cases ie., (1)
exploring the interrelationship between precipitation and wind gusts at Heathrow airport in London,
England, and (2) exploring the interrelationship between temperature and wildfires in Portugal. In
analyzing temperature and wildfires, the Gumbel, Galambos, joint tail KDE (Kernel Density
Estimation) copula models are the most relevant models. Meanwhile, Madadgar et al. [5] proposed a
multivariate probabilistic approach to measure fire risk with different climatic conditions in California.
The probability of annual fire size exceeding its long-term average, increasing by 30% when the
summer temperature anomaly increases by 1°C (from -0.5°C to +0.5°C) and doubles when rainfall
decreases from the 75th (wet) to the 25th (dry) percentile.

The bivariate copula model dominates experts who use the copula model in wildfires analysis,
and no research has been found that applies the multivariate copula model in its analysis. This type of
research is very likely to be applied in Indonesia, considering that wildfires often occur. Thus, the
results can help stakeholders anticipate the occurrence of massive wildfires, such as in 2015 and 2019.

3.3. Development Opportunities of the Copula Model in Wildfires in Indonesia

It has been previously researched that fires in Indonesia are strongly influenced by local climatic
conditions (such as precipitation and dry spells) and regional climatic conditions such as the Indian
Ocean Dipole (IOD) and El Nino-Southern Oscillation (ENSO) [34], [35]. Based on the systematic
literature review description, several research opportunities related to the copula model in wildfires
analysis in Indonesia can be proposed with a research roadmap, as shown in Figure 3.

Indirect fire analysis Direct fire analysis Probabilistic mc_)deI Early Warning
. . - . development in
in Indonesia in Indonesia . System
Indonesia

Figure 3. Research development opportunities related to copula model in fire analysis in Indonesia.

By moditying the research [29], [30], [33], indirect fire analysis in Indonesia using copulas can be
researched on local and regional climate conditions that affect wildfires in Indonesia, such as
temperature, rainfall intensity, dry spells, ENSO, and IOD conditions. By using coincidence
probability, we can analyze the probability of dry and hot climatic conditions that could exacerbate
wildfires in Indonesia. Also, the return period of dry and hot climatic conditions can be analyzed using
the joint return period.

The following research proposal is a direct fire analysis using data on wildfires in Indonesia. By
modifying the study [5], [31], [32], copula model analysis can be applied to climate and wildfires data
in Indonesia to identify the joint probability and relationships between each data. Also, a fire risk
model in Indonesia can be developed using conditional probability [5]. Therefore, the result can be
used as an early warning system for wildfires in Indonesia.
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4. CONCLUSION

The copula model can be implemented in various research fields, including wildfires analysis. The
literature study results using the Systematic Literature Review (SLR) method provide the latest
research position regarding the application of the copula model in wildfires analysis. Overall, the
application of the copula model in wildfires analysis is still very few. However, the increasing number
of article citations each year shows the importance of this research and has contributed to the
development of wildfires analysis. A total of 67% of articles were published in Q1 ranked journals,
and 33% in Q2 ranked journals. In that article, 50% of the studies applied the copula model to direct
fire analysis (using fire data) in Canada, Portugal, and America. Meanwhile, the other 50% applied the
copula model to indirect fire analysis (not using fire data), in Canada and the European region.

Research opportunities for applying the copula model in wildfires analysis are still wide open,
especially in Indonesia. Wildfires analysis can directly/indirectly increase knowledge about the
relationship between climate conditions and wildfires in Indonesia. Moreover, a fire risk model using
the copula model can be developed by considering the climatic conditions in Indonesia. Therefore,
the result of the fire risk model can be used as an early warning system for wildfires in Indonesia.
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