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HIGHLIGHTS GRAPHICAL ABSTRACT

+ Quantifying spatial and seasonal changes Within the past four decades, the number of wildfires and wildfire size have been increasing in many regions of the
in fire danger potential and fire behavior world. However, understanding the seasonal and ecoregion changes in fire danger potential and fire behavior potential
potential across different ecosystems as they relate to changes in fire weather conditions, remain under-explored. Therefore, this study 1) identifies the sea-

* SON exhibits the greatest rate of increase sons and biomes that exhibit significant (1980-2019) changes in fire danger potential; 2) explores what types of fire
in fire danger potential, followed by JJA, behavior potentials may be influencing changes in fire danger potential; 3) determine how fire danger potential and
DJF, and MAM. fire behavior potential follow similar responses to that of changes in seasonal mean temperature and seasonal precip-

+ The temperate biomes exhibit the greatest itation totals. Fire danger potential is determined by using the Canadian Fire Weather Index. Fire behavior potential is
rate of increases in fire danger potential determined by the US Energy Release Component, and Ignition Component. Results indicate that the Boreal Fall has
and fire behavior potential. been experiencing the greatest increase in fire danger potential, followed by the Boreal Summer, Winter, and Spring.

+ The Mangrove Biome exhibits the least in- The increase in fire danger potential is predominant over the Tropical and Subtropical Moist Broadleaf Forest Biome,
crease in fire danger potential and fire be- as well as all vegetation types of the temperate biomes. Similarly, the temperate biomes experience the greatest rate of
havior potential. increase in fire intensity potential and ignition potential, but this is prevalent during the Boreal Winter and Spring.

There is also a positive and significant correlation between fire danger potential and seasonal mean air temperature
during the Boreal Summer in the Northern Hemisphere for the temperate biomes in North America and Europe, as well
as the Tropical and Subtropical biomes in Africa. Our study shows how fire danger potential and fire behavior potential
have been responding to changes in seasonal mean temperature and seasonal precipitation totals across different
ecoregions around the world.

The 1980-2019 significant rate of change in fire danger potential (%/yr) for the SON
season, as denoted by the dotted regions
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biomes. Time series of these fire potentials, as well as seasonal mean temperature, and seasonal precipitation totals are
generated using data from the 0.25° ECMWF spatial resolution Reanalysis 5th Generation (ERA5) and the Climatic
Research Unit gridded Time Series (CRU TS). The Mann-Kendall test is then applied to identify significant spatiotem-
poral trends across each biome. Results indicate that the September—November season (SON) exhibits the greatest rate

of increase in fire danger potential, followed by the June-August season (JJA), December, January—February season
(DJF), and March-May season (MAM), and this is predominant over the Tropical and Subtropical Moist Broadleaf
Forest Biome, as well as all vegetation types of the temperate biomes. Similarly, the temperate biomes experience
the greatest rate of increase in fire intensity potential and ignition potential, but prevalent during the DJF and MAM
seasons. Furthermore, there is a significant positive correlation between fire danger potential and seasonal mean air
temperature during JJA in the Northern Hemisphere for the temperate biomes in North America and Europe, as
well as the Tropical and Subtropical biomes in Africa. Our analysis provides quantitative insight as to how fire danger
potential and fire behavior potential have been responding to changes in seasonal mean temperature and seasonal
precipitation totals across different ecoregions around the world.

1. Introduction

Wildfires inherently occur in the Earth system, influencing land-
atmosphere processes in biomes worldwide. Wildfires can impact ecosystem
services by modifying the spatial distribution of fuels and redistribute carbon,
water, and energy exchange between ecosystems and the atmosphere (Liu
etal., 2019). These impacts highlight the concern about changes in fire activ-
ity, that is, the frequency and size of fires as quantified by fire occurrence and
area burned, respectively (Flannigan et al., 2009; Westerling, 2016; Jain
et al., 2022; Balch et al., 2022). Therefore, it is important to gain a quantita-
tive understanding of the drivers influencing changes in fire activity for im-
proving modeling and prediction studies and guiding adaptation strategies.

Many studies, such as Giglio et al. (2013); Andela et al. (2017);
Schoennagel et al. (2017); Liu et al. (2019), commonly use wildfire statis-
tics of fire occurrence and burned area to quantify fire activity. For exam-
ple, Gillett et al. (2004) suggest that over the past four decades, Canada
has been experiencing an increase in burned area due to anthropogenic
warming. In the western region of the United States (US), studies indicate
a higher frequency of large wildfires, longer wildfire durations, and longer
wildfire season since the mid 1980s (Westerling et al., 2006; Abatzoglou
and Williams, 2016). Li and Banerjee (2021) show that over the past two de-
cades in California, the frequency of large fires has been decreasing but the
burned areas have been increasing, suggesting that a smaller number of fires
are becoming larger and more destructive. At a global scale, Doerr and
Santin (2016) highlight that global burned area has been decreasing when
compared against century long-term records. Turco et al. (2016) and Andela
et al. (2017) also show decreases in burned area over the last few decades in
Europe and around the world, respectively. In a review of global wildland
fire activity, Flannigan et al. (2009) report that many studies show that burned
area and fire occurrence will only continue to increase with a lengthening of
the fire season and projected warmer temperatures. Though the spatiotempo-
ral changes in fire frequency and size in response to a changing climate have
been investigated in many studies, their conclusions differ, depending on the
region and the time period being analyzed. While some studies show an in-
crease in wildfire activity, others show a decrease, depending on the spatial
and temporal scale over which the analysis was performed.

There is an increased need in understanding the weather and climate
drivers influencing fire activity worldwide (Westerling et al., 2006;
Marlon et al., 2008; Urrutia-Jalabert et al., 2018) in view of projected
changes in the frequency, intensity, and duration of climatic extremes,
such as droughts. Moreover, changes in climate and land-use/land cover re-
gimes will affect not only the number of wildfires and area burned, but also
where, for how long, and how intensely fires burn (Hanes et al., 2019;
Williams et al., 2019; Li and Banerjee, 2021). Therefore, understanding
the reasons for the spatiotemporal variations in wildfire frequency and
fire size go beyond monitoring fire occurrence and burned area and require
additional investigation on fire weather conditions that influence fire be-
havior potential and fire danger potential.

Fire weather conditions are often used to assess fire danger potential
and fire behavior potential. Fire weather is characterized by high

temperatures, low relative humidity, and strong winds (Bedia et al., 2015;
Richardson et al., 2022). Increased frequency of fire weather days has
been globally prevalent in the past 40-years, priming the landscape to
burn more frequently, because fire weather controls the timing and inter-
annual variability in burned area (Jones et al., 2022). Increase in fire
weather will subsequently impact vegetation dynamics, biogeochemical cy-
cles, and physical and chemical atmospheric processes. Fire behavior is the
manner in which a fire reacts to the influence of the ambient weather, fuels,
and topography (e.g., the fire intensity, ignition, rate of spread) (National
Wildfire Coordinating Group (NWCG), 2002) and fire danger is the sum
of all danger factors that affect fire inception, spread, resistance to control,
and subsequent fire damage (National Wildfire Coordinating Group
(NWCG), 2002). Unlike fire activity, which quantifies fire statistics of actual
fires, fire danger potential and fire behavior potential provide a likelihood
estimate of what could possibly occur, not what has occurred.

Fire metrics, for example, the Canadian Fire Weather Index (FWI), Ini-
tial Spread Index (ISI), the Fosberg Fire Weather Index (FWDI), Hot Dry
Windy index (HDW), and the McArthur Forest Fire Danger Index (FFDI)
have been used in studies to analyze fire danger potential and its link to
fire activity at regional and global scales. Richardson et al. (2022) exam-
ined changes in wildfire potential and used the 95th percentile of daily
FFDI values to determine days that were conducive for fire weather. They
showed that burned area increases when fire weather days follow drought
conditions, predominant in southern Australia and the western US.
Hawkins et al. (2022) analyzed the nature of several wind-driven wildfire
events in the Western US and found that anthropogenic climate change
has increased the likelihood of fire weather extremes (as determined the
by the FWI, ISI, FWDI, and HDW) by 40 % in regions where autumn
wind-driven fires have occurred. Bedia et al. (2015) determined that
there is a significant relationship between FWI and burned area and that
the tropical and moist temperate broadleaf biomes are most sensitive to
fire weather. Jain et al. (2022) analyzed trends in global fire weather ex-
tremes using the FWI and ISI and found that extremes in FWI have been in-
creasing significantly for more than a quarter of the global burnable land
mass. These studies are all important as they use additional fire metrics to
understand changes in fire danger potential and fire behavior potential.

However, although investigations into changes in fire danger potential
using fire metrics have been carried out, limited work has been conducted
on identifying what specific aspects of fire behavior potential are changing,
such as fire intensity potential and ignition potential. Furthermore, when
investigating correlations or relationships between fire danger potential
and fire behavior potential, there is a need to use fire metrics from different
systems, such as the Canadian Forest Fire Danger Rating System (CFFDRS)
and the US National Fire Danger Rating System (NFDRS), in order to ensure
independent datasets and increase robustness of the findings. These limita-
tions are the motivation for the current study.

This study offers a comprehensive analysis of the historical spatiotempo-
ral changes in fire danger potential and fire behavior potential across the
world by combining five novel approaches that differ from previous studies.
One, this global study offers not only insight on how fire danger potential has
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been changing but also delves into investigating how particular aspects of fire
behavior potential may have changed over the past 40-years. This is con-
ducted by analyzing fire danger potential using the FWI from CFFDRS and an-
alyzing fire behavior potential using the Ignition Component (IC) and Energy
Release Component (ERC) from the NFDRS. Two, this study offers analysis at
the seasonal scale and provides added value on what seasons have been more
prone to changes in fire behavior potential and fire danger potential. Three,
previous studies have conducted global analysis on fire danger potential at
relatively coarse resolution 1.5° or have used older versions of datasets,
such as ERA Interim. This study provides a global analysis at a relatively
high spatial resolution (0.25°), using the ERA5 reanalysis data, which is the
most current and updated global reanalysis. Four, at such a high spatial res-
olution, this study offers additional context as to how changes in fire behavior
potential and fire danger potential are changing with respect to differences in
landcover vegetation types over different biomes around the world. Five, a
correlation analysis is also conducted by using independent datasets of mete-
orological precipitation and temperature variables to compare changes in sea-
sonal mean temperatures and seasonal precipitation totals to changes in fire
danger potential and fire behavior potential.

Therefore, this study presents a comprehensive approach at comparing
seasonal spatiotemporal changes (1980-2019) in fire danger potential (as
quantified by FWI) in order to determine what seasons exhibit the greatest
rate of increase across different vegetation and climate regimes (biomes).
This comparison is repeated for fire behavior potential (fire intensity and
ignition as quantified by ERC and IC, respectively) and provides the basis
for quantitative insight into what characteristics of fire behavior potential
may be changing and their relation to changes in seasonal precipitation to-
tals and seasonal mean air temperature across biomes. Identifying the spa-
tiotemporal trends in fire danger potential and fire behavior potential
across biomes is important for assessing changes in wildfire impacts on di-
verse ecosystems.

2. Data and methods
2.1. Indices

A number of indices (Table 1) are used to examine the 40-year
(1980-2019) seasonal changes in fire danger potential and fire behavior

Table 1
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potential (intensity and ignition) across 13 biomes around the world
(Fig. 1). The biomes presented here represent intercontinental convergent
ecosystems of natural communities and species with boundaries established
from the World Wildlife Fund's Terrestrial Ecosystems of the World (Olson
et al., 2001; Ellis et al., 2022).

In this study, fire danger potential is conceptualized by the Fire Weather
Index System that is solely weather driven (Vitolo et al., 2020). FWI first de-
scribes the effects of atmospheric temperature, humidity, precipitation, and
wind on fuel moisture and then the consequential effects on fire behavior
potential if a fire is ignited (Di Giuseppe et al., 2016; Van Wagner, 1977;
Van Wagner and Pickett, 1985). Therefore, FWI only quantifies fire danger
potential and not actual fires (Vitolo et al., 2020).

The FWI system is a component in the Canadian Forest Fire Danger Rat-
ing System. It integrates temperature, relative humidity, wind speed, and
rainfall into generating fuel moisture codes (Fine Fuel Moisture Code;
Duff Moisture Code; Drought Code), which are then combined to produce
an Initial Spread Index and Buildup Index. Collectively, these indices are
used to quantify the FWI, an index that provides an overall rating of fire
line intensity and the potential for fires to occur. FWI is used to inform
the public of potential fire danger conditions (Copernicus Emergency
Management Service (CEMS), 2022). It uses a numerical rating system
and is dimensionless. Values that are >50 are considered extreme in
many countries worldwide (Table 1). Although developed in Canada, FWI
is used around the world because it can be adapted to local conditions in
other regions, such as northern regions of the US and parts of Southeast
Asia (WSL, 2012; NRC, 2020). It has been used to investigate regional
trends in fire season (Jain et al., 2017) and global-scale attribution of ob-
served fire weather trends (Jain et al., 2022). The FWI system has been in-
tegrated by the Global Fire Weather Database (GFWED) that provides
different global FWI datasets using meteorological reanalysis or forecasts
(Field, 2020). In addition, Abatzoglou et al. (2018) highlighted a strong cor-
relation between FWI and burned area across certain non-arid ecoregions of
the globe and noticed large correlations within the boreal and evergreen
temperate forests of western North America. Bowman et al. (2017) also
showed that high FWI values are frequently associated with extreme fire ac-
tivities recorded using Fire Radiative Power observations. Therefore, FWI
has been shown as a proven metric for quantifying fire danger potential
at the global scale (Di Giuseppe et al., 2016, 2020), thus making it an

Summary of the fire danger and fire behavior indices used in determining spatiotemporal trends in fire danger potential (Fire Weather Index); fire behavior potentials (Energy

Release Component and Ignition Component).

Index Description Units & interpretation Source
Fire danger potential
Fire Weather Provides a metric of fire danger potential and represents the overall rating of fire line Dimensionless ERAS (0.25°)
Index (FWI) intensity by combining the rate of fire spread with the amount of fuel being consumed. FWI Numerical rating 1980-2019
is used for general public information about fire danger conditions. Values >50 are considered extreme for DOLI:

Fire behavior potential

many countries 10.24381/cds.0e89¢522

Energy Release  Provides a metric of fire intensity potential. 25 Btu ft."2-1 ERAS (0.25°)
Component Available energy (British Thermal Unit) per unit area (square foot) within the flaming front at the Open-ended relative values 1980-2019
(ERC) head of a fire. Value represents the potential heat release per unit area in the flaming zone and can DOL
provide guidance to several important fire activities. ERC values increase as live fuels cure and 10.24381/cds.0e89c522
dead fuels dry, providing an indication of drought conditions.
Ignition Provides a metric of ignition potential and represents the probability that a firebrand will (%) ERAS (0.25°)
Component require suppression action. Values from 0 to 100 % 1980-2019
(@] 100 % means that every firebrand will DOIL:

cause a fire if it comes in contact with fuels 10.24381/cds.0e89¢522
that are receptive (opposite true for 0 %)
Atmospheric drivers
Temperature Air temperature at 2 m height above the Earth’s surface Q) In-situ and satellite
observations
DOL:
10.24381/cds.11dedfOc
Precipitation Flux of precipitation (rain, snow, hail) measured as the height of the equivalent liquid water (mm/month) In-situ and satellite

observations
DOIL:
10.24381/cds.11dedfOc
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Fig. 1. Map of the 13 biomes analyzed across the world with overarching climates, including Tropical and Subtropical; Temperate and others

appropriate dataset for the current global study. The reader is referred to
Van Wagner (1977, 1987) for more details on the computation of FWIL.

In this study, the fire behavior indices represent conditions (fuel type,
topography, and weather) that can influence specific characteristics of a
fire, including fire intensity potential and ignition potential, as measured
by the energy release component (ERC) and ignition component (IC), re-
spectively (Di Giuseppe et al., 2016). ERC and IC are parts of a different sys-
tem than FWI, the U.S. National Fire Danger Rating System (NFDRS)
(Bradshaw et al., 1984). ERC is an indicator of the available energy of the
flaming front at the head of a fire and represents the potential heat released
per unit area in the flaming zone. Its unit is expressed in British Thermal
Unit per square foot (BTU/ft>) with open-ended relative values
(Copernicus Emergency Management Service (CEMS), 2022). ERC is driven
from observations of maximum and minimum relative humidity, tempera-
ture, rainfall duration, cloudiness, slope class, fuel type and a fuel model
that are subsequently used to calculate fuel moisture components of both
dead fuels (1 h to 1000 h) and live fuels (National Wildfire Coordinating
Group (NWCG), 2002). ERC values increase as live fuels are cured and
dead fuels continue to dry. The NFDRS IC represents the probability that
a firebrand will require suppression action. Expressed as a percentage, a
high IC (such as 100 %) suggests that every potential firebrand will cause
a fire that will require suppression attention if it comes in contact with re-
ceptive fuels. A value of 0 % indicates that no firebrand would cause a
fire requiring suppression action when in contact with receptive fuels
(Copernicus Emergency Management Service (CEMS), 2022). The numeric
values of each NFDRS index are relative, for example, an IC value of 60 is
interpreted as having twice the ignition probability of an IC of 30. By mon-
itoring and establishing relationships between specific types of human
caused fires and NFDRS indices, local managers are able to predict when
to implement fire ban restrictions, such as limiting campfire activities.

The ERC and IC were selected for use in this study because they offer an
independent proxy to understanding the influence of weather conditions on
fire behavior that are separate from the behavior indices used in the
CFFDRS FWI derivation (Initial Spread Index and Buildup Index). Although
FWI has been more commonly used for global studies compared to ERC and
IC, it is acknowledged that NFFDRS indices can offer a first order approxi-
mation of the specific characteristics of fire behavior potential that could

be influenced by environmental conditions, offering additional insight as
to why overall fire danger conditions are changing across the globe.

The fire indices are part of a large dataset provided by the Copernicus
Emergency Management Service for the European Forest Fire Information
System (EFFIS), a system that monitors and forecasts fire danger potential
across Europe. EFFIS comprises a modeling component called the Global
European Centre for Medium-Range Weather Forecasts (ECMWF) Fire
Forecasting (GEFF) model. GEFF integrates NFDRS and the CFFDRS to pro-
vide a comprehensive set of outputs to characterize fire conditions at the
global scale (Di Giuseppe et al., 2016, 2020; Vitolo et al., 2020). GEFF
can produce fire danger potential and fire behavior potential indices in
both reanalysis and forecast modes. The reanalysis data is part of an open
data catalogue of the Copernicus Climate Data Store (Vitolo et al., 2020),
and is used in this study.

A validation study examined the capability of the indices generated by
the GEFF system (i.e., IC and FWI) to flag regions of high and low fire dan-
ger potential against actual observation fire events. The indices were able to
flag above normal conditions that developed into fire events, as well as
below normal conditions that did not develop into fires. While FWI outper-
forms IC in some parts of the world, this may be due to the fact that FWI
only relies on weather inputs, while IC is highly dependent on information
about the fuel and vegetation state. The NFDRS IC system requires accurate
knowledge of vegetation green-up and curing in its original implementa-
tion. However in GEFF this information is read from mean climatological
database, thus highlighting some shortcomings of a global system that re-
lies on local knowledge. Nevertheless, since the intention of the GEFF sys-
tem is to provide information at the global scale, some compromises had
to be made (i.e., the substitution of human judgement at the local scale
with mean climatological conditions). In contrast to FWI, the IC is slightly
more cautious in predicting the potential for fire events, providing a
lower false-alarm rate (Di Giuseppe et al., 2016). For these reasons, we
find these indices are appropriate for the global analysis study and consider
them a good first order approximation for the current analysis.

The fire danger potential data used in this study were acquired from the
historical simulation, ECMWF Reanalysis 5th Generation (ERA5)
(Copernicus Emergency Management Service (CEMS), 2022). The histori-
cal indices were acquired at the monthly scale from 1979 to present and a
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global spatial coverage at 0.25° by 0.25° resolution. Based on the Integrated
Forecasting System (IFS), ERA5 provides a record of the global atmosphere,
land surface, and ocean waves. It replaces its outdated predecessor, ERA-
Interim, by having a considerable increase in vertical and horizontal resolu-
tion, benefitting from a 10-year model and data assimilation development
and offering an enhanced number of output parameters, such as wind at
100 m height. ERA5's assimilation system uses 12-h windows (0900-2100
UTC and 2100-0900 UTC the next day, inclusive). The observations within
these windows are used and stored, hourly. A short forecast is generated
from the analysis field at 9 h into each window (1800 and 0600 UTC)
and provides a first guess for the next assimilation. ERA5 includes an ad-
vanced data assimilation system that is used to analyze land surface prog-
nostic variables with a two-way interaction between the atmosphere and
land (Hersbach et al., 2020). Furthermore, the atmosphere generates
ocean waves through surface stress, and ocean waves influence the
atmospheric boundary layer through the dependence of ocean surface
roughness. Thus, all of ERA5 components are coupled through surface-
atmosphere interactions. ERAS is a trusted product because reanalyses
provide contiguous spatial coverage and strive to ensure integrity and co-
herence in representing Earth system cycles. Reanalyses data are also
trusted in climate monitoring applications and are now widely and rou-
tinely used by the World Meteorological Organization annual assessment
of the State of the Climate, as well as by the IPCC (Dee et al., 2011;
Hersbach et al., 2020) and thus their use is justified in the current study
on wildfire climatology assessment.

2.2. Statistical methods

To statistically assess the annual rate of change (increase or decrease) in
seasonal fire indices at each land grid cell across the globe at the 95 % con-
fidence level, the Mann-Kendall Z statistic test (Zyx) (Mann, 1945; Kendall,
1975; Gilbert, 1987; Kendall and Gibbons, 1990) and the Theil-Sen slope
estimator (bs,,) (Theil, 1950; Sen, 1968) are employed. The Mann-Kendall
test determines if there is a monotonic positive or negative trend based
on the signum function (S) statistic for (1 < i < j < n),where i and j are
the ith and jth values in the time series (x) with length (n) (PNNL, 2022;
Ellis et al., 2022).

S = i > sgn(xj—xi) @
i1 j=itl

The S statistic is then normalized by the variance of the (S) statistic
(VARy) to compute (Zyx):

S—1

LS50
VARs' °
Zuk = {0, $=0 (2)
S+1
. S<0
VAR, °°

where a positive (negative) value of (Z) indicates whether the trend is in-
creasing (decreasing) overtime.
The magnitude of the trend is then determined by (b,):

bgen = median <u> (&)
J—1

The Mann-Kendall test is ideal for this analysis as it estimates the linear
regression nonparametrically, and the residuals from the fitted linear re-
gression are not required to be normally distributed. The Mann-Kendall
test is also less sensitive to outliers, thereby, making it ideal for testing
long-term fire metric trends and has been used in other climatological
trend analysis studies (Baijnath-Rodino et al., 2018, 2022; Ellis et al.,
2022; Jain et al., 2022; Richardson et al., 2022).

Consider the seasonal time series of an index (i) for season (s) and for a
particular land grid cell (D), X(s,]) € R™, over the 1980-2019 period, where
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m = 40 year. The Kendall-Theil method was used to calculate the slope at
each grid cell at the 95 % confidence level (p = 0.05), following the
methods by Helsel and Hirsch (1992). The normalized rate of change
(expressed as %/yr) is then estimated as:

ri(s,l) = ﬁl“'l)/, x 100 ER (4)

i(s.l)

where the slope, Bi(s,]) € R, represents the annual rate of change and
X;(s,1)€ R represents the seasonal mean of the index i over the m-year pe-
riod. The spatially averaged seasonal rate of significant change (either in-
crease or decrease) of index (i) for season (s) over biome (b) is computed by:

Fo(s) = nb;(s) x k%; ri(s, 1) x [0(0.05—py(s, DJER (5)

Fi(s) = nb,l(s) “ 1; ri(s.1) x [©(0.05—p;(s,D]E R (5b)

where p(s,) € R represents the p-value of the MK test; © is the Heaviside
step function, for which ©(x) = 1 iff x = 0 and 0 otherwise; €2, and €;_
indicate domains in biome b for which ri(s, ) > 0 and ry(s, ) < 0, respectively;
ny, (s) = Z 0(0.05—p;(s,))EZ =y and n,_(s) = Z 0(0.05—p;(s,1))EZ =
1, 1€,

represent the number of cells that have significantly positive and negative
change, respectively. Note that a biome can exhibit both increases and de-
creases in fire danger potential within its areal coverage. The percentage of
the biome's area with significant increase, A (s) € R and decrease, A, (s) €
R, for each biome is defined as:

Ap, (5) = b ) 100 (6a)
b

Ay (s) =) 100 6b

b ($) = N, (6b)

where N, € Z is the total number of land grid cells over the biome b.

Finally, this study also determines how 40-year seasonal timeseries in
FWI correlates to that of observed seasonal precipitation totals and mean
seasonal temperatures for each pixel across the globe:

_ 2y, —i)(ay - a)
s = ( : )2< ; @
=(iy — i) =(ay — a)

where (cli; ®) represents the correlation coefficient between the fire index (i)
variable and the atmospheric variable (a) for a particular season (s) and
pixel (p). The notations i, and i represent the seasonal fire index value for
a specific year and the 40-year seasonal average fire index value, respec-
tively. This is similar for the atmospheric variable. This step is repeated
for IC and ERC and provides additional insights on the spatial and temporal
atmospheric conditions influencing fire danger potential and fire behavior
potential across the globe.

Furthermore, the temperature and precipitation data are made avail-
able by the Climatic Research Unit gridded Time Series (CRU TS) and pro-
vide an independent data source from that of ERAS for the correlation
analysis. CRU TS provides interpolated gridded data from weather observa-
tion stations to produce monthly, global (0.5°) resolution climate variables.
Cross validation studies show that the mean absolute error of temperature
and precipitation around the world are mostly below 1 °C and 40 %, respec-
tively (Harris et al., 2020). This dataset has been widely used by many in
the field of weather and climate (Harris et al., 2020) and is thereby deemed
appropriate for use in this analysis.
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3. Results and discussion
3.1. Fire danger potential

A spatial average of the rate of increase (decrease) in the fire danger po-
tential for each biome, and the area of the biome affected (expressed as a
percent) are computed. Results indicate that trends in fire danger potential
are not homogenized around the world, and while some seasons and re-
gions experience a significant decrease in fire danger potential, these
changes are occurring at relatively lower rates and over smaller areas com-
pared to increased fire danger potential (Fig. 2a&b). For example, although
the Boreal Forest Biome has experienced a significant decrease in fire dan-
ger potential (<1.4 %/yr in all seasons) for an area < 2.6 % of its biome
(750,000 km?) a significant rate of increase (between 1 and 1.6 %/yr for
all seasons) is observed for an area between 1 and 8 million km? (4-26
%), a difference of area in one order of magnitude (Table Al). Hanes
et al. (2019) indicate that trends in area burned and the frequency of
large fires have increased significantly over the Canadian forests since
1959 and this may be related to an increase in lightning-caused fires. All bi-
omes exhibit a decrease in fire danger potential, but this is present in <5 %
of any given biome, whereas areas exhibiting increases in fire danger poten-
tial can range between 5 and 70 % (Fig. 2a). Considering that the increase
in fire danger potential is more globally prevalent, this discussion, thereby,
focuses primarily on analyzing the increases in fire danger potential, fire be-
havior potential, and potential atmospheric drivers across the biome.

Compared to all seasons, the SON season exhibits the greatest rate of
significant increase (an average of 1.5 %/yr across all biomes) in fire danger
potential (Fig. 3), followed by JJA, DJF, and MAM (Table A2). However,
the seasons exhibiting the greatest areas prone to significant rates of in-
crease in fire danger potential are JJA, followed by SON, MAM, and DJF
(Fig. Al). The length of the fire weather season has been increasing for
many continents across the world between 1979 and 2013 (Jolly et al.,
2015). August, for example, is known to be a peak fire activity month in
many regions of the world, such as in North America, with a large number
of fires (Williams et al., 2019). The length of the fire season has increased
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by over two months since the 1980s (Westerling et al., 2006). The current
analysis indicates that fire danger potential has in fact been increasing
more substantially in the later part of the year (SON) in comparison to
the other seasons.

Compared to all biomes during the SON season, the Flooded Grasslands
& Savannas Biome exhibits the greatest percentage of its area experiencing
a significant rate of increase in fire danger potential (69 %, 850,000 km?).
However, it is the Tropical and Subtropical Moist Broadleaf Forests Biome
that exhibits the largest area (>8.7 million km?) showing a significant
rate of increase in fire danger compared to all other biomes. This significant
rate of increase in fire danger potential is also predominant during the SON
season (2.2 %/yr). Furthermore, it is the Southern Hemisphere that is
mostly contributing to the increase in fire danger potential over the Tropi-
cal and Subtropical Moist Broadleaf Forests Biome during the SON season
(Fig. 4 and Fig. A4). Global observations of burned area also show that
this biome is most sensitive to fire weather changes (Bedia et al., 2015).
Other Tropical and Subtropical biomes with varying vegetation types (dry
broadleaf forests, coniferous forests, and grasslands savannas and shrub-
land) have been less prone to an increase (<1.6 %/yr) in fire danger poten-
tial over the past 40-years.

In contrast, the temperate biomes have been experiencing a relatively
high rate of increase (>1.5 % /yr) in fire danger potential over all vegeta-
tion types (broadleaf and mixed forests; grasslands, savannas and
shrublands; and conifer forests) in comparison to all other biomes. The tem-
perate forests in Australia have also seen a significant historical
(1987-2017) increase in the number of large wildfires (>10 km?) (Tran
et al., 2020). Thus, this region is experiencing increasing fire weather con-
ditions that are conducive to the development of more frequent wildfire
events.

When considering the atmospheric drivers of fire danger potential, the
results show that there is a strong positive and significant correlation be-
tween fire danger potential and mean air temperature for all seasons and
many regions of the world. However, this is mostly predominant during
JJA in the Northern hemisphere for the temperate biomes in North
America and Europe, as well as the Tropical and Subtropical biomes in
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Fig. 3. The global distribution of the SON seasonal rate of increase (red) and decrease (blue) in fire danger potential over the past four decades (1980-2019) (%/yr) and the

dotted regions representing significant trends at the 95 % confidence level.

Africa. In contrast, the Southern Hemisphere exhibits areas of stronger cor-
relation during SON and DJF, with less correlation seen in Australia
(Fig. 5a-d). However, the correlation between seasonal precipitation totals
and fire danger potential are prevalent in Australia for all seasons. There is
also a strong negative and significant correlation between JJA precipitation
totals and fire danger potential in the temperate, boreal and Mediterranean
biomes. This suggests that fire danger potential during the JJA season is
strongly related to lower precipitation totals, within these biomes, irrespec-
tive of placement within the Northern or Southern Hemisphere (Fig. 6).
Ellis et al. (2022) also shows that wildfire risk has increased across most
ecoregions, highlighting a strong increasing trend in the number of days
critical fuel moisture falls below a given threshold.

Similar studies, such as Jain et al. (2022) investigated historical trends
in extreme annual FWI. They found a significant increase in FWI to be prev-
alent in over 26 % of the global burnable landscape, primarily driven by rel-
ative humidity, followed by temperature, precipitation, and then
windspeed. Moreover, other studies that investigate fire activity show
that approximately 80 % of global area burned occurs in grasslands and sa-
vannas that are primarily found in Africa, Australia, and South America

regions (Mouillot and Field, 2005). While fires occur globally, it is expected
that grasslands and savanna regions will exhibit a greater change in fire
danger potential and fire behavior potential than areas of sparse vegetation,
such as the Sahara Desert in North Africa and the ice-covered landscapes of
the Polar regions (Mouillot and Field, 2005; Flannigan et al., 2013). While
all biomes are exhibiting an increase in fire danger potential, this study
shows that the rate of increase in fire danger potential is substantially
lower for the Deserts & Xeric Shrubland Biome, as well as the Mediterra-
nean Forests, Woodlands & Scrubs Biome.

3.2. Fire behavior potential

The seasonal rate of increase in fire danger potential and the area af-
fected in each biome are further contextualized through determining
what characteristics of fire behavior potential are increasing during these
seasons. The 40-year spatiotemporal rate of change in seasonal fire inten-
sity potential, as measured by the energy release component is compared
across biomes and seasons (Fig. A2). Results indicate that, on average
over all biomes, fire intensity potential has been significantly increasing
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Fig. 4. The 1980-2019 timeseries of the average rate of increase in fire danger potential for the SON season for all pixels within the Tropical and Subtropical Moist Broadleaf
Biome within the Northern Hemisphere (NH - blue) and the Southern Hemispheres (SH - red) that show a significant increase at the 95 % confidence level, where the blue
shade and red shade represent the standard deviation in the Northern Hemisphere and Southern Hemisphere, respectively.
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Fig. 5. Positive (red) and negative (blue) correlation between 40-year seasonal fire danger potential and seasonal mean temperature for (a) DJF, (b) MAM, (c) JJA, (d) SON,
with black dots representing areas with significant correlation at the 95 % confidence level.

the most during the DJF season (>1.4 %/yr) (Fig. 7a&b, Table A2) and in-
fluenced mostly by the Northern Hemisphere. However, it is the MAM sea-
son that has been experiencing larger areas of increase within each biome
(>12 %) (Fig. 8a), with both hemispheres contributing similarly to the in-
crease (Fig. A5). In contrast, areas of significant decrease in fire intensity
potential are <5 % in any given biome (similar to that of fire danger

potential) (Fig. 7a&b). Similar to the rate of increase in fire danger poten-
tial, fire intensity potential has also been increasing at a relatively higher
rate for all vegetation types in temperate biomes (an annual average 1.8
%/yr) and this is predominant during the DJF season (Fig. 7 a&b). This is
followed by a large rate of increase (1.7 %/yr) in the Tropical and Subtrop-
ical Moist Broadleaf Forests Biome for all seasons. However, for other
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Fig. 6. Positive (red) and negative (blue) correlation between 40-year seasonal fire danger potential and seasonal precipitation totals for the JJA season.
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vegetation types in the tropical and subtropical biomes, such as coniferous
forests, grasslands, savannas, shrublands, and dry broadleaf forests, the rate
of increase in fire intensity potential is relatively lower (<1.0 %/yr).

Compared to all other seasons, the increased air temperature and re-
duced precipitation totals during the MAM season tend to play a significant
influence on the increase in fire intensity potential across most of the world.
The MAM seasonal mean temperature exhibits strong, positive, significant
correlations with fire intensity potential over a larger area of the world
and is predominant in the Northern Hemisphere (Fig. 8b). This season
also experiences strong negative and significant correlation between fire in-
tensity potential and precipitation totals, that are predominant in North
America's temperate biomes and western Asia's temperate biomes, as well
as tropical biomes in eastern South America, and all biomes within
Australia (Fig. 8c). Upward trends in global climate-related wildfire poten-
tial that is driven by increasing fire weather may likely be attributed to an-
thropogenic climate change from higher temperatures compared to rainfall
(Richardson et al., 2022).

The rate of change in seasonal fire ignition potential, as measured by IC,
represents the rate at which firebrands produce fires that will require sup-
pression, resulting in spot fires. Compared to all months, the DJF and
SON exhibit the greatest rate of increase in ignition potential when aver-
aged over all biomes (1.4 %/yr), followed by MAM and JJA (Table A2).
However, it is the MAM season that experiences the largest area (>1.6 mil-
lion km? averaged over all biomes) in fire ignition potential increase, with
both hemispheres contributing equally to the increases in fire ignition po-
tential (Fig. A6). In addition, when averaged over all seasons, the temperate
biomes (Temperate Conifer Forest Biome and the Temperate Broadleaf and
Mixed Forest Biome) exhibit the greatest rate of increase in fire ignition po-
tential (>1.8 %/yr over all seasons). In contrast, Deserts & Xeric Shrubland
Biome, as well as the Mediterranean Forests, Woodlands & Scrubs Biome
exhibit relatively less rate of increase in ignition potential compared to
the other biomes. For example, averaged over all seasons, the Mediterra-
nean Forests, Woodlands & Scrubs Biome shows an increase in fire ignition
potential <0.9 %/year, for an area < 23 % of its biome (900,000 km?). The
trends in fire ignition potential reflect similar spatiotemporal results to
those of fire danger and fire intensity potential (Fig. 9a&b and Fig. A3).

w
wn

Science of the Total Environment 870 (2023) 161954
3.3. Comparison between fire danger potential and fire behavior potential

The annual rates of increase in fire danger potential are compared
against the fire behavior potentials (intensity and ignition) for each
biome (Fig. 10). Overall, the temperate biomes exhibit greater rate of in-
crease in fire danger potential and fire behavior potential combined (the
Temperate Conifer Forest Biome, followed by the Temperate Broadleaf
and Mixed Forests Biome and the Temperate Grasslands, Savannas and
Shrubland Biome). In contrast, the Deserts & Xeric Shrublands Biome expe-
riences the least rate of increase in fire danger potential and fire behavior
potential. The Mediterranean Forests, Woodlands and Scrub Biome has
the second lowest rate of increase in both fire behavior characteristics (in-
tensity and ignition potentials) and fire danger potential. These results are
in agreement with others who have reported a decrease in burned area in
southern European countries between1980-2011, including southern
France, Greece, and Italy (Turco et al., 2016). In recent years, however,
more European countries are experiencing large forest fires, such as in
2018, which can be attributed to record droughts and heat waves in the
spring and summer of these years (Krikken et al., 2021). Seasonal droughts
and heatwaves correspond to the time of year (June through September)
when Europe is exhibiting increased fire danger potential, as seen in the
current results and in agreement with Venéldinen et al. (2014). Recent attri-
bution studies explain that global warming has slightly increased the risk of
forest fires in Europe, in particular for Sweden, but the uncertainties are still
considerable (Krikken et al., 2021).

Moreover, the Tropical and Subtropical Grasslands, Savannas and
Shrublands Biome, which is very dominant in Africa, also exhibits one of
the lowest rates of increase in fire behavior potential and fire danger. The
Tropical and Subtropical Grasslands, Savannas, and Shrubland Biome has
been experiencing significant rate of decrease in fire danger potential
(>2.0 %/yr) in the DJF season over 300,000 km? (1.5 %) of its area. This
biome, which is predominant over Africa, exhibits a significant decrease
in fire danger potential that is attributed to the decrease in vapor pressure
deficit, an increase in rainfall, and an increase in net primary productivity
(Zhao and Running, 2010; Hoscilo et al., 2014; Zubkova et al., 2019;
Mamalakis et al., 2021). Africa tends to see an increase in air temperature
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Fig. 9. Bar plots indicate the spatially averaged rate of significant change (%/yr) over the past four decades (1980-2019) in fire ignition potential (as measured by IC) over
each biome for each season (DJF, MAM, JJA, SON), the line graphs represent the area of each biome (%) that exhibits a significant change in fire ignition potential for each
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secondary axis representing area (%) in figures a and b have different ranges.
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Fig. 10. Comparison of the relative proportion of the annual rate of increase (as denoted by the size of the block) in fire danger potential (FWI), fire intensity potential (ERC),

and fire ignition potential (IC) for each biome over the past four decades (1980-2019).

from strong La Nina events, either causing the desiccation of fuels or addi-
tional precipitation that increases the availability of fuel for burning in sub-
sequent years. Fires in Africa are attributed to the long dry season of the
African savanna and the high rate of fuel accumulation, for which grass
can regrow quickly after a fire (Archibald et al., 2009). However, fires in
Africa are also driven by human activity, primarily during the years of
2002 to 2008 (Kouakou Kouassi et al., 2018; Kull and Laris, 2009). In addi-
tion, growing population has led to increased wildland fires being set for
clearing fields, and converting savannas to agricultural lands in South
Africa (Govender et al., 2006).

Increased fire danger and fire behavior can also have diverse impacts on
ecosystems and the socio-economic structures for different regions of the
world. For example, in North America, climate-driven insect outbreaks,
such as by the mountain pine beetle can increase the frequency, extent,
and severity of wildfires in North America because of their ability to reduce
foliar moisture, alter chemistry, and increase flammability in fuels (Jolly
et al., 2015; Coogan Sean et al., 2020). Climate change, influencing fire
weather is also enhancing challenges in fire management and suppression
in Canada as traditional approaches to fire suppression are reaching their
economic and physical effectiveness limit (Podur and Wotton, 2010;
Coogan Sean et al., 2020). The development in these wildland urban inter-
face zones (WUI) has already exposed many communities to destructive
fires, such as Fort McMurray fire, 2016 (Coogan Sean et al., 2020). The
combination of anthropogenic warming, climate variability such as light-
ning, changes in management practices, all work in tandem and contribute
to the increase in fire activity, changes in fire behavior, and drought condi-
tions observed across North America.

In South America, land-use change is prevalent over forested regions.
Starting in the 1970s, areas in south-central Chile experienced profound
degradation to its native forests, being replaced by extensive matrix of ex-
otic forest plantation mainly composed of Pinus radiata and Eucalyptus.
This land-use change has altered the fuel structure, load, and flammability
of the landscape, for which most fire activity in Chile is concentrated in this
region of burnable biomass (Holz et al., 2012; Urrutia-Jalabert et al., 2018).
Fires are also used for clearing land for agriculture, livestock, and other
agrarian reform. Burning has been traditionally carried out without appro-
priate techniques or control to ensure positive outcomes, thus leading to
fires spreading out of control, destroying vegetation, property and leading
to additional adverse ecological conditions (Gonzélez-Caban, 2008). Fire
danger metrics are closely related to fuel consumption and inversely corre-
lated with vegetation productivity. Jolly et al. (2015) show that the length
of the fire season (as determined by a metric) over the tropical and subtrop-
ical forests, grasslands and savannas and xeric shrublands of South America
accounts for close to 30 % of the variation in global net land carbon flux.

Likewise, in Asia, human initiated fires are used for clear cutting in East-
ern Ghats and northeast India, Chittagong hill tracts of Bangladesh,
Myanmar, Sarawak in Malaysia, Philippines, Jambi, Sumatra and other
parts in Indonesia, northern Thailand, northern Laos, Cambodia, and north-
ern Vietnam. Fires are also used to clear residual agriculture to prepare the
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land for the next crop season. For example, fires are usually used for clear-
ing land for oil palm expansion in Indonesia. The years 2003 to 2016 also
showed significant increase in fire activity over parts of Pakistan, India,
Cambodia and Vietnam with increase in fire radiative power. The signifi-
cant influence of land use and land cover changes in altering fire regime
can be seen over these regions, especially in Sumatra and Kalimantan
where peatlands have been drained for other use besides acting as natural
forests. As a result, these regions are becoming flammable and progres-
sively degrading, contributing to the increase in fire activity over the last
two decades (Vetrita et al., 2021).

4. Conclusions

This study offers a comprehensive analysis of the historical spatiotem-
poral changes in seasonal fire danger potential and fire behavior potential
for different biomes of the world over the 1980 to 2019 period. Results in-
dicate that fire danger potential has been increasing significantly across all
biomes, but at a higher rate in SON, followed by JJA, DJF, and MAM. The
biome exhibiting the greatest rate of increase in fire danger potential is
the Tropical and Subtropical moist broadleaf forests, which affects a larger
percentage of its biome compared to other biomes. Fire danger potential
can be seen increasing in northern regions of South America, parts of cen-
tral Africa, and South Asia. Similarly, all the temperate biomes exhibit the
greatest rate of increase in fire intensity potential, as well as a rate of in-
crease in fire ignition potential; however, this is mostly predominant during
the DJF season.

When considering the atmospheric drivers of fire danger potential, the
results show that there is a strong positive and significant correlation be-
tween fire danger potential and mean air temperature. This is predominant
mostly during JJA in the Northern Hemisphere for the temperate biomes in
North America and Europe, as well as the Tropical and Subtropical biomes
in Africa. Likewise, a strong negative and significant correlation between
JJA precipitation totals and fire danger potential is prevalent in the temper-
ate, boreal and Mediterranean biomes. Although it was expected that both
seasonal temperature and precipitation totals would have strong correla-
tion with the fire indices (because they are used as inputs in the derivation
of the fire indices) this work provided additional insight as to what seasons
and regions exhibit significant correlation between fire danger potential in-
dices and atmospheric drivers.

While this study investigates trends in fire danger potential and fire be-
havior potential based on daytime weather inputs, additional global-scale
studies may benefit from exploring trends at different times of the day.
This is because, nighttime conditions, for example, which often allow for
fire suppression due to lower vapor pressure deficit and air temperatures,
are now experiencing an increased frequency in flammable nighttime
hours (for which vapor pressure deficit exceeds a certain threshold)
(Balch et al., 2022). This study provides reasons for the increase in fire dan-
ger potential in certain regions of the world. However, determining other
physical drivers that are most prominent in influencing changes in fire
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regimes is still a topic of great interest as increasing wildfire activity con-
tinues to have significant effects on ecosystems and biodiversity, air quality,
human health, and the overall climate system.
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