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Abstract. Climate change contributes to the increased frequency and intensity of wildfires globally, with signif-
icant impacts on society and the environment. However, our understanding of the global distribution of extreme
fires remains skewed, primarily influenced by media coverage and regionalised research efforts. This inaugu-
ral State of Wildfires report systematically analyses fire activity worldwide, identifying extreme events from
the March 2023—-February 2024 fire season. We assess the causes, predictability, and attribution of these events
to climate change and land use and forecast future risks under different climate scenarios. During the 2023—
2024 fire season, 3.9 x 10° km? burned globally, slightly below the average of previous seasons, but fire carbon
(C) emissions were 16 % above average, totalling 2.4 Pg C. Global fire C emissions were increased by record
emissions in Canadian boreal forests (over 9 times the average) and reduced by low emissions from African
savannahs. Notable events included record-breaking fire extent and emissions in Canada, the largest recorded
wildfire in the European Union (Greece), drought-driven fires in western Amazonia and northern parts of South
America, and deadly fires in Hawaii (100 deaths) and Chile (131 deaths). Over 232 000 people were evacuated
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in Canada alone, highlighting the severity of human impact. Our analyses revealed that multiple drivers were
needed to cause areas of extreme fire activity. In Canada and Greece, a combination of high fire weather and an
abundance of dry fuels increased the probability of fires, whereas burned area anomalies were weaker in regions
with lower fuel loads and higher direct suppression, particularly in Canada. Fire weather prediction in Canada
showed a mild anomalous signal 1 to 2 months in advance, whereas events in Greece and Amazonia had shorter
predictability horizons. Attribution analyses indicated that modelled anomalies in burned area were up to 40 %,
18 %, and 50 % higher due to climate change in Canada, Greece, and western Amazonia during the 2023-2024
fire season, respectively. Meanwhile, the probability of extreme fire seasons of these magnitudes has increased
significantly due to anthropogenic climate change, with a 2.9-3.6-fold increase in likelihood of high fire weather
in Canada and a 20.0-28.5-fold increase in Amazonia. By the end of the century, events of similar magnitude to
2023 in Canada are projected to occur 6.3—10.8 times more frequently under a medium-high emission scenario
(SSP370). This report represents our first annual effort to catalogue extreme wildfire events, explain their oc-
currence, and predict future risks. By consolidating state-of-the-art wildfire science and delivering key insights
relevant to policymakers, disaster management services, firefighting agencies, and land managers, we aim to
enhance society’s resilience to wildfires and promote advances in preparedness, mitigation, and adaptation. New
datasets presented in this work are available from https://doi.org/10.5281/zenodo.11400539 (Jones et al., 2024)
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and https://doi.org/10.5281/zenodo.11420742 (Kelley et al., 2024a).

1 Introduction

1.1 Background

The potential for wildfires is growing under climate change,
with increases in the frequency and intensity of drought and
periods of fire-favourable weather driving reductions in veg-
etation (fuel) moisture and priming landscapes to burn more
regularly, severely, and intensely (Seneviratne et al., 2022;
UNEP, 2022a; Jones et al., 2022; Abatzoglou et al., 2019;
Cunningham et al., 2024a). Additionally, human activities
and land-use change can contribute to or exacerbate the risk
of extremely large, fast-moving or intense fires, especially
in tropical forests where people are the primary cause of
ignition and forest degradation (Lapola et al., 2023). Re-
cent years have been marked by a series of extreme wildfire
events spanning the globe, with record levels of burned area
(BA) occurring in the 2019-2020 Australian “Black Sum-
mer” bushfires (Abram et al., 2021) and a series of high-
ranking wildfire seasons occurring in quick succession in the
western United States (2020 and 2021; Higuera and Abat-
zoglou, 2021), Siberia (2020 and 2021; Zheng et al., 2023),
Europe (2022; European Commission Joint Research Cen-
tre, 2023), and South America (2019, 2020; Kelley et al.,
2021; Ferreira Barbosa et al., 2022; Silveira et al., 2020). The
2023-2024 fire season was marked by unprecedented fire ex-
tent and emissions in Canada; deadly fast-moving fires in
Hawaii and Chile; the largest individual wildfires on record
in the European Union and Canada; and widespread fires in
northwestern South America including parts of Amazonia
such as Brazil, Bolivia, Colombia, and Venezuela (Mataveli
et al., 2024; Kolden et al., 2024; European Commission EU
Science Hub, 2023).

https://doi.org/10.5194/essd-16-3601-2024

The prominence of recent extreme wildfires and wild-
fire seasons notably contrasts with overall trends in the area
burned by fires globally. Due mostly to a reduction in the
global savannahs tied to landscape fragmentation and chang-
ing rainfall patterns, global BA has fallen since the begin-
ning of this century by around one-quarter (Andela et al.,
2017; Jones et al., 2022; Chen et al., 2024). Critically, this
decline in fire extent masks major shifts in the distribution
of fires globally, with regions such as eastern Siberia and the
western United States and Canada experiencing a more than
40 % increase in BA since 2000 (Jones et al., 2022; Zheng et
al., 2021) and regions such as southeast Australia also show-
ing significant increases over longer periods (Canadell et al.,
2021). Likewise, there have been shifts in the global distri-
bution of BA and fire carbon (C) emissions from non-forests
to forests globally and from the tropics to the extratropics
(Kelley et al., 2019). Hence, focussing on global aggregated
BA extent underplays the scale and magnitude of changes in
wildfire activity and impact on regional levels. An increase
in forest and peatland burning is particularly concerning due
to the rich ecosystem services that these regions provide, in-
cluding C storage and biodiversity (UNEP, 2022b). The in-
tensification of fire regimes in environments that are less
fire-adapted is particularly important because these ecosys-
tems are expected to be least resilient to such changes (Grau-
Andrés et al., 2024).

The extreme wildfire events of recent years have signif-
icantly impacted society and ecosystems across the globe
(Cunningham et al., 2024a). Since 1990, wildfire disasters
have directly killed or injured at least ~ 18 000 people, a con-
servative measure based on incomplete records and reporting
biased to the global northern countries (updated from Jones
et al., 2022; Centre for Research on the Epidemiology of Dis-
asters, 2024). In 2023, 232 000 people were evacuated due to
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wildfires in Canada alone (Jain et al., 2024; Kolden et al.,
2024). Also, since 1990, fires are estimated to have caused
on the order of 10 million premature deaths globally through
degraded air quality (Johnston et al., 2012). Degraded air
quality related to fires is experienced most strongly in the
tropics (Pai et al., 2022) and often disproportionately affects
Traditional communities with poor public services or means
of protection (Carmenta et al., 2021). Yet, images of North
American cities blanketed in smoke during the 2023 fire sea-
son highlight the global nature of this problem.

As anthropogenic emissions of CO; remain persistently
high, the world’s natural C sinks in forests, peatlands, and
other ecosystems are increasingly pivotal to moderating in-
creases in atmospheric CO; concentration (Friedlingstein et
al., 2023). Intact forests are often relied upon for delivering
national plans for reaching net zero (Smith et al., 2023) and
offering sites for nature-based solutions. Yet, massive wild-
fire emissions from boreal forests and soils in Siberia and
Canada across the years 2020, 2021, and 2023 amount to
over 1 x 10°t C, a gross flux comparable in magnitude to an-
nual CO, emissions from fossil fuel combustion in India, the
EU27 or the United States (Friedlingstein et al., 2023; Zheng
et al., 2023). While in a natural fire regime these gross emis-
sions should be recuperated through post-fire recovery, the
greater vegetation mortality and loss of ecosystem function
associated with more widespread and severe fires can also
contribute to shifts in local to regional terrestrial C budgets
from sinks to sources (Zheng et al., 2021; Gatti et al., 2021;
Nolan et al., 2021a; Phillips et al., 2022; Harrison et al.,
2018; Cunningham et al., 2024b). Loss of vegetation during
extreme fire seasons can also have wider lasting effects on
ecosystems, for instance by reducing the habitat area avail-
able to endemic species (Ward et al., 2020).

Extreme fires can moreover impact the livelihoods of var-
ious communities and landowners who depend on intact nat-
ural landscapes. For example, the lands and territories of
Traditional communities and Indigenous peoples can be de-
graded and transformed by wildfires, raising climate justice
issues (Garnett et al., 2018; Barlow et al., 2018; Lapola et al.,
2023). Further, conflating the detrimental impacts of wild-
fires types has also stigmatised small-scale intergenerational
fire use and led to prohibitive fire governance that affects lo-
cal communities (Carmenta et al., 2021; Barlow et al., 2020).

Mitigating and adapting to increases in wildfire potential
are growing priorities of policymakers and require coordina-
tion with many other stakeholders. National and international
disaster management centres are seeking to enhance predic-
tive capacity, while fire management agencies are expanding
or re-allocating their resources to rapidly suppress fires to
avoid them becoming too large, fast, or intense. A number of
international organisations such as the UN Environment Pro-
gramme (UNEP, 2022a), the World Bank (2020, 2024), and
the Organisation for Economic Co-operation and Develop-
ment (OECD, 2023) as well as a range of other inter- or non-
governmental organisations are producing reports that con-
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solidate evidence on the changing risk of extreme fires and
identify best practices for mitigating their impacts, including
through land management and urban/rural planning. Many
land managers are developing and implementing approaches
such as fuel reduction, a process subject to permit systems is-
sued by regional fire management agencies in some countries
(Fernandes and Botelho, 2003; Stephens et al., 2012; Moreira
et al., 2020; Chuvieco et al., 2023). Wildfire response agen-
cies are exploring innovative approaches to detecting and re-
sponding to fires, and there is rising interest in the prospect
of integrated fire management around the world (Food and
Agriculture Organization of the United Nations, 2024). Op-
erators of C market projects and forest carbon-conservation
initiatives, such as REDD+-, are particularly wary of the risks
that wildfires present to the permanence of C offsets, which
often feature as a key tool in national policies and interna-
tional initiatives for achieving net zero emissions (Barlow et
al., 2012; Smith et al., 2023).

Amidst extreme wildfires and wildfire seasons, stakehold-
ers increasingly turn to scientists for answers to pressing
questions that naturally arise. How extreme was this fire
event in a historical context? Is climate change to blame?
Will we see more wildfires like this in the future? Did land
management exacerbate or ameliorate the problem? Can we
predict events like this in future to improve early warning?
What is the role of climate policy in reducing risk of extreme
wildfires in future?

While observational, statistical, and modelling tools for
assessing extreme wildfire drivers and predicting wildfire oc-
currence are advancing rapidly, their application to studying
extreme wildfire seasons or events on timescales relevant to
public and political interest remains limited. The State of
Wildfires report represents a new initiative to routinely cat-
alogue extreme wildfire events at annual frequency and ex-
plain their occurrence and relation to climate change. The
report incorporates recent methodological advances in dis-
entangling the drivers of selected extreme wildfire events
to fuel dryness, fuel load, and weather, and ignition and
suppression factors. By applying these methodological ad-
vances in conjunction with models of global change, we
quantify the change in likelihood of the past year’s events
under climate and land-use changes. Observable fire metrics
(e.g. burned area) are the target variable of our causal infer-
ence and attribution work, which thereby advances on more
common climate attribution studies that attribute change in
fire-favourable meteorological conditions to climate change.
Overall, this report capitalises on recent advances in the
study of extreme fire events and seasons to provide timely
information about shifting fire regimes and their causes. The
findings of the report are relevant to policymakers, the media,
and the wider public.

https://doi.org/10.5194/essd-16-3601-2024
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1.2 Objectives of this report

This inaugural edition of the State of Wildfires report aims
to stimulate development of tools for understanding and pre-
dicting extreme fires and to deliver actionable information
to policy and practice stakeholders and wider society. In this
edition, we do the following:

1. regionally identify extreme individual wildfires or ex-
treme wildfire seasons of the period March 2003-
February 2024 and place them in the context of recent
trends;

2. shortlist a selective number of extremes (extreme indi-
vidual wildfires or extreme wildfire seasons) with no-
table impacts on society or the environment, which we
term the “focal events” in this report;

3. diagnose the contributions of fuel dryness, fuel load, ig-
nitions, and suppression to the occurrence of each focal
event;

4. assess the capacity of operational predictive systems to
predict each focal event;

5. attribute each focal event to anthropogenic factors in-
cluding climate change and land use;

6. provide an outlook on the probability of extreme events
in the coming fire season (that commenced on March
2024); and

7. project future changes in the probability of each focal
event under future climate scenarios.

Key methodologies used to achieve the above objectives
are summarised as follows. To address objectives 1 and 2, we
build a comprehensive dataset of fire metrics including BA,
fire counts, fire C emissions, and individual fire properties
(size and rate of growth) for consistent world regions, and
we quantitatively identify anomalies in these metrics during
the past fire season (Giglio et al., 2018; van der Werf et al.,
2017; Andela et al., 2019). To address objective 3 and 4, we
leverage seasonal to sub-seasonal forecasts of fire weather
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) and additionally employ two state-of-the-art
fire models, “Controls on Fire” (ConFire) and “Probability
of Fire” (PoF) (Kelley et al., 2019; McNorton et al., 2024) to
pinpoint the causes of the extreme fire events of 2023-2024.
To address objective 5, we employ projections of fire weather
from the Hadley Centre Large Ensemble to attribute change
in the Fire Weather Index (FWI) to climate change, and we
drive ConFire (Kelley et al., 2019) with outputs from the
Joint UK Land Environment Simulator Earth System model
(JULES-ES; Mathison et al., 2023) to attribute extreme BA
to climate and land-use changes (Burton et al., 2024). To ad-
dress objective 6, we consult predictions of the state of cli-
mate modes relevant to fire and present seasonal predictions
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of the FWI from the ECMWF (Di Giuseppe et al., 2024).
To address objective 7, we again pair ConFire (Kelley et al.,
2019) with JULES-ES (Mathison et al., 2023) to project fu-
ture changes in BA under several future climate and land-use
scenarios and provide comprehensive assessment of past and
future extreme wildfire events.

The State of Wildfires report will be an annually recurring
report that can harness and adopt new methodologies brought
forward by the scientific community between the annual iter-
ations of the report. Over the coming years and decades, we
aim to enhance the tools presented in this report for applica-
tion in near-real time, thus enhancing our capacity to transfer
key insights to decision-makers at the time they most need it.

2 Extreme wildfire events of 2023-2024

2.1 Methods

We catalogued the extreme regional wildfire events or annual
fire seasons in the period March 2023—February 2024 based
on a combination of anomalies in the distribution of several
observable fire metrics from Earth observations (Sect. 2.1.1).
In this work, the global fire season is defined as occurring in
March—February windows oriented around the annual min-
ima of global fire activity in boreal spring (see further details
in “Uncertainties” in Sect. 2.1.1).

Due to the diversity of environmental settings in which
fires occur and the range of ecological, economic, or soci-
etal impacts caused, defining an extreme fire or an extreme
fire season remains inherently challenging. To date, extreme
fires have commonly been defined by their BA extent, by
their feedback on the global climate, and by their socio-
economic impact. While an extreme fire event or extreme
fire season may be visible as a significant anomaly against
historical Earth observations, the scientific community seeks
to apply a more comprehensive definition of extreme fire, in-
cluding its impacts on society and the environment. To cat-
alogue extreme events that were not necessarily visible in
Earth observations, regional expert panels were constructed
and given responsibility for identifying extreme events of the
past fire season (Sect. 2.1.3). The expert panels were given
flexibility to identify and catalogue wildfire characteristics
or impacts that are considered regionally extreme but are not
necessarily captured by Earth observations. Examples of ex-
tremes that can be captured by expert assessment (but not by
Earth observations) include suppression challenge; fatalities
and structure loss; impacts on human health and wellbeing;
impacts on agricultural and other economic sectors; impacts
on biodiversity; and impacts on diverse ecosystem services
such as recreation, tourism, or other cultural values. Hence,
Sect. 2.2 identifies a variety of impactful events displaying
a broad range of characteristics and impacts that can occur
across diverse fire regimes (e.g. Archibald et al., 2009; Cun-
ningham et al., 2024b; Keeley, 2009).

Earth Syst. Sci. Data, 16, 3601-3685, 2024
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2.1.1 Earth observations of fire
Input datasets

We assembled observations of burned area (BA), syn-
onymous with fire extent, for the period March 2002-
February 2024 from the National Aeronautics and Space
Administration (NASA) product MCD64A1 (collection 6.1).
MCD64A1 provides daily BA observations at 500 m spatial
resolution with global coverage and is based on retrievals
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) sensors mounted to the Terra and Aqua satellites
(Giglio et al., 2018, 2021).

We also produced a global record of individual fires for the
period March 2002-February 2024 by updating the Global
Fire Atlas (Andela et al., 2019; Andela and Jones, 2024)
through February 2024, driven by the 500m MODIS BA
data. The Global Fire Atlas algorithm clusters burned cells
into individual fires, tracks their daily progression, and logs
attributes such as fire size and mean daily rate of growth.
Our updates are provided by Andela and Jones (2024). The
Global Fire Atlas is one of several products tracking daily fire
progression and identifying individual fires at global scale
based on moderate resolution satellite data (Andela et al.,
2019; Laurent et al., 2018; Artés et al., 2019). The product
uses the MODIS BA product, the smallest unit of disaggrega-
tion is 500 m, and the shortest time step on which the expan-
sion of a fire can be observed is daily. Given its resolution,
the Global Fire Atlas is expected to represent the dynamics
of large fires better than small, fast-moving fires.

Uncertainties

In addition, we gathered estimates of fire carbon (C) emis-
sions for the period March 2023—February 2024 from two
models driven by Earth observations of active fires or burned
area: firstly, the Global Fire Assimilation System (GFAS)
product, provided operationally by the Copernicus Atmo-
spheric Monitoring Service (CAMS) at 0.1° spatial resolu-
tion and daily temporal resolution (Kaiser et al., 2012; Eu-
ropean Centre for Medium-Range Weather Forecasts, 2024),
and, secondly, the Global Fire Emissions Database (GFED;
version 4.1s) product at 0.25° spatial resolution and daily
temporal resolution (van der Werf et al., 2017). GFAS is
driven by the fire radiative power (FRP) retrievals in the
MODIS active fire product MCD14A1 and biome-level re-
lationships between FRP and biomass consumed based on
GFED3 (Kaiser et al., 2012). For the 1997-2016 period,
GFED#4s is driven by MODIS BA data (MCD64A1 collec-
tion 5) supplemented with small fire BA based on MODIS
active fire data and a model for biomass productivity and fuel
consumption (van der Werf et al., 2017). For the post-2016
period, emissions are based on active fire detections scaled to
emissions using pixel-based scaling factors derived from the
2003-2016 overlapping period.
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We note that the MODIS BA product data used in our anal-
yses of anomalies in BA and individual fire properties (via
the Global Fire Atlas) are known to be conservative due to
the limitations to detecting small fires (e.g. agricultural fires)
based on surface spectral changes at 500 m resolution. Re-
cent work has shown that including detections of small ac-
tive fires increases global BA estimates by 93 % (Chen et al.,
2023). However, variability and trends in regional BA totals
using datasets that include small fires do not differ signifi-
cantly from the variability and trends present in the MODIS
BA product (Chen et al., 2023). Hence, inclusion or exclu-
sion of small fires tends to generate biases in central esti-
mates of BA in one direction or the other, in line with the
sensitivity of different sensors to different fire types. Uncer-
tainty in the detection of small fires is larger than in the case
of fires detected in the MODIS BA product, due to limited
validation (van der Werf et al., 2017). The MODIS BA prod-
uct with resolution of 500 m is deemed highly suitable for
addressing the research questions of this report, which focus
on more impactful fires that tend to burn larger areas.

Uncertainties in fire carbon emissions estimates from
GFEDA4.1s are on the order of 20 %-25 % at 1 SDfor global
totals (van der Werf et al., 2017, 2010). Uncertainties in
GFED4.1s are made up of uncertainties in BA, the amount
of biomass consumed per unit BA, and the carbon emitted
per unit biomass burned. Revisions to BA input data, dis-
cussed above, have tended to influence GFED central esti-
mates of fire C emissions to a greater degree than the uncer-
tainties around central estimates (van der Werf et al., 2017;
Chen et al., 2023). Uncertainties in fire carbon emissions es-
timates from GFAS are on the order of approximately +25 %
at 1 standard deviation for global totals. Uncertainties are in-
troduced by missed active fire detections, either below the
detection threshold of the MODIS instruments or not ob-
served during the limited diurnal coverage of low-Earth-
orbiting satellites, assumptions made for biome classifica-
tions, coefficients used to convert observed thermal anoma-
lies to consumed dry matter, and emission factors used to es-
timate emitted quantities of carbon and pyrogenic pollutants.
Variation in C emissions estimates on the order of approxi-
mately 20 %—-60 % has been observed in studies comparing
multiple emissions products (Wiedinmyer et al., 2023).

Regional burned area, carbon emissions, and fire count
totals

We calculated regional totals of BA and C emissions based
on a variety of regional layers defined in Table 1. The re-
gional layers represent a range of biogeographical bound-
aries (e.g. biomes), geopolitical boundaries (e.g. countries),
and values used in scientific reports (e.g. by the Intergov-
ernmental Panel on Climate Change, IPCC). We calculated
monthly totals of BA and fire C emissions for each region
by aggregating monthly BA and daily C emissions data and
summing the data from the input datasets both spatially and
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temporally as required. In the case of fire C emissions, we
also calculated the mean estimate of fire C emissions from
GFEDA4.1s and GFAS, regionally.

We adopt a March—February definition of the global fire
season (e.g. the latest global fire season spans March 2023—
February 2024). Due to an annual lull in the global fire calen-
dar in the boreal spring months, fire season BA totals are least
sensitive to the shifts in fire season cutoffs of 1-2 months if
the fire season centres on spring (Boschetti and Roy, 2008).
This makes the global fire season centred on spring a prag-
matic option for the study of interannual variability or trends
in fire extent (Boschetti and Roy, 2008). The period March—
February is specifically oriented at the end of the austral fire
season and before widespread fires have begun in the bo-
real extratropics. The regions where this global definition of
the fire season is most problematic are northern hemispheric
South America, southeast Asia, and central America (Giglio
et al., 2013).

In addition, we calculated totals of regional fire counts for
each global fire season based on the number of individual
fire ignition points present within each region, using ignition
point vectors from the Global Fire Atlas. The resolution of
the MODIS data supplied to the Global Fire Atlas algorithm
is 500 m, and hence fires that are smaller in scale are omitted.
Regional or national systems may record greater fire counts
due to the inclusion of smaller fires.

2.1.2 Identifying extreme fire seasons and events from

Earth observations
Regions with extreme wildfire seasons

Anomalies in BA, fire C emissions, and fire counts in the
latest global fire season (March 2023—February 2024) were
calculated in several ways:

i. as relative anomalies (expressed in %) from the annual
mean during all previous March—February periods since
2002 (2003 for fire C emissions);

ii. as standardised anomalies (standard deviations) from
the annual mean during all previous March—February
periods since 2002 (2003 for C emissions);

iii. as a rank amongst all March—February periods since
2002 (2003 for fire C emissions) and March 2023—
February 2024 inclusive.

In this report, anomalies in fire C emissions are reported
based on the two-model mean estimate from GFED4.1s
and GFAS; however anomalies based on the GFED4.1s or
GFAS estimates individually are also available via Jones et
al. (2024).

We identified regions in which the latest fire season was
potentially classifiable as “‘extreme” based on the rank of BA,
C emissions and fire count amongst all fire seasons. For vi-
sualisation purposes, we identified regions in which the lat-
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est fire season ranked in the top five of all annual fire sea-
sons on record (see Sect. 2.2.1). The BA data for the period
March 2002-February 2024 include 23 fire seasons, while
the C emissions data for the period March 2003-February
2024 include 21 fire seasons. Hence, a top-five ranking trans-
lates approximately to a fire season in the upper quartile of
those on record.

We further characterised the onset, peak, and cessation
of anomalous monthly BA in March 2023-February 2024.
First, we identified the month of the event’s peak as the
maximum difference between monthly BA values in March
2023-February 2024 and the climatological mean monthly
values from the prior March—February periods. Thereafter,
the event’s onset and cessation were defined as the bounds
of consecutive months with above-average BA prior to and
following the peak but limited to the March 2023-February
2024 period.

Regions with extreme individual wildfire attributes

We identified regions in which large or fast-moving fires oc-
curred in the latest fire season based on records of individual
fires from the Global Fire Atlas. For each region (Table 1)
and year, we estimated the size of the largest fire, the daily
rate of growth of the fire that spread most rapidly, the size of
the 95th percentile fire, and the daily rate of growth of the
95th percentile fire. In the Global Fire Atlas, the daily rate of
growth for any given fire is determined by calculating the av-
erage daily rate of growth at which the fire advanced across
all its constituent cells. This method includes cells burned by
the head, flank, and backfire and produces lower spread rates
than if the calculation were based solely on the cells burned
by the head fire.

Anomalies in each fire attribute were calculated using the
same metrics as for BA (see (i)—(iii) above), and we identi-
fied regions in which the latest fire season featured fires with
potentially extreme attributes based on the rank of BA and
fire C emissions amongst all fire seasons.

2.1.3 lIdentifying extreme fire seasons and events by

expert consultation

We assembled a panel of regional experts (two from each
continent, Table A1), to contribute to the identification, de-
scription, and characterisation of extreme wildfire seasons or
impactful events in the latest fire season. A key role of the
expert panel was to catalogue regional events that signifi-
cantly impacted society or the environment but which may
not have been detected by Earth-observing satellites due to
issues such as scale, short duration, timing of overpass, and
cloud or canopy cover. This includes (but is not limited to)
wildfires that impacted society by causing fatalities, evacua-
tions, displacement (e.g. homelessness), direct structure or
infrastructure loss or damage, degradation of air or water
quality, loss of livelihood, cultural practice or other ways
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Table 1. Regional layers to which global Earth observations were disaggregated and used to define regions with extreme wildfire seasons or
extreme individual wildfire attributes. Regional layers are available from Jones et al. (2024). n/a — not applicable

Layer Short form Source Notes

Biomes n/a Olson et al. (2001)

Continents n/a ArcGIS Hub (2024)

Continental biomes n/a See above Spatial intersect of biomes and conti-
nents.

Countries n/a EU Eurostat (2020)

UC Davis Global Administrative Areas GADM-L1 UC Davis (2022) First sub-national administrative level,

(GADM) level 1 such as states of the United States or
provinces of China. Version 4.1.

Intergovernmental Panel on Climate IPCC AR6 Iturbide et al. (2020)

Change Sixth Assessment Report (AR6)  WGI regions

Working Group I (WGI) reference re-

gions

Global C Project Regional C Cycle RECCAP2 Ciais et al. (2022)

Assessment and Processes (RECCAP2)  regions

reference regions

Global Fire Emissions Database GFED4.1s van der Werf et al. (2006)

(GFED) basis regions regions

of life, and loss of economic productivity. This definition
also includes (but is not limited to) wildfires that impact
the environment via disturbance to vulnerable ecosystems,
biodiverse areas, or ecosystem services such as C storage.
This approach recognises that Earth observations do not pro-
vide a complete record of all impactful fires. We do not de-
fine ubiquitous quantitative thresholds of impact by any of
the measures outlined above but rather invite in-region ex-
perts to identify events that triggered impacts that were suffi-
cient in magnitude to infiltrate public and political discourse.
The sources of information available for cataloguing regional
events include national/regional fire records, fire service re-
ports, disaster management reports, news reports, and social
media. A second key role of our expert panel was to describe
and contextualise the impacts of the fire seasons highlighted
as extreme by Earth observations or regional assessment (see
Sect. 2.2.3).

The year in review by continent, produced by the expert
panel, is presented in Appendix A.

2.1.4 Context of recent extremes: regional trends in
burned area

To place recent extremes in the context of fire trends of the
past 2 decades, we update our regional analyses of trends
in annual BA from Jones et al. (2022). In contrast to Jones
et al. (2022), we present trends that align more closely
with global fire seasons, spanning the period March 2002-
February 2024 rather than trends over calendar years. We
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quantified trends using the Theil-Sen slope estimator, which
is useful when data may contain outliers or be non-normally
distributed, making it less sensitive to outliers than a standard
least-squares regression slope. Changes were calculated by
multiplying trends (per year, yr~!) by the number of fire sea-
sons in the period of coverage for each variable (Sect. “Un-
certainties”). Relative changes were calculated as the abso-
lute changes divided by the mean annual BA during the pe-
riod following Jones et al. (2022) and Andela et al. (2017).
The significance of trends was evaluated using the Mann—
Kendall test, with a confidence level set at 95 %.

In addition to reporting trends in fotal BA, we also present
trends in forest BA as these regularly diverge from total BA
trends (see Sect. 2.2.2). Forest BA is calculated as described
in Sect. 2.1.1 but after isolating burned cells in areas with tree
cover exceeding 30 % in NASA’s annual MODIS MOD44B
collection 6.0 Continuous Vegetation Field product (250 m)
(DiMiceli et al., 2015). The 30 % threshold is widely used
amongst studies of forest cover change (e.g. Li et al., 2017;
Cunningham et al., 2020; Sexton et al., 2016).

2.1.5 Shortlisting of focal events

In later sections of this report, we conducted various anal-
yses to understand the causes and predictability of a se-
lection of extreme wildfire seasons or events during March
2023-February 2024 (see Sects. 3-5). We limited the num-
ber of analyses to three globally prominent focal events of the
2023-2024 global fire season because the approaches used
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are not operational, and time is required to train and optimise
our models regionally.

In discussion with our expert panel, we prioritised the
three events studied in this report by weighing up the anoma-
lies in Earth observations during the latest fire season as well
as the impacts that these extremes had on people and the en-
vironment. The focal events are notable for their international
significance, attracting attention from the media and policy-
makers both within and beyond their region.

2.2 Results
2.2.1 Extreme fire seasons and events of 2023—-2024
Extreme fire seasons from Earth observations

According to the MODIS BA product, 3.9 x 10° km? burned
globally during the 2023-2024 global fire season (March
2023-February 2024), slightly below the average of previ-
ous fire seasons (4.0 x 10% km?) and overall ranking 12th of
all fire seasons since 2002 (Jones et al., 2024). Despite this,
fire C emissions were 16 % above average at 2.4 Pg C dur-
ing the 2023-2024 global fire season, which ranks seventh
amongst all fire seasons since 2003 (based on annual aver-
ages of GFED4.1s and GFAS estimates; see Methods; Jones
et al., 2024).

Stark regional contrasts in the anomalies in BA, fire C
emissions and individual fire properties are visible in the
Earth observations on various regional scales (Figs. 1, 2, 3).
Figure 1 shows the strongest BA and fire C emissions anoma-
lies of 2023-2024 at continental biome scale versus previous
fire seasons. BA was around 300 000km? (13 %) below the
average of previous fire seasons in the African grassland, sa-
vannah, and shrubland biome, which is globally significant
because the continental biome contributes 58 % towards the
global total BA in the average year up to February 2023
(Jones et al., 2024). BA was also around 17 % below aver-
age in the South American grassland, savannah, and shrub-
land biome in 2023-2024 and in Asian non-forest biomes.
In contrast, BA was 26 % above the average of fire seasons
since 2002 in the Australian grassland, savannah, and shrub-
land biome (Figs. 1, 2). Collectively, these three biomes con-
tributed 71 % of total BA in the global total BA in the average
fire season between March 2002 and February 2023, and so
departures from average values are particularly impactful on
global BA totals.

The North American boreal forests experienced a record-
breaking fire season, with BA reaching 6 times the average
since 2002 and fire C emissions reaching over 9 times the
average since 2003 (Fig. 1; Jones et al., 2024). This strong
regional signal primarily explains the above-average global
C emissions total of 2023-2024, with the high rates of fire
emissions per unit area in boreal forests aggregating to over-
ride the reduced emissions totals in African and South Amer-
ican savannahs. Record levels of fire C emissions were also
seen across the global pan-boreal forest biome, with fire C
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emissions surpassing the pan-boreal record set in 2021 by
more than 60 %. This is despite a below-average fire season
for BA and fire C emissions in boreal Asia during 2023-
2024, in contrast to the 2021-2022 fire season, when there
was a synchronous peak in BA in both the Eurasian and
North American boreal regions (Zheng et al., 2021). Accord-
ing to the Global Fire Atlas, new records for individual fire
size and rate of spread were also set in the North Ameri-
can boreal forests during 2023-2024, while 95th percentile
fire size and rate of growth in 2023-2024 were in the top 2
and 3 years on record since 2002, respectively (Jones et al.,
2024). Overall, the Canadian boreal forests contributed 24 %
towards total fire C emissions in the 2023-2024 fire season,
up from 3 % in an average fire season since 2003.

Anomalies in the African (sub-)tropical grasslands, savan-
nahs and shrublands strongly drive inter-annual variability in
global fire C emissions because this biome contributes on av-
erage 40 % towards total global fire C emissions (Jones et
al., 2024). If fire C emissions from African (sub-)tropical
grasslands, savannahs and shrublands had been around av-
erage fire season in 20232024, then global fire C emissions
would have been the greatest of any fire season on record
since 2003.

Elsewhere at the biome scale, BA extent was in the top 3
years on record in the South American broadleaf and mixed
forests; the African xeric shrublands; the Australian Xeric
shrublands; and the Australian (sub-)tropical grasslands, sa-
vannahs, and shrublands (Fig. 1). In contrast, BA or fire C
emissions were the lowest on record in the European temper-
ate broadleaf and mixed forests and Asian xeric shrublands
and in the bottom 3 years on record in the African savan-
nahs, Asian montane grasslands and shrublands, and Euro-
pean tropical grasslands and shrublands.

On national levels, the most prominent global anomaly of
the 2023-2024 fire season occurred in Canada, where BA
reached 6 times the average of previous fire seasons and fire
C emissions reached 9 times the average of previous fire
seasons. Across the Canadian provinces and territories, the
highest BA or fire C emissions on record were observed in
Northwest Territories, British Columbia, Alberta, and Que-
bec, while Yukon, New Brunswick, and Ontario also ex-
perienced high-ranking years (Figs. 2, 3). The positive BA
anomalies in Canada were visible in the MODIS BA dataset
from as early as April 2023 in most provinces and persisted
throughout summer through to October and even through to
December 2023 and January 2024 in British Columbia and
Alberta (Fig. S2). Peak anomalies were observed in east-
ern Canada in June 2023, arriving later in western Canada
(August—September). Data on individual fire characteristics
from the Global Fire Atlas further reveal new record fire
counts in many Canadian provinces and high-ranking anoma-
lies in fire count and daily rate of growth across Canada,
as well as new records for fire size and rate of spread in
provinces of both eastern and western Canada (Fig. 4; Jones
et al., 2024). Appendix A discusses the unprecedented Cana-
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Figure 1. Anomalies in BA and C (C) emissions for selected continental biomes in the 2023-2024 global fire season (March 2023—-February
2024) versus the average of prior fire seasons since 2002. The selected regions all contribute at least 0.1 % towards global mean annual BA
and experienced BA anomalies of over 30 000 km? in the 2023-2024 global fire season. Relative changes (%) are also marked by triangular

symbols and can be read on the same scale as the absolute values.

dian fire season of 2023-2024 in greater detail, including its
impacts and regional context.

A second prominent regional feature of the 2023-2024
global fire season, visible in Earth observations, is a cluster
of administrative regions with positive BA and C emissions
anomalies in the north and west of tropical South Amer-
ica (Figs. 2, 3). Bolivia, Guyana, Suriname, French Guiana,
Honduras, Nicaragua, and Belize all experienced a high-
ranking fire season at a national level in 2023-2024. In ad-
dition, BA or fire emissions were ranked in the top 3 years
in western parts of Amazonia including in the State of Ama-
zonas of Brazil, the Loreto Department of Peru, and the La
Paz and Beni departments of Bolivia. Anomalies in the west-
ern Amazon spanned June 2023-January 2024, peaking in
August-October 2023. In the north of South America, high-
ranking fire seasons were seen in Venezuela; in various sub-
divisions of Guyana, Suriname, and French Guiana; and in
the State of Amapd in Brazil. The anomalies in northern
South America spanned May 2023-February 2024, peaking
in November 2023—February 2024 (Fig. S2). The Global Fire
Atlas data suggest that South American anomalies in BA dur-
ing the 2023-2024 fire season were principally driven by a
large number of fires, whereas anomalies in fire size or rate of
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growth were uncommon in most of South America (Fig. 4).
Appendix A discusses the 2023-2024 fire season of tropical
South America and its impacts and regional context in greater
detail.

Several parts of south and southeast Asia experienced
high-ranking anomalies in BA or fire C emissions during
the 2023-2024 fire season, including various neighbouring
administrative zones of Lao People’s Democratic Republic
(PDR), Thailand, and Vietnam. The temporal peak of these
anomalies was broadly in March—May 2023. Data on individ-
ual fire characteristics indicate that high-ranking fire counts,
rather than anomalies in fire size, were the primary driver of
the regional BA anomalies (Fig. 4). Appendix A discusses
these anomalies and their impacts in greater detail.

The anomalies observed in xeric biomes of Oceania are
also apparent as high-ranking BA or C emissions in the
2023-2024 fire season in western parts of Australia, particu-
larly in Western Australia and the Northern Territory (Figs. 2,
3). Fires tended to affect more remote areas, and so the im-
pacts on society were muted in comparison to the Black
Summer events affecting southeast Australia in 2019-2020
(Abram et al., 2021); however, Appendix A discusses some
notable exceptions.
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Other regional pockets of high-ranking BA anomalies or
C emissions anomalies were observed in various dry zones
of Africa and the Middle East, including the Sahel, northern
Africa and the Horn of Africa, southern Africa (specifically
South Africa and Botswana, where a period of 3 high rain-
fall years has resulted in grass fuel accumulation), parts of
Iran and Iraq, parts of the Levant region, and parts of the
Arabian Peninsula (Figs. 2, 3). Although various aspects of
the fire season ranked highly in these regions, they are also
fuel-limited with a generally a low baseline for BA and fire
C emissions and the wildfire season. Nonetheless, regionally
impactful wildfires were reported for Algeria, Tunisia, and
Morocco as well as coastal regions of South Africa and Pak-
istan, and are discussed further in Appendix A.

Extreme individual fires from Earth observations

To support our analyses of anomalies in individual fire prop-
erties and provide insights into the limitations and uncertain-
ties inherent in global-scale analysis of individual fires, we
provide a brief assessment of the skills with which the Global
Fire Atlas represents some of the most impactful individual
fires of 2023-2024. The Global Fire Atlas represents some of
the most impactful individual fire events in 2023-2024 with
varying skill (Table 2; Figs. S3, S4, S5). For example, the
Evros fire that occurred in the Decentralised Administration
of Macedonia and Thrace, Greece, in late August was cap-
tured reasonably well. The Global Fire Atlas identifies two
fires that ignited on 19 August and merged to form one con-
tiguous burned unit with an area of approximately 900 km?.
Alignment of the fire’s timing, size, and perimeter with high-
resolution satellite imagery (Fig. S3) and detailed reports
(Xanthopoulos et al., 2024) suggest an overall reliable rep-
resentation of this particular event by the Global Fire Atlas.
The impacts of this fire are discussed in detail in Appendix A.

A deadly fire near Valparaiso, Chile, is also captured with
reasonable skill in the Global Fire Atlas (Fig. S4). Around
90 km? was burned, with the fire skirting the city of Placilla
de Pefiuelas and encroaching upon Vifia del Mar and Quilpué
(Appendix A). The timing, extent, and perimeter of the fire
as recorded by the Global Fire Atlas compare well with those
reported by other sources (Table 2).

Among the largest fires to occur in Canada during 2023—
2024 happened near the La Grande Reservoir in Quebec,
Canada. According to both the Global Fire Atlas and a sepa-
rate NASA fire tracking product based on the Visible Infrared
Imaging Radiometer Suite (VIIRS) sensor, the fire’s extent
was around 11 000 km2, whereas the National BA Compos-
ite (NBAC; Skakun et al., 2022) shows a similar extent of
10000 km?. The timing of the fire also showed high corre-
spondence across the products.

The Lahaina wildfire in Maui, Hawaii, is an example of
an event that was captured poorly by the Global Fire At-
las (GFA). Issues relating to the small scale of this fire rel-
ative to the resolution of the MODIS BA data are evident
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in Fig. S4. As the MODIS BA algorithm is focussed on
the detection of wildland fire, its effectiveness in tracking
fires at the wildland—urban interface is limited. In this case,
burned areas were not detected in cells in urban areas or at
the wildland—urban interface, and hence the size of the fire
was under-estimated significantly (Table 2). The timing of
the fire on vegetation land adjacent Lahaina was compatible
with reference reports.

Another example of the challenges of defining individual
fire extent and applying global algorithms to do so comes
from Western Australia (Fig. S5). Two fires recorded by the
Department of Fire and Emergency Services, Western Aus-
tralia (the Great Sandy Desert and Anna Plains fires) totalled
57000km? in extent. In the Global Fire Atlas, the burned
cells detected by MODIS were instead dissected into 53 sep-
arate fires, with the largest unit burning 560 km?. The date
ranges were also rather different, with the first record of fires
logged in agency data 1 month later than in the Global Fire
Atlas and the final record logged 1 month earlier.

2.2.2 Context of recent extremes: regional trends in
burned area

The anomalies of 2023-2024 occur against a backdrop of
trends in BA this century that point towards shifts in fire
regime. Figure 5 shows significant trends in BA and for-
est BA across the fire seasons in the period March 2002—
February 2024 derived from MODIS BA data. While many
world regions are experiencing declines in total BA, in-
creases in forest BA are far more prevalent than declines at
the scale of continental biomes, countries, and administrative
regions.

Northern hemispheric extratropical biomes in North
America and Asia have shown a clear signal towards in-
creased forest BA since 2002, which are also visible on na-
tional and provincial scales in Canada, the United States, and
Russia and on provincial scales in various states of western
and eastern Canada, the western United States, and Siberia.
These trends occasionally propagate to trends in total BA, for
example in western and northern Canada and in the Sakha
Republic (eastern Siberia). The large 2023-2024 anomalies
in BA in Canada align with the doubling of forest BA in
Canada across fire seasons that have occurred since 2002
(a significant trend, p < 0.05) and a 23 % increase in to-
tal BA in Canada (marginally significant at p < 0.1). Three
Canadian provinces showed significant increases in both total
and forest BA this century: British Columbia (435 %—42 %),
Northwest Territories (+55 %—-68 %), and Yukon (460 %—
135 %). No Canadian provinces experienced a significant de-
cline in forest BA or total BA. More widely, there has been
a 58 % increase in forest BA in the North American boreal
forest biome since 2002 and a 134 % increase across the pan-
boreal forest biome of North America and Eurasia. The suc-
cession of events affecting boreal forests in Canada in 2023,
Siberia in 2020, and both North America and Asia during
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Continental Biomes

Countries

R

Rank of Burned Area in Mar 2023 - Feb 2024
amongst the same months of all years 2002 - 2024

1 2 3 4 5 18 19 20 21 22

Figure 2. Ranks of BA during March 2023—February 2024 versus previous March—February periods (n = 23 global fire seasons) for three
regional layers: (a) continental biomes, (b) countries, and (c) states or provinces. Results for regions with high-ranking (top 5 years) or
low-ranking (bottom 5 years) events are highlighted. The timing of BA anomalies is shown in Fig. S2 in the Supplement.
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Countries

(b) Global Administrative Regions (Level 1)

Rank of Carbon Emissions in Mar 2023 - Feb 2024
amongst the same months of all years 2003 - 2024

1 2 3 4 5
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Figure 3. Rank of fire C emissions during March 2023-February 2024 versus all March—January periods since 2003 (n = 21 global fire
seasons), at the scale of (a) countries and (b) level 1 administrative regions. We consider C emissions estimates from two products (GFAS
and GFED)), first calculating the mean emissions value from the two products and then ranking the values.

2021 appears to be part of a continued trend towards rising
fire extent in the high latitudes this century.

Elsewhere in the southern hemispheric extratropics, sig-
nificant rises in forest BA have been seen in Chile since
2002 (487 %), including in the central regions of Araucania,
Biobio, Maule, Nuble, and Valparaiso, ranging from 35 to
109 %. Extreme fires in Valparaiso during 2023-2024 and
in Araucania, Biobfo, and Nuble in the 2022-2023 fire sea-
son follow an extreme 2022-2023 fires season in Maule,
Nible, Biobio, and Araucania (Appendix A), consistent with
a longer-term rise in BA in central Chile (Fig. 5). Increases
in BA are not generally significant in fire-prone parts of the
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southern hemisphere extratropics, such as Africa or Aus-
tralia.

In the tropics, trends in total and forest BA show a variety
of patterns. While total BA has reduced across much of the
savannah-occupied regions of South America, Africa, and
northern Australia, trends in forest BA (> 30 % tree cover)
are far more varied (Fig. 5). Hence, fires in woody tropi-
cal vegetation show a less consistent global trend. In addi-
tion, exceptions to the general decline in total BA across the
tropics are seen in the Brazilian State of Amazonas and the
Congo basin and across much of India (Fig. 5). The trend
in Amazonas, among the most pristine parts of Amazonia,
contrasts with other states of Brazil such as Mato Grosso and
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(b) 95th Percentile Fire Size

Rank of Value in Mar 2023 - Feb 2024
amongst the same months of all years 2002 - 2024

1 2 3 4 5 18 19 20 21 22

Figure 4. Ranks of (a) fire count, (b) 95th percentile fire size, and (¢) 95th percentile daily rate of growth during March 2023—-February 2024
versus all March—February periods since 2002, at the scale of states or provinces (GADM administrative level 1 regions).
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Table 2. Representation of selected individual fire events in the MODIS BA product (Giglio et al., 2018) and the Global Fire Atlas (Andela

etal., 2019).

Event Global Fire Atlas  Dates (Global Reported area Dates Reference Comment
fire size (kmz) Fire Atlas) (kmz) (reference) (reference)
Alexandroupolis  wild- 892 19to 930 19to Xanthopoulos et Good characterisation of the
fire, Evros, Greece 30 August 2023 31 August 2023 al. (2024) event, with two fires merging in
the date range and ultimate fire
size comparable to reference.
Fire near La Grande 10725 29 May to 11400 1 June to NASA Earth Observa- Reasonable characterisation of
Reservoir, Quebec, 23 July 2023 (VIIRS) 23 July 2023 tory (2023; VIIRS); the fire’s extent and timing.
Canada 9694 Jain et al. (2024;
(NBAC) NBAC)
Valparaiso wildfire, 91.54 31 January to 85 2t05 NASA Earth Good characterisation of the
Chile 10 February February 2024 Observatory ~ (2024); scale of the event and its
2024 Copernicus Emergency  perimeters at various wildland—
Management  Service urban interfaces versus refer-
(2023a) ence data.
Lahaina wildfire, 1.50 8to 8.49 8to Fire Safety Research MODIS data have coarse spa-
Maui, Hawaii 12 August 2023 9 August 2023 Institute (2024) tial resolution relative to scale

of event. Spread into urban ar-
eas not captured.

Western Australia 45544 31 August to 56561
(Great Sandy Desert 28 November
and Anna Plains fires) 2023

27  September
to 1
November 2023

Department of Fire and
Emergency  Services,
Western Australia
(shapefile for the Great

The Global Fire Atlas splits this
event into 53 fires; we report
their total combined area.

Largest individual fire area in

the Global Fire Atlas was
760 km? (ignited 6 Septem-
ber 2023).
Great Sandy Desert and Anna
Plains fires merged on 25 Octo-
ber 2023.

Sandy Desert and Anna
Plains fires; Agnes
Kristina, personal
communication, 2024)

Para, where deforestation rates and deforestation-related fires
have fallen since their peak during the early 2000s (Silva Ju-
nior et al., 2020 ). The anomalous fire activity and C emis-
sions in the State of Amazonas during the 2023-2024 fire
season (but not other states of Brazil) thus appear to be con-
sistent with the emerging pattern of increased fire in the re-
gion. Meanwhile, the 2023-2024 anomalies in BA and other
fire properties in the Bolivian, Peruvian, Colombian, and
Venezuelan parts of Amazonia (Appendix A) typically oc-
curred against a backdrop of reduced BA or no significant
trend in recent decades (Fig. 5).

2.2.3 Focal events of this report
Canada

In this year’s report, the extreme wildfire season in Canada
is selected as one of our focal events. It emerges as a ma-
jor event of global relevance for the following reasons (see
Sect. 2.2.1 and the results of the expert consultation pre-
sented in Appendix A):

— Record-breaking burned area. The North American bo-
real forests, particularly in Canada, experienced an un-
precedented fire season. The BA reached 6 times the
average since 2001.

https://doi.org/10.5194/essd-16-3601-2024

— High C emissions. Fire C emissions in Canada were

over 9 times the average since 2003, contributing signif-
icantly to global C emission totals for the year. Canadian
boreal forests contributed 24 % towards the total above-
average global fire C emissions in 2023-2024, up from
3 % in an average year.

— Early and persistent fires. Positive BA anomalies were

visible from April 2023 (Fig. S9) and persisted through
to O