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Wildfires under climate change 
A burning issue



1.   
Waves  
of extreme  
wildfires

Recent years have seen devastating wildfires in many regions of the 
world, following heatwaves and droughts. Much news coverage focuses 
on Northern hemisphere wildfires destroying towns, such as during the 
extraordinary 2020 fire season in the western United States.1 The extensive 
2021 evacuations from the Greek island of Euboea brought haunting 
images of what researchers suggest will become more frequent events in 
Mediterranean countries.2  

Catastrophic wildfires rage in the global South as well. In 2019/2020, 
Australia experienced the unprecedented Black Summer fires, with news 
stories and shocking images broadcast internationally.3 Despite being 
a country shaped by fire in many ways, the sheer scale and intensity of 
the Black Summer fires brought into focus how global warming is adding 
to wildfire risk.4-7 The fires burned over 24 million hectares, thousands 
of homes were destroyed and 33 people lost their lives.3 The 2019-2020 
massive fires destroyed critical habitats for hundreds of species, including 
those already threatened with extinction.8

In Latin America, the rapid and widespread deforestation of savannahs 
and tropical rainforests, compounded by droughts and the limitations of 
existing fire management policies, has led to disastrous wildfires in recent 
decades.9-11 In 2019, more than 6 million hectares burned in the Chiquitania, 
Cerrado and Amazon regions in Bolivia, Brazil, Colombia, Paraguay and 
Peru, mostly within protected areas of native vegetation.12,13 During the 
dry season of 2020, another long and destructive wave of wildfires swept 
through the area.14,15 Across Africa, fires are visible in satellite imagery 
throughout the year, adding up to vast burned areas in observation and 
monitoring records.15

Over continents and biomes, there are similarities among these extreme 
wildfire events in the form of underlying risk factors, hazards and 
consequences for society and the environment. Long-term effects on 
physical and mental health are not limited to those fighting wildfires, 
evacuated, or suffering great loss.16-20 Smoke and particulate matter from 
wildfires deliver significant consequences for human health in downwind 
settlements, sometimes thousands of kilometres from the source.21-23 
Research suggests that the most vulnerable – women, children, elderly, 
disabled and the poor – suffer the worst ongoing damage from their 
wildfire exposure, echoing the acknowledged understanding of this same 
result as the common outcome from most disasters.24,25 

The observed trends towards more dangerous fire weather conditions for 
wildfires are likely to continue increasing, due to mounting concentrations 
of atmospheric greenhouse gases and attendant escalation of extreme-
wildfire risk factors.4,6,26-34 Beyond changing climate, the heightened 
intensity of some wildfires can be attributed to land-use change and fire 
management approaches that do not appreciate the close relationships, 
evolved over millennia, between vegetation and fire.11,35-38  

With compounding effects of a heating climate that extends fire seasons 
and can deliver more natural ignition events, of changes in land use 
that introduce more combustible fuel and ignition risks, and of more 
communities built at the wildland-urban interface, significant challenges 
lie ahead as we learn more about how to live with the fire component of the 
ecosystems we occupy. 

“The observed trends 
towards more dangerous 
weather conditions for 
wildfires are projected to 
continue increasing, due to 
mounting concentrations 
of atmospheric greenhouse 
gases, with escalating risk 
factors.”

On 11 July 2012, more than 25,000 
hectares of boreal forests were 
burning across central and eastern 
Siberia, Russia. Uncontrolled 
wildfires were alight from Yugra in 
the west to Sakhalin in the east. This 
satellite image shows fires raging 
near the Aldan River in Yakutia on 10 
July 2012.

Source: NASA Earth Observatory
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https://earthobservatory.nasa.gov/images/78515/wildfires-in-siberia
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The size of each circle represents weekly burned area 
data. Total burned area is calculated by adding together 
daily estimates, where multi-day burns during the time 
period are counted multiple times, making the 
overlapping circles appear brighter.

Data source: The monthly MODIS Burned Area Product 
(MCD64A1 v006) is publicly available for download from Global 
Forest Watch (https://globalforestwatch.org/topics/fires)

The Brazilian savannah, or 
Cerrado, covers about 23% of total 
land area, the second largest 
biome after the Amazon rainforest 
(48%). Fires in the Cerrado have 
increased in frequency and 
concentration in the dry season 
and now tend to burn every 2–3 
years, such as in 2004, 2007, 
2010, 2012, 2015 and 2017.

70–90% of the total burned area of 
Russia is in Siberia, with the majority 
of Siberian wildfires occurring in 
larch-dominated forests. In southern 
Siberia, the 2003 extreme fires in the 
permafrost-underlain larch forests 
were influenced by low surface 
moisture and lack of precipitation 
in the previous year, and elevated 
temperatures in early 2003.

30% of Angola's land surface 
burns every year, with the largest 
impacts in areas with a high 
proportion of forest and a small 
fraction of natural shrubland and 
grassland. The practice of felling 
forest to create open land for 
grass development has 
promoted more intense fires in 
the dry season. 

The rising trend in forest megafire years 
with burned areas larger than 1 million ha 
since 2000 is associated with more 
frequent dangerous fire weather conditions, 
including the increased occurrence of 
fire-generated thunderstorms and 
ignitions from dry lightning.

The unusual fire events in 
Bolivia in 2004 have been 
linked to the impact of 
drought and forest loss.

This chart illustrates global burned 
area patterns from 2000 to March 2021, 
using the remote sensing data set 
from NASA's Moderate Resolution 
Imaging Spectroradiometer (MODIS). 

According to research on 
long-term trends, the 2005 
wildfires in Paraguay have 
been associated with a rise 
in deforestation.

The record number of forest 
fires in Mexico in 2011 were 
most likely associated with 
prolonged drought periods 
due to less winter rain in the 
previous year.

The extensive burned areas in the 
boreal forests of the Northwest 
Territories of Canada in 2014 and 
the United States’ Alaska in 2015 
are attributed to a record number of 
climate-driven lightning ignitions. 

The conversion of native forests to 
areas of highly flammable vegetation, 
together with a sustained megadrought 
in central Chile facilitated large fires 
during the 2016/2017 fire season.

* South Sudan gained independence from Sudan on 9 July 2011. The burned area data prior to the date have been mapped to the present border demarcations of both countries.

From 2002 to 2016, approximately 423 million hectares 
of the Earth’s land surface burned annually, the majority (67%) on 
the African continent.39 A related analysis estimated that from 2003 
to 2016 over 13 million individual fires occurred globally, each 
lasting 4–5 days.15 On average, each ignition burned an area of 440 
hectares globally, while in Australia individual fires burned up to 
1,790 hectares.15

Burned areas in the last two decades

The data includes all types of burned 
areas detected – including cropland, 
pasture, and natural vegetation – 
regardless of the ignition source, fire 
types, or reason for burning.
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See page 38 for complete references.



2.   
Human influences  
on wildfires

Wildfires are a natural feature of the Earth system, necessary for the 
functioning of many ecosystems. Interactions between vegetation 
and climate over extended periods establish a particular pattern of 
wildfire recurrence in a defined ecosystem, known as its fire regime.40 
Deviations from the prevailing fire regime – the timing, frequency, size 
and intensity of wildfires – can drive significant ecological changes in 
both fire-dependent ecosystems that need fires to thrive and fire-sensitive 
ecosystems where fires bring more negative than positive effects.37,41-45 

Humans directly and indirectly alter fire regimes by modifying landscapes 
and their vegetation, by starting fires as a land management practice 
where natural fires rarely occur, by suppressing and preventing fires 
to protect human communities, and by changing the climate.42 Land 
clearing, deforestation, agricultural expansion, resource extraction and 
urban and rural development are all major land-use changes that can 
interfere with natural fire regimes.41 

Fire-sensitive tropical rainforests seldom burn naturally, because fire 
ignitions are rarely sustained in such a humid environment with moist 
vegetation.45 Now wildfires have become more common in some regions 
where they were not expected to occur, including due to climate change 
as well as other factors such as land-use change and deforestation. In the 
Amazon rainforest fires are set by humans: native vegetation is cut down, 
the more valuable timber is selected and removed, and the remains are left 
to dry until the debris is deliberately set alight to open space for farms and 
grazing land.10,11 Forest fragmentation and the eventual breakdown into 
savannah and grassland create favourable conditions for future wildfires, 
resulting in the permanent loss of tropical forest ecosystems.46 

Growing urbanization, as cities expand into wildland, is another 
important form of land-use change and landscape transformation. 
Recent decades saw a rapid expansion of cities towards forest areas in 
many regions.47 This wildland-urban interface is the area where wildfire 
risks are most pronounced.48 

Inappropriate fire management policies, including aggressive fire 
suppression, and the low recognition of traditional fire management 
practices and indigenous knowledge, can generate a cascade of 
challenges.11,49-51 In some other cases, attempts to eliminate fire from 
ecosystems, including fire-dependent ones, can lead to build-up of fuel 
loads and an associated increase in ignition risks.52-55 Fire management 
policies such as these can result in fire regime shifts with large and 
frequent wildfires becoming prevalent.37,56 

In recent decades, a growing recognition of the need for a system and 
whole-of-landscape approach that is integrated with the cultural and 
ecological significance of indigenous land management is helping 
to promote ecological health and prevent larger, more destructive 
uncontrolled fires in ecosystems.57,58 For example, fire management 
initiatives in Australian savannahs have measured and monitored the 
effects of prescribed burning that incorporates indigenous wildfire 
management techniques, with positive results.57  This approach has 
provided inspiring examples for other countries, including in Brazil’s 
Cerrado and Botswana’s savannah ecosystems.59 

On 13 June 2020, a vehicle fire 
ignited vegetation near a highway 
in Phoenix, Arizona, USA, resulting 
in a burned area of nearly 26,000 
hectares in 3 days.

 The satellite image acquired by 
the Operational Land Imager (OLI) 
on Landsat 8 shows the burn scar 
and some active fire fronts as they 
appeared on 14 June 2020. The 
combination of natural colour with 
the infrared signature of active 
burning enhances detection of 
ongoing fires through the smoke.

Source: NASA Earth Observatory
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https://earthobservatory.nasa.gov/images/146851/bush-fire-scorches-lands-near-phoenix


Wildfires in the Anthropocene

Fire ecology

What is a wildfire?
A wildfire is a free-burning vegetation fire, including fires that can pose 
significant risk to social, economic, or environmental values. It may be 
started maliciously, accidentally, or through natural means.38

A wildfire can be short in duration and small in area but more commonly 
burns for an extended period of time and over a wide area. The behaviour 
of a wildfire can be largely benign around its perimeter but will sometimes 
be characterized by periods of rapid spread and intense behaviour at its 
front, against which suppression and other risk mitigation efforts may be 
ineffective. The impacts of a wildfire may be immediately and directly 
apparent or may materialize some time after the fire is extinguished.38

While wildfires can occur naturally, most are a result of human actions such 
as clearing land after industrial deforestation and for agriculture or human 
settlement, managing pastures for grazing livestock, and negligence.38

Depending on the interactions between vegetation and climate, wildfires 
generally behave according to a pattern specific to the surrounding 
ecosystem, known as the fire regime. The attributes of a fire regime include 
frequency, burn extent, intensity, severity and seasonality. 

Surface fires 

These burn through leaf litter, dead material and 
vegetation on the ground. Predominant and 
frequent in grasslands and savannahs where 
productivity is high. Also common in woodlands 
and forests where litter is the main fuel. Surface 
fires can spread vertically by igniting bushes and 
shrubs to become crown fires.  

Crown fires 

These ascend from ground to tree crown and can 
spread through the forest canopy. Common in 
Mediterranean-climate woodlands and boreal 
forests. The most intense and dangerous 
wildfires, often the most difficult to suppress. 
Spread generally requires heavy fuel loads and 
strong winds. 

Ground fires 

These burn decomposed organic subsurface layers of soil and usually do not produce visible flames. 
Difficult to fully suppress, ground fires can smoulder over winter and may re-emerge in spring. Most 
common in peatlands and bogs, and can develop into surface fires.

Fire regimes are changing

Types of wildfires
Depending on biomass fuel and weather conditions, there are three 
types of wildfire. A single fire event may exhibit all or a combination 
of these three fire types.

Wildfires can occur naturally when three elements combine: 

Ignition 
heat from the sun 
or lightning strike 
to ignite a fire

Fuel 
sufficient combustible 
materials to feed the 
flames

Weather 
conditions such as 
temperature, wind, or 
relative humidity to 
enable spread 

+ +

Wildfire and ecosystems 
Wildfires play a key role in maintaining ecological functions and 
biodiversity. Many ecosystems evolved to incorporate wildfire 
recurrence and depend on them to maintain ecosystem health. 
For instance, some plants need recurring fires to trigger germination 
and burn off competing vegetation. Because species in a given 
habitat have adapted to a specific fire regime, any change can 
impact both species and ecosystem as a whole.

Fire-dependent plants 
In fire-prone ecosystems, many plant species 
depend on recurring fires in their life cycle. 
Fires trigger flowering, seed dispersal, 
or seed germination.36

Land-use change 
Land-use changes associated with agriculture, deforestation and urban 
development are driving substantial changes to fire patterns in a wide 
range of ecosystems.35 

People frequently use fires to manage land where wildfires are rare, or 
suppress fires where wildfires are common. Land conversion from 
native vegetation changes fuel properties that may lead to higher 
severity or frequency of wildfires. 

Urban development at the wildland-urban interface requires that fire risks 
be managed and aggressively suppressed, resulting in changes to natural 
fire regimes.42

Land development not only modifies vegetation, but the fire suppression 
and exclusion policies, intended to protect human lives and properties, 
also lead to fuel accumulation and severe fires when they do burn.35,37 

The burned area and average size of wildfires in California, USA, have 
increased in the last decades. Rapid urbanization along the forest 
edges, accumulation of biomass fuels from decades of fire suppression 
and extreme drought and heat exacerbated by climate change 
contribute to the surge in large fires. 

Expanding wildland-urban interface

Changing fire regimes in selected biomes

Some species common to boreal forests and 
Mediterranean-climate regions store seeds 
in cones for years until a fire event triggers 
their release.  

The map shows active fires of all types observed from 1 January to 20 September 2021. The image was 
created by merging still frames extracted from NASA's time-lapse video of active fires. For best viewing 
of the dynamic changes in fire intensities over time, go to NASA Scientific Visualization Studio.

Smoke and charred wood can also induce 
seed germination in many species in 
fire-prone shrublands.  

Wildfire events stimulate flowering in 
bulb-producing plants such as orchids and lilies, 
and in perennial grasses.

Where fires burn 

Fire intensity (watt/m2)

0.001 0.25

From 2003 to 2016, over 13 million individual fires 
occurred globally with mean durations lasting from 
4 to 5 days, varying by continent and fire 
circumstance.15 Average burned area of each fire 
was 440 hectares.15

Number of fires detected from 2003–2016 

Savannah 77%
9.8 million fires
Average size: 510 ha
Burning duration: 4–5 days

Deforestation 7%  
0.9 million fires
Average size: 380 ha
Burning duration: about 4 days

Boreal forest 2% 
0.2 million fires
Average size: 540 ha
Burning duration: 5–6 days

Temperate forest 1%
0.18 million fires
Average size: 410 ha
Burning duration: about 4 days

Agriculture 13%
1.6 million fires
Average size: 340 ha
Burning duration: 3–4 days

1970s
Fires in Fires in Fires in Fires in Fires in Fires in

1980s 1990s 2000s 2010s 2020s

Around the Mediterranean, reduction in pastoral activities has converted 
grasslands into highly flammable shrublands.36

 
In tropical rainforests where most species have not evolved to recover 
rapidly from fire, wildfire is often used to convert forests to ranches and 
farmlands. This land clearing changes fire regimes at local scale, which 
becomes ecosystem conversion at larger scale.41 

In Brazil, land-use changes such as deforestation and agriculture have 
resulted in an increase in fires across the country, including in the Amazon 
rainforest region where fires were previously rare. 

Human activity is largely responsible for introducing invasive species 
that can alter fire regimes by changing the vegetation structure within 
the ecosystem, changing fuel quantity and properties.37

Altered fire regimes can create conditions unsuitable for native 
vegetation to recover after a wildfire, but suitable for invading 
fire-tolerant species to flourish. 

Across many ecoregions of the USA, invasion by certain non-native grasses 
has increased fire occurrence by 230% and fire frequency by 150%.44 

Many invasive grasses have high fuel biomass and low moisture, creating 
conditions favourable for wildfires. Some of the most successful invasive 
grasses germinate seeds when cued by heat and smoke. 

See the timelapse

Fire and invasive species

The table adapted from Bowman et al. (2011)35 summarizes how 
regimes in selected biomes from low to high latitudes have changed 
following global industrialization.

Very infrequent 
low-intensity surface fires 
with negligible long-term 
effects on biodiversity

Frequent surface fires 
associated with forest 
clearance causing a switch 
to flammable grassland or 
agricultural fields

Tropical 
rainforest

Frequent fires in dry 
season causing spatial 
heterogeneity in tree 
density

Reduced fire due to heavy 
grazing causing increased 
woody species 
recruitment

Tropical 
savannah

Infrequent fires following 
wet periods that enable 
fuel build-up

Frequent fires due to the 
introduction of alien 
flammable grasses

Mid-latitude 
desert

Frequent low-intensity 
surface fires limiting 
recruitment of trees

Fire suppression causing 
high densities of juveniles 
and infrequent 
high-intensity crown fires

Mid-latitude North 
American seasonally 
dry forests

Infrequent high-intensity 
crown fires causing 
replacement of entire 
forest stands

Increased high-intensity 
wildfires associated with 
global warming causing 
loss of soil carbon and 
switch to treeless 
vegetation

Boreal 
forest

Biome

Pre-industrial 
fire regime

Post-industrial 
fire regime

Source: Adapted from Bowman et al. (2011)35. Published with permission from John Wiley & Sons Ltd.

1985
Land use

Forest   Savannah   Pasture   Agriculture

2020
Land use

2010–2020
Fire scars

Fire scars

Source: MapBiomas Project - Collection 6 of the Annual Series of Land Use and Land Cover Maps of Brazil available at http://mapbiomas.org. 
MapBiomas Project is a multi-institutional initiative to generate annual land use and land cover maps from automatic classification processes applied to satellite imagery. 
Source: MapBiomas Project - Collection 6 of the Annual Series of Land Use and Land Cover Maps of Brazil available at http://mapbiomas.org. 
MapBiomas Project is a multi-institutional initiative to generate annual land use and land cover maps from automatic classification processes applied to satellite imagery. 

Source: NASA Earth Observatory (https://earthobservatory.nasa.gov/images/148908/whats-behind-californias-surge-of-large-fires)
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Photo credit for mid-latitude North American seasonally dry forest: kenkistler / Shutterstock.com

https://svs.gsfc.nasa.gov/4945
https://svs.gsfc.nasa.gov/4945
http://Shutterstock.com


3.   
Changing climate, 
changing fire weather 

Globally, many types of extreme weather events are now more intense and 
occurring more frequently than in the past due to anthropogenic climate 
change.27,28 Long-term warming trends show that most years are now hotter 
than those observed before 1950 in 41 out of the world’s 45 regions.28 
Hotter temperatures, coupled with more droughts, lead to longer fire 
seasons and more likelihood of dangerous fire weather conditions.1,26-34,60,66 

Research focusing on western North America shows that heatwaves 
and multi-year droughts are not only fostering more wildfires, but the 
wildfires are increasing in severity and burning larger areas.30,34,61 In South 
America, severe and prolonged droughts and higher air temperatures are 
associated with increased fire incidence and severity in humid tropical 
areas and seasonally flooded wetlands, including areas where wildfires 
were unprecedented.14,62-65 In the temperate climate region of Australia, 
rainfall in the period leading to the fire season has declined by over 10 per 
cent since the late 1990s.67 Based on over 100 years of data, 2019 was 
Australia’s hottest and driest year on record.5,66,67 In Chile, New Zealand 
and parts of Africa, research has also shown the influence of climate 
change in increased drought conditions and forest fire activity.62,68-71 In 
Southern Europe and around the Mediterranean Sea, climate change is 
likewise driving more dangerous fire weather conditions as the entire Basin 
transitions into a more arid system.2,28,35,72,73 

Lightning is an important natural ignition source for wildfires and frequency 
of lightning strikes in some parts of the world are projected to increase with 
a changing climate.74-81 In recent years climate-driven lightning ignitions 
account for the majority of burned areas in the North American boreal 
forests.82 An increased frequency of dry lightning – a type of lightning 
that occurs with little or no precipitation – has also been documented in 
some parts of southeast Australia in recent decades, while some areas 
experienced a decline.83 Of the total area burned by wildfires, a significant 
proportion can be attributed to lightning ignitions, because they can occur 
variably over time and space and they spread in remote regions that are 
difficult to reach with response capabilities.74  

Another phenomenon that has become more frequently reported in 
Australia and North America in recent decades is the fire-generated 
thunderstorm.4,6,84-89 A characteristic of more extreme fire events, these 
thunderstorms form in wildfire smoke plumes, generating what are known 
as pyrocumulonimbus clouds. The frequency of weather conditions 
associated with the occurrence of fire-generated thunderstorms is increasing 
over time in parts of southern Australia, with these increases projected 
to continue.4,77,86,90 Fire-generated thunderstorms can contribute to more 
dangerous conditions for fires on the ground, including more erratic wind 
speeds and changes in direction, as well as generating lightning that 
can ignite new fires far beyond the fire front.85 They illustrate the risk of 
dangerous feedback loops between the fire and atmospheric processes. 

Available biomass fuel is a key factor driving fire intensity under the 
uncertain influence of climate change. Fuel loads may increase due to 
the CO2 fertilization effect when higher carbon dioxide concentrations at 
ground level encourage certain plant types to thrive.91-93 While the bulk of 
organic material could increase, lower relative humidity would turn the 
greater bulk into dry fuels for wildfires. Fuel load has also increased due to 
the practice of wildfire exclusion in some cases.26,94 Better comprehension 
of fire-dependent ecosystems, and fire ecology as a whole, is fostering the 
shift toward integrated fire management including the use of controlled and 
prescribed burning at appropriate times and under the correct conditions to 
reduce fuel loads.42,95 

While climate change is already influencing wildfires, wildland fires may 
likewise be influencing climate change.28,96,97 Loss of the Amazon rainforest 
and thawing of Arctic permafrost are considered two possible tipping 
elements that could potentially accelerate climate change.28,98,99 Recent 
research has indicated deforestation in the Amazon is shifting the region 
from a carbon sink to a carbon source and permafrost thaw is accelerating 
in the Siberian Arctic, with fires as contributing factors in both cases.87,88,100 

In November 2019, numerous 
bushfires were burning north of 
Sydney, Australia, with thick smoke 
blowing towards the coastal cities of 
Coffs Harbour and Port Macquarie. 
Air quality in the affected cities 
reached hazardous levels.  
Record-breaking temperatures, strong 
winds and a persistent lack of rainfall 
enabled massive bushfires across the 
state of New South Wales.

Source: NASA Earth Observatory.

“Globally, many types of 
extreme weather events 
are now more intense 
and occurring more 
frequently than in the 
past due to anthropogenic 
climate change. Hotter 
temperatures, coupled 
with more droughts, lead 
to longer fire seasons 
and more likelihood of 
dangerous fire weather 
conditions.”
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Lightning ignition

Lightning is an important natural ignition source for wildfires. Lightning 
strikes are projected to increase in frequency in some parts of the world as 
climate changes. Lightning ignition is the predominant driver of massive 
wildfires in the boreal forests of North America and northern Siberia.60 

Fire-generated thunderstorms
Extremely intense fires can trigger the 
development of smoke-infused thunderstorms 
that can cause more dangerous fire behaviour as 
well as ignite new fires through lightning.

Impacts of extreme wildfires 
on the Earth’s system

Species under threat 
of altered fire regimes

Smoke plume

A plume of hot, turbulent air and smoke rises 
above a large area of intensely burning fire.

Plume cools

Cooler air mixes into the plume as it 
rises, causing it to broaden and cool. 

Erosion 

Wildfires increase the susceptibility of soil 
to erosion when exposed to postfire 
precipitation. Erosion normally occurs 
before vegetation has redeveloped. Slope 
failures can lead to catastrophic debris 
flows and landslides in some environments.

Changed albedo 

Atmospheric transport and deposition of soot 
reduces surface albedo and enhances snow and 
ice melt. Soot deposits from Amazon basin 
wildfires are found to increase the melting of the 
Andean glaciers. 

Water pollution

Following severe wildfires, elevated sediment 
levels in rivers increase turbidity, alter water 
temperatures, and affect fish abundance. 

Post-wildfire erosion brings a range of nutrients  
and contaminants into water bodies, affecting 
water quality and aquatic species. 

Nutrients such as nitrogen and phosphorous 
released into water bodies can cause 
eutrophication and reduce the levels of 
dissolved oxygen, posing a risk to aquatic 
organisms.

Ocean fertilization

Large, intense wildfires release enormous 
amounts of aerosols, including bio-essential 
trace metals such as iron. Atmospheric 
transport of iron-rich aerosols from the 
2019/2020 Australian extreme wildfires 
caused large-scale algal blooms in the 
South Pacific over a 4-month period.

Carbon sink turns into carbon source 

Large and frequent wildfires in boreal and tropical 
forests may transform terrestrial carbon storage 
into major sources of greenhouse gases.

Biodiversity loss 

More frequent and more intense wildfires can 
produce a long-term change in plant species 
composition and structure of forest ecosystems. 
Reburns may also become more common, 
potentially reducing post-fire regeneration. 
Depending on the original forest type, reburns 
could possibly result in a shift to non-forest 
vegetation.

Atmospheric pollution

Large wildfires emit vast amounts of atmospheric 
pollutants, such as black carbon, particulate 
matter, and greenhouse gases. These pollutants 
may be transported a long distance and deposited 
over remote landscapes, including glaciers.

Cloud 

When the plume rises high enough, lower 
atmospheric pressure causes further cooling 
and clouds form.

Thunderstorm

In the right environmental conditions 
(known as a weakly-stable atmosphere) 
a thunderstorm may develop. 

Downburst

Rain from the cloud 
sometimes evaporates 
as it falls and cools when 
it comes into contact 
with dry air, producing 
a downburst of wind. 

Lightning

Lightning may be 
produced and can ignite 
new fires far ahead 
of the fire front.

Climate change is increasing the risk of large and more intense fires.5,6,42 
Climate directly affects the production and condition of biomass, and 
weather that supports fire ignition and propagation. In the months 
preceding fire season, prolonged warm and dry weather reduces 
vegetation moisture, increasing risks of fire ignitions that may develop 
into wildfires and spread. In contrast, unusually high rainfall increases 
plant growth that then may serve as fuel in the next dry season. Large 
fires in woody ecosystems occur during prolonged drought events, such 
as in regions affected by El Niño variability.5,36 

Climate change: 

Fire weather is becoming 
more extreme

3

4

5

6

2

1

Percentage of species threatened by altered 
fire regimes including fire exclusion per habitat

28.0%
463 

species

26.3%
1,315 

species

26.0%
822 

species

25.7%
1,768 

species

18.7%
7,629 

species

10.9%
4,469 

species

7.6%
144 

species

Savannah Grassland Rocky areas Shrubland Forest Wetlands Desert

Source: Adapted from 
National Environmental Science Programme 
of the Australian Government 2020

Source: Kelly et al. (2020). See page 40 for a complete reference.

See page 40 for a complete reference.
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4.   
Wildfire management 
improvements in the face 
of further climate changes

As the loss and damages from extreme wildfires mount, needs for both 
prevention and response management approaches are gaining attention. 
The threats will only increase as anthropogenic climate change intensifies, 
including in cases where land-use changes fail to follow best practices to 
conserve ecosystem resilience and landscape integrity. 

While developed country practices have often emphasized fire exclusion, 
many developing countries lack capacity to manage fires, beyond 
responding once the disaster becomes an immediate threat to life 
and property. Effective fire management is important in fire-dependent 
ecosystems, such as savannahs and grasslands, where fuel loads build up 
and increase fire risks, especially in the peak of the dry season.53 Whether 
ignited by lightning or humans, fuel loads that have accumulated over years 
or decades can result in uncontrollable wildfires. In contrast to total fire 
exclusion approaches, recognition of indigenous practices that maintain 
manageable fuel loads and productive ecosystems through periodic 
controlled burns is now a common practice in some regions.50,57,59,107,110 
However, certain countries still follow wildfire suppression policies, where 
attempts to exclude fire completely from the landscape can add to the 
intensity and severity of dry season wildfires.55 

Longer fire seasons as influenced by climate warming can hamper the 
practice of controlled burns since the conditions for safely undertaking 
these fuel reduction burns are specific. Rising temperatures and increasing 
fuel availability, through longer growing seasons and hotter, drier 
weather, may change opportunities for safe controlled burns, which has 
consequences for the long-term management of wildfire risk.91 

Long-range planning depends upon various cooperative components 
among countries and world regions, including the sharing of resources 
such as aircraft and firefighters between the Northern and Southern 
Hemispheres. This worked well when fire seasons did not overlap. 
Now, with longer fire seasons and more intense demand on firefighting 
resources during extreme wildfires, this sharing of capabilities will become 
increasingly difficult.3,34 

The Royal Commission investigating Australia’s 2019/2020 fires 
presented a wide-ranging set of recommendations, comprehensively 
covering improved planning, policies, and practices; increased fire-fighting 
capabilities; enhancing community resilience; and land management 
strategies that include indigenous practices of controlled burning.3 The 
recommendations supported improved design standards for buildings and 
infrastructure at the wildland-urban interface. This could provide a practical 
means to incorporate climate change science into routine practices for 
enhanced resilience, using knowledge of how risk factors have already 
changed and are likely to continue changing. 

The next decade will be critical in building greater resilience and adaptive 
capacity to wildfires. Use of participatory approaches and involvement 
of vulnerable groups in all phases of preparedness and response is 
necessary.109 Implications for children, women, elderly, people with 
disabilities, and other at-risk groups can affect whole communities and 
society at large, both at the time of the extreme event and for years 
afterwards. Local knowledge can help address questions of ecological 
integrity and social justice.110 Calls for further research should address 
vulnerable groups’ exposure to hazard risks before, during and after 
extreme wildfires. 

Additional and improved research on reducing fire risk should include cost 
assessments integrated with social science and environmental assessments 
of how effective different actions might be.110 Enhanced scientific 
understanding of extreme wildfires should examine how land-use change 
or land management affects these events. Further research should explore 
how lightning and vegetation conditions may change in the future, noting 
considerable uncertainty due to the limitations of currently available climate 
modelling methods, especially through observations and data collection on 
extremes including wildfire-generated thunderstorm systems.84 

Pressure will become more pronounced with further loss and damage 
that climate changes bring. To avoid the disastrous impacts of worsening 
extreme wildfires, our ability as communities to prepare for, respond to and 
manage these extreme fire events must match or exceed the rate of climate 
change influence accelerating their threat.

The absence of adequate fire management policies in Latin America 
dates back some centuries.55,101,102  Yet increasing extreme wildfire 
events have demanded special attention from rural, traditional 
and indigenous communities, who are not only directly affected 
by such disturbances, but are also restrained in managing their 
own territories in some cases.10  These peoples have therefore 
implemented ancient fire management practices that deliver the 
safest outcomes by protecting themselves, conserving the natural 
ecosystems essential to their livelihoods, producing crops, and 
preventing wildfires spreading.10,50,103 

In the last decade some Latin American governments have 
recognized traditional fire knowledge and learn from these ancient 
fire management techniques to adjust their wildfire prevention 
strategies.55,103 In 2014, a pilot programme of integrated fire 
management was initiated in Brazil, encouraged by the Brazilian-
German Cooperation Project “Prevention, Control and Monitoring of 
Bushfires in the Cerrado”, and inspired by a successful Australian 
abatement and carbon sequestration accounting methodology.104,105 

The increased frequency and intensity of natural disasters are 
posing a greater challenge to existing approaches to disaster risk 
reduction. New tools offer an enhanced ability to address systemic 
disaster risk. Globally, refinements in modelling and observations 
data, including from remote sensing capabilities – satellites, 
ground-based radar, lightning detection, and data processing 
– facilitate improved systems for monitoring, predicting and 
managing wildfires. 

The monitoring and data handling power offered by systems such as 
the European Union’s Copernicus programme on Earth observations 
and the US National Aeronautics and Space Administration are 
supporting efforts worldwide.112 The Latin-American Regional 
Network for Remote Sensing and Forest Fires enables joint efforts 
and resolutions for fire management operations in Latin America.113 
Brazil’s National Institute for Space Research promotes research 
and enhances monitoring capacity throughout the region with the 
Queimadas Programme, developing innovative tools for wildfire risk 
detection and frequently updated heat source information.114

South Africa uses a nested model for fire prevention and 
management, through the Working on Fire programme, in which 
provincial fire protection associations coordinate with district and 
local counterparts to develop community skills and employment 
focused on fire management and firefighting.115

The programme started in 3 Cerrado protected areas and after 5 
years scaled up to 74 areas distributed across all Brazilian biomes. 

This integrated fire management reduced the area burned by late dry 
season wildfires by up to 57% and mitigated 36% of the associated 
greenhouse gas emissions.50,106 In addition, more than 2,000 local, 
traditional and indigenous fire brigade members are being hired and 
trained annually to operate in preventive and suppression activities, 
as well as to collect data for assessing the effects of different fire 
regimes on plant and animal species.107,108 A concerted effort to hire 
and train indigenous women from the Xerente community includes 
focus on equipment, mobilization and controlled fire techniques, 
safety, as well as general environmental education.108 

The programme’s reach is still limited to some protected areas, 
and most of the Brazilian territory is still highly vulnerable to 
catastrophic wildfires, such as those experienced in 2019 and 2020. 
Nevertheless, there is great potential for rural landowners and the 
government to scale up these successful management practices to 
reduce repeated annual wildfire losses and risks.

Australia now has long-range prediction capability for fire weather 
conditions, providing guidance to fire agencies to help with 
decision-making over a broad range of timescales. Climate change 
projections are also provided to emergency management groups, 
including fire agencies and planners. This aids evidence-based 
decision-making on climate hazards related to environmental 
management, energy, infrastructure, health and finance sectors.116

The Australian National Disaster Risk Reduction Framework, 
endorsed into national policy in March 2020, identifies climate 
change as a fundamental driver for building disaster resilience 
and taking a systems approach to managing the complexity 
inherent in disaster reduction and response.117 It recognizes the 
importance of developing resilient communities through social 
and economic networks that cooperate and share responsibility 
in responding to disasters and adapting to climate change.118,119 In 
recent years, the country’s approach to disaster management has 
included an emphasis on strengthening resilience and capacity 
before disaster strikes.117 Establishing a network and national 
capability of knowledge and skills through partnerships, education 
and professional programmes across sectors is fundamental not 
only for wildfire management, but also for broader resilience to 
natural disasters.120

Community-owned solutions in Latin America

Building resilience: new tools and approaches 
to wildfire management

Divinópolis, Minas Gerais, Brazil    Credit: Christyam de Lima / Shutterstock.com

The image taken on 6 January 2020 shows the long-range atmospheric transport of aerosols from the unprecedented wildfires along the south-eastern 
coast of Australia towards the broad South Pacific. The oceanic deposition of wildfire aerosols stimulated large-scale phytoplankton blooms.

Source: Japan Meteorological Agency and NASA

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
 

30

http://www.copernicus.eu
http://Shutterstock.com


10.	 Eloy, L., Hecht, S., Steward, A., Mistry, J. (2019). Firing up: Policy, politics 
and polemics under new and old burning regimes. The Geographical 
Journal 185(1), 2–9. https://doi.org/10.1111/geoj.12293

11.	 Schmidt, I.B. and Eloy, L. (2020). Fire regime in the Brazilian Savanna: 
Recent changes, policy and management. Flora 268, 151613. https://doi.
org/10.1016/j.flora.2020.151613

12.	 INPE (2020). Portal de dados abertos e sistema de monitoramento do 
Programa Queimadas. Instuto Nacional de Pesquisas Espacias. https://
queimadas.dgi.inpe.br/queimadas/dados-abertos/ 

13.	 Vargas-Cuentas, N.I. and Roman-Gonzalez, A. (2021). Satellite-Based 
Analysis of Forest Fires in the Bolivian Chiquitania and Amazon Region: 
Case 2019. IEEE Aerospace and Electronic Systems Magazine 36(2), 38-54. 
https://doi.org/10.1109/MAES.2020.3033392

14.	 Garcia, L.C., Szabo, J.K., de Oliveira Roque, F., Pereira, A.D.M.M., da 
Cunha, C.N., Damasceno-Júnior, G.A. et al. (2021). Record-breaking 
wildfires in the world’s largest continuous tropical wetland: Integrative 
fire management is urgently needed for both biodiversity and humans. 
Journal of Environmental Management 293, 112870. https://doi.
org/10.1016/j.jenvman.2021.112870

15.	 Andela, N., Morton, D.C., Giglio, L., Paugam, R., Chen, Y., Hantson, S. et 
al. (2019). The Global Fire Atlas of individual fire size, duration, speed 
and direction. Earth System Science Data, 11, 529–552. https://doi.
org/10.5194/essd-11-529-2019

16.	 Navarro, K.M., Kleinman, M.T., Mackay, C.E., Reinhardt, T.E., Balmes, J.R., 
Broyles, G.A. et al. (2019). Wildland firefighter smoke exposure and risk of 
lung cancer and cardiovascular disease mortality. Environmental Research 
173, 462-468. https://doi.org/10.1016/j.envres.2019.03.060

17.	 Marlier, M.E., Bonilla, E.X. and Mickley, L.J. (2020). How do Brazilian fires 
affect air pollution and public health?. GeoHealth 4(12), e2020GH000331. 
https://doi.org/10.1029/2020GH000331

18.	 Aguilera, R., Corringham, T., Gershunov, A., and Benmarhnia, T. (2021). 
Wildfire smoke impacts respiratory health more than fine particles from 
other sources: observational evidence from Southern California. Nature 
Communications, 12(1), 1-8. https://doi.org/10.1038/s41467-021-21708-0

1.  	 Higuera, P.E. and Abatzoglou, J.T. (2021). Record‐setting climate enabled 
the extraordinary 2020 fire season in the western United States. Global 
Change Biology 27(1), 1-2. https://doi.org/10.1111/gcb.15388

2.  	 Ruffault, J., Curt, T., Moron, V., Trigo, R.M., Mouillot, F., Koutsias, N. 
et al.  (2020). Increased likelihood of heat-induced large wildfires in 
the Mediterranean Basin. Scientific Reports 10(1), 1-9. https://doi.
org/10.1038/s41598-020-70069-z

3.  	 Australia, Commonwealth of Australia (2020). Royal Commission into 
National Natural Disaster Arrangements. Australian Government.  
https://naturaldisaster.royalcommission.gov.au

4.  	 Dowdy, A.J., Ye, H., Pepler, A., Thatcher, M., Osbrough, S.L., Evans, J.P. et 
al. (2019). Future changes in extreme weather and pyroconvection risk 
factors for Australian wildfires. Scientific Reports 9(1), 1-11. https://doi.
org/10.1038/s41598-019-46362-x

5.  	 Abram, N.J., Henley, B.J., Gupta, A.S., Lippmann, T.J., Clarke, H., Dowdy, 
A.J. et al. (2021). Connections of climate change and variability to large 
and extreme forest fires in southeast Australia. Communications Earth & 
Environment 2(1), 1-17. https://doi.org/10.1038/s43247-020-00065-8

6.  	 Canadell, J.G., Meyer, C.P., Cook, G.D., Dowdy, A., Briggs, P.R., Knauer, J. 
et al. (2021). Multi-decadal increase of forest burned area in Australia is 
linked to climate change. Nature Communications 12, 6921. https://doi.
org/10.1038/s41467-021-27225-4

7.  	 Van Oldenborgh, G.J., Krikken, F., Lewis, S., Leach, N.J., Lehner, F., 
Saunders, K.R. et al. (2021). Attribution of the Australian bushfire risk to 
anthropogenic climate change. Natural Hazards and Earth System Sciences 
21(3), 941-960. https://doi.org/10.5194/nhess-21-941-2021

8.  	 Ward, M., Tulloch, A.I., Radford, J.Q., Williams, B.A., Reside, A.E., 
Macdonald, S.L. et al. (2020). Impact of 2019–2020 mega-fires on 
Australian fauna habitat. Nature Ecology & Evolution 4(10), 1321-1326. 
https://doi.org/10.1038/s41559-020-1251-1

9.  	 Holz, A., Paritsis, J., Mundo, I.A., Veblen, T.T., Kitzberger, T., Williamson, 
G.J. et al. (2017). Southern Annular Mode drives multicentury wildfire 
activity in southern South America. Proceedings of the National 
Academy of Sciences 114(36), 9552–9557. https://doi.org/10.1073/
pnas.1705168114

References31

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1111/geoj.12293
https://doi.org/10.1016/j.flora.2020.151613 
https://doi.org/10.1016/j.flora.2020.151613 
https://queimadas.dgi.inpe.br/queimadas/dados-abertos/  
https://queimadas.dgi.inpe.br/queimadas/dados-abertos/  
https://doi.org/10.1109/MAES.2020.3033392 
https://doi.org/10.1016/j.jenvman.2021.112870 
https://doi.org/10.1016/j.jenvman.2021.112870 
https://doi.org/10.5194/essd-11-529-2019 
https://doi.org/10.5194/essd-11-529-2019 
https://doi.org/10.1016/j.envres.2019.03.060 
https://doi.org/10.1029/2020GH000331 
https://doi.org/10.1038/s41467-021-21708-0 
https://doi.org/10.1111/gcb.15388 
https://doi.org/10.1038/s41598-020-70069-z 
https://doi.org/10.1038/s41598-020-70069-z 
https://naturaldisaster.royalcommission.gov.au
https://doi.org/10.1038/s41598-019-46362-x 
https://doi.org/10.1038/s41598-019-46362-x 
https://doi.org/10.1038/s43247-020-00065-8
https://doi.org/10.1038/s41467-021-27225-4 
https://doi.org/10.1038/s41467-021-27225-4 
https://doi.org/10.5194/nhess-21-941-2021 
https://doi.org/10.1038/s41559-020-1251-1 
https://doi.org/10.1073/pnas.1705168114 
https://doi.org/10.1073/pnas.1705168114 


27.	 Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bindi, M., Brown, S., Camilloni, 
I. et al. (2018). Impacts of 1.5°C Global Warming on Natural and Human 
Systems. In Global warming of 1.5°C. An IPCC Special Report on the impacts 
of global warming of 1.5°C above pre-industrial levels and related global 
greenhouse gas emission pathways, in the context of strengthening the global 
response to the threat of climate change, sustainable development, and efforts 
to eradicate poverty. Masson-Delmotte, V., Zhai, P., Pörtner, H.O., Roberts, D., 
Skea, J., Shukla, P.R. et al. (eds.). In Press. https://www.ipcc.ch/sr15/ 

28.	 The Intergovernmental Panel on Climate Change (2021). Summary 
for Policymakers. In Climate Change 2021: The Physical Science Basis. 
Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. https://www.ipcc.ch/report/
sixth-assessment-report-working-group-i/ 

29.	 Kirchmeier-Young, M.C., Gillett, N.P., Zwiers, F.W., Cannon, A.J. and 
Anslow, F.S. (2019). Attribution of the influence of human-induced climate 
change on an extreme fire season. Earth’s Future 7(1), 2–10. https://doi.
org/10.1029/2018EF001050 

30.	 Williams, A.P., Abatzoglou, J.T., Gershunov, A., Guzman‐Morales, J., 
Bishop, D.A., Balch, J.K. et al. (2019). Observed impacts of anthropogenic 
climate change on wildfire in California. Earth’s Future 7(8), 892-910. 
https://doi.org/10.1029/2019EF001210

31.	 Australia, Bureau of Meteorology (2020). Special Climate Statement 
#73. Bureau of Meteorology, Victoria, Australia. http://www.bom.gov.au/
climate/current/statements/

32.	 Barbero, R., Abatzoglou, J.T., Pimont, F., Ruffault, J. and Curt, T. (2020). 
Attributing increases in fire weather to anthropogenic climate change 
over France. Frontiers in Earth Science 8, 104. https://doi.org/10.3389/
feart.2020.00104

33.	 Lewis, S.C., Blake, S.A., Trewin, B., Black, M.T., Dowdy, A.J., Perkins-
Kirkpatrick, S.E. et al. (2020). Deconstructing factors contributing to 
the 2018 fire weather in Queensland, Australia. Bulletin of the American 
Meteorological Society 101(1), S115-S122. https://doi.org/10.1175/
BAMS-D-19-0144.1

19.	 Chen, G., Guo, Y., Yue, X., Tong, S., Gasparrini, A., Bell, M.L. et al. (2021). 
Mortality risk attributable to wildfire-related PM2.5 pollution: a global 
time series study in 749 locations. The Lancet Planetary Health, 5(9), 
E579-E587. https://doi.org/10.1016/S2542-5196(21)00200-X

20.	 Silveira, S., Kornbluh, M., Withers, M.C., Grennan, G., Ramanathan, V. and 
Mishra, J. (2021). Chronic Mental Health Sequelae of Climate Change 
Extremes: A Case Study of the Deadliest Californian Wildfire. International 
Journal of Environmental Research and Public Health 18(4), 1487. https://
doi.org/10.3390/ijerph18041487

21.	 Ikeda, K. and Tanimoto, H. (2015). Exceedances of air quality standard 
level of PM2.5 in Japan caused by Siberian wildfires. Environmental 
Research Letters 10(10), 105001. https://doi.org/10.1088/1748-
9326/10/10/105001

22.	 Ford, B., Val Martin, M., Zelasky, S.E., Fischer, E.V., Anenberg, S.C., Heald, 
C.L. et al. (2018). Future fire impacts on smoke concentrations, visibility, 
and health in the contiguous United States. GeoHealth 2(8), 229-247. 
https://doi.org/10.1029/2018GH000144

23.	 Bencherif, H., Bègue, N., Kirsch Pinheiro, D., du Preez, D.J., Cadet, J-M, da 
Silva Lopes, F.J. et al. (2019). Investigating the Long-Range Transport 
of Aerosol Plumes Following the Amazon Fires (August 2019): A Multi-
Instrumental Approach from Ground-Based and Satellite Observations. 
Remote Sensing 12(22), 3846. https://doi.org/10.3390/rs12223846

24.	 Machado-Silva, F., Libonati, R., Melo de Lima, T.F., Peixoto, R.B., de 
Almeida França, J.R., de Avelar Figueiredo Mafra Magalhães, M. 
et al. (2020). Drought and fires influence the respiratory diseases 
hospitalizations in the Amazon. Ecological Indicators 109, 105817. https://
doi.org/10.1016/j.ecolind.2019.105817

25.	 Masri, S., Scaduto, E., Jin, Y. and Wu, J. (2021). Disproportionate Impacts 
of Wildfires among Elderly and Low-Income Communities in California 
from 2000–2020. International Journal of Environmental Research and 
Public Health 18(8), 3921. https://doi.org/10.3390/ijerph18083921

26.	 Abatzoglou, J.T. and Williams, A.P. (2016). Impact of anthropogenic 
climate change on wildfire across western US forests. Proceedings of 
the National Academy of Sciences 113(42), 11770-11775. https://doi.
org/10.1073/pnas.1607171113

32

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://www.ipcc.ch/sr15/ 
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/  
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/  
https://doi.org/10.1029/2018EF001050  
https://doi.org/10.1029/2018EF001050  
https://doi.org/10.1029/2019EF001210 
http://www.bom.gov.au/climate/current/statements/
http://www.bom.gov.au/climate/current/statements/
http://www.bom.gov.au/climate/current/statements/scs73.pdf 
https://doi.org/10.3389/feart.2020.00104 
https://doi.org/10.3389/feart.2020.00104 
https://doi.org/10.1175/BAMS-D-19-0144.1 
https://doi.org/10.1175/BAMS-D-19-0144.1 
https://doi.org/10.1016/S2542-5196(21)00200-X 
https://doi.org/10.3390/ijerph18041487 
https://doi.org/10.3390/ijerph18041487 
https://doi.org/10.1088/1748-9326/10/10/105001 
https://doi.org/10.1088/1748-9326/10/10/105001 
https://doi.org/10.1029/2018GH000144 
https://doi.org/10.3390/rs12223846 
https://doi.org/10.1016/j.ecolind.2019.105817 
https://doi.org/10.1016/j.ecolind.2019.105817 
https://doi.org/10.3390/ijerph18083921 
https://doi.org/10.1073/pnas.1607171113 
https://doi.org/10.1073/pnas.1607171113 


43.	 Fidelis, A. (2020). Is fire always the “bad guy”?. Flora 268, 151611. https://
doi.org/10.1016/j.flora.2020.151611

44.	 Fusco, E.J., Finn, J.T., Balch, J.K., Chelsea Nagy, R. and Bradley, B.A. 
(2019). Invasive grasses increase fire occurrence and frequency across 
US ecoregions. Proceedings of the National Academy of Sciences 116(47) 
23594-23599. https://doi.org/10.1073/pnas.1908253116

45.	 Pivello, V.R., Vieira, I., Christianini, A.V., Ribeiro, D.B., da Silva Menezes, 
L., Berlinck, C.N. et al. (2021). Understanding Brazil’s catastrophic 
fires: Causes, consequences and policy needed to prevent future 
tragedies. Perspectives in Ecology and Conservation 19(3), 233-255. 
https://doi.org/10.1016/j.pecon.2021.06.005.

46.	 Armenteras, D., Dávalos, L.M., Barreto, J.S., Miranda, A., Hernández-
Moreno, A., Zamorano-Elgueta, C. et al. (2021). Fire-induced loss of the 
world’s most biodiverse forests in Latin America. Science Advances 7(33), 
eabd3357. https://doi.org/10.1126/sciadv.abd3357

47.	 Bento-Gonçalves, A. and Vieira, A. (2020). Wildfires in the wildland-
urban interface: Key concepts and evaluation methodologies. Science 
of the Total Environment 707, 135592. https://doi.org/10.1016/j.
scitotenv.2019.135592

48.	 Baylis, P. and Boomhower, J. (2019). Moral hazard, wildfires, and the 
economic incidence of natural disasters. National Bureau of Economic 
Research, Working paper 26550. https://doi.org/10.3386/w26550

49. 	Laris, P. and Wardell, D.A. (2006). Good, bad or ‘necessary evil’? 
Reinterpreting the colonial burning experiments in the savanna 
landscapes of West Africa. Geographical Journal 172(4), 271-290. https://
doi.org/10.1111/j.1475-4959.2006.00215.x

50.	 Mistry, J., Bilbao, B.A. and Berardi, A. (2016). Community owned 
solutions for fire management in tropical ecosystems: case studies from 
Indigenous communities of South America. Philosophical Transactions 
of the Royal Society B: Biological Sciences 371(1696), 20150174. http://
dx.doi.org/10.1098/rstb.2015.0174 

51.	 Thompson, M.P., MacGregor, D.G., Dunn, C.J., Calkin, D.E. and Phipps, J. 
(2018). Rethinking the Wildland Fire Management System. Journal of 
Forestry 116(4), 382–390. https://doi.org/10.1093/jofore/fvy020

34.	 Abatzoglou, J.T., Juang, C.S., Williams, A.P., Kolden, C.A. and Westerling, 
A.L. (2021). Increasing synchronous fire danger in forests of the western 
United States. Geophysical Research Letters 48(2), e2020GL091377. 
https://doi.org/10.1029/2020GL091377

35.	 Bowman, D.M.J.S., Balch, J., Artaxo, P., Bond, W.J., Cochrane, M.A., 
D’Antonio, C.M. et al. (2011). The human dimension of fire regimes 
on Earth. Journal of Biogeography 38(12), 2223-2236. https://doi.
org/10.1111/j.1365-2699.2011.02595.x

36.	 Bond, W.J. and Keane, R.E. (2017). Fires, Ecological Effects of. Elsevier. 
https://doi.org/10.1016/B978-0-12-809633-8.02098-7

37.	 Cochrane, M.A. and Bowman, D.M.J.S. (2021). Manage fire regimes, not 
fires. Nature Geoscience 14(7), 455-457. https://doi.org/10.1038/s41561-
021-00791-4

38.	 United Nations Environment Programme and GRID-Arendal (2021). 
Spreading like Wildfire: The Rising Threat of Extraordinary Landscape 
Fires. UNEP: Nairobi, GRID-Arendal, Arendal. https://www.grida.no

39. Giglio, L., Boschetti, L., Roy, D.P., Humber, M.L. and Justice, C.O. (2018). 
The Collection 6 MODIS burned area mapping algorithm and product. 
Remote Sensing of Environment, 217, 72-85. https://doi.org/10.1016/j.
rse.2018.08.005

	 Giglio, L., Boschetti, L., Roy, D.P., Humber, M.L. and Justice, C.O. (2018). 
Monthly MODIS Burned Area Product (MCD64A1 v006). Accessed on 
07/10/2021 from Global Forest Watch (https://globalforestwatch.org/)

40.	 Krebs, P., Pezzatti, G.B., Mazzoleni, S., Talbot, L.M. and Conedera, M. 
(2010). Fire regime: history and definition of a key concept in disturbance 
ecology. Theory in Biosciences, 129(1), 53–69. https://doi.org/10.1007/
s12064-010-0082-z

41.	 Myers, R.L. (2006). Living with Fire – Sustaining Ecosystems & 
Livelihoods through Integrated Fire Management. The Nature Conservancy. 
https://www.cbd.int/doc/pa/tools/Living%20with%20Fire.pdf

42.	 Bowman, D.M., Kolden, C.A., Abatzoglou, J.T., Johnston, F.H., van der Werf, 
G.R. and Flannigan, M. (2020). Vegetation fires in the Anthropocene. 
Nature Reviews Earth & Environment 1(10), 500-515. https://doi.
org/10.1038/s43017-020-0085-3

33

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1016/j.flora.2020.151611 
https://doi.org/10.1016/j.flora.2020.151611 
https://doi.org/10.1073/pnas.1908253116 
https://doi.org/10.1016/j.pecon.2021.06.005
https://doi.org/10.1126/sciadv.abd3357 
https://doi.org/10.1016/j.scitotenv.2019.135592 
https://doi.org/10.1016/j.scitotenv.2019.135592 
https://doi.org/10.3386/w26550 
https://doi.org/10.1111/j.1475-4959.2006.00215.x 
https://doi.org/10.1111/j.1475-4959.2006.00215.x 
http://dx.doi.org/10.1098/rstb.2015.0174  
http://dx.doi.org/10.1098/rstb.2015.0174  
https://doi.org/10.1093/jofore/fvy020
https://doi.org/10.1029/2020GL091377 
https://doi.org/10.1111/j.1365-2699.2011.02595.x 
https://doi.org/10.1111/j.1365-2699.2011.02595.x 
https://doi.org/10.1016/B978-0-12-809633-8.02098-7 
https://doi.org/10.1038/s41561-021-00791-4 
https://doi.org/10.1038/s41561-021-00791-4 
https://www.grida.no
https://doi.org/10.1016/j.rse.2018.08.005 
https://doi.org/10.1016/j.rse.2018.08.005 
https://globalforestwatch.org/
https://doi.org/10.1007/s12064-010-0082-z 
https://doi.org/10.1007/s12064-010-0082-z 
https://www.cbd.int/doc/pa/tools/Living%20with%20Fire.pdf
https://doi.org/10.1038/s43017-020-0085-3 
https://doi.org/10.1038/s43017-020-0085-3 


60.  Kharuk, V.I., Ponomarev, E.I., Ivanova, G.A., Dvinskaya, M.L., Coogan, S.C. 
and Flannigan, M.D. (2021). Wildfires in the Siberian taiga. Ambio 50(11), 
1953-1974. https://doi.org/10.1007/s13280-020-01490-x

61.  Hanes, C.C., Wang, X., Jain, P., Parisien, M.A., Little, J.M. and Flannigan, 
M.D. (2019). Fire-regime changes in Canada over the last half 
century. Canadian Journal of Forest Research 49(3), 256-269. https://doi.
org/10.1139/cjfr-2018-0293

62.  Kitzberger, T., Perry, G.L.W., Paritsis, J., Gowda, J.H., Tepley, A.J., Holz, A. 
et al. (2016). Fire-vegetation feedbacks and alternative states: common 
mechanisms of temperate forest vulnerability to fire in southern South 
America and New Zealand. New Zealand Journal of Botany 54(2), 247-272. 
https://doi.org/10.1080/0028825X.2016.1151903

63.  Brando, P., Macedo, M., Silvério, D., Rattis, L., Paolucci, L., Alencar, A. et al. 
(2020). Amazon wildfires: Scenes from a foreseeable disaster. Flora 268, 
151609. https://doi.org/10.1016/j.flora.2020.151609

64.  Marengo, J.A., Cunha, A.P., Cuartas, L.A., Deusdará Leal, K.R., Broedel, E., 
Seluchi, M.E. et al. (2021). Extreme Drought in the Brazilian Pantanal in 
2019–2020: Characterization, Causes, and Impacts. Frontiers in Water 3, 
13. https://doi.org/10.3389/frwa.2021.639204

65.  Naumann, G., Podesta, G., Marengo, J., Luterbacher, J., Bavera, D., Arias-
Muñoz, C. et al. (2021). The 2019-2021 extreme drought episode in La 
Plata Basin. Publications Office of the European Union, Luxembourg. 
https://doi.org/10.2760/773

66.  Dowdy, A.J. (2018). Climatological Variability of Fire Weather in Australia. 
Journal of Applied Meteorology and Climatology 57(2), 221-234. https://doi.
org/10.1175/JAMC-D-17-0167.1

67.  Australia, Bureau of Meteorology and CSIRO (2020). State of the Climate 
2020. http://www.bom.gov.au/state-of-the-climate/

68.  Strydom, S. and Savage, M.J. (2017). Potential impacts of climate 
change on wildfire dynamics in the midlands of KwaZulu-Natal, South 
Africa. Climatic Change 143(3), 385-397. https://doi.org/10.1007/s10584-
017-2019-8

52.	 Brotons, L., Aquilué, N., de Cáceres, M., Fortin, M-J. and Fall, A. (2013) 
How Fire History, Fire Suppression Practices and Climate Change Affect 
Wildfire Regimes in Mediterranean Landscapes. PLoS ONE 8(5), e62392. 
https://doi.org/10.1371/journal.pone.0062392

53.	 Durigan, G. and Ratter, J.A. (2016). The need for a consistent fire policy 
for Cerrado conservation. Journal of Applied Ecology 53(1), 11-15. https://
doi.org/10.1111/1365-2664.12559

54.	 Batista, E.K.L., Russell-Smith, J., França, H. and Figueira, J.E.C. (2018). 
An evaluation of contemporary savanna fire regimes in the Canastra 
National Park, Brazil: Outcomes of fire suppression policies. Journal 
of Environmental Management 205, 40-49. https://doi.org/10.1016/j.
jenvman.2017.09.053

55.	 Moura, L.C., Scariot, A.O., Schmidt, I.B., Beatty, R. and Russell-Smith, J. 
(2019). The legacy of colonial fire management policies on traditional 
livelihoods and ecological sustainability in savannas: Impacts, 
consequences, new directions. Journal of Environmental Management 232, 
600-606. https://doi.org/10.1016/j.jenvman.2018.11.057

56.	 Cochrane, M.A. (2019). Burning questions about ecosystems. Nature 
Geoscience 12, 86–87. https://doi.org/10.1038/s41561-019-0306-x

57.  Russell-Smith, J., Cook, G.D., Cooke, P.M., Edwards, A.C., Lendrum, M., 
Meyer, C.P. and Whitehead P.J. (2013). Managing fire regimes in north 
Australian savannas: applying Aboriginal approaches to contemporary 
global problems. Frontiers in Ecology and the Environment 11(s1), e55-e63. 
https://doi.org/10.1890/120251

58.  Russell-Smith, J., McCaw, L. and Leavesley, A. (2020). Adaptive 
prescribed burning in Australia for the early 21st Century–context, status, 
challenges. International Journal of Wildland Fire 29(5), 305-313. https://
doi.org/10.1071/WF20027

59.  Russell-Smith, J., Moura, L.C., Yates, C., Beatty, R., Mafoko, J. and 
Johnston, S. (2021). Market-based options for supporting sustainable 
fire management of fire-prone Cerrado (savanna) remnant landscapes.  
Biodiversidade Brasileira - BioBrasil (2), 153–167. https://doi.
org/10.37002/biobrasil.v11i2.1725

34

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1007/s13280-020-01490-x 
https://doi.org/10.1139/cjfr-2018-0293
https://doi.org/10.1139/cjfr-2018-0293
https://doi.org/10.1080/0028825X.2016.1151903 
https://doi.org/10.1016/j.flora.2020.151609 
https://doi.org/10.3389/frwa.2021.639204 
https://doi.org/10.2760/773 
https://doi.org/10.1175/JAMC-D-17-0167.1 
https://doi.org/10.1175/JAMC-D-17-0167.1 
http://www.bom.gov.au/state-of-the-climate/ 
https://doi.org/10.1007/s10584-017-2019-8
https://doi.org/10.1007/s10584-017-2019-8
https://doi.org/10.1371/journal.pone.0062392 
https://doi.org/10.1111/1365-2664.12559 
https://doi.org/10.1111/1365-2664.12559 
https://doi.org/10.1016/j.jenvman.2017.09.053 
https://doi.org/10.1016/j.jenvman.2017.09.053 
https://doi.org/10.1016/j.jenvman.2018.11.057
https://doi.org/10.1038/s41561-019-0306-x 
https://doi.org/10.1890/120251 
https://doi.org/10.1071/WF20027 
https://doi.org/10.1071/WF20027 
https://doi.org/10.37002/biobrasil.v11i2.1725 
https://doi.org/10.37002/biobrasil.v11i2.1725 


78.  Abatzoglou, J.T., Kolden, C.A., Balch, J.K., and Bradley, B.A. (2016). 
Controls on interannual variability in lightning-caused fire activity in the 
western US. Environmental Research Letters 11(4), 045005. https://doi.
org/10.1088/1748-9326/11/4/045005r

79.  Balch, J.K., Bradley, B.A., Abatzoglou, J.T., Nagy, R.C., Fusco, E.J. and 
Mahood, A.L. (2017). Human-started wildfires expand the fire niche 
across the United States. Proceedings of the National Academy of Sciences 
114(11), 2946-2951. https://doi.org/10.1073/pnas.1617394114

80.  Mariani, M., Holz, A., Veblen, T.T., Williamson, G., Fletcher, M.-S., and 
Bowman, D.M.J.S. (2018). Climate change amplifications of climate-
fire teleconnections in the Southern Hemisphere. Geophysical Research 
Letters 45(10), 5071–5081. https://doi.org/10.1029/2018GL078294

81.  Nagy, R., Fusco, E., Bradley, B., Abatzoglou, J.T. and Balch, J. (2018). 
Human-related ignitions increase the number of large wildfires across US 
ecoregions. Fire 1(1), 4. https://doi.org/10.3390/fire1010004

82.  Veraverbeke, S., Rogers, B., Goulden, M., Jandt, R.R., Miller, C.E., Wiggins, 
E.B. et al.  (2017). Lightning as a major driver of recent large fire years 
in North American boreal forests. Nature Climate Change 7(7), 529–534. 
https://doi.org/10.1038/nclimate3329

83.  Dowdy, A. J. (2020). Climatology of thunderstorms, convective rainfall 
and dry lightning environments in Australia. Climate Dynamics 54(5), 
3041-3052. https://doi.org/10.1007/s00382-020-05167-9

84.  Fromm, M., Lindsey, D.T., Servranckx, R., Yue, G., Trickl, T., Sica, R. 
et al. (2010). The untold story of pyrocumulonimbus. Bulletin of 
the American Meteorological Society 91(9),1193-1210. https://doi.
org/10.1175/2010BAMS3004.1

85.  Dowdy, A.J., Fromm, M.D and McCarthy, N. (2017). Pyrocumulonimbus 
lightning and fire ignition on Black Saturday in southeast Australia. 
Journal of Geophysical Research: Atmospheres 122(14), 7342-7354. https://
doi.org/10.1002/2017JD026577

86.  Dowdy, A.J. and Pepler, A. (2018). Pyroconvection risk in Australia: 
Climatological changes in atmospheric stability and surface fire weather 
conditions. Geophysical Research Letters 45(4), 2005-2013. https://doi.
org/10.1002/2017GL076654

69.  González, M.E., Gómez‐González, S., Lara, A., Garreaud, R. and Díaz‐
Hormazábal, I. (2018). The 2010–2015 Megadrought and its influence on 
the fire regime in central and south‐central Chile. Ecosphere 9(8), e02300. 
https://doi.org/10.1002/ecs2.2300

70.  Kouassi, J-L.K., Wandan, N.E. and Mbow, C. (2018). Assessing the Impact 
of Climate Variability on Wildfires in the N’Zi River Watershed in Central 
Côte d’Ivoire. Fire 1(3),36. https://doi.org/10.3390/fire1030036

71.  Kraaij, T., Baard, J.A., Arndt, J., Vhengani, L. and Van Wilgen, B.W. (2018). 
An assessment of climate, weather, and fuel factors influencing a large, 
destructive wildfire in the Knysna region, South Africa. Fire Ecology 14(2), 
1-12. https://doi.org/10.1186/s42408-018-0001-0

72.  Dupuy, J., Fargeon, H., Martin, N., Pimont, F., Ruffault, J., Guijarro, M. et al. 
(2019). Climate Change Impact on Future Wildfire Danger and Activityin 
Southern Europe: A Review. Annals of Forest Science 77(2), 1-24. https://
doi.org/10.1007/s13595-020-00933-5

73.  Ertugrul, M., Varol, T., Ozel, H.B., Cetin, M. and Sevik, H. (2021). Influence 
of climatic factor of changes in forest fire danger and fire season length 
in Turkey. Environmental Monitoring and Assessment 193(1), 1-17. https://
doi.org/10.1007/s10661-020-08800-6

74. 	Dowdy, A.J. and Mills, G.A. (2012). Characteristics of lightning-attributed 
wildland fires in south-east Australia. International Journal of Wildland Fire 
21(5), 521-524. https://doi.org/10.1071/WF10145

75.  Ganteaume, A., Camia, A., Jappiot, M., San-Miguel-Ayanz, J., Long-
Fournel, M. and Lampin, C. (2012). A review of the main driving factors of 
forest fire ignition over Europe. Environmental Management 51(3), 651-662. 
https://doi.org/10.1007/s00267-012-9961-z

76.  Romps, D.M., Seeley, J.T., Vollaro, D. and Molinari, J. (2014). Projected 
increase in lightning strikes in the United States due to global 
warming. Science 346(6211), 851-854. https://doi.org/10.1126/
science.1259100

77.  Collins, K.M., Price, O.F. and Penman, T.D. (2015). Spatial patterns of 
wildfire ignitions in south-eastern Australia. International Journal of 
Wildland Fire 24(8), 1098-1108. https://doi.org/10.1071/WF15054

35

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1088/1748-9326/11/4/045005r 
https://doi.org/10.1088/1748-9326/11/4/045005r 
https://doi.org/10.1073/pnas.1617394114 
https://doi.org/10.1029/2018GL078294 
https://doi.org/10.3390/fire1010004
https://doi.org/10.1038/nclimate3329 
https://doi.org/10.1007/s00382-020-05167-9 
https://doi.org/10.1175/2010BAMS3004.1
https://doi.org/10.1175/2010BAMS3004.1
https://doi.org/10.1002/2017JD026577 
https://doi.org/10.1002/2017JD026577 
https://doi.org/10.1002/2017GL076654 
https://doi.org/10.1002/2017GL076654 
https://doi.org/10.1002/ecs2.2300 
https://doi.org/10.3390/fire1030036 
https://doi.org/10.1186/s42408-018-0001-0
https://doi.org/10.1007/s13595-020-00933-5 
https://doi.org/10.1007/s13595-020-00933-5 
https://doi.org/10.1007/s10661-020-08800-6 
https://doi.org/10.1007/s10661-020-08800-6 
https://doi.org/10.1071/WF10145 
https://doi.org/10.1007/s00267-012-9961-z
https://doi.org/10.1126/science.1259100 
https://doi.org/10.1126/science.1259100 
https://doi.org/10.1071/WF15054 


96.  Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M., 
MacDonald, G. et al. (2020). Large stocks of peatland carbon and 
nitrogen are vulnerable to permafrost thaw. Proceedings of the National 
Academy of Sciences 117(34), 20438-20446. https://doi.org/10.1073/
pnas.1916387117

97.  Yanagiya, K. and Furuya, M. (2020). Post-Wildfire Surface Deformation 
Near Batagay, Eastern Siberia, Detected by L-Band and C-Band InSAR. 
Journal of Geophysical Research: Earth Surface 125(7), e2019JF005473. 
https://doi.org/10.1029/2019JF005473

98.  Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S. 
and Schellnhuber, H.J. (2008). Tipping elements in the Earth’s climate 
system. Proceedings of the National Academy of Sciences 105(6), 1786-
1793. https://doi.org/10.1073/pnas.0705414105

99.  Steffen, W., Rockström, J., Richardson, K., Lenton, T.M., Folke, C., 
Liverman, D. et al. (2018). Trajectories of the Earth System in the 
Anthropocene. Proceedings of the National Academy of Sciences 115(33), 
8252-8259. https://doi.org/10.1073/pnas.1810141115

100.	Gatti, L.V., Basso, L.S., Miller, J.B., Gloor, M., Gatti Domingues, L., Cassol, 
H.L. et al. (2021). Amazonia as a carbon source linked to deforestation 
and climate change. Nature 595(7867), 388-393. https://doi.org/10.1038/
s41586-021-03629-6

101.	Rodríguez-Trejo, D. A., Martínez-Hernández, P. A., Ortiz-Contla, H., 
Chavarría-Sánchez, M. R. and Hernandez-Santiago, F. (2011). The present 
status of fire ecology, traditional use of fire, and fire management 
in Mexico and Central America. Fire Ecology 7(1), 40-56. https://doi.
org/10.4996/fireecology.0701040

102.	Sletto, B. (2008). The knowledge that counts: institutional identities, 
policy science, and the conflict over fire management in the Gran 
Sabana, Venezuela. World Development 36(10), 1938-1955. https://doi.
org/10.1016/j.worlddev.2008.02.008

103.	Bilbao, B., Mistry, J., Millán, A. and Berardi, A. (2019). Sharing Multiple 
Perspectives on Burning: Towards a Participatory and Intercultural 
Fire Management Policy in Venezuela, Brazil, and Guyana. Fire 2(3), 39. 
https://doi.org/10.3390/fire2030039

87.  Kablick III, G., Fromm, M., Miller, S., Partain, P., Peterson, D., Lee, S. et al. 
(2018). The Great Slave Lake pyroCb of 5 August 2014: Observations, 
simulations, comparisons with regular convection, and impact on UTLS 
water vapor. Journal of Geophysical Research: Atmospheres 123(21), 12-
332. https://doi.org/10.1029/2018JD028965

88. 	Peterson, D.A., Campbell, J.R., Hyer, E.J., Fromm, M.D., Kablick, G.P., 
Cossuth, J.H. et al. (2018). Wildfire-driven thunderstorms cause a volcano-
like stratospheric injection of smoke. NPJ Climate and Atmospheric Science 
1(1), 1-8. https://doi.org/10.1038/s41612-018-0039-3

89. 	Zuev, V.V., Gerasimov, V.V., Nevzorov, A.V. and Savelieva, E.S. (2019). Lidar 
observations of pyrocumulonimbus smoke plumes in the UTLS over Tomsk 
(Western Siberia, Russia) from 2000 to 2017. Atmospheric Chemistry and 
Physics 19(5), 3341-3356. https://doi.org/10.5194/acp-19-3341-2019

90.  Di Virgilio, G., Evans, J.P., Blake, S.A., Armstrong, M., Dowdy, A.J., 
Sharples, J. et al. (2019). Climate change increases the potential for 
extreme wildfires. Geophysical Research Letters 46(14), 8517-8526. 
https://doi.org/10.1029/2019GL083699

91. 	Clarke, H., Pitman, A.J., Kala, J., Carouge, C., Haverd, V. and Evans, J. (2016). 
An investigation of future fuel load and fire weather in Australia. Climatic 
Change 139(3), 591-605. https://doi.org/10.1007/s10584-016-1808-9

92.  Haverd, V., Smith, B., Canadell, J.G., Cuntz, M., Mikaloff-Fletcher, S., 
Farquhar, G. et al. (2020). Higher than expected CO2 fertilization inferred 
from leaf to global observations. Global Change Biology, 26(4), 2390-2402. 
https://doi.org/10.1111/gcb.14950

93.  Mondal, P. and McDermid, S.S. (2021). Editorial for Special Issue: “Global 
Vegetation and Land Surface Dynamics in a Changing Climate”. Land 
10(1), 45. https://doi.org/10.3390/land10010045 

94. Moreira, F., Ascoli, D., Safford, H., Adams, M.A., Moreno, J.M., Pereira, 
J.M.C. et al. (2020). Wildfire management in Mediterranean-type regions: 
paradigm change needed. Environmental Research Letters 15(1), 011001. 
https://doi.org/10.1088/1748-9326/ab541e

95.  Ingalsbee, T. (2017). Whither the paradigm shift? Large wildland fires and 
the wildfire paradox offer opportunities for a new paradigm of ecological 
fire management. International Journal of Wildland Fire, 26(7), 557-561. 
https://doi.org/10.1071/WF17062

36

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1073/pnas.1916387117 
https://doi.org/10.1073/pnas.1916387117 
https://doi.org/10.1029/2019JF005473 
https://doi.org/10.1073/pnas.0705414105 
https://doi.org/10.1073/pnas.1810141115 
https://doi.org/10.1038/s41586-021-03629-6 
https://doi.org/10.1038/s41586-021-03629-6 
https://doi.org/10.4996/fireecology.0701040 
https://doi.org/10.4996/fireecology.0701040 
https://doi.org/10.1016/j.worlddev.2008.02.008 
https://doi.org/10.1016/j.worlddev.2008.02.008 
https://doi.org/10.3390/fire2030039 
https://doi.org/10.1029/2018JD028965
https://doi.org/10.1038/s41612-018-0039-3
https://doi.org/10.5194/acp-19-3341-2019 
https://doi.org/10.1029/2019GL083699 
https://doi.org/10.1007/s10584-016-1808-9 
https://doi.org/10.1111/gcb.14950 
https://doi.org/10.3390/land10010045
https://doi.org/10.5194/bg-2021-37  
https://doi.org/10.1088/1748-9326/ab541e 
https://doi.org/10.1071/WF17062 


112. United States of America, National Aeronautics and Space 
Administration. (2022). Fire Information for Resource Management 
System. https://firms.modaps.eosdis.nasa.gov/.  Accessed 4 February 
2022. 

113. RedLaTIF (2021). Red Latinoamericana de Teledetección e Incendios 
Forestales. http://www.redlatif.org/en/. Accessed 10 December 2021.

114. Instituto Nacional de Pesquisas Espaciais (2021). Situação Atual, 9 
December. https://queimadas.dgi.inpe.br/queimadas/portal-static/
situacao-atual. Accessed 9 December 2021.

115. South Africa, Department of Forestry, Fisheries, and the Environment 
(2021). Working on Fire. https://www.dffe.gov.za/projectsprogrammes/
workingonfire 

116.	AFAC (2018). Fire and Emergency Services and Climate Change. 
Position Version 1.0, 24 October 2018. https://www.afac.com.au/docs/
default-source/doctrine/afac-position-fire-and-emergency-services-and-
climate-change.pdf

117. 	Australia, Department of Home Affairs (2018). National Disaster Risk 
Reduction Framework. https://www.homeaffairs.gov.au/emergency/files/
national-disaster-risk-reduction-framework.pdf

118. 	Westcott, R., Ronan, K., Bambrick, H. and Taylor, M. (2020). Natural 
hazards and adaptive response choices in a changing climate: Promoting 
bushfire preparedness and risk reduction decision-making. Social 
Sciences & Humanities Open 2(1), 100065. https://doi.org/10.1016/j.
ssaho.2020.100065

119. 	Wunder, S., Calkin, D.E., Charlton, V., Feder, S., de Arano, I.M., Moore, P. 
et al. (2021). Resilient landscapes to prevent catastrophic forest fires: 
Socioeconomic insights towards a new paradigm. Forest Policy and 
Economics 128, 102458. http://dx.doi.org/10.1016/j.forpol.2021.102458

120.	Australian Institute for Disaster Resilience (2021). AIDR Service 
Statement 2021-2025 - Our approach. https://www.aidr.org.au/
media/8807/aidr-approach-2021-25_2021-07-13_v11_digital.pdf  

104.	Australia, Commonwealth of Australia (2018). Carbon Credits (Carbon 
Farming Initiative – Savanna Fire Management – Emissions Avoidance) 
Methodology Determination. https://www.industry.gov.au/regulations-
and-standards/methods-for-the-emissions-reduction-fund/savanna-fire-
management-emissions-avoidance-method

105.	Schmidt, I.B., Moura, L.C., Ferreira, M.C., Eloy, L., Sampaio, A.B., Dias, P.A. 
et al. (2018). Fire management in the Brazilian savanna: First steps and 
the way forward. Journal of Applied Ecology 55(5), 2094-2101. https://doi.
org/10.1111/1365-2664.13118

106.	Berlinck, C.N. and Batista, E.K. (2020). Good fire, bad fire: It 
depends on who burns. Flora 268, 151610. https://doi.org/10.1016/j.
flora.2020.151610

107.	de Moraes Falleiro, R., Steil, L., de Oliveira, M.S., Lando, I., Machado, 
L.D.O.R., Cunha, A.M.C. et al. (2021). Histórico, Avaliação, Oportunidades 
e Desafios do Manejo Integrado do Fogo nas Terras Indígenas Brasileiras. 
Biodiversidade Brasileira - BioBrasil (2), 75-98. https://revistaeletronica.
icmbio.gov.br/BioBR/article/view/1742

108. 	Government of Brazil (2021). Ibama contrata mais de 1,5 mil brigadistas, 
o equivalente a 89,8% do previsto no edital. 22 September 2021. https://
www.gov.br/pt-br/noticias/meio-ambiente-e-clima/2021/09/ibama-
contrata-mais-de-1-5-mil-brigadistas-o-equivalente-a-89-8-do-previsto-no-
edital. Accessed 12 January 2022

109. Bello, O., Bustamante, A. and Pizarro, P. (2021). Planning for disaster 
risk reduction within the flamework of the 2030 Agenda for Sustainable 
Development. Project Documents (LC/TS.2020/108), Santiago, Economic 
Commission for Latin America and the Caribbean (ECLAC). https://
repositorio.cepal.org/bitstream/handle/11362/46639/1/S2000452_en.pdf

110. 	Douglas K. Bardsley, Thomas A.A. Prowse & Caren Siegfriedt (2019). 
Seeking knowledge of traditional Indigenous burning practices to inform 
regional bushfire management. Local Environment 24:8, 727-745, https://
doi.org/10.1080/13549839.2019.1640667

111. Paveglio, T.B. (2021). From Checkers to Chess: Using Social Science 
Lessons to Advance Wildfire Adaptation Processes. Journal of Forestry, 
119(6), 618-639. https://doi.org/10.1093/jofore/fvab028

37

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://firms.modaps.eosdis.nasa.gov/
http://www.redlatif.org/en/
https://queimadas.dgi.inpe.br/queimadas/portal-static/situacao-atual
https://queimadas.dgi.inpe.br/queimadas/portal-static/situacao-atual
https://www.dffe.gov.za/projectsprogrammes/workingonfire
https://www.dffe.gov.za/projectsprogrammes/workingonfire
https://www.afac.com.au/docs/default-source/doctrine/afac-position-fire-and-emergency-services-and-climate-change.pdf
https://www.afac.com.au/docs/default-source/doctrine/afac-position-fire-and-emergency-services-and-climate-change.pdf
https://www.afac.com.au/docs/default-source/doctrine/afac-position-fire-and-emergency-services-and-climate-change.pdf
https://www.homeaffairs.gov.au/emergency/files/national-disaster-risk-reduction-framework.pdf
https://www.homeaffairs.gov.au/emergency/files/national-disaster-risk-reduction-framework.pdf
https://doi.org/10.1016/j.ssaho.2020.100065
https://doi.org/10.1016/j.ssaho.2020.100065
http://dx.doi.org/10.1016/j.forpol.2021.102458
https://www.aidr.org.au/media/8807/aidr-approach-2021-25_2021-07-13_v11_digital.pdf
https://www.aidr.org.au/media/8807/aidr-approach-2021-25_2021-07-13_v11_digital.pdf
https://www.industry.gov.au/regulations-and-standards/methods-for-the-emissions-reduction-fund/savanna-fire-management-emissions-avoidance-method
https://www.industry.gov.au/regulations-and-standards/methods-for-the-emissions-reduction-fund/savanna-fire-management-emissions-avoidance-method
https://www.industry.gov.au/regulations-and-standards/methods-for-the-emissions-reduction-fund/savanna-fire-management-emissions-avoidance-method
https://doi.org/10.1111/1365-2664.13118 
https://doi.org/10.1111/1365-2664.13118 
https://doi.org/10.1016/j.flora.2020.151610 
https://doi.org/10.1016/j.flora.2020.151610 
https://revistaeletronica.icmbio.gov.br/BioBR/article/view/1742
https://revistaeletronica.icmbio.gov.br/BioBR/article/view/1742
https://www.gov.br/pt-br/noticias/meio-ambiente-e-clima/2021/09/ibama-contrata-mais-de-1-5-mil-brigadistas-o-equivalente-a-89-8-do-previsto-no-edital
https://www.gov.br/pt-br/noticias/meio-ambiente-e-clima/2021/09/ibama-contrata-mais-de-1-5-mil-brigadistas-o-equivalente-a-89-8-do-previsto-no-edital
https://www.gov.br/pt-br/noticias/meio-ambiente-e-clima/2021/09/ibama-contrata-mais-de-1-5-mil-brigadistas-o-equivalente-a-89-8-do-previsto-no-edital
https://www.gov.br/pt-br/noticias/meio-ambiente-e-clima/2021/09/ibama-contrata-mais-de-1-5-mil-brigadistas-o-equivalente-a-89-8-do-previsto-no-edital
https://repositorio.cepal.org/bitstream/handle/11362/46639/1/S2000452_en.pdf
https://repositorio.cepal.org/bitstream/handle/11362/46639/1/S2000452_en.pdf
https://doi.org/10.1080/13549839.2019.1640667 
https://doi.org/10.1080/13549839.2019.1640667 
https://doi.org/10.1093/jofore/fvab028 


Chile

McWethy, D.B., Pauchard, A., Garcı´a, R.A., Holz, A., Gonza´lez, M.E., Veblen, 
T.T. et al. (2018) Landscape drivers of recent fire activity (2001-2017) in 
south-central Chile. PLoS ONE 13(8):e0201195. https://doi.org/10.1371/
journal.pone.0201195

Mexico

Zúñiga-Vásquez, J.M., Cisneros-González, D. and Pompa-García, M. (2017). 
Drought regulates the burned forest areas in Mexico: the case of 2011, a 
record year. Geocarto International 34, 1–14. https://doi.org/10.1080/101
06049.2017.1415986

Paraguay

Chen, Y., Morton, D.C., Jin, Y., Collatz, G.J., Kasibhatla, P.S., van der Werf, 
G.R. et al. (2013). Long-term trends and interannual variability of forest, 
savanna and agricultural fires in South America. Carbon Management, 
4(6), 617-638. https://doi.org/10.4155/cmt.13.61

Russia 2003

Forkel, M., Thonicke, K., Beer, C., Cramer, W., Bartalev, S. and Schmullius, C. 
(2012). Extreme fire events are related to previous-year surface moisture 
conditions in permafrost-underlain larch forests of Siberia. Environmental 
Research Letters, 7(4), 044021. https://doi.org/10.1088/1748-
9326/7/4/044021

Ponomarev E.I., Kharuk, V.I. and Ranson, K.J. (2016). Wildfires Dynamics 
in Siberian Larch Forests. Forests, 7(6), 125. https://doi.org/10.3390/
f7060125

Graphic references

Areas burned by fires in the last two decades

Angola 

Catarino, S., Romeiras, M.M., Figueira, R., Aubard, V., Silva, J.M.N. and Pereira, 
J.M.C. (2020). Spatial and Temporal Trends of Burnt Area in Angola: 
Implications for Natural Vegetation and Protected Area Management. 
Diversity, 12, 307. https://doi.org/10.3390/d12080307

Australia

Canadell, J.G., Meyer, C.P., Cook, G.D., Dowdy, A., Briggs, P.R., Knauer, J. et 
al. (2021). Multi-decadal increase of forest burned area in Australia is 
linked to climate change. Nature Communications 12, 6921. https://doi.
org/10.1038/s41467-021-27225-4

Bolivia

Heyer, J.P., Power, M.J., Field, R.D. and van Marle, M.J. (2018). The impacts 
of recent drought and fire in lowland Bolivia on forest loss and regional 
smoke emissions. Biogeosciences. https://doi.org/10.5194/bg-2017-462

Brazil 

Le Stradic, S. and Buisson, E. (2021). Restoring savannas and tropical 
herbaceous ecosystems, Encyclopedia of the Environment: The Cerrado 
biome. https://www.encyclopedie-environnement.org/en/zoom/cerrado-
biome/

Schmidt, I.B. and Eloy, L. (2020). Fire regime in the Brazilian Savanna: 
Recent changes, policy and management. Flora 268, 151613. https://doi.
org/10.1016/j.flora.2020.151613

Canada

Veraverbeke, S., Rogers, B., Goulden, M., Jandt, R.R., Miller, C.E., Wiggins, E.B. 
et al. (2017) Lightning as a major driver of recent large fire years in North 
American boreal forests. Nature Climate Change 7, 529–534. https://doi.
org/10.1038/nclimate3329

38

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1371/journal.pone.0201195 
https://doi.org/10.1371/journal.pone.0201195 
https://doi.org/10.1080/10106049.2017.1415986 
https://doi.org/10.1080/10106049.2017.1415986 
https://doi.org/10.4155/cmt.13.61 
https://doi.org/10.1088/1748-9326/7/4/044021
https://doi.org/10.1088/1748-9326/7/4/044021
https://doi.org/10.3390/f7060125 
https://doi.org/10.3390/f7060125 
https://doi.org/10.3390/d12080307 
https://doi.org/10.1038/s41467-021-27225-4 
https://doi.org/10.1038/s41467-021-27225-4 
https://doi.org/10.5194/bg-2017-462 
https://www.encyclopedie-environnement.org/en/zoom/cerrado-biome/ 
https://www.encyclopedie-environnement.org/en/zoom/cerrado-biome/ 
https://doi.org/10.1016/j.flora.2020.151613 
https://doi.org/10.1016/j.flora.2020.151613 
https://doi.org/10.1038/nclimate3329 
https://doi.org/10.1038/nclimate3329 


Fire and invasive species

44. Fusco et al. (2019)

Halofsky, J.E., Peterson, D.L. and Harvey, B.J. (2020). Changing wildfire, 
changing forests: the effects of climate change on fire regimes and 
vegetation in the Pacific Northwest, USA. Fire Ecology, 16, 4 https://doi.
org/10.1186/s42408-019-0062-8

Hamilton, N.P., Yelenik, S.G., Durboraw, T.D., Cox, R.D. and Gill, N.S. (2021). 
Understanding Grass Invasion, Fire Severity, and Acacia koa Regeneration 
for Forest Restoration in Hawai‘i Volcanoes National Park. Land 10, 962. 
https://doi.org/10.3390/land10090962

Pausas, J.G. and Keeley, J.E. (2014). Abrupt Climate-Independent Fire Regime 
Changes. Ecosystems 17, 1109–1120. https://doi.org/10.1007/s10021-
014-9773-5

Where fires burn

15. 	Andela et al. (2019)

Giglio, L., Boschetti, L., Roy, D.P., Humber, M.L. and Justice, C.O. (2018). 
The Collection 6 MODIS burned area mapping algorithm and product. 
Remote Sensing of Environment, 217, 72-85. https://doi.org/10.1016/j.
rse.2018.08.005

Fire regimes are changing 

Changing fire regimes in selected biomes and Land-use change

35.	 Bowman et al. (2011)

36.  	Bond and Keane (2017)

42.	 Bowman et al. (2020)

Shlisky, A. (2007). Fire, ecosystems and people: Threats and strategies for 
global biodiversity conservation. Wildfire conference 2007, Seville, Spain. 
https://www.researchgate.net/publication/259657820

MapBiomas Project (2020). Collection 6 of the Annual Series of Land Use 
and Land Cover Maps of Brazil, 16 August. https://mapbiomas.org/
infograficos-1?cama_set_language=en. Accessed 1 December 2021. 

Souza, C.M. Jr., Shimbo, Z.J., Rosa, M.R., Parente, L.L., Alencar, A.A., Rudorff, 
B.F.T. et al. (2020). Reconstructing Three Decades of Land Use and 
Land Cover Changes in Brazilian Biomes with Landsat Archive and 
Earth Engine. Remote Sensing 12(17), 2735. https://doi.org/10.3390/
rs12172735

NASA Earth Observatory (2022). What’s behind California’s surge of large 
fires? https://earthobservatory.nasa.gov/images/148908/whats-behind-
californias-surge-of-large-fires

Wildfires in the Anthropocene

What is a wildfire?

38. 	UNEP and GRID-Arendal (2021). 

Wildfire and ecosystems

36. Bond and Keane (2017).

Keane R.E. (2019). Fire Ecology. In: Manzello S. (eds) Encyclopedia of 
Wildfires and Wildland-Urban Interface (WUI) Fires. Springer, Cham. 
https://doi.org/10.1007/978-3-319-51727-8_254-1

Types of wildfires

Keeley, J. E. (2012). Ecology and evolution of pine life histories. Annals of 
Forest Science 69, 445–453. https://doi.org/10.1007/s13595-012-0201-8

Pyne, S. (2010). The Ecology of Fire. Nature Education Knowledge 3(10):30. 
https://www.nature.com/scitable/knowledge/library/the-ecology-of-
fire-13259892/

Xanthopoulos G. and Athanasiou, M. (2020). Crown Fire. In: Manzello S.L. 
(eds) Encyclopedia of Wildfires and Wildland-Urban Interface (WUI) Fires. 
Springer, Cham. https://doi.org/10.1007/978-3-319-52090-2_13

Fire-dependent plants

36.  	Bond and Keane (2017)

Keeley, J. E. (2012). Ecology and evolution of pine life histories. Annals of 
Forest Science 69, 445–453. https://doi.org/10.1007/s13595-012-0201-8

Keeley, J.E. and Fotheringham, C.J. (2000). Role of fire in regeneration 
from seed. In Fenner, M. (ed.), Seeds: the ecology of regeneration 
in plant communities. Chapter 13. CAB International. http://dx.doi.
org/10.1079/9780851994321.0000

39

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https://doi.org/10.1186/s42408-019-0062-8 
https://doi.org/10.1186/s42408-019-0062-8 
https://doi.org/10.3390/land10090962 
https://doi.org/10.1007/s10021-014-9773-5 
https://doi.org/10.1007/s10021-014-9773-5 
https://doi.org/10.1016/j.rse.2018.08.005 
https://doi.org/10.1016/j.rse.2018.08.005 
https://www.researchgate.net/publication/259657820
https://mapbiomas.org/infograficos-1?cama_set_language=en
https://mapbiomas.org/infograficos-1?cama_set_language=en
https://doi.org/10.3390/rs12172735 
https://doi.org/10.3390/rs12172735 
https://earthobservatory.nasa.gov/images/148908/whats-behind-californias-surge-of-large-fires
https://earthobservatory.nasa.gov/images/148908/whats-behind-californias-surge-of-large-fires
https://doi.org/10.1007/978-3-319-51727-8_254-1
https://doi.org/10.1007/s13595-012-0201-8 
https://www.nature.com/scitable/knowledge/library/the-ecology-of-fire-13259892/
https://www.nature.com/scitable/knowledge/library/the-ecology-of-fire-13259892/
https://doi.org/10.1007/978-3-319-52090-2_13 
https://doi.org/10.1007/s13595-012-0201-8 
http://dx.doi.org/10.1079/9780851994321.0000
http://dx.doi.org/10.1079/9780851994321.0000


Erosion

Bladon, K.D., Emelko, M.B., Silins, U. and Stone, M. (2014). Wildfire and the 
future of water supply. International Journal of Environmental Science and 
Technology 48(16), 8936–8943. https:/doi.org/10.1021/es500130g

Ocean fertilization

Tang, W., Llort, J., Weis, J., Perron, M.M.G., Basart, S., Li, Z. et al. (2021). 
Widespread phytoplankton blooms triggered by 2019–2020 Australian 
wildfires. Nature, 597(7876), 370–375. https://doi.org/10.1038/s41586-
021-03805-8

Biodiversity loss

Halofsky, J.E., Peterson, D.L. and Harvey, B.J. (2020). Changing wildfire, 
changing forests: the effects of climate change on fire regimes and 
vegetation in the Pacific Northwest, USA. Fire Ecology 16(4), 1-26.  
https://doi.org/10.1186/s42408-019-0062-8 

Species under threat of altered fire regimes

Kelly, L.T., Giljohann, K.M., Duane, A., Aquilué, N., Archibald, S., Batllori, E. et 
al. (2020). Fire and biodiversity in the Anthropocene. Science, 370(6519). 
https://doi.org/10.1126/science.abb0355

Impacts of extreme wildfires on the Earth’s system

Atmospheric pollution

Lapere, R., Mailler, S. and Menut, L. (2021). The 2017 Mega-Fires in Central 
Chile: Impacts on Regional Atmospheric Composition and Meteorology 
Assessed from Satellite Data and Chemistry-Transport Modeling. 
Atmosphere 12, 344. https://doi.org/10.3390/atmos12030344

Changed albedo

42.	 Bowman et al. (2020)

de Magalhães, N., Evangelista, H., Condom, T., Rabatel, A. and Ginot, P. (2019). 
Amazonian biomass burning enhances tropical Andean glaciers melting. 
Scientific Reports, 9(1), 1-12. https://doi.org/10.1038/s41598-019-53284-1

Carbon sink turns into carbon source

42.	 Bowman et al. (2020)

Water pollution

Bladon, K.D., Emelko, M.B., Silins, U. and Stone, M. (2014). Wildfire and the 
future of water supply. International Journal of Environmental Science and 
Technology 48(16), 8936–8943. https://doi.org/10.1021/es500130g

Hauer, F.R. and Spencer, C.N. (1998). Phosphorus and nitrogen dynamics in 
streams associated with wildfire: a study of immediate and longterm 
effects. International Journal of Wildland Fire 8(4), 183-198. https://doi.
org/10.1071/WF9980183

Yu, M., Bishop, T.F. and Van Ogtrop, F.F. (2019). Assessment of the decadal 
impact of wildfire on water quality in forested catchments. Water 11(3) 
533. https://doi.org/10.3390/w11030533

Climate change:  
Fire weather is becoming more extreme

36. 	Bond and Keane (2017)

42.	 Bowman et al. (2020)

Keeley, J.E. and Syphard, A.D. (2016). Climate Change and Future Fire 
Regimes: Examples from California. Geosciences, 6(3):37. https://doi.
org/10.3390/geosciences6030037

Rogers, B.M., Balch, J.K., Goetz, S.J., Lehmann, C.E.R. and Turetsky, M. 
(2020). Focus on changing fire regimes: interactions with climate, 
ecosystems, and society. Environmental Research Letters, 15(3), p.030201. 
https://doi.org/10.1088/1748-9326/ab6d3a

Lightning ignition

36. 	Bond and Keane (2017)

42.	 Bowman et al. (2020)

Kharuk, V.I., Ponomarev, E.I., Ivanova, G.A. Dvinskaya, M.L., Coogan, S.C.P. and 
Flannigan, M.D. (2021). Wildfires in the Siberian taiga. Ambio. https://doi.
org/10.1007/s13280-020-01490-x 

Veraverbeke, S., Rogers, B., Goulden, M., Jandt, R.R., Miller, C.E., Wiggins, E.B. 
et al.  (2017). Lightning as a major driver of recent large fire years in North 
American boreal forests. Nature Climate Change 7, 529–534. https://doi.
org/10.1038/nclimate3329

Fire-generated thunderstorms

Australia, National Environmental Science Programme (2020). Fire-generated 
thunderstorms and climate change in Australia. https://nespclimate.com.
au/wp-content/uploads/2021/05/ESCC_Fire-Generated-Thunderstorms_
Brochure.pdf

40

U
N

 E
N

V
IR

O
N

M
E

N
T

 P
R

O
G

R
A

M
M

E
 F

R
O

N
T

IE
R

S
 2

0
2

2
 R

E
P

O
R

T
  

https:/doi.org/10.1021/es500130g
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1038/s41586-021-03805-8 
https://doi.org/10.1186/s42408-019-0062-8  
https://doi.org/10.1126/science.abb0355 
https://doi.org/10.3390/atmos12030344 
https://doi.org/10.1038/s41598-019-53284-1 
https://doi.org/10.1021/es500130g
https://doi.org/10.1071/WF9980183 
https://doi.org/10.1071/WF9980183 
https://doi.org/10.3390/w11030533 
https://doi.org/10.3390/geosciences6030037 
https://doi.org/10.3390/geosciences6030037 
https://doi.org/10.1088/1748-9326/ab6d3a
https://doi.org/10.1007/s13280-020-01490-x  
https://doi.org/10.1007/s13280-020-01490-x  
https://doi.org/10.1038/nclimate3329 
https://doi.org/10.1038/nclimate3329 
https://nespclimate.com.au/wp-content/uploads/2021/05/ESCC_Fire-Generated-Thunderstorms_Brochure.pdf 
https://nespclimate.com.au/wp-content/uploads/2021/05/ESCC_Fire-Generated-Thunderstorms_Brochure.pdf 
https://nespclimate.com.au/wp-content/uploads/2021/05/ESCC_Fire-Generated-Thunderstorms_Brochure.pdf 

	2. Wildfires under climate change: A burning issue
	Waves of extreme wildfires
	Burned areas in the last two decades

	Human influences on wildfires
	Infographic - Wildfires in the Anthropocene

	Changing climate, changing fire weather
	Infographic - Climate change: Fire weather is becomingmore extreme

	Wildfire management improvements in the face of further climate changes
	Box - Community-owned solutions in Latin America
	Box - Building resilience: new tools and approaches to wildfire management

	References
	Graphic references




