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Abstract
From 2002 to 2020, global wildfires emitted approximately 7.32 billion tons of
carbon dioxide (CO2) annually, accounting for 18.5% of CO2 emissions from fos-
sil fuels; among these, forest fire carbon emissions accounted for approximately
20% of wildfire carbon emissions (1.5 billion tons of CO2). In recent years, with
intensifying climate change and human activities, CO2 released by forest fires
has exhibited an increasing trend. For example, the Canadian forest fires since
May 2023 have cumulatively emitted 1.268 billion tons of CO2 as of August 29.
Against the backdrop of achieving “dual growth”in forest area and stock vol-
ume, China has seen a significant reduction in the frequency and area of forest
fires since 2010, making important contributions to reducing forest fire carbon
emissions and addressing global climate change. Given that forest fires have
become a non-negligible source of greenhouse gas emissions, it is necessary to
establish a comprehensive, objective, and equitable carbon emission monitoring
and accounting system that takes into account both anthropogenic activities
(such as fossil fuel emissions, industrial emissions) and natural forest fire car-
bon emissions; particularly through effective measures such as reducing the
frequency of forest fires and decreasing fire intensity to lower forest fire carbon
emissions. Addressing the global challenge of predicting and preventing extreme
forest fires, there is an urgent need to construct a technical system for forest fire
risk identification, early warning-prediction, and prevention and control, and to
strengthen research on carbon emissions from forest fire processes, establishing
a more scientific, comprehensive, and autonomous carbon accounting system.
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Abstract
Between 2002 and 2020, global wildfires emitted approximately 7.32 billion tons
of carbon dioxide (CO2) annually, representing 18.5% of CO2 emissions from
fossil fuel combustion. Forest fires accounted for about 20% of these wildfire
emissions, releasing roughly 1.5 billion tons of CO2 per year. In recent years,
CO2 emissions from forest fires have shown an increasing trend due to climate
change and intensified human activities. For instance, the Canadian wildfires
that began in May 2023 had cumulatively emitted 1.268 billion tons of CO2
by August 29. In contrast, China has achieved a remarkable reduction in both
the frequency and area of forest fires since 2010, despite simultaneous growth in
forest area and stock volume, making significant contributions to global efforts
to mitigate forest fire carbon emissions and address climate change. Given that
forest fires have become a non-negligible source of greenhouse gas emissions,
it is imperative to establish a comprehensive, objective, and equitable carbon
emission monitoring and accounting system that considers both anthropogenic
sources (such as fossil fuel and industrial emissions) and natural forest fire emis-
sions. Effective measures must be implemented to reduce the frequency and
intensity of forest fires, thereby decreasing their carbon emissions. To address
the worldwide challenge of predicting and preventing extreme forest fires, there
is an urgent need to develop a technical system for forest fire risk identification,
early warning, prediction, and prevention, while strengthening research on car-
bon emissions from fire processes to establish a more scientific, comprehensive,
and domestically controllable carbon accounting system.
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1. The Role of Forest Fire Carbon Emissions in the Global
Carbon Cycle
1.1 Global Trends in Forest Fire Area and Carbon Emissions

Wildfire is one of the most important natural disturbance processes in global
ecosystems and the primary natural disturbance affecting forests and grasslands,
playing a significant role in terrestrial ecosystem carbon cycling. Fire destroys
surface vegetation, releasing substantial amounts of greenhouse gases, particu-
late matter, and other trace gases, exacerbating soil erosion and air pollution,
and representing a key driver of global environmental and climate security. Be-
tween 2002 and 2020, global wildfires emitted (7.32 ± 0.732) billion tons of CO2
annually, approximately 18.5% of fossil fuel emissions, contributing significantly
to rising atmospheric CO2 concentrations. Notably, wildfire carbon emissions
exhibit substantial interannual variability driven by climate change. For ex-
ample, during the 1997–1998 El Niño event, wildfire emissions reached 11.712
billion tons of CO2, whereas the annual average from 2001–2009 was 5.86 bil-
lion tons, making wildfire carbon emissions a major factor driving variations in
terrestrial carbon sinks. Although post-fire vegetation recovery can offset a por-
tion of direct carbon emissions, vegetation requires increasingly longer periods
to compensate for carbon releases under conditions of climate warming, short-
ened fire return intervals, and intensified fire severity. Particularly in boreal
and tropical rainforest regions, climate warming and drying, combined with hu-
man activities, have increased the frequency, extent, and intensity of forest fires,
causing a sharp rise in carbon emissions. Forest regeneration in these areas may
require over a century to offset fire-induced carbon release, lagging behind the
timeframe established for limiting temperature rise to 1.5°C. Therefore, wildfire
carbon emissions cannot be ignored in the context of“dual carbon”accounting
systems.

Forest fires occur primarily across three major ecosystems: grasslands, savan-
nas, and forests, with the African continent accounting for over three-quarters of
global burned area. Satellite data indicate that global wildfire area has generally
declined since 2000, mainly due to reduced burning in African grasslands and
savannas resulting from agricultural management practices. However, global
forest fire area has increased, particularly in western North America and Aus-
tralia, where catastrophic fires have become more frequent. Although forest
fires constitute only about 5% of global burned area, they contribute 20% of
global wildfire CO2 emissions—approximately 1.5 billion tons annually—due to
high forest biomass. Recent studies show that CO2 emissions from forest fires
are increasing at a rate of about 1% per year (approximately 15 million tons
of CO2), establishing them as a significant and growing carbon source. Boreal
coniferous forests are particularly concerning, as climate warming and drought
intensification have significantly increased fire frequency. Between 2000 and
2020, boreal forest fires contributed 10% of global wildfire CO2 emissions, but
this proportion rose to 23% in 2021, releasing 1.76 billion tons of CO2. More-
over, fire-prone areas are expanding into high-latitude tundra regions, where
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increased fire activity accelerates permafrost thaw and enhances emissions of
potent greenhouse gases such as methane and nitrogen oxides.

1.2 Factors Influencing Forest Fire Occurrence

Forest fire occurrence is influenced by meteorological conditions, fuel character-
istics, and ignition sources. Climate warming leads to elevated temperatures,
heatwaves, and drought, reducing fuel moisture content while increasing atmo-
spheric lightning frequency, which collectively increases fire frequency, spread
rate, and energy release. Simultaneously, rising temperatures promote vegeta-
tion growth at high latitudes, increasing fuel loads and further intensifying fire
severity. Due to the“Arctic amplification effect”—whereby high-latitude regions
warm faster than the global average—future heatwaves and drought events in
the Northern Hemisphere high latitudes may become more frequent, potentially
leading to sustained increases in extreme wildfire frequency and intensity. The
positive feedback mechanism between climate warming and wildfire carbon emis-
sions could transform high-latitude regions into hotspots for fire-related carbon
emissions.

2. Carbon Emission Estimation from the 2023 Canadian
Extreme Forest Fires
2.1 Methods for Estimating Forest Fire Carbon Emissions

Forest fire is an essential natural disturbance process in boreal ecosystems, cru-
cial for maintaining forest ecosystem diversity and health. It regulates forest
species composition, age structure, and spatial (landscape) patterns through var-
ious forms ranging from ground fires to crown fires. Canada’s active fire season
extends from May to October. Global climate change has caused persistent high
temperatures across North America; in spring 2023, several Canadian provinces
experienced temperatures significantly higher than average, with exceptionally
hot and dry conditions increasing fire frequency and intensity. According to the
Canadian Interagency Forest Fire Centre, as of August 29, 2023, the country
had experienced 5,900 fires, with a cumulative burned area of approximately
150,000 km2. Such large-scale, high-intensity fires can cause ecosystem destruc-
tion, biodiversity loss, and irreversible ecosystem degradation.

Primary methods for calculating forest fire carbon emissions include emission
factor approaches, remote sensing observations, model simulations, and monitor-
ing inversion techniques. Emission factor methods, remote sensing observations,
and model simulations are“bottom-up”approaches that estimate emissions by
combining burned area or fire radiative power with parameters such as biomass,
combustion efficiency, and emission factors. These methods offer high spatial
resolution (100 m2–1 km2) but require precise data on burned area, biomass,
and emission factors. Monitoring inversion methods are“top-down”approaches
that use atmospheric greenhouse gas concentrations and meteorological field
data combined with atmospheric chemistry transport models and data assimila-
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tion techniques to rapidly estimate fire emissions. However, these methods have
coarse spatial resolution (>0.25°) and are affected by the atmospheric boundary
layer, making it difficult to quantify source-sink changes in CO2 emissions. Due
to limited information on forest structure, stand density, and combustion ratios
in Canadian burned areas, different estimation methods yield varying results.

Remote sensing data currently provides an effective means for estimating large-
scale forest fire carbon emissions. This study employs a fire carbon emission
intensity method for rapid and accurate preliminary assessment. The approach
first calculates a carbon emission intensity map for Canada using the Global
Fire Emissions Database (GFED), a high-precision, internationally recognized
dataset that serves as the primary data source for IPCC fire carbon emission es-
timates. This is then combined with remote sensing observations and Canadian
national fire data to estimate cumulative carbon emissions in near real-time.
The calculations are performed using the following formulas:

𝐸𝐹𝑖𝑟𝑒𝐶 = 𝐸𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑆

𝐸𝐹𝑖𝑟𝑒𝐶𝑂2 = 3.66 × 𝐸𝐹𝑖𝑟𝑒𝐶

where 𝐸𝐹𝑖𝑟𝑒𝐶 represents fire carbon emissions (carbon equivalent), 𝐸𝐹𝑖𝑟𝑒𝐶𝑂2
represents fire CO2 emissions (CO2 equivalent), 𝐸𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 is the regional fire
carbon emission intensity for Canada (Figure 1 [Figure 1: see original paper]),
and 𝑆 is the burned area.

This study uses carbon emission data from the Copernicus Atmosphere Moni-
toring Service (CAMS) Global Fire Assimilation System (GFAS) for validation.
GFAS converts Fire Radiative Power (FRP) data from the Moderate Resolution
Imaging Spectroradiometer (MODIS) into dry matter consumption using emis-
sion factor methods, then calculates fire carbon emissions based on published
data. GFAS is widely applied in monitoring fire carbon emissions, air quality
forecasting, and atmospheric chemistry modeling, representing one of the most
authoritative international fire carbon emission databases.

Our estimation indicates that as of August 29, 2023, Canadian fires had cumu-
latively emitted approximately 1.268 billion tons of CO2, about 9% lower than
the CAMS estimate of 1.394 billion tons. This emission total is more than five
times the average emissions during the same period from 2002–2022 (Figure 2
[Figure 2: see original paper]), exceeding the total energy-related CO2 emissions
of both Canada (546 million tons) and Germany (674 million tons) in 2021, ac-
cording to 2022 data from the Global Carbon Project. Germany ranks seventh
globally in energy-related CO2 emissions.
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2.2 Air Quality Impacts of Canadian Forest Fires

In addition to CO2 and methane, Canadian forest fires generate substantial par-
ticulate matter, including fine particulates (PM2.5), inhalable particles (PM10),
black carbon (BC), and volatile organic compounds (VOCs). These pollutants
significantly impact local and downwind air quality, directly affecting human
health. Using the Earth System Model (IAP-AACM), this study simulated
the global PM2.5 concentration impacts from Canadian fire pollutants. Results
show that PM2.5 from Canadian forest fires undergoes long-range transboundary
transport via westerly circulation and atmospheric dynamics, affecting not only
the eastern United States but also crossing the Atlantic to reach densely pop-
ulated regions in Western Europe and Eurasia, causing extensive air pollution.
Four major transboundary transport events were identified: May 17–26, June
6–19, June 23–30, and July 16–20. The June 27–30 event significantly impacted
European PM2.5 concentrations (exceeding 5 �g/m3), while U.S. air quality was
affected earlier (PM2.5 concentrations reaching over 50 �g/m3). Canadian fires
also influenced PM2.5 concentrations in North Africa and Asia, including west-
ern China with contributions below 5 �g/m3. By July 20, 2023, Canadian fires
had caused PM2.5 exceedances over more than 3 million km2 of land, affecting
over 80 million people.

3. Current Status of Forest Fire Carbon Emissions in China
Through persistent afforestation and forest protection efforts, China has
achieved over 30 consecutive years of “dual growth”in forest area and stock
volume. According to the Ninth National Forest Inventory, China’s natural
forest area totals 140 million hectares, with plantation forest area of 80
million hectares, yielding a forest coverage rate of approximately 23%. China
contributed about one-quarter of global greening area from 2000–2017, ranking
first worldwide and making substantial contributions to carbon sequestration.
The 14th Five-Year Plan for National Economic and Social Development and
Long-Range Objectives Through 2035 proposes increasing forest coverage to
24.1% during the 14th Five-Year Plan period.

While continuous growth in forest area and stock volume has greatly contributed
to carbon sequestration and ecological improvement, it also presents significant
challenges for forest fire prevention. Despite severe challenges from combined
natural and social factors, China’s forest and grassland fire prevention capabil-
ities have improved substantially through collaborative efforts. Between 2000
and 2021, China experienced an average of 6,088 ± 3,948 forest fires annually,
with over 95% affecting areas smaller than 100 hectares. The average annual
burned area was (72,000 ± 120,000) hectares, with particularly significant re-
ductions in both fire frequency and area since 2010 (Figure 4 [Figure 4: see
original paper]). This reduction in burned area has substantially decreased for-
est fire carbon emissions, which currently average (15 ± 1.6) million tons of
CO2 annually. China’s“greening for carbon sequestration”ecological engineer-
ing measures and “prevention-first, combine prevention with suppression”fire
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management policy have thus made tremendous contributions to global environ-
mental governance, carbon sink enhancement, and forest fire carbon emission
reduction.

4. Strengthening Forest Fire Carbon Research to Reduce
Natural Process Emissions
Forest fires have become a significant carbon emission source that cannot be
ignored, particularly as extreme fire events have increased in frequency (e.g.,
Amazon fires in 2019, Australian fires in 2019–2020, Siberian fires in 2022,
and Canadian fires in 2023), directly emitting massive quantities of greenhouse
gases. Additionally, forest fires accelerate permafrost thaw, releasing substan-
tial amounts of potent greenhouse gases such as methane and nitrous oxide.
Other natural processes like volcanic eruptions and active fault zones also emit
greenhouse gases. Therefore, strengthening research on forest fire carbon emis-
sions and reducing natural process carbon emissions is imperative. We propose
three recommendations:

1. Integrate forest fire carbon emissions into national emission in-
ventories. Establish a comprehensive, objective, and equitable carbon
emission monitoring and accounting system that considers both anthro-
pogenic sources (fossil fuel and industrial emissions) and natural process
emissions. This will support the development of a fair, reasonable, and
cooperative global climate governance system.

2. Implement effective measures to reduce natural process carbon
emissions. Although predicting and controlling forest fires remains a chal-
lenge for academia and forestry agencies, scientific and effective prevention
measures can be adopted. These include fuel treatment in forests to re-
duce fuel loads through prescribed burning, mechanical removal, stand
thinning, natural fire utilization, and establishment of firebreaks. Adjust-
ing forest species composition to create fire-resistant forest belts can also
build natural “green fire barriers.”The May 2023 Opinions on Compre-
hensively Strengthening Forest and Grassland Fire Prevention and Control
Under New Situations demonstrates China’s commitment to mitigating
major forest and grassland fire risks and safeguarding lives, property, and
ecological security.

3. Strengthen international cooperation. The impacts of extreme for-
est fires extend beyond individual regions, becoming global environmen-
tal and climate governance emergencies requiring urgent attention from
all nations. Enhanced cooperation and practical measures are needed to
mitigate carbon emissions from natural factors. To address the worldwide
challenge of predicting and preventing extreme forest fires, researchers
should be organized to develop forest fire risk identification, early warn-
ing, prediction, and prevention technology systems. Furthermore, research
on carbon emissions from fire processes should be strengthened to estab-
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lish a more scientific, comprehensive, and domestically controllable carbon
accounting system.
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