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For some variables, such as precipitation, anomalies are often 
expressed as percentages in order to more easily compare changes 
in regions with very different climatological means. However, 
for situations where there are important thresholds (e.g.,  phase 
transitions around 0°C) or for variables which can only take 
a particular sign or be in a fixed range (e.g., sea ice extent or relative 
humidity), absolute values are normally used.

The choice of a  baseline period has important consequences for 
evaluating both observations and simulations of the climate, 
for  comparing observations with simulations, and for presenting 
climate projections. There is usually no perfect choice of baseline 
as many factors have to be considered and compromises may be 
required (Hawkins and Sutton, 2016). It is important to evaluate the 
sensitivity of an analysis or assessment to the choice of the baseline.

For example, the collocation of observations and reanalyses within the 
model ensemble spread depends on the choice of the baseline, and 
uncertainty in future projections of climate is reduced if using a more 
recent baseline, especially for the near term (Figure 1.11). The length 
of an appropriate baseline or reference period depends on the  

variable being considered, the rates of change of the variable and the 
purpose of the chosen period, but is usually 20 to 50  years long.  
The World Meteorological Organization (WMO) uses 30-year periods 
to define ‘climate normals’, which indicate conditions expected to be 
experienced in a given location.

For AR6 WGI, the period 1995–2014 is used as a baseline to calculate 
the changes in future climate using model projections and also as 
a  ‘modern’ or ‘recent past’ reference period when estimating past 
observed warming. The equivalent period in AR5 was 1986–2005, and 
in SR1.5, SROCC and SRCCL it was 2006–2015. The primary reason for 
the different choice in AR6 is that 2014 is the final year of the historical 
CMIP6 simulations. These simulations subsequently assume different 
emissions scenarios and so choosing any later baseline end date 
would require selecting a particular emissions scenario. For certain 
assessments, the most recent decade possible (e.g., 2010–2019 or 
2011–2020, depending on the availability of observations) is also 
used as a reference period (Cross-Chapter Box 2.3).

Figure  1.12 shows changes in observed global mean surface 
temperature (GMST) relative to 1850–1900 and illustrates 
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Figure 1.12 | Global warming over the instrumental period. Observed global mean surface temperature (GMST) from four datasets, relative to the average temperature 
of 1850–1900 in each dataset (see Cross-Chapter Box 2.3 and Section 2.3.1.1 for more details). The shaded grey band indicates the assessed likely range for the period around 
1750 (Cross-Chapter Box 1.2). Different reference periods are indicated by the coloured horizontal lines, and an estimate of total GMST change up to that period is given, 
enabling a translation of the level of warming between different reference periods. The reference periods are all chosen because they have been used in AR6 or previous IPCC 
assessment reports. The value for the 1981–2010 reference period, used as a ‘climate normal’ period by the World Meteorological Organization, is the same as the 1986–2005 
reference period shown. Further details on data sources and processing are available in the chapter data table (Table 1.SM.1).
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Figure 1.14 | The observed emergence of changes in temperature. (Top left) The total change in temperature estimated for 2020 relative to 1850–1900 (following 
Hawkins et al., 2020), showing the largest warming occurring in the Arctic. (Top right) The amplitude of estimated year-to-year variations in temperature. (Middle left) 
The ratio of the observed total change in temperature and the amplitude of temperature variability (the ‘signal-to-noise (S/N) ratio’), showing that the warming is most apparent 
in the tropical regions (also see FAQ 1.2). (Middle right) The global warming level at which the change in local temperature becomes larger than the local year-to-year 
variability. The bottom panels show time series of observed annual mean surface air temperatures over land in various example regions, as indicated by the boxes in the top-left 
panel. The 1 and 2 standard deviations (ʍ) of estimated year-to-year variations for that region are shown by the pink shaded bands. Observed temperature data from Berkeley 
Earth (Rohde and Hausfather, 2020). Further details on data sources and processing are available in the chapter data table (Table 1.SM.1).
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in terrestrial ecosystems: the carbon ‘sinks’ (Figure 6.8). The ocean 
stored 155 ± 30 PgC of anthropogenic carbon since 1750 (see Sec-
tion 6.3.2.5.3 and Box 6.1). Terrestrial ecosystems that have not been 
affected by land use change since 1750, have accumulated 160 ± 90 
PgC of anthropogenic carbon since 1750 (Table 6.1), thus not fully 
compensating the net CO2 losses from terrestrial ecosystems to the 
atmosphere from land use change during the same period estimated 
of 180 ± 80 PgC (Table 6.1). The net balance of all terrestrial ecosys-

Figure 6.8 |  Annual anthropogenic CO2 emissions and their partitioning among the atmosphere, land and ocean (PgC yr–1) from 1750 to 2011. (Top) Fossil fuel and cement CO2 
emissions by category, estimated by the Carbon Dioxide Information Analysis Center (CDIAC) based on UN energy statistics for fossil fuel combustion and US Geological Survey 
for cement production (Boden et al., 2011). (Bottom) Fossil fuel and cement CO2 emissions as above. CO2 emissions from net land use change, mainly deforestation, are based 
on land cover change data and estimated for 1750–1850 from the average of four models (Pongratz et al., 2009; Shevliakova et al., 2009; van Minnen et al., 2009; Zaehle et 
al., 2011) before 1850 and from Houghton et al. (2012) after 1850 (see Table 6.2). The atmospheric CO2 growth rate (term in light blue ‘atmosphere from measurements’ in the 
figure) prior to 1959 is based on a spline fit to ice core observations (Neftel et al., 1982; Friedli et al., 1986; Etheridge et al., 1996) and a synthesis of atmospheric measurements 
from 1959 (Ballantyne et al., 2012). The fit to ice core observations does not capture the large interannual variability in atmospheric CO2 and is represented with a dashed line. 
The ocean CO2 sink prior to 1959 (term in dark blue ‘ocean from indirect observations and models’ in the figure) is from Khatiwala et al. (2009) and from a combination of models 
and observations from 1959 from (Le Quéré et al., 2013). The residual land sink (term in green in the figure) is computed from the residual of the other terms, and represents 
the sink of anthropogenic CO2 in natural land ecosystems. The emissions and their partitioning only include the fluxes that have changed since 1750, and not the natural CO2 
fluxes (e.g., atmospheric CO2 uptake from weathering, outgassing of CO2 from lakes and rivers, and outgassing of CO2 by the ocean from carbon delivered by rivers; see Figure 
6.1) between the atmosphere, land and ocean reservoirs that existed before that time and still exist today. The uncertainties in the various terms are discussed in the text and 
reported in Table 6.1 for decadal mean values.
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tems, those affected by land use change and the others, is thus close 
to neutral since 1750, with an average loss of 30 ± 45 (see Figure 6.1). 
This increased storage in terrestrial ecosystems not affected by land 
use change is likely to be caused by enhanced photosynthesis at higher 
CO2 levels and nitrogen deposition, and changes in climate favouring 
carbon sinks such as longer growing seasons in mid-to-high latitudes. 
Forest area expansion and increased biomass density of forests that 
result from changes in land use change are also carbon sinks, and they 
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(a) Effective radiative forcing (b) Change in global surface temperature
     1750 to 2019       1750 to 2019

Emitted Components 

(c) Aerosol effective radiative forcing 

Climate effect through: 

Figure TS.15 | Contribution to (a) effective radiative forcing (ERF) and (b) global surface temperature change from component emissions for 1750–2019 
based on Coupled Model Intercomparison Project Phase 6 (CMIP6) models and (c) net aerosol ERF for 1750–2014 from different lines of evidence. The 
intent of this figure is to show advances since AR5 in the understanding of (a) emissions-based ERF, (b) global surface temperature response for short-lived climate forcers as 
estimated in Chapter 6, and (c) aerosol ERF from different lines of evidence as assessed in Chapter 7. In panel (a), ERFs for well-mixed greenhouse gases (WMGHGs) are 
from the analytical formulae. ERFs for other components are multi-model means based on Earth system model simulations that quantify the effect of individual components. 
The derived emissions-based ERFs are rescaled to match the concentration-based ERFs in Figure 7.6. Error bars are 5–95% and for the ERF account for uncertainty in radiative 
efficiencies and multi-model error in the means. In panel (b), the global mean temperature response is calculated from the ERF time series using an impulse response function. 
In panel (c), the AR6 assessment is based on energy balance constraints, observational evidence from satellite retrievals, and climate model-based evidence. For each line of 
evidence, the assessed best-estimate contributions from ERF due to aerosol–radiation interactions (ERFari) and aerosol–cloud interactions (ERFaci) are shown with darker and 
paler shading, respectively. Estimates from individual CMIP Phase 5 (CMIP5) and CMIP6 models are depicted by blue and red crosses, respectively. The observational assessment 
for ERFari is taken from the instantaneous forcing due to aerosol–radiation interactions (IRFari). Uncertainty ranges are given in black bars for the total aerosol ERF and depict 
very likely ranges. {6.4.2, Figure 6.12, 7.3.3, Cross-Chapter Box 7.1, Table 7.8, Figure 7.5} 

For CO2, CH4, N2O, and chlorofluorocarbons, there is now evidence to 
quantify the effect on ERF of tropospheric adjustments. The assessed 
ERF for a doubling of CO2 compared to 1750 levels (3.9 ± 0.5 Wm–2) is 
larger than in AR5. For CO2, the adjustments include the physiological 
effects on vegetation. The reactive well-mixed greenhouse gases 
(CH4, N2O, and halocarbons) cause additional chemical adjustments 
to the atmosphere through changes in ozone and aerosols (Figure 
TS.15a). The ERF due to CH4 emissions is 1.19 [0.81 to 1.58] W m–2, of 
which 0.35 [0.16 to 0.54] W m–2 is attributed to chemical adjustments 
mainly via ozone. These chemical adjustments also affect the 
emissions metrics (Section TS.3.3.3). Changes in sulphur dioxide (SO2) 

emissions make the dominant contribution to the ERF from aerosol– 
cloud interactions (high confidence). Over the 1750–2019 period, 
the contributions from the emitted compounds to global surface 
temperature changes broadly match their contributions to the ERF 
(high confidence) (Figure TS.15b). Since a peak in emissions-induced 
SO2 ERF has already occurred recently (Section TS.2.2) and since there 
is a delay in the full global surface temperature response owing to 
the thermal inertia in the climate system, changes in SO2 emissions 
have a slightly larger contribution to global surface temperature 
change compared with changes in CO2 emissions, relative to their 
respective contributions to ERF. {6.4.2, 7.3.2} 
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Figure TS.15 | Contribution to (a) effective radiative forcing (ERF) and (b) global surface temperature change from component emissions for 1750–2019 
based on Coupled Model Intercomparison Project Phase 6 (CMIP6) models and (c) net aerosol ERF for 1750–2014 from different lines of evidence. The 
intent of this figure is to show advances since AR5 in the understanding of (a) emissions-based ERF, (b) global surface temperature response for short-lived climate forcers as 
estimated in Chapter 6, and (c) aerosol ERF from different lines of evidence as assessed in Chapter 7. In panel (a), ERFs for well-mixed greenhouse gases (WMGHGs) are 
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The derived emissions-based ERFs are rescaled to match the concentration-based ERFs in Figure 7.6. Error bars are 5–95% and for the ERF account for uncertainty in radiative 
efficiencies and multi-model error in the means. In panel (b), the global mean temperature response is calculated from the ERF time series using an impulse response function. 
In panel (c), the AR6 assessment is based on energy balance constraints, observational evidence from satellite retrievals, and climate model-based evidence. For each line of 
evidence, the assessed best-estimate contributions from ERF due to aerosol–radiation interactions (ERFari) and aerosol–cloud interactions (ERFaci) are shown with darker and 
paler shading, respectively. Estimates from individual CMIP Phase 5 (CMIP5) and CMIP6 models are depicted by blue and red crosses, respectively. The observational assessment 
for ERFari is taken from the instantaneous forcing due to aerosol–radiation interactions (IRFari). Uncertainty ranges are given in black bars for the total aerosol ERF and depict 
very likely ranges. {6.4.2, Figure 6.12, 7.3.3, Cross-Chapter Box 7.1, Table 7.8, Figure 7.5} 
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quantify the effect on ERF of tropospheric adjustments. The assessed 
ERF for a doubling of CO2 compared to 1750 levels (3.9 ± 0.5 Wm–2) is 
larger than in AR5. For CO2, the adjustments include the physiological 
effects on vegetation. The reactive well-mixed greenhouse gases 
(CH4, N2O, and halocarbons) cause additional chemical adjustments 
to the atmosphere through changes in ozone and aerosols (Figure 
TS.15a). The ERF due to CH4 emissions is 1.19 [0.81 to 1.58] W m–2, of 
which 0.35 [0.16 to 0.54] W m–2 is attributed to chemical adjustments 
mainly via ozone. These chemical adjustments also affect the 
emissions metrics (Section TS.3.3.3). Changes in sulphur dioxide (SO2) 

emissions make the dominant contribution to the ERF from aerosol– 
cloud interactions (high confidence). Over the 1750–2019 period, 
the contributions from the emitted compounds to global surface 
temperature changes broadly match their contributions to the ERF 
(high confidence) (Figure TS.15b). Since a peak in emissions-induced 
SO2 ERF has already occurred recently (Section TS.2.2) and since there 
is a delay in the full global surface temperature response owing to 
the thermal inertia in the climate system, changes in SO2 emissions 
have a slightly larger contribution to global surface temperature 
change compared with changes in CO2 emissions, relative to their 
respective contributions to ERF. {6.4.2, 7.3.2} 
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 Infographic TS.1 | Climate Futures 

Climate futures 
The climate change that people will experience this century and beyond depends on our 
greenhouse gases emissions, how much global warming this will cause and the 
response of the climate system to this warming. 

Emissions pathways 
Different social and economic developments can lead to substantially different future emissions of 
carbon dioxide (CO 2 ), other greenhouse gases and air pollutants for the rest of the century. 
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Short-term effect: Natural variability 

For temperature to stabilize, CO2 emissions need to reach net zero. 

Over short time scales (typically a decade), natural variability can temporarily dampen or accentuate global warming trends 
resulting from emissions. 

Effect on surface temperature 
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Infographic TS.1 | Climate Futures. The intent of this figure is to show possible climate futures: The climate change that people will experience this century and beyond 
depends on our greenhouse gas emissions, how much global warming this will cause and the response of the climate system to this warming. 
(top left) Annual emissions of CO2 for the five core Shared Socio-economic Pathway (SSP) scenarios (very low: SSP1-1.9, low: SSP1-2.6, intermediate: SSP2-4.5, high: SSP3-7.0, 
very high: SSP5-8.5).(bottom left) Projected warming for each of these emissions scenarios. 
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warming taken to reach the GWL. A given GWL can also be reached 
for different balances between anthropogenic forcing agents, such 
as long-lived greenhouse gas and SLCF emissions, and the response 
patterns may depend on this balance. Finally, there is a difference 
in the response even for temperature-related variables if a GWL is 
reached in a rapidly warming transient state or in an equilibrium 
state when the land–sea warming contrast is less pronounced. In this 
Report, the climate responses at different GWLs are calculated based 
on climate model projections for the 21st century (see Figure TS.5), 
which are mostly not in equilibrium. The SSP1-1.9 scenario allows 
assessing the response to a GWL of about 1.5°C after a (relatively) 
short-term stabilization by the end of the 21st century. {4.6.2, 9.3.1.1, 
9.5.2.3, 9.5.3.3, 11.2.4, Cross-Chapter Box  11.1, Cross-Chapter 
Box 12.1} 

Global warming levels are highly relevant as a dimension of 
integration across scientific disciplines and socio-economic actors 
and are motivated by the long-term goal in the Paris Agreement 
of ‘holding the increase in the global average temperature to well 
below 2°C above pre-industrial levels and to pursue efforts to limit 
the temperature increase to 1.5°C above pre-industrial levels’. 
The evolution of aggregated impacts with temperature levels has 
also been widely used and embedded in the WGII assessment. 
This includes the ‘Reasons for Concern’ (RFC) and other ‘burning 
ember’ diagrams in IPCC WGII. The RFC framework has been further 
expanded in SR1.5, SROCC and SRCCL by explicitly looking at the 
differential impacts between half-degree GWLs and the evolution of 
risk for different socio-economic assumptions. {1.4.4, 1.6.2, 11.2.4, 
12.5.2, Cross-Chapter Box 11.1, Cross-Chapter Box 12.1} 

SR1.5 concluded that ‘climate models project robust differences in 
regional climate characteristics between present-day and global 
warming of 1.5°C, and between 1.5°C and 2°C’. This Report adopts 
a set of common GWLs across which climate projections, impacts, 
adaptation challenges and climate change mitigation challenges can 
be integrated, within and across the three Working Groups, relative 
to 1850–1900. The core set of GWLs in this Report are 1.0°C (close 
to present day conditions), 1.5°C, 2.0°C, 3.0°C and 4.0°C. {1.4, 1.6.2, 
Cross-Chapter Box 1.2, Table 1.5, Cross-Chapter Box 11.1} 

Connecting Scenarios and Global Warming Levels 

In this Report, scenario-based climate projections are translated 
into GWLs by aggregating the ESM model response at specific 
GWLs across scenarios (see Figure TS.5 and Figure TS.6). The climate 
response pattern for the 20-year period around when individual 
simulations reach a given GWL are averaged across all models and 
scenarios that reach that GWL. The best estimate and likely range 
of the timing of when a certain GWL is reached under a particular 
scenario (or ‘GWL-crossing time’), however, is based not only on 
CMIP6 output, but on a combined assessment taking into account 
the observed warming to date, CMIP6 output and additional lines 
of evidence (see Cross-Section Box TS.1). {4.3.4, Cross-Chapter 
Box 11.1, Atlas.2, Interactive Atlas} 

Global warming levels are closely related to cumulative CO2 (and 
in some cases CO2-equivalent) emissions. This Report confirms the 
assessment of the WGI contribution to AR5 and SR1.5 that a near-
linear relationship exists between cumulative CO2 emissions and the 

(a) Global mean temperature in CMIP6 (b) Patterns of change in near-surface air temperature, precipitation and soil moisture 
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Figure TS.5 | Scenarios, global warming levels, and patterns of change. The intent of this figure is to show how scenarios are linked to global warming levels (GWLs) 
and to provide examples of the evolution of patterns of change with global warming levels. (a) Illustrative example of GWLs defined as global surface temperature response 
to anthropogenic emissions in unconstrained Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations, for two illustrative scenarios (SSP1-2.6 and SSP3-7.0). The 
time when a given simulation reaches a GWL, for example, +2°C, relative to 1850–1900 is taken as the time when the central year of a 20-year running mean first reaches 
that level of warming. See the dots for +2°C, and how not all simulations reach all levels of warming. The assessment of the timing when a GWL is reached takes into account 
additional lines of evidence and is discussed in Cross-Section Box TS.1. (b) Multi-model, multi-simulation average response patterns of change in near-surface air temperature, 
precipitation (expressed as percentage change) and soil moisture (expressed in standard deviations of interannual variability) for three GWLs. The number to the top right of 
the panels shows the number of model simulations averaged across including all models that reach the corresponding GWL in any of the five Shared Socio-economic Pathways 
(SSPs). See Section TS.2 for discussion. {Cross-Chapter Box 11.1} 
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Response of the climate system relative to 1850–1900 
Many aspects of the climate system react quickly to temperature changes. 
At progressively higher levels of global warming there are greater consequences (min/max range shown). 

Temperature 
Hottest day in 
a decade (+°C) 

Drought
A drought that used to 
occur once in a decade now 
happens x times more 

Precipitation
What used to be a 
wettest day in a decade 
now happens x times 
more 

Snow 
Snow cover extent 
change (%) 

Tropical cyclones 
Proportion of intense 
tropical cyclones (%) 

(+0.7 to 1.5°C) 

(x0.7 to 4.1) 
x1.7 

(x1.2 to1.4) 
x1.3 

(-3 to 1) 
-1% (-13 to 2) 

-9% 

+2°C+1.5°C

(+1.8 to 3.1°C) 

(x1.6 to 2.0)(x1.4 to 1.7) 

(x1.3 to 5.8) 

+2.6°C+1.9°C 

x2.4 

+13%+10% 

x1.7 

+1.1°C�
Today

+1.2°C (+1.3 to 2.3°C) 

(-7 to 2) 

(x1.0 to 5.1) 
x2.0 

-5% 

x1.5 

Long-term consequences: Sea level rise 

Today, sea level has already  
increased by 20 cm and 
will increase an additional 
30 cm to 1 m or more by 2100, 
depending on future emissions. 

Sea level reacts very slowly to 
global warming so, once 
started, the rise continues for 
thousands of years. 

The future... 

Reducing emissions rapidly will limit further changes, but continued emissions will trigger larger, 
faster changes that will increasingly affect all regions. Some changes will persist for hundreds or 
thousands of years, so today’s choices will have long-lasting consequences. 
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van der Werf, G.R. et al. (2017) Global fire emissions estimates during 1997–2016. Earth Syst. Sci. Data, 9, 697–720.
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Figure 8. GFED4s burned fraction (a), fuel consumption (b), and
emissions (c) averaged over 1997–2016.

of burned area and the resulting emissions, and in Sect. 4.2
the temporal patterns. We then discuss the modeled fuel con-
sumption (Sect. 4.3) and the greenhouse gas forcing of fires
in Sect. 4.4. We also explain the main differences between
GFED4s and GFED3 as well as differences in emissions be-
tween GFED4s and GFED4, with the latter derived from the
same modeling framework but using the burned area dataset
without small fires (i.e., with burned area from GFED4)
(Sect. 4.5).

4.1 Spatial patterns

The spatial patterns of emissions and burned area are simi-
lar but because fuel consumption is, in general, inversely re-
lated to fire frequency (Table 2), emissions are less spatially
variable than burned area (Fig. 8). About 84 % of global car-
bon emissions have an origin in the tropics between 23.5� N
and 23.5� S (1830 Tg C yr�1), and 62 % come from tropical
savannas (1341 Tg C yr�1), underscoring the importance of
fire as a driver of biogeochemical cycles and ecosystem pro-
cesses in tropical ecosystems.

The relative importance of different regions or continents
varies depending on whether one is considering burned area,
carbon emissions, or trace gas emissions. For example, while
Equatorial Asia (mostly Indonesia) is responsible for only
0.6 % of global burned area, the region accounts for 8 % of
carbon emissions and 23 % of CH4 emissions from global
fire activity. Boreal forests offer a similar, although less ex-
treme, example: 2.5 % of global burned area, 9 % of global
fire carbon emissions, and 15 % of global fire CH4 emis-
sions. This difference is due to the large variability in fire
behavior and fuel consumption in forested regions with high
fuel loads, especially when fires consume organic soils. The
larger contribution of coarse fuels and smoldering stages of
combustion in organic soils also contributes to higher emis-
sion factors for reduced species such as CO and CH4. More
information on the relative contribution of the different re-
gions is provided in Tables 2 and 3 for fire carbon emis-
sions and in Table 1 for mean annual emissions of indi-
vidual trace gases and aerosols. More time series informa-
tion on individual trace gases and aerosols can be found at
http://www.geo.vu.nl/~gwerf/GFED/GFED4/tables/.

4.2 Temporal dynamics

Forest fires are the primary driver of interannual variability
in fire emissions (Fig. 9, Table 3). In the tropics, much of this
variability is linked with sea surface temperatures, includ-
ing large-scale climate modes such as El Niño, which alter
fire risk in tropical forests (Chen et al., 2016). El Niño years
including 1997–1998, 2002, and 2015 have relatively large
contributions from tropical forests. Peat burning in Equato-
rial Asia contribute substantially to anomalously high emis-
sions 1997 and 2015, in part due to the human-ignited fires
that burn in drained peatlands during prolonged drought peri-
ods associated with El Niño (Field et al., 2016; van der Werf
et al., 2008). Most of the interannual variability in emissions
originates from regions outside of Africa, which is shown in
the top right panel in Fig. 9.

August and September are usually the months with high-
est emissions, coinciding with the main austral fire season
(Fig. 10). This dominance of the Southern Hemisphere is be-
cause Southern Hemisphere Africa has higher emissions than
Northern Hemisphere Africa (especially during the latter part
of our time period) and the deforestation regions south of the
equator are larger and more active than those north of the
equator. Finally, it coincides with the burning season in the
temperate and boreal Northern Hemisphere summer, which
produces far more emissions than these eco-regions in the
Southern Hemisphere summer. The inclusion of small fires
does not influence these dynamics (Fig. 10), while the mod-
ified conversion of burned area to burned fraction of fuel
causes a slight delay in the peak fire season, mostly in Africa
(Fig. 11).

www.earth-syst-sci-data.net/9/697/2017/ Earth Syst. Sci. Data, 9, 697–720, 2017
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in Sect. 4.4. We also explain the main differences between
GFED4s and GFED3 as well as differences in emissions be-
tween GFED4s and GFED4, with the latter derived from the
same modeling framework but using the burned area dataset
without small fires (i.e., with burned area from GFED4)
(Sect. 4.5).

4.1 Spatial patterns

The spatial patterns of emissions and burned area are simi-
lar but because fuel consumption is, in general, inversely re-
lated to fire frequency (Table 2), emissions are less spatially
variable than burned area (Fig. 8). About 84 % of global car-
bon emissions have an origin in the tropics between 23.5� N
and 23.5� S (1830 Tg C yr�1), and 62 % come from tropical
savannas (1341 Tg C yr�1), underscoring the importance of
fire as a driver of biogeochemical cycles and ecosystem pro-
cesses in tropical ecosystems.

The relative importance of different regions or continents
varies depending on whether one is considering burned area,
carbon emissions, or trace gas emissions. For example, while
Equatorial Asia (mostly Indonesia) is responsible for only
0.6 % of global burned area, the region accounts for 8 % of
carbon emissions and 23 % of CH4 emissions from global
fire activity. Boreal forests offer a similar, although less ex-
treme, example: 2.5 % of global burned area, 9 % of global
fire carbon emissions, and 15 % of global fire CH4 emis-
sions. This difference is due to the large variability in fire
behavior and fuel consumption in forested regions with high
fuel loads, especially when fires consume organic soils. The
larger contribution of coarse fuels and smoldering stages of
combustion in organic soils also contributes to higher emis-
sion factors for reduced species such as CO and CH4. More
information on the relative contribution of the different re-
gions is provided in Tables 2 and 3 for fire carbon emis-
sions and in Table 1 for mean annual emissions of indi-
vidual trace gases and aerosols. More time series informa-
tion on individual trace gases and aerosols can be found at
http://www.geo.vu.nl/~gwerf/GFED/GFED4/tables/.

4.2 Temporal dynamics

Forest fires are the primary driver of interannual variability
in fire emissions (Fig. 9, Table 3). In the tropics, much of this
variability is linked with sea surface temperatures, includ-
ing large-scale climate modes such as El Niño, which alter
fire risk in tropical forests (Chen et al., 2016). El Niño years
including 1997–1998, 2002, and 2015 have relatively large
contributions from tropical forests. Peat burning in Equato-
rial Asia contribute substantially to anomalously high emis-
sions 1997 and 2015, in part due to the human-ignited fires
that burn in drained peatlands during prolonged drought peri-
ods associated with El Niño (Field et al., 2016; van der Werf
et al., 2008). Most of the interannual variability in emissions
originates from regions outside of Africa, which is shown in
the top right panel in Fig. 9.

August and September are usually the months with high-
est emissions, coinciding with the main austral fire season
(Fig. 10). This dominance of the Southern Hemisphere is be-
cause Southern Hemisphere Africa has higher emissions than
Northern Hemisphere Africa (especially during the latter part
of our time period) and the deforestation regions south of the
equator are larger and more active than those north of the
equator. Finally, it coincides with the burning season in the
temperate and boreal Northern Hemisphere summer, which
produces far more emissions than these eco-regions in the
Southern Hemisphere summer. The inclusion of small fires
does not influence these dynamics (Fig. 10), while the mod-
ified conversion of burned area to burned fraction of fuel
causes a slight delay in the peak fire season, mostly in Africa
(Fig. 11).
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Figure 12. Measured and modeled fuel consumption for various
biomes showing the range (whiskers), mean (colored dots and di-
amonds), median (open dots and diamonds), and 25th and 75th
percentiles (boxes) for those biomes with more than 10 measure-
ments. Comparison is based on the meta-analysis of van Leeuwen
et al. (2014) and collocated 0.25� grid cells. The time periods of
measurement and model do not necessarily overlap. “n” indicates
the number of measurements for each biome. Note the logarithmic
scale.

of annual emissions. Experiments with early burning in Aus-
tralia have shown a potential reduction of up to 50 % (Walsh
et al., 2014), but it is not known to what extent it is possible
to use this approach in other regions, what the side effects
will be, and whether some of the mitigation will be offset
by higher CH4 emission factors because early season fires
may occur when fuels have had less time to cure. In Aus-
tralia the latter is probably not the case (Meyer et al., 2012),
but whether this is found in other regions remains to be in-
vestigated.

4.5 Differences between GFED4s, GFED4, and GFED3

In general, small fire burned area (GFED4s) and the modi-
fied burned-area-to-burned-fraction conversion (GFED4 and
GFED4s) cause emissions to increase, while the optimization
of fuel consumption causes emissions to decrease as com-
pared with earlier versions of GFED. On a global scale, these
modifications yield a modest net increase in fire carbon emis-
sions in GFED4s as compared with GFED3 (11 % for the
overlapping 1997–2011 time period). However, the effects
of the three main adjustments vary spatially; on a regional
scale the differences are larger (Fig. 13). The relative effect
of the small fire burned area is largest in temperate and sub-
tropical regions where agricultural waste burning and shift-
ing cultivation are important drivers of fire activity. The more
than doubling of burned area in Central America and North-

ern Hemisphere South America compared to GFED3 reflects
differences in both GFED4 burned area and the inclusion of
small fires (Fig. 13). Burned area in Temperate North Amer-
ica and Europe also increases by about a factor of 2, and most
of this difference is due to small fire burned area.

Our modifications to herbaceous fuel turnover rates cause
fuel consumption per unit area (per m2 of burned area) to
decrease, whether or not small fire burned area is included,
in all regions except Central Asia, where consumption in-
creased by approximately 20 to 30 % (Fig. 13). Estimates
of fuel consumption per unit area are similar in GFED4
and GFED4s, indicating that fuel loads in areas burned by
small fires are not substantially different from those in nearby
mapped burned areas (or that our relatively coarse model-
ing setup cannot resolve finer-scale landscape differences).
The exception is Central Asia, where small fire burned area
causes a relative increase in burned area in forested regions.
In Central America and Equatorial Asia, in contrast, small
fire burned area occurs predominantly in areas with relatively
low fuel loads.

The modified burned-area-to-burned-fraction parameteri-
zation causes an increase of 5 % in carbon emissions (not
shown). The new parameterization only influences grid cells
that burn for more than 1 month in a season, and has a larger
effect in grid cells that have a high burn fraction. Regions
with frequent savanna fires therefore have the highest sensi-
tivity, with emissions in Northern Hemisphere Africa, South-
ern Hemisphere Africa, and Australia increasing by 9, 8,
and 6 %, respectively. In other regions, the differences are
smaller than 2 %. In addition to the increase in emissions in
frequently burning savannas, the new parameterization also
changes the temporal dynamics (Fig. 11); early season emis-
sions are lower because less fuel remains from the previous
growing season, and late-season emissions are higher be-
cause the parameterization has the effect of increasing grid-
cell level fuel consumption later in the fire season.

Without small fire burned area, the impact of decreas-
ing fuel consumption and a minor reduction in burned area
(2 % globally) yields a total carbon emissions estimate of
1.5 Pg C yr�1 in GFED4, a 23 % reduction compared to
GFED3 during 1997–2011. Although globally GFED4 emis-
sions are lower than GFED3, in some regions both burned
area and emissions increase, mostly in temperate regions
(Fig. 13). Using the new set of emission factors that sepa-
rate extratropical forests into boreal forest and temperate for-
est components generates a larger increase in CO emissions
in boreal regions than expected from the change in carbon
emissions alone (Fig. 14).

5 Discussion

We have calculated global carbon emissions from fires by us-
ing a biogeochemical model to combine satellite fire obser-
vations with estimates of fuel consumption that respond to

Earth Syst. Sci. Data, 9, 697–720, 2017 www.earth-syst-sci-data.net/9/697/2017/

van der Werf, G.R. et al. (2017) Global fire emissions estimates during 1997–2016. Earth Syst. Sci. Data, 9, 697–720.
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regions, individual years with severe fire and large forest losses 
heavily influence trends, and therefore a longer time period is re-
quired to find robust trends. Trends in the fraction of fire- related 
forest loss generally coincided well with trends in burned area and 
active fire detections (Figure S8).

Of the global fire- related forest loss estimate, 23 ± 2% was cap-
tured by burned area and 15 ± 9% was added by active fires (Figures 
S7f and S9). Globally, 6.9% of burned area detections and 15.4% of 
active fire detections overlapped with forest loss (Figure S10a,b), in-
dicating that only a small fraction of total fire detections was related 
to forest loss. The relative contribution of active fire detections to 
the total fire- related forest loss estimate was largest in interior trop-
ical forests and heavily managed temperate forests (Figure S10c). In 
temperate forests however, the amount of fire- related forest loss 
was generally very minor.

ƒĺƑՊ |Պ $uorb1v

Of all forest loss in the tropics (48% of global forest loss; 23.5°N– 
23.5°S), 34 ± 14% was fire- related (Table 1; Figures 1 and 3). For 
primary humid tropical forests, the fraction of fire- related forest 
loss was higher (41 ± 14%), of which 69% occurred in the tropical 
Americas, 22% in Southeast Asia, and only 8% in sub- Saharan Africa 
(Figure 4). Compared to the tropical Americas and Asia, the forest 
loss regime in Africa consisted of more small- scale forest loss, with 
more than three- quarters of all forest loss area occurring in events 
<5% the size of a 500 m pixel (Figure S4a). For Africa, the majority 
of fire activity and forest loss occurred in the 25%– 75% fraction 
tree cover range, whereas only 20% of fire- related forest loss area 
occurred in the >75% tree cover range, compared to 68% for South 
America (Figure S11).

 ��&!� �ƐՊ�Ѵo0-Ѵ�=ou;v|�Ѵovv�-m7�=bu;Ŋ�u;Ѵ-|;7m;vvķ�Ő-ő�r;u1;m|-];�o=�ƏĺƑƔŦ�]ub7�1;ѴѴ�|_-|��m7;u�;m|�=ou;v|�Ѵovv�7�ubm]�ƑƏƏƒŋ�ƑƏƐѶ�-m7�
(b) best- estimate fraction of fire- related forest loss. In panel (b), 0.25° grid cells that underwent less than 0.1% forest loss are masked out. 
The horizontal dimension of the colour map in panel (b) represents the percentage of forest loss from panel (a), scaled to the power of 0.5 
and clipped at 40% forest loss for improved visualization

van Wees, D. et al. (2021). The role of fire in global forest loss dynamics. Global change biology, 27(11), 2377.
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Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced

www.earth-syst-sci-data.net/9/697/2017/ Earth Syst. Sci. Data, 9, 697–720, 2017

年
放
出
量

TgCyear‒1

van der Werf, G.R. et al. (2017) Global fire emissions estimates during 1997–2016. Earth Syst. Sci. Data, 9, 697–720.

サバンナ火災

熱帯林破壊・劣化北半球

南半球



オーストラリア　サバンナ火災90% 
　　　　　平均14年ごとに火災 
　　　　　植生回復の問題 

G. R. van der Werf et al.: Global fire emissions estimates during 1997–2016 709

Tropical deforestation & degradation Savanna, grassland, and shrubland fires

Peat fires Boreal forest fires

Agricultural waste burning Temperate forest fires

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

1000

2000

3000

Global

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

500

1000

1500

2000 Global excluding Africa

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

50

100

Boreal North America

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

10

20

30

Temperate North America

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

50

100

150

Central America

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

20

40

60 Northern Hemisphere South America

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

200

400

600 Southern Hemisphere South America

A
n

n
u

a
l 

fi
r
e

 c
a

r
b

o
n

 e
m

is
s
io

n
s
 (

T
g

 C
 y

r
)

–
1

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

5

10

15

20 Europe

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

1

2

3 Middle East

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

200

400

600

Northern Hemisphere Africa

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

250

500

750
Southern Hemisphere Africa

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

100

200

300 Boreal Asia

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

25

50

75

Central Asia

97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
0

50

100

150

Southeast Asia

1
9

9
7

1
9

9
8

1
9

9
9

2
0

0
0

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

2
0

1
5

2
0

1
6

0

500

1000

Equatorial Asia
1

9
9

7

1
9

9
8

1
9

9
9

2
0

0
0

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

2
0

1
5

2
0

1
6

0

50

100

150

200 Australia and New Zealand

Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced

www.earth-syst-sci-data.net/9/697/2017/ Earth Syst. Sci. Data, 9, 697–720, 2017
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Figure 9. GFED4s annual fire carbon emissions for various regions and sources.

4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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4.3 Fuel consumption

Modeled and measured (van Leeuwen et al., 2014) fuel con-
sumption agree reasonably when aggregated to biome levels
(Fig. 12). Fuel consumption in savannas and other regions
with herbaceous fuels is lower in GFED4 (both with and
without small fires) than in GFED3 because of increases in
the turnover rates of herbaceous leaf and surface litter pools.
As a consequence, fuel consumption in GFED4 in savannas
has decreased 30 % compared to GFED3. Compared with the
fuel consumption database from van Leeuwen et al. (2014),
GFED4 predicts estimates that are, on average, 14 % higher

than the fuel consumption measured in the collocated grid
cells. GFED4 also shows a somewhat lower range than the
observations.

Fuel consumption in tropical forests is substantially higher
(45 %) than measured. However, measured fuel consump-
tion typically does not account for repeated burning during
the deforestation process, which can lead to complete com-
bustion over a full fire season following multiple fires (van
der Werf et al., 2009; Yokelson et al., 2007). In temperate
forests, GFED4 average fuel consumption is 33 % below the
measured values, while in boreal forests the model is 39 %
higher. The discrepancy in temperate forests can be traced
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rates of thermokarst bog expansion within and outside historical
fire scars.

The objective of this study was to assess impacts of wildfire on
permafrost stability and thermokarst bog development in boreal
peatlands. Wildfire has been shown to cause deeper active lay-
ers24–26 and increased soil temperatures25,27–29 in Alaskan peat-
lands, but this has largely been attributed to the near complete
combustion of relatively shallow peat profiles and greater thermal
conductivity of the underlying mineral soils26. Potential impacts
from wildfire on soil thermal regimes in our study region are thus
required to act through other mechanisms given the greater peat
depths. This may also affect both the severity of impacts as well as
their temporal persistence. Given this, we hypothesized that
impacts of wildfire on the soil thermal regime of peat plateaus are
linked to vegetation controls on the surface energy balance, and
thus predicted to observe warmer and deeper active layers that
last for several decades after wildfire until vegetation recover.
Furthermore, we hypothesized that a perturbed soil thermal
regime on the top of peat plateaus increases the vulnerability to
complete thaw at peat plateau edges, and thus predicted accel-
erated rates of thermokarst bog expansion within historical fire
scars compared to unburned areas (Fig. 2). In order to test our
hypotheses, we monitored soil thermal regimes at 16 peat plateau
sites, ten of which had burned between 2 and 49 years prior to the
study. We also assessed extents of recently developed young
thermokarst bogs within and outside historical fire areas in four
large peatlands that were partially affected by fire 20–30 years
ago. Combining field measurements and remote sensing
approaches allowed us to estimate an area of thermokarst bog
development directly caused by wildfire over the last 30 years, and
its relative contribution to overall thermokarst bog development
in the study region.

Results
Effects of wildfire on peat plateau soil thermal regimes. The soil
thermal regime at each of the 16 peat plateau sites (Fig. 1a,
Supplementary Fig. 3, and Supplementary Table 1,) was char-
acterized by monitoring air and soil temperatures at 40 cm depth
for a full year, and via repeat measurements of depth to frost table
at 100 point locations in 3 m spaced grids. Depths to frost table
were measured up to seven times per site between May and late
September. It was apparent from sudden large increases in depth
to the frost table that many point locations had continuously

thawed soil layers between the permafrost and the seasonally
frozen layer, i.e. taliks (Fig. 2, and Supplementary Fig. 4a). We
derived two measures of soil thermal regime from the within-site
distribution of depth to the frost table in September; the pro-
portion of point locations with taliks, and the active layer depth as
defined by the typical depth to frost table at point locations
without taliks (see Methods; Supplementary Fig. 4b, and Sup-
plementary Tables 3, 4). Differences in soil thermal regimes were
considered to be primarily due to differences in fire histories
among sites, since sites all had similar peat depths, and current or
pre-fire tree densities, and since the variability in mean annual air
temperatures between −0.8 and −3.1 °C among unburned sites
did not explain any of the variability in their active layer depth or
talik coverage (p > 0.5, linear regressions) (Supplementary
Table 1).

We observed a >60% increase of the active layer in recently
burned sites, from ~50 cm in unburned sites to ~85 cm in sites
that burned within the last five years prior to the study (Fig. 3a).
Recently burned sites had a deeper depth to the frost table than
unburned sites already in June, and this difference increased
throughout the summer and into fall (Supplementary Fig. 5).
Accordingly, thaw at 40 cm depth occurred more than 2 weeks
earlier at the recently burned than unburned sites, as indicated by
soil temperature records (Fig. 3b). This suggested that fire was
associated with increased downward ground heat flux throughout
both summer and fall, possibly accompanied by an earlier
initiation of the seasonal thaw development. We consider it likely
that increased ground heat flux resulted from increased net
radiation at the surface following the loss of shading from black
spruce trees, and from reduced ground albedo30 as light-colored
lichens had been replaced with black char (Fig. 3c, Supplementary
Figs. 1 and 3). The observed effects of wildfire on active layer
depth and rate of thaw throughout the summer were most
apparent at recently burned sites, lessened at sites that burned
10–20 years ago, and were not detectable at older burn sites
(Fig. 3a, b).

Our results further indicate that wildfire caused substantial
development of taliks and increased deep soil temperatures.
However, these effects were delayed and most pronounced at sites
that burned 10–20 years ago, and only started to recover once
active layer depths had returned to pre-fire conditions (Fig. 3a, b).
Talik coverage increased from ~20% in unburned sites to between
70 and 100% in sites burned 10–20 years ago (Fig. 3a), while
maximum annual soil temperature at 40 cm increased from
between 2 and 5 °C to between 9 and 11 °C (Fig. 3b). The delayed
response suggests that these effects represent a cumulative effect
of wildfire which carries over from year to year. We speculate that
wildfire increases heat penetration during the summer but also
reduces soil heat loss during winter, which together prevents
complete re-freeze of the active layer. This in turn allows for a
continued deepening of the frost table and further talik expansion
in the following year. Winter heat losses after fire may be reduced
due to the loss of an intercepting tree canopy which causes
increased snow depths and thus increased insulation31. Our
results, indicating strong effects of wildfire on soil thermal
regimes in peat plateaus are contrasting to the minor effects of
wildfire found in more southern non-permafrost bogs32. This
could be due to greater ground-cover dominance in non-
permafrost bogs of Sphagnum fuscum hummocks that remain
light-colored following fire32, or due to differing effect of fire on
near-surface soil moisture and consequently on soil thermal
conductivity.

Fire severity did not appear to have any influence on the post-
fire soil thermal regime. Fire severity is generally higher during
droughts and for fires that occur later in the season33. However,
neither the Canadian drought code, which is a rating of the
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Fig. 2 Simplified illustration of soil thermal states for peat profiles along
transects from thermokarst bogs to peat plateaus, within and outside
historical burn areas. Taliks are continuously thawed soil layers between
the permafrost and the seasonally frozen layers
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deciduous forest, and the vegetation species changed (Barrett
et al., 2011; Chu et al., 2017; Li et al., 2019), and; the vege-
tation did not recover to the pre-fire level.

The thickness of organic layer plays an important role in
the vegetation successional trajectories (Johnstone et al.,
2011). The post-fire organic layer thickness is positively
correlated with post-fire conifer seedling density, while it
adversely affects the broadleaf recruitment and growth in
boreal forest (Kasischke et al., 2007). The fire severity has
strong influences on patterns of tree seedling establishment
(Johnstone and Chapin 2006; Greene et al., 2007). Severe
burns generally result in thinner organic layers and promote
the germination and establishment of small-seeded species
whereas light burns preserve thicker organic layers, which
may prevent successful germination while sparing the
belowground perennial organs of shrubs and trees (Schimmel
and Granstrom, 1996). Therefore, when the severe combustion
of organic layer exposes mineral seedbeds and favors the
recruitment of deciduous hardwoods, alternative trajectories
dominated by deciduous trees may be initiated (Johnstone
et al., 2010b).

3. Fires impacts on soil temperatures and active layer
thickness

If the vegetation and organic layer are burned, in the post-
fire environment the net heat balance on the ground surface
and the partitions of energy sources will be altered because of
the significantly reduced surface albedo through surface
charring. Thus, the absorption of shortwave radiation in-
creases, and the absorbed and accumulated heat will be
transformed into sensible heat, resulting in ground warming.
On the other hand, the increased land surface temperature is
strongly associated with the increase of the emitted longwave
radiation. Overall, the removal of vegetation and organic layer

increases exposure to solar radiation and weakens the shading
effect and evapotranspiration and subsequent evaporative
cooling (Yoshikawa et al., 2003; Shur and Jorgenson, 2007;
Johnstone et al., 2010b). These changes affect the transfer of
heat into and out of the ground and may result in the sharp
weakening of thermal insulation and effective reducing of
surface albedo and thermal conductivity of near-surface soils
(Johnstone and Chapin, 2006; Nossov et al., 2013). The net
radiation balance on the ground surface decreases while the
ground heat influx increases. Furthermore, as a result of heat
accumulation, permafrost degrades as evidenced by the
melting of ground ice and deepening of the active layer, and so
forth (Rouse and Mills, 1976; Chapin et al., 2000; Viereck
et al., 2008; Brown et al., 2015).

3.1. Near-surface soil temperatures

3.1.1. Organic layers affect soil temperature
Many experimental studies have been implemented to study

the post-fire changes in hydrothermal dynamics in permafrost
regions. Some commonly observed phenomena have been
distinguished, such as an increasing active layer thickness
(ALT) and rising near-surface soil temperatures, and other
long-term and ongoing changes in post-fire hydrothermal
processes. The presence and thickness of the surface organic
layer in the boreal forest control the soil thermal and hydro-
logical regimes and permafrost dynamics (Jin et al., 2008).
Therefore, the removal of canopy and organic layer reduces
the shading effect and evapotranspiration, and results in the
disappearance or substantial weakening of surface and thermal
offsets, and in a reduction of surface albedo and an increase in
thermal conductivity of soils (Rocha and Shaver, 2011; Jiang
et al., 2015; Jin et al., 2021). Finally, the significant post-fire
ground warming also leads to an increased ALT (Nossov
et al., 2013; Narita et al., 2015). For example, a surficial

Fig. 2. Succession of vegetation and active layer changes in a burned black spruce stand (Modified form Viereck et al., 2008).
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danger, we need to have reliable statistics of actual forest
fires and information that most (or at least a stable
fraction) of these fires are a result of “natural” origin.
For several reasons, this is not the case for most of the
former USSR (Korovin, 2005; Conard et al., 2002). It is
also impossible to use forest fire statistics for the
conterminous U.S. and Europe where forest manage-
ment, fire suppression, and increasing anthropogenic
influence substantially predetermine trends in forest
and brush fire occurrences (cf., http://www.ncdc.noaa.
gov/img/climate/research/2004/fire04/usminusalaska-
wildlandfires-1960to2004.gif ). Therefore, we select the
northern part of North America to assess the per-
formance of our forest fire indices to characterize re-
gionally averaged time series of actual forest fire
occurrence and areas burned. The southern provinces
of Canada were especially interesting, because in ad-
dition to several decades of forest fire statistics, we have
there dense daily and synoptic networks (in GDCN and

GSCN) for use. For Alaska, most of meteorological
stations are located in the southern half of the State, and
only daily data were ready for use at the time when this
study was conducted. Therefore, for Canada we com-
pared all forest fire indices among themselves and with
forest fire statistics, while for Alaska only KBDI was
tested against the statewide forest fire counts and areas
burned. The pattern of the seasonal cycle of two types of
indices, KBDI and those based on synoptic information,
over Canada resembles that for Northern Eurasia. For
example, both Figs. 6 and 7 show that in Canada as well
as in Russia the atmospheric dryness (better described by

Fig. 10. Frequency of high KBDI values in Alaska (dotted lines) versus
actual areas burned by forest fires (solid lines). R is the correlation
coefficient.

Fig. 11. Five regions in Siberia where a potential forest fire danger increase in the 20th century was reported (red-colored; Groisman et al., 2003b), the
regions where agricultural droughts have increased (brown ovals; Meshcherskaya and Blazhevich, 1997; Zhai et al., 2004), and the region where
improved humidity conditions have been observed in the past 50 yr (blue; Fig. 12; Shiklomanov and Georgievsky, 2003; Robock et al., 2005).

Fig. 12. Number of days with KBDI (dotted black lines) and MNI
(solid red lines) above the upper 10th percentile of their annual
distribution area-averaged over the European part of the former USSR
south of 60° N. R is the correlation coefficient. During the common
period (1936–2000), both indices show statistically significant
decreases in the annual frequency of dry days. Notes: (1) During the
common period, GSCN has five times more stations within the region
than GDCN and it shows in a lesser variability of MNI based on
synoptic information; (2) from 1992–2000 the regions of fUSSR
outside of the Russian Federation were not as well represented in terms
of station counts as had been in the past.
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KBDI by using the upper frequency part of this scale in
our analyses to select the days with abnormally dry soil
conditions, i.e., the days particularly conducive to forest
fire. Specifically, at each point for the entire period of
record, we calculated KBDI and then estimated its
distribution for the part of the year (season, month)
when KBDI was above zero. We estimated its dis-
tribution for the reference period 1961–1990 (when a
majority of stations have the data available). Upper
percentiles of this distribution were defined at each
station (upper 10th percentile, upper 1st percentile, etc).
Then we calculated the number of days above these
percentiles. No matter what the absolute values of KBDI
actually are or whether forest fires do or do not actually
occur in the region, we assume these days as potentially
dangerous for forest fires (i.e., more conducive for fire).
The count of these days was performed for each season
and year and area averaged to present the time series of
“regionally-averaged” conditions that are conducive to
forest fire. In this approach, however, locations in
swampy areas that would never be able to burn (at
present climate conditions) are included in the analyses
and participate in the area-averaging process as well as
locations with dry soils that have a great chance to catch
fire from natural and anthropogenic causes. For area-
averaged characteristics based on all forest fire indices,
we used the normalization procedure described above.1

Therefore, in our analyses, all these indices were
regionalized (normalized) by using the upper frequency

part of their scale to select the days with abnormally dry
conditions, i.e., the days conducive to forest fire. Specif-
ically, for each index at each point and month, we
estimated its distribution, defined upper percentiles of
this distribution (e.g., upper 10th percentile), and then
calculated the number of days above these percentiles.

3.4. Testing of different potential forest fire indices based
on daily and synoptic data sets versus statistics of forest
fire

3.4.1. Tests versus forest fire statistics
To test the performance of the forest fire indices that

characterize the climatic component of the forest fire

Fig. 8. Comparison of Modified Nesterov (Left) and Zhdanko (Right) Indices with the count of forest fires over Ontario Province in Canada. Both
indices were normalized (i.e., number of days with indices above the upper 10th percentile were area-averaged over the province). Solid lines:
Number of fires in the province. Dotted lines: Days with high MNI and ZhI. R is the correlation coefficient.

1 Note that initially Groisman et al. (2004) used fixed KBDI
thresholds for the contiguous U.S. (e.g., 200, 300, and 400). This was
done only for narrowly defined small regions where we can expect the
KBDI variations to be relatively small. The processing described
above (with percentiles) is more universal and flexible.

Fig. 9. Time series of total annual forest fire counts in British Columbia
and summer KBDI values. Decreasing tendencies in KBDI and forest
fire counts over the province during the past 30 yr indicate increasing
humidity conditions and corroborate with similar KBDI changes in the
northwestern part of the conterminous United States (Groisman et al.,
2004) and a general increase in precipitation over British Columbia in
the 20th century (Stone et al., 2000). R is the correlation coefficient.
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of the burn. This interpretation is consistent with a recent
analysis linking the Anaktuvuk River Fire with regional
weather patterns [Jones et al., 2009].
[19] Comparison of climate and tundra fire data from

throughout the Alaskan Arctic and sub‐Arctic also reveals
strong climate‐fire linkages over the past 60 years. In the
generalized boosting model, June–September temperature
and precipitation alone explain 95% of the interannual vari-
ability in observed area burned in Alaskan tundra (Table 1
and Figure 4a). June–August climate dominates this rela-

tionship, and unlike for the Anaktuvuk River Fire, September
climate is only weakly correlated with tundra area burned in
the past several decades. Furthermore, temperature is the
more important variable in this model and has a nonlinear
relationship with area burned (Figure 4b). A threshold
response of area burned occurs when average summer
temperature at the five weather stations (Barrow, Bethel,
Bettles, Kotzebue, and Nome) exceeds approximately 9.5°C
(Figure 4). This threshold is apparent at all precipitation
levels. In our model, the effects of JJAS precipitation on

Figure 4. Tundra fire‐climate relations in Alaska based on a generalized boosting model. The model
explains 95% of the interannual variability in area burned in Alaskan tundra from CE 1950–2009. Tundra
fires were defined as all area burned that overlapped with tundra vegetation on the Circumpolar Arctic
Vegetation Map [Walker et al., 2005]. The explanatory climate variables are annual average June,
July, August, and September (JJAS) temperature and precipitation, calculated from the five locations
identified in Figure 1. (a) Observed versus model‐predicted area burned. (b) Smoothed response surface
relating annual summer temperature and precipitation to tundra area burned.

HU ET AL.: TUNDRA BURNING AND CLIMATIC CHANGE G04002G04002

5 of 8

アラスカ・ツンドラの夏（６月から９月）の 
平均降水量、気温と燃焼面積の関係

夏の平均気温(℃)夏の平均降水量(mm)

年
間
燃
焼
面
積
 

(×
10
00
km

2 )
 

Hu, F. S., P. E. Higuera, J. E. Walsh, W. L. Chapman, P. A. Duffy, L. B. Brubaker, and M. L. Chipman (2010), Tundra burning in 
Alaska: Linkages to climatic change and sea ice retreat, J. Geophys. Res., 115, G04002, doi:10.1029/2009JG001270.

300
150

11
8

4

0



極端な乾燥が増える 

北極圏で2100年に落雷が2倍に 
Chen et al. (2021) 

北極圏で冬越し火災が4割 
Scholten et al. (2021) 



2019年に世界で起きた主な森林火災 
（2020年1月26日 読売新聞朝刊、 
串田のデータを基に作成） 

シベリア　6～8月　10万km2 
米国カリフォルニア州　7～11月　1000km2 
インドネシア　8～9月　1万km2 
オーストラリア　9月～　19万km2 
アマゾン　7～11月　数万km2 

参考:日本の面積 38万km2
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対策は間に合うのか？



温室効果ガスの発生源（人為） 
二酸化炭素 
化石燃料、森林減少 

メタン（二酸化炭素の60%の寄与） 
農業・畜産業、ゴミ、 化石燃料 

一酸化二窒素（二酸化炭素の10%の寄与） 
農業、化石燃料 



地球温暖化の緩和策 
二酸化炭素 
化石燃料、　　　　　　　　 森林減少 
再生可能エネルギー,リサイクル　森林保全 
メタン（二酸化炭素の60%の寄与） 
農業・畜産業、　　 ゴミ、 　化石燃料 
低環境負荷農業・畜産業　メタン発電　再生可能エネルギー 
一酸化二窒素（二酸化炭素の10%の寄与） 
農業、　　　 　  化石燃料 
低環境負荷農業　再生可能エネルギー



森林火災・原野火災の予防策 

延焼を食い止める防火帯の設置 
延焼の抑制のための森林の管理 
森林や泥炭地の過度な開発の抑制 
極端な乾燥時の森林立入の抑制 
火災後の土壌保全、植生更新の促進 
早期の消火体制の整備 
現象の解明 


