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§ Different perspectives on fires

§ Global fire patterns

§ Fire emissions, do they matter?

§ Fire abatement potential
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Perspective 1: Natural force



Perspective 2: Disaster



Perspective 3: Tool



in ecosystem services, including many that
are important to agriculture.

Freshwater Resources
Land use can disrupt the surface water
balance and the partitioning of precipitation
into evapotranspiration, runoff, and ground-
water flow. Surface runoff and river discharge
generally increase when natural vegetation
(especially forest) is cleared (25, 26). For
instance, the Tocantins River basin in Brazil
showed a È25% increase in river discharge
between 1960 and 1995, coincident with ex-
panding agriculture but no major change in
precipitation (26).

Water demands associated with land-use
practices, especially irrigation, directly affect
freshwater supplies through water withdrawals
and diversions. Global wa-
ter withdrawals now total
È3900 km3 yrj1, or È10%
of the total global renew-
able resource, and the con-
sumptive use of water (not
returned to the watershed) is
estimated to be È1800 to
2300 km3 yrj1 (22, 27) (fig.
S3A). Agriculture alone ac-
counts for È85% of global
consumptive use (22). As a
result, many large rivers, es-
pecially in semiarid regions,
have greatly reduced flows,
and some routinely dry up
(21, 28). In addition, the
extraction of groundwater
reserves is almost univer-
sally unsustainable and has
resulted in declining water
tables in many regions
(21, 28) (fig. S2, B and C).

Water quality is often
degraded by land use. In-
tensive agriculture increases
erosion and sediment load,
and leaches nutrients and
agricultural chemicals to
groundwater, streams, and
rivers. In fact, agriculture has become the
largest source of excess nitrogen and phospho-
rus to waterways and coastal zones (12, 29).
Urbanization also substantially degrades water
quality, especially where wastewater treat-
ment is absent. The resulting degradation of
inland and coastal waters impairs water sup-
plies, causes oxygen depletion and fish kills,
increases blooms of cyanobacteria (including
toxic varieties), and contributes to waterborne
disease (12, 30).

Forest Resources
Land-use activities, primarily for agricultural
expansion and timber extraction, have caused a
net loss ofÈ7 to 11 million km2 of forest in the
past 300 years (17, 32, 33). Highly managed

forests, such as timber plantations in North
America and oil-palm plantations in Southeast
Asia, have also replaced many natural forests
and now cover 1.9 million km2 worldwide (31).

Many land-use practices (e.g., fuel-wood
collection, forest grazing, and road expansion)
can degrade forest ecosystem conditions—in
terms of productivity, biomass, stand struc-
ture, and species composition—even without
changing forest area. Land use can also de-
grade forest conditions indirectly by introduc-
ing pests and pathogens, changing fire-fuel
loads, changing patterns and frequency of ig-
nition sources, and changing local meteoro-
logical conditions (34).

In many parts of the world, especially in
East Asian countries, reforestation and affor-
estation are increasing the area of forested

lands (35). Furthermore, forest management
in many regions is acting to improve forest
conditions. For example, inadvertent nitrogen
fertilization, peatland drainage, and direct man-
agement efforts increased the standing bio-
mass of European forests by È40% between
1950 and 1990, while their area remained
largely unchanged (36, 37). These forests have
become a substantial sink of atmospheric
carbon (È0.14 Pg C yrj1 in the 1990s) (37),
although other ecosystem services (including
those provided by peatlands) and biodiversity
are likely diminished.

Regional Climate and Air Quality
Land conversion can alter regional climates
through its effects on net radiation, the di-

vision of energy into sensible and latent heat,
and the partitioning of precipitation into soil
water, evapotranspiration, and runoff. Model-
ing studies demonstrate that land-cover changes
in the tropics affect climate largely through
water-balance changes, but changes in temper-
ate and boreal vegetation influence climate
primarily through changes in the surface radi-
ation balance (38). Large-scale clearing of
tropical forests may create a warmer, drier
climate (39), whereas clearing temperate and
boreal forest is generally thought to cool the
climate, primarily through increased albedo
(40) (table S2, A and B).

Urban ‘‘heat islands’’ are an extreme case
of how land use modifies regional climate.
The reduced vegetation cover, impervious
surface area, and morphology of buildings in

cityscapes combine to low-
er evaporative cooling, store
heat, and warm the surface
air (41). A recent analysis
of climate records in the
United States suggests that
a major portion of the tem-
perature increase during the
last several decades resulted
from urbanization and other
land-use changes (9). Land-
cover change has also been
implicated in changing the
regional climate in China;
recent analyses suggest that
the daily diurnal tempera-
ture range has decreased as
a result of urbanization (42).

Land-use practices also
change air quality by alter-
ing emissions and changing
the atmospheric conditions
that affect reaction rates,
transport, and deposition.
For example, tropospheric
ozone (O3) is particularly
sensitive to changes in vege-
tation cover and biogenic
emissions. Land-use prac-
tices often determine dust

sources, biomass burning, vehicle emission
patterns, and other air pollution sources.
Furthermore, the effects of land use on local
meteorological conditions, primarily in urban
heat islands, also affect air quality: Higher
urban temperatures generally cause O3 to in-
crease (43).

Infectious Disease
Habitat modification, road and dam construc-
tion, irrigation, increased proximity of peo-
ple and livestock, and the concentration or
expansion of urban environments all modify
the transmission of infectious disease and can
lead to outbreaks and emergence episodes
(44). For example, increasing tropical defor-
estation coincides with an upsurge of malaria
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Fig. 1. Land-use transitions. Transitions in land-use activities that may be experienced
within a given region over time. As with demographic and economic transitions, societies
appear also to follow a sequence of different land-use regimes: from presettlement nat-
ural vegetation to frontier clearing, then to subsistence agriculture and small-scale farms,
and finally to intensive agriculture, urban areas, and protected recreational lands. Dif-
ferent parts of the world are in different transition stages, depending on their history,
social and economic conditions, and ecological context. Furthermore, not all parts of
the world move linearly through these transitions. Rather, some places remain in one
stage for a long period of time, while others move rapidly between stages. [Adapted
from (1) and (2)]
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Burned area from satellite

https://svs.gsfc.nasa.gov/4407/





Converting burned area to emissions

D. van Wees et al.: Global biomass burning fuel consumption and emissions at 500 m spatial resolution 8425

Figure 5. Global annual (a) burned area, (b) fuel consumption, and (c) emissions, averaged over 2002–2020. Burned area displayed in
panel (a) is the total burned area derived from combining the MODIS MCD64A1 product and additional fire-related forest loss burned area
from active fire detections that overlap forest loss. Maps are aggregated to 0.25� for display.

https://doi.org/10.5194/gmd-15-8411-2022 Geosci. Model Dev., 15, 8411–8437, 2022

Photo credit: Alexander Blokhin Photo credit: Roland Vernooij

Van Wees et al. (2022)

§ 800 Mha burned area

§ ±3 Pg C annually

§ ± 500 Tg CO annually

§ ± 20 Tg CH4 annually

§ ± 20 Tg NOx annually (as NO)

§ ± 12 Tg H2 annually

§ ± 20 Tg OC annually

§ ± 3 Tg BC annually





Do CO2 emissions from fire matter?

§ Total emissions ±3 Pg C per year

§ Global fossil fuel emissions ±10 Pg C per year

CO2 CO2CO2

Time à



§ Total emissions ±0.5 Pg C per year

§ Global fossil fuel emissions ±10 Pg C per year

§ “Easy” mitigation potential



Fire-loving landscape!
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Fire-loving landscape! Mitigation potential!

14

R. Vernooij et al.: Intraseasonal variability of Cerrado fire emission factors 1379

Figure 3. Typical post-fire images showing the much smaller impact of EDS fires, in this case in June (a), compared to LDS fires in
September (b).

Table 1. Number of samples and ancillary information about the field campaigns.

Vegetation class Fractional Average fire % of EDS LDS
tree cover return time EESGT samples samples

2013–2018

Open grassland (campo limpo–campo sujo) 0 %–5 % 3.4 years 17.6 % 162 122
Open Cerrado (cerrado ralo) 5 %–20 % 3.8 years 35.6 % 310 113
Typical Cerrado (cerrado típico–cerrado sensu stricto) 20 %–50 % 4.0 years 25.1 % 20 35
Gallery forest (mata de galeria–mata ciliar) Continuous canopy 8.6 years 3.0 % 0 23
Humid grasslands (campo limpo úmido–veredas) Sparse palm trees 3.7 years 9.6 % 0 12

20 m above the fire, with the height increasing with the in-
tensity of the fire. Our sampling system consisted of a con-
tainer mounted on top of the UAV which contained four Ted-
lar sample bags. We filled 1 L bags with ±0.7 L of smoke,
which took 35 s for each bag, creating a 35 s averaged mix-
ture of trace gases in the bag. The sample inlet was located
on the top of the UAV and fitted with a 60 µm sintered porous
metal filter. During the sampling period, the system logged
time, GPS coordinates, pressure, temperature, and relative
humidity measured at the UAV.

Most sampled fires were ignited by the EESGT rangers
using a drip torch to start a fire line of at least 30 m. We
started sampling when the fire front had advanced 10–20 m.
We positioned the UAV to capture a mixture of the fast-
ascending flaming combustion products and the smoulder-
ing products that were generated upwind from the flaming
fire front. While the majority of the fires sampled were pre-
scribed burns, we also sampled several non-prescribed LDS
fires. These fires were most likely escaped pasture fires or
poaching fires, given that lightning did not occur during our
LDS campaign. We sampled both EDS and LDS fires over
various vegetation types with the time since the last fire rang-
ing between 2 and 5 years (Table 1).

2.4 Smoke analysis

We used cavity ring-down spectroscopy to analyse CO2, CO,
CH4, and N2O concentrations from the sample bags. After

sampling, the Tedlar bags were kept in a dark environment
and analysed within 12 h. This was done in order to mini-
mize the oxidation of CO by OH radicals inside the bags.
According to Meyer et al. (2012) and our own tests, CO2,
CO, N2O, and CH4 concentrations are stable in the Tedlar
bags for extended periods under these conditions. The sam-
ples were measured for 20 s at a flow rate of 1.3 L min�1

using a CO2 and CH4 analyser (Los Gatos Research, Mi-
croportable Gas Analyzer) followed by 20 s at a flow rate
of 0.25 L min�1 using a CO and N2O analyser (Aeris Tech-
nologies, Pico series); see Table 2. Measurement of the trace
gas concentration in the bags was based on the 10 s average
concentration following a 10 s initial flushing period. Before
each fire, we filled four “background” samples at 15 m al-
titude. The average concentration of these background sam-
ples was subtracted from those in the plumes to get the excess
mixing ratio (EMR) in the sample bags. Variability between
the background samples during a single day was smaller than
5 %. Both analysers were calibrated before and after each
campaign using certified standard calibration gas (Table 2).
No significant calibration drift was observed during the cam-
paigns.

2.5 EF calculation

We converted the EMR (sample minus background concen-
tration) in the bags to EFs for CO2, CO, and CH4 in grams of
emitted species per kilogram of dry matter burned, following

https://doi.org/10.5194/bg-18-1375-2021 Biogeosciences, 18, 1375–1393, 2021

Early dry season fire Late dry season fire

Vernooij et al. (2022)



Fire-loving landscape! Mitigation potential!
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Emissions

=

Burned area

×

Fuel consumption

×

Emission factor (CO2, CH4, N2O)

Movie by Tom Eames
R. Vernooij et al.: Intraseasonal variability of Cerrado fire emission factors 1379

Figure 3. Typical post-fire images showing the much smaller impact of EDS fires, in this case in June (a), compared to LDS fires in
September (b).

Table 1. Number of samples and ancillary information about the field campaigns.

Vegetation class Fractional Average fire % of EDS LDS
tree cover return time EESGT samples samples

2013–2018

Open grassland (campo limpo–campo sujo) 0 %–5 % 3.4 years 17.6 % 162 122
Open Cerrado (cerrado ralo) 5 %–20 % 3.8 years 35.6 % 310 113
Typical Cerrado (cerrado típico–cerrado sensu stricto) 20 %–50 % 4.0 years 25.1 % 20 35
Gallery forest (mata de galeria–mata ciliar) Continuous canopy 8.6 years 3.0 % 0 23
Humid grasslands (campo limpo úmido–veredas) Sparse palm trees 3.7 years 9.6 % 0 12

20 m above the fire, with the height increasing with the in-
tensity of the fire. Our sampling system consisted of a con-
tainer mounted on top of the UAV which contained four Ted-
lar sample bags. We filled 1 L bags with ±0.7 L of smoke,
which took 35 s for each bag, creating a 35 s averaged mix-
ture of trace gases in the bag. The sample inlet was located
on the top of the UAV and fitted with a 60 µm sintered porous
metal filter. During the sampling period, the system logged
time, GPS coordinates, pressure, temperature, and relative
humidity measured at the UAV.

Most sampled fires were ignited by the EESGT rangers
using a drip torch to start a fire line of at least 30 m. We
started sampling when the fire front had advanced 10–20 m.
We positioned the UAV to capture a mixture of the fast-
ascending flaming combustion products and the smoulder-
ing products that were generated upwind from the flaming
fire front. While the majority of the fires sampled were pre-
scribed burns, we also sampled several non-prescribed LDS
fires. These fires were most likely escaped pasture fires or
poaching fires, given that lightning did not occur during our
LDS campaign. We sampled both EDS and LDS fires over
various vegetation types with the time since the last fire rang-
ing between 2 and 5 years (Table 1).

2.4 Smoke analysis

We used cavity ring-down spectroscopy to analyse CO2, CO,
CH4, and N2O concentrations from the sample bags. After

sampling, the Tedlar bags were kept in a dark environment
and analysed within 12 h. This was done in order to mini-
mize the oxidation of CO by OH radicals inside the bags.
According to Meyer et al. (2012) and our own tests, CO2,
CO, N2O, and CH4 concentrations are stable in the Tedlar
bags for extended periods under these conditions. The sam-
ples were measured for 20 s at a flow rate of 1.3 L min�1

using a CO2 and CH4 analyser (Los Gatos Research, Mi-
croportable Gas Analyzer) followed by 20 s at a flow rate
of 0.25 L min�1 using a CO and N2O analyser (Aeris Tech-
nologies, Pico series); see Table 2. Measurement of the trace
gas concentration in the bags was based on the 10 s average
concentration following a 10 s initial flushing period. Before
each fire, we filled four “background” samples at 15 m al-
titude. The average concentration of these background sam-
ples was subtracted from those in the plumes to get the excess
mixing ratio (EMR) in the sample bags. Variability between
the background samples during a single day was smaller than
5 %. Both analysers were calibrated before and after each
campaign using certified standard calibration gas (Table 2).
No significant calibration drift was observed during the cam-
paigns.

2.5 EF calculation

We converted the EMR (sample minus background concen-
tration) in the bags to EFs for CO2, CO, and CH4 in grams of
emitted species per kilogram of dry matter burned, following

https://doi.org/10.5194/bg-18-1375-2021 Biogeosciences, 18, 1375–1393, 2021



Do we get more or fewer fires?

Andela et al. (2017)



Do we get more or fewer fires?
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Zheng et al. (2021)



More extreme fire seasons
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The same happened in
- 2021 Arctic
- 2019-2020 SE Australia
- 2024 ….

Dutch fossil fuel emissions ~ 50 Mt annually



Conceptually
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Blue = ‘natural’
Red = nowadays



Take-home messages
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§ Fires are an important and ubiquitous player in the Earth system

§ Climate and humans (and other factors) govern fire patterns

§ Global decline of burned area

§ Increase in forest fire (size, intensity)

§ Mitigation potential in avoiding deforestation and early dry season burning in 
frequently burning landscapes


