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Abstract

Every year, many active fire spots are identified in the satellite images of the southern Brazilian grasslands in the Atlan-
tic Forest biome and Pampa biome. Fire Radiative Power (FRP) is a technique that uses remotely sensed data to quantify
burned biomass. FRP measures the radiant energy released per time unit by burning vegetation. This study aims to use
satellite and field data to estimate the biomass consumption rate and the biomass consumption coefficient for the south-
ern Brazilian grasslands. Three fire points were identified in satellite FRP products. These data were combined with field
data, collected through literature review, to calculate the biomass consumption coefficient. The type of vegetation is an
important variable in the estimation of the biomass consumption coefficient. The biomass consumption rate was esti-
mated to be 2.237 kg s for the southern Brazilian grasslands in Atlantic Forest biome, and the biomass consumption co-
efficient was estimated to be 0.242 kg MJ™.
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Uso da Potencia Radiativa do Fogo para Estimar o Coeficiente de Consumo
de Biomassa em Gramineas Temperadas no Bioma Mata Atlantica

Resumo

Todos os anos muitos focos de incéndio sao identificados pelas imagens de satélite sobre a vegetacdo campestre natural
dos biomas Pampa e Mata Atlantica. A Energia Radiativa do Fogo (FRP) é uma técnica para quantificar a biomassa
queimada usando dados de sensoriamento remoto. A FRP mede a energia radiante emitida por unidade de tempo pela
vegetagdo queimada. O objetivo deste estudo foi estimar o coeficiente de consumo de biomassa para a vegetacao
campestre natural do sul do Brasil. Trés focos de incéndio foram identificados em produtos de satélite que quantificam a
FRP. Esses dados foram utilizados em conjunto com os dados de campo, obtidos por revisdo de literatura, para calcular o
coeficiente de consumo de biomassa. O tipo de vegetagdo ¢ uma variavel importante para estimar esse coeficiente,
assim, para a vegetacdo campestre natural do bioma Mata Atlantica no sul do Brasil a taxa de consumo de biomassa foi
estimada em 2,237 kg s e o coeficiente de consumo de biomassa foi estimado em 0,242 kg MJ™'.

Palavras-chave: sensoriamento remoto, campo nativo, queimadas, Campos de Cima da Serra, Pampa.

main forage supply for cattle and sheep. However, the
livestock do not completely consume the grasslands above-

The southern Brazilian grasslands, broadly called ground biomass produced during the summer season.
Campos) occur in two different biomes, namely the Pampa Hence, to avoid biomass accumulation, farmers undertake
biome and the Atlantic Forest biome. These grasslands are ~ common fire control practices at the end of the winter sea-
closely associated with livestock production, as they arethe ~ son, between August and September, usually every year

1. Introduction
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(Heringer and Jacques, 2002; Overbeck et al., 2007; Bol-
drini, 2009; Fidelis et al., 2012). The satellite images ac-
quired annually for this region show many active fires in
both biomes. Nevertheless, only a few studies on wildfires
are carried out in the southern Brazilian grasslands with the
use of satellite data.

A wildfire is a fire in the countryside that burns
strongly and out of control, and it develops through four
different stages: ignition, flames, smoldering, and extinc-
tion (Whelan, 1995; Freitas et al., 2005). The fire intensity
can vary mainly in relation to the moisture content of the
combustible material, the wind, air temperature, humidity
and slope. The amount of available fuel load is one of the
most important variables that affect the behavior and sever-
ity of fire (Whelan, 1995). The gases and aerosols emitted
into the atmosphere during the combustion process of a
burning exert a significant influence on the atmospheric
chemistry and on the regional and global planetary ecology
(Andreae and Merlet, 2001; Longo et al., 2009). Most of
these emissions occur during the flame and smoldering
stages (Freitas et al., 2005). The majority of carbon monox-
ide and dioxide emission and water release happens during
the flame stage; in the smoldering stage, most of the trace
gases and particulate matter are released (Andreae, 1991).

The burned biomass can be quantified using Eq. (1)
(Seiler and Crutzen, 1980), where BC is the biomass con-
sumption amount (kg); 4 is the burned area measure (m”); B
is the biomass amount inside the burned area (kg m™); and
[ is the combustion efficiency, or the fraction of fuel that
actually burned.

BC=A4AxBxp (1)

The amount of gases and particulate matter released
into the atmosphere during the combustion process can be
estimated by integrating the remotely sensed data with the
burned biomass amount and the chemical compounds e-
mission factors (Longo et al., 2009). To quantify the burned
biomass using remotely sensed data, the Fire Radiative
Power (FRP) technique (Wooster et al., 2005) uses satellite
data to measure the radiant energy released per time unit by
the burned vegetation during the combustion process (Rob-
erts et al., 2005). FRP data are obtained at the shortwave in-
frared wavelength, around 4 um (Wooster et al., 2005). The
biomass consumption coefficient can be estimated by the
linear relationship that exists between FRP and the vegeta-
tion consumption rate (Wooster et al., 2005; Freeborn et
al.,2008; Pereira et al., 2012). The burned biomass amount
can be estimated using Eq. (2) (Wooster et al. (2005),
where BCR is the biomass consumption rate (kg s™); C, is
the biomass consumption coefficient (kg MJ™); and FRP is
the fire radiative power (MJ s™"), from satellite data.

BCR =C, x FRP )

The biomass consumption coefficient value depends
on both the energy released during the combustion process
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and the amount of vegetation burned during this process
(Wooster et al., 2005). The vegetation type is an important
variable in the estimation of the biomass consumption coef-
ficient. The environmental factors, such as humidity rate
and combustible material supply, can modulate the amount
of energy released by the fire and the combustion duration
(Wooster et al., 2005; Freeborn et al., 2008; Pereira et al.,
2012; and Kaiser et al., 2012).

The FRP algorithm was validated in studies of the
Australian savannah (Maier et al., 2013) and the Brazilian
Amazon (Schroeder et al., 2008). The FRP values provide
information about fire dynamics and emissions, particu-
larly in areas where the wildfires are frequent such as on the
African continent (Roberts et al., 2009) and in northern
Australia (Boschetti and Roy, 2009); FRP values can also
characterize global fire occurrence (Hantson et al., 2013).
However, despite validation in the field, the simultaneous
use of remote sensing data and parameters derived from
field experiments must be cautious, considering the influ-
ence of the atmosphere over the satellite image values
(Schroeder et al., 2014).

The aim of this study is to estimate the rate of biomass
consumption and the biomass consumption coefficient for
the southern Brazilian grasslands in the Atlantic Forest
biome, using both satellite data and field data.

2. Material and Methods

The study area is the South Brazilian Plateau, located
in the municipality of André da Rocha, Rio Grande do Sul,
Brazil (Fig. 1). Situated at an altitude of 800 m within the
Atlantic Forrest biome, the study area comprises a transi-
tional zone between grasslands and forests. According to
Koppen’s classification, the climate is humid temperate
(Ctb); the annual average precipitation is 1800 mm and the
annual average temperature is 16 °C. This study area was
chosen based on legacy field experiments that allowed the
quantification of aboveground biomass density, which is a
characteristic of each vegetation type and was used to esti-
mate the burned biomass amount.

The biomass consumption by fire was calculated us-
ing Eq.(1) and parameters obtained from field experiments
carried out by Fidelis ef al. (2010) and by Heringer and
Jacques (2002). Based on the field experiment carried out
by Heringer and Jacques (2002), the grassland above-
ground biomass density in André da Rocha municipality
was 0.09 kg m™ in the winter season. This density is related
to aboveground biomass and litter amount measured in ar-
eas with frequently burnings. Fidelis et al. (2010) con-
ducted an experiment in the municipality of Porto Alegre,
RS, Brazil, during the summer season, building a dataset of
fire intensity, fire spreading rate, temperature above the soil
of burning grassland vegetation, and the combustion effi-
ciency for the southern Brazilian grasslands; the authors
found that the fire spreading rate was 0.015 m s™' and the
combustion efficiency was 93.8%.
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Figure 1 - Study area (André da Rocha Municipality) in the Atlantic Forest biome, Rio Grande do Sul State, Brazil.

Using the INPE Fire Monitoring project database sur-
vey (INPE, 2015), we identified three heat points inside our
study area, registered by the MODIS sensor on September
4,2007, at 17:23 UTC. We used the MYD14 product file
(MODIS Thermal Anomalies/ Fire 5-MIN L2-SWATH
1KM VO005) for this date to quantify the FRP for these heat
points. This product is offered daily as a granule in hierar-
chical data format (HDF), without geographic projection
and with a spatial resolution of 1 km. We performed geo-
referencing using the Modis Reprojection Tool Swath soft-
ware, an automatic process using the parameter sets of the
MYDO03 product [MODIS/Aqua Near Real Time (NRT)
Geolocation Fields 5-Min L1A Swath 1 km] with WGS84
datum and coordinates in degree format as the geodetic pa-
rameters (Giglio, 2015). The dataset inserted in the HDF
file was exported to ASCII format; its contents included the
FRP value, mean background brightness temperatures, fire
pixel brightness temperature and fire pixel longitude and
latitude. Geographic coordinates of each of the three fire
pixels identified within the study area, as well as the attrib-
ute table for each pixel, were inserted into a Geographic In-
formation System (GIS).

The fire scars were mapped over a Landsat TM image
with a spatial resolution of 30 m and an acquisition date of
September 15, 2007, at 13:11 GMT. The georeferenced
Landsat image file (with WGS84 geodetic parameters and
UTM coordinates) was obtained from USGS Earth Ex-
plorer database (USGS, 2015) and inserted into the GIS to
identify the fire scars borders and to quantify the total
burned area surrounding the MODIS fire pixels coordi-
nates. re created three circular buffers with a 500 m radius
around the coordinates of each fire pixel. Each buffer diam-
eter was equivalent in length to one side of a MYD14 prod-
uct pixel (1 km). Were mapped the fire scars that fell within
the buffers’ area, using visual interpretation of a color com-
posite image consisting of the red, near infrared and short-
wave infrared TM bands. The burned areas calculated

inside each buffer are collectively referred to as the moni-
tored areas and individually identified as Area 1, Area 2 and
Area 3.

To estimate the biomass consumption coefficient (C,)
in Eq.(2), the average Fire Radiative Power (FRP) was ob-
tained from the mean value of the three MODIS fire pixels.
The average biomass consumption rate (BCR) was based
on the total biomass consumption (BC) value, which is the
summed values of the three monitored areas. To convert to-
tal biomass consumption into biomass consumption rate,
the following assumptions were made: the fire frontline
spread equally in all directions across the burning plain
(circular spreading), and the fire spreading rate was
0.015 m s™ (Fidelis ef al., 2010). The result was the total
burning time inside the buffers. To estimate the average
biomass consumption rate (kg s™), the total biomass con-
sumption (kg) and the duration of the burn (seconds) were
used. The biomass consumption coefficient (kg MJ™) was
calculated using the average BCR and average FRP.

3. Results and Discussion

The fire locations were determined from the three
heat points identified by the MYD14 product coordinates
(28.639s, 51.558w; 28.637s, 51.547w; 28.667s, 51.567w)
(Fig. 2). Figure 2A displays the grassland area with the fire
scar, as identified on the Landsat image. The three fire scars
shapes indicate that the heat points were part of the same
burning, as these points are on the same fire scar border.
Figure 2B displays the grassland areas with fire scars inside
the 500-m radius buffer around the central point of the heat
pixel. These fire scars within the buffer areas validated the
fire occurrence identified initially by the MYD14 product.

Table 1 presents the fire scars areas (m”); the biomass
consumption (BC) by fire, calculated using Eq. (1), with the
grassland aboveground biomass density of 0.09 kg m™
(Heringer and Jacques, 2002), and the FRP values for each
monitored area (obtained from the MYDI14 product) as
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Figure 2 - Location of the fire pixel and the fire scars (A) and fire scar area mapped inside the buffer area (B) over a Landsat image, in André da Rocha,

RS, Brazil.

Table 1 - The fire scar areas, the Fire Radiative Power (FRP) values and
the biomass consumed (BC) by fire for each burned grasslands area in An-
dre da Rocha, RS, Brazil.

Fire scar (m*)  FRP (MW) BC (kg)
Area 1 267,229.13 07.21 22,842.00
Area 2 310,402.24 13.80 26,226.00
Area 3 412,724.26 06.76 34,686.00
Total 990,355.63 27.77 83,754.00

well as the sum for each variable. Although Area 2 has an
intermediate value for biomass consumption, its FRP value
is high; this can be explained by the differences in fire in-
tensity between the fire fronts such as the back-fire and
head-fire. The intensity of a head-fire is considerably
higher than a back-fire, both in in situ records and in orbital
data used to estimate the FRP (Smith and Wooster, 2005).
For the present work no field information was found about
the fire situation that corresponded temporally with the
MODIS sensor image; therefore, we were unable to iden-
tify any type of fire front based on the MYD14 product, due
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to the small number of recorded fire foci as well as the lack
of plumes in the image.

To estimate the biomass consumption coefficient
(kg MJ") for the southern Brazilian grasslands, the three
burned areas were considered as one single burning. To es-
timate the biomass consumption rate (kg s™) for this burn-
ing, were calculated the total burning time, using the total
fire scar area (Table 1) to calculate a new circumference ra-
dius value (561 m) for the single burning. Using the fire
spread rate (0.015 m s) (Fidelis et al., 2010), the total
burning time was estimated to be 37,400 s, or 10 h. Con-
sidering the total biomass consumption by fire (Table 1)
and the total biomass consumption time estimates, the bio-
mass consumption rate for the southern Brazilian grass-
lands was estimated to be 2.237 kg s™.

The average FRP of 9.256 MJ s™', estimated from the
three areas’ FRP values, was applied to the single burning
(Table 1). The average FRP and the biomass consumption
rate were used to estimate a biomass consumption coeffi-
cient of 0.242kg MJ™ for the southern Brazilian grasslands.
Wooster ef al. (2005) estimated a biomass consumption co-
efficient of 0.368 kg MJ™' for savanna vegetation. Freeborn
et al. (2008) estimated a biomass consumption coefficient
of 0.710 kg MJI"" from experiments with a mix of arboreal
and grassland vegetation found in the US forest preserva-
tion areas. Pereira et al. (2012) estimated a biomass con-
sumption coefficient of 0.949 kg MIJ"' for different
grasslands Cerrado typologies in Brazil. The fireline inten-
sity measurements in situ suggest that southern Brazilian
grasslands have lower values than other grassland areas
such as those in the African, Australian, Venezuelan savan-
nas, American prairies and Cerrado region in Brazil (Fide-
lis et al., 2010). The low fireline intensity can explain the
low biomass consumption coefficient found in this work.

The feasibility of using Landsat satellite images to
identify the fire scars was demonstrated by Bastarrika ez al.
(2011) and also verified in this work. The spatial resolution
of the MODIS sensor (1 km) for the MYD14 products as-
signs a single record to the entire 1 km x 1 km area (Peter-
son and Wang, 2013). Due to this limitation, is not possible
to determine the exact location of the fire within the pixel or
whether only one or several fire spots existed inside the
MODIS pixel (Giglio, Csiszar and Justice, 2006), espe-
cially considering the small size of burnings in this region.
Despite of this limitation the FRP values can be found over
satellite images in this region, allowing the use of FRP
technique for the southern Brazilian grasslands.

The southern Brazilian grasslands biomass consump-
tion rate and the biomass consumption coefficient esti-
mates were based on a dataset obtained at different time and
spatial scales. Two different field experiments measured
the burnings on dates prior to the satellite data acquisition,
with one of the burnings in a location different than where
the rest of work was used. This dataset integration was nec-
essary to estimate the biomass consumption coefficient

without having to conduct an experimental burning at the
same moment that the satellite passed by over the study
area. However, this approach allows the operational use of
satellite information on burnings in the temperate Brazilian
grasslands, with a local biomass consumption coefficient.

4. Conclusions

For the Brazilian Southern grasslands in Atlantic For-
est biome, the biomass consumption rate was estimated to
be 2.237 kg s, and the biomass consumption coefficient
was 0.242 kg MJ"'. The knowledge of this coefficient en-
ables the use of the Fire Radiative Power measured by re-
motely sensed images to obtain more quantitative informa-
tion about the temperate grassland burnings in Southern
Brazil. Despite the limitations of the remote sensed tech-
niques, the FRP measurements from satellite data can be
used to monitor the amount of burned biomass, as these
measurements constitute an accurate, validated and daily
updated dataset with surveillance of the entire grasslands
area.
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