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ARTICLE INFO ABSTRACT
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Worldwide, fires have substantial economic, social and health-related impacts. Brazil is one of the most affected
areas in the globe, particularly the Cerrado, a savanna-like biome, whose composition, structure, species
Brazil abundance and diversity are shaped by recurring fires. The aim is to assess present and future trends of fire
Regional climate model danger and burned area (BA), using the Daily Severity Rating (DSR), an extension of the Canadian Forest Fire
?;zngzs;r Weather Index System, and climate outputs from a regional climate model, the RCA4 from the Rossby Centre. To
Future burned area that end, we validated the climate variables simulated by RCA4 and the resulting DSR, both showing consistency

with observation-based datasets. We then developed a statistical model of BA using fire season averaged DSR as a
predictor, found to explain 71% of the interannual variability of BA from 2003 to 2017. Using the statistical
model, we projected future fire danger and BA over Cerrado for IPCC Representative Concentration Pathways
2.6, 4.5 and 8.5. Results show an increase in future BA for all scenarios, with pronounced changes for RCPs 4.5
and 8.5, where BA is expected to increase by 39% and 95% for 2100. In the case of RCP 2.6, the closest scenario
to the 1.5°C target established by the United Nations, results indicate an increase in mean BA up to 22% by
2050, compared to the historical period, followed by a decrease to 11% by 2100. This is especially relevant since
RCP 2.6 is the only scenario where such a decrease is projected, highlighting the importance of keeping global
mean surface temperature below the 1.5 °C warming target.

1. Introduction

Several studies have underlined the link between fire activity and
climate change (Flannigan et al., 2013; Gillett et al., 2004; Westerling
et al., 2006) and fire is arguably the most important disturbance agent
in terrestrial ecosystems at a global scale, releasing every year sig-
nificant amounts of carbon to the atmosphere (2.2 PgC/yr; van der Werf
et al., 2017). Estimates of global annual burned area (BA) range from
300 to 450 Mha (Chuvieco et al., 2016; Flannigan et al., 2013; van der
Werf et al., 2017). Fires have substantial impacts on ecosystem struc-
ture and distribution, energy budget, biogeochemical cycles, atmo-
spheric chemistry and composition, as well as on human health and the
economy (DeBano et al., 1998; Kozlowski et al., 1974).

Although often perceived as a natural hazard whose consequences
are mainly negative, e.g., by destroying ecosystems and endangering
populations, fire is a natural part and plays a key regulating role in
many environments (Bond and Keeley, 2005; Bowman et al., 2009;
Pivello, 2011). For instance, fire clears the dead litter on forest floors
which allows important nutrients to return to the soil, creating
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favourable conditions for animals and plants to develop. Fire-dependent
biomes, such as the Brazilian savanna (Cerrado), are those that reg-
ularly burn constrained to the annual and seasonal climatological
conditions, fuel accumulation, among other influencing factors
(Hardesty et al., 2005). Growing under hot and seasonally dry climatic
conditions, Cerrado is characterized by high fire weather susceptibility,
where pre-fire vegetation conditions are strongly influenced by climate
and determine the intensity and severity of the burning (Dantas et al.
2013a; Hoffmann et al., 2012b). The persistence and seasonality of fire
weather danger in the Cerrado are therefore related to the marked
contrast between wet/humid seasons (Nogueira et al., 2017) and led to
several species developing adaptations to fire for seed germination and
colonization (Miranda et al., 2009).

Although fire is a natural disturbance in Cerrado, its behaviour is
strongly influenced by human activity (Hantson et al., 2015). Land
cover and land use changes have disrupted natural fire patterns and the
resulting feedbacks with climate and vegetation (Wu et al., 2017).
Changes in fire regimes by human activity (either directly, through land
use practices, or indirectly, through changes in climate) can also have
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substantial impacts affecting community distribution (Kozlowski et al.,
1974; Schmidt et al., 2018) and trait variability (Dantas et al. 2013b;
Hoffmann et al., 2012a). They can further lead to increased woody
encroachment (Hoffmann, 1999) and establishment of invasive grasses
(Durigan et al., 2007; Gorgone-Barbosa, 2016). Therefore, altered fire
regimes in Cerrado can profoundly change this biome, as its species are
not merely adapted to fire but rather to a set of environmental condi-
tions that encompass the fire regime. Conversely, fire’s beneficial effects
in fire-prone regions can only occur if the fire does not burn for too long
or with too high intensity. Quantifying long-term changes in the tem-
poral and spatial patterns of fire occurrence in Cerrado is therefore
crucial for understanding the driving forces of changes in fire patterns
(Gomes et al., 2018).

Substantial efforts have been made to model present and future fire
distribution in several regions of the globe, towards an increased under-
standing of their impacts on ecosystems (Bradstock, 2010; Carvalho et al.,
2011; Chen et al., 2011; Hantson et al., 2016; Pausas and Ribeiro, 2013;
Silva et al., 2016). In this context, Global Climate Models (GCMs) play a
crucial role because they can provide estimates of the evolution of the cli-
mate variables that influence fire activity in the coming decades. Earth
System Models (ESMs) further include biogeochemical processes and some
explicitly simulate fire. However, it has been shown that there is little
agreement between models on how fire evolved in the past or will change
in the future (Kloster and Lasslop, 2017). Although GCMs and ESMs have
been increasing in complexity, their low spatial resolution may hamper an
accurate representation of regional processes and forcings relevant for fire,
including  topography and other land-surface characteristics
(Rummukainen, 2010). Consequently, they may lack the detail required to
study and evaluate the effects of climate change at regional scales that are
particularly important when analysing extreme events. To tackle this lim-
itation, regional climate models (RCMs) have been developed. RCMs op-
erate at much finer scales and use GCM fields, such as greenhouse gases
(GHG) concentrations or the radiative forcing, as boundary conditions; they
provide a wide range of meteorological variables which can be used to
estimate fire danger with finer detail.

Here we perform a systematic analysis of the outputs of one RCM from
the CORDEX project (Giorgi et al., 2009) to assess present and future
patterns of fire danger and BA over the Brazilian Cerrado. Fire danger is
here interpreted as the likelihood that climate conditions prone for fire
ignition and spread are observed and may be used as a guide to predict
future fire behaviour in the absence of fire management and help stake-
holders make informed decisions on fire mitigation strategies. The analysis
is made using the Daily Severity Rating (DSR), an extension of the Cana-
dian Forest Fire Weather Index (FWI) System that is a highly adaptable fire
danger index system, proven to work in distinct ecosystems worldwide
(Nogueira et al., 2017; Pinto et al., 2018; Taylor and Alexander, 2006). We
first evaluate the capability of the DSR, calculated using observation-based
climate, to accurately track the patterns and trends of satellite-derived BA
over Brazilian Cerrado in recent decades. A linear regression model linking
DSR and BA is then developed using observation-based data and recorded
burned areas covering the period 2003-2017. We then test the applic-
ability of DSR as estimated from RCM outputs. The linear burned area
statistical model (BAM) is applied to the RCM outputs for recent past
climate conditions (1981-2005), and a calibration is performed so that the
statistical distributions of obtained BA estimates are the same as the ob-
served BA. Finally, future fire danger and the expected impacts on the
burned area are estimated by applying the calibrated statistical model to
RCM outputs respecting to a wide range of possible changes in future
anthropogenic GHG concentration using IPCC’s Representative Con-
centration Pathways (RCP) (IPCC, 2013).

2. Data and methods
2.1. Meteorological parameters

Values of daily surface temperature (T), relative humidity (RH),
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precipitation (P) and wind (W) were retrieved for South America for
both observation-based and simulated data, over different periods as
described below.

2.1.1. Climate reanalyses

Daily observation-based data for the period 1980-2017 comprehend
three third-generation reanalyses products: (i) the European Centre for
Medium-Range Weather Forecasts’ (ECMWF) ERA-Interim reanalysis (Dee
et al., 2011); (ii) the Japanese 55-year Reanalysis (JRA-55) from the Japan
Meteorological Agency (JMA) (Kobayashi et al., 2015); and (iii) the Na-
tional Aeronautics and Space Administration’s Global Modelling and As-
similation Office (NASA/GMAO) MERRA-2 reanalysis (Gelaro et al., 2017).
ERA-Interim uses the ECMWF Integrated Forecast Model (IFS Cy31r2), and
the data assimilation scheme is based on a 12-hourly four-dimensional
variational analysis (4D-Var). The model uses 60 vertical levels with the top
of the atmosphere at 0.1 hPa, and its spectral resolution is T255 (= 80 km).
JRA-55 is produced with the TL319 version of JMA’s operational data as-
similation system based on a 6-hourly 4D-Var analysis, performed with a
T106 inner model (=55km) that uses 60 levels up to 0.1 hPa. Lastly,
MERRA-2 uses the new and improved version of the Goddard Earth Ob-
serving System data assimilation system version 5 (GEOS-5), on a cubed
sphere grid, with %’ latitude by %° longitude (=55 x 70 km) resolution
and 72 vertical levels from the surface to 0.01 hPa, based on a 6-hourly
three-dimensional variational (3D-Var) scheme.

Several studies have explored the differences between these re-
analyses and how their respective physical processes are described
(Auger et al., 2018; Bosilovich et al., 2008; Brunke et al., 2011; Kim
et al., 2018; Trenberth et al., 2011). Overall, the three observation-
based datasets produce varying results according to their different data
assimilation schemes, providing a range of admissible results that allow
better assessing the consistence of the outputs of the RCM with re-
analyses.

2.1.2. RCM outputs

Simulation outputs of present and future climate are obtained from
the regional downscaling of EC-Earth for the South American domain of
the CORDEX experiment, performed by the Rossby Centre using RCA4
as the atmospheric model (Strandberg et al., 2014). The EC-Earth is a
coupled global climate model based on the operational seasonal fore-
cast system of the ECMWF (Hazeleger et al., 2012), used in the Coupled
Model Intercomparison Project Phase 5 (CMIP5). EC-Earth outputs
were used as boundary conditions for the RCA4 regional climate model.
RCA4 is based on the numerical weather prediction model HIRLAM and
is thoroughly described in Samuelsson et al. (2011). The model includes
improved land surface processes compared to its previous version, such
as the lake model and physiography (Samuelsson et al., 2015); how-
ever, it is worth noting that the mask for the land-sea and the fractions
of lakes/forests remain static throughout the calculations and that the
regional model does not simulate fire nor changing vegetation. Both
regional and global climate models have shown satisfactory results in
representing several components of the climate system, in particular,
temperature and precipitation (Dieterich et al., 2013; Falco et al., 2018;
Igbal et al., 2017; Menéndez et al., 2019; Solman and Blazquez, 2019;
Sterl et al., 2012).

Daily values of near-surface air temperature, near-surface relative
humidity, near-surface wind speed, and precipitation were obtained at
a spatial resolution of 0.44° X 0.44° (approximately 50 km). Four dis-
tinct experiments were used, one corresponding to the historical period
for the model and index validation (1976-2005), and the remaining
three corresponding to the IPCC’s RCP 2.6, 4.5 and 8.5 for the 21st
century (IPCC, 2013). RCP 2.6, 4.5 and 8.5, correspond, respectively, to
stringent mitigation and mild and severe climate change scenarios. RCP
2.6 is the closest to the goal of 1.5 °C global mean surface temperature
warming compared to pre-industrial levels set in the 21st session of the
Conference of the Parties (COP21) in Paris, December 2015 (Masson-
Delmotte et al., 2018; UNFCCC, 2015).
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2.2. Burned area

Burned area is estimated based on the Area Queimada MODIS
Collection 6 1km (AQM) product, specifically developed for Brazil by
Libonati et al. (2015) and disseminated by the INPEs Fire Monitoring
Team website. Data are provided in grid cells of 1 km by 1 km and cover
a 15-year period (2003-2017). AQM estimates of BA are obtained using
a burn-sensitive vegetation index based on top-of-the-atmosphere va-
lues of middle infrared radiance and near-infrared reflectance, acquired
by the MODIS instrument on board NASA’s Terra and Aqua satellites
(DaCamara et al., 2016; Libonati et al., 2011). Available by the end of
2018, AQM Collection 6 includes updated calibration and geolocation
information from MODIS Collection 6 in addition to algorithm updates.
According to INPE’s Fire Monitoring Team, AQM Collection 6 also in-
corporates corrections of non-homogeneities related to post-processing
quality flags. This improved procedure reflects on the inter and intra-
annual patterns of variability of BA in Cerrado that are different from
the ones in previous studies (Fidelis et al., 2018).

When compared with MODIS burnt area products (MCD45A1 and
MCD64A1) for Brazil, AQM shows increased performance and better
agreement with high-resolution LANDSAT data, with noticeable results
for the Cerrado region where burned pixels were identified with a lower
number of omission errors (Libonati et al., 2015). The AQM dataset has
also been successfully used to study the Amazonian forest-savanna
(Wuyts et al., 2017).

The MODIS Burned Area Product MCD64 Collection 6 (Giglio et al.,
2018) was also employed for validation purposes. The product relies on
daily surface reflectance dynamics to detect the approximate date of
burning and map the spatial extent of fires from 2001 to 2017 (Giglio
et al., 2016).

2.3. Fire danger index

In this study, meteorological fire danger is assessed using the FWI
system, that consists in six components accounting for the effects of fuel
moisture and wind on fire behaviour (Van Wagner, 1987). All compo-
nents of the FWI system are computed using daily values at 18:00 UTC
(about 15:00 local time) of T, RH and W, and 24-hour P. Directly de-
rived from the FWI system, the Daily Severity Rating (DSR) provides a
numeric rating of the difficulty of controlling fires, reflecting the ex-
pected efforts required for fire suppression.

2.4. Region of interest

This analysis will focus on Cerrado (Fig. 1), the dominant vegetation
of central Brazil covering about 25% of the country, with an estimated
area of approximately 2 millionkm? (Durigan and Ratter, 2016). Cer-
rado is one of the most important global biodiversity hotspots (Myers
et al., 2000), with over 13 thousand species recorded, a similar number
to that registered for the Amazon rainforest (Overbeck et al., 2015). As
the primary agricultural frontier of Brazil, Cerrado is the main con-
tributor to Brazil’s annual BA (Programa Queimadas INPE, 2018) and,
although fire occurs naturally in this biome, the fire regime has been
changing in frequency, severity, extent, and seasonality (Shlisky et al.,
2008). The AQM product estimates that, over a 15-year period from
2003 to 2017, Cerrado represented 51% of Brazil’s total burned area.

2.5. Data pre-processing

Daily values of observation-based DSR are computed for 1981-2017
at each grid point using T, RH, W and P data from the three reanalyses
(ERA-I, MERRA-2, and JRA-55). For each reanalysis dataset, monthly
means of DSR were obtained by averaging the corresponding daily
values, and then spatially averaging over grid points belonging to
Cerrado. The same procedure was applied to simulation-based DSR from
the RCA4 model in order to obtain the respective values for the

Forest Ecology and Management 446 (2019) 193-203

historical period (1976-2005) and for RCPs 2.6, 4.5 and 8.5, in two 30-
year periods, ending in the first half (2021-2050) and in the second half
(2071-2100) of the 21st century. According to the IPCC, relative to
1850-1900, global surface temperature change for the end of the 21st
century (2081-2100) is unlikely to exceed 2 °C for RCP2.6, more likely
than not to exceed 2 °C for RCP4.5 and likely to exceed 2 °C for RCP8.5
(IPCC, 2013).

Finally, for both AQM and the MCD64 products, monthly cumulated
values of BA over Cerrado were obtained by spatially aggregating
monthly BA values over 2003-2017.

2.6. Statistical analysis

Following Pereira et al. (2013), the burned area model is built by
performing a linear regression on time series of DSR (predictor) and the
decimal logarithm of BA (predictand):

log,,(BA) = mDSR + b D)

where m and b are the slope and intercept of the model.

Goodness of fit of the linear model is evaluated using the coefficient
of determination and, given the short length of the time series, effects of
overfitting are assessed by the decrease in the coefficient of determi-
nation after applying a leave-one-out cross-validation scheme (Wilks,
2011) for the 15years of data. Moreover, to evaluate the statistical
significance of the DSR-BA correlation, 10,000 random ranks of DSR
and BA are simulated from 2003 to 2017 using a Monte Carlo approach
and their corresponding coefficients of determination estimated.

Using the maximum likelihood method, normal distributions are
fitted to the time series of observed and simulated DSR, and Lilliefors
tests (Lilliefors, 1967) are used to test the null hypothesis that data
come from a normally distributed population with unknown mean and
standard deviation.

Let DSRggra.1(DSRy;s) denote the values of DSR as derived from ob-
servation-based ERA-I data (from RCA4 data for the historical period).
DSRy;y is then calibrated so that the fitted normal distribution has the
same mean and standard deviation than DSRggr4;. The calibration
process is based on the fact that a variable X; with a normal distribution
with mean y, and standard deviation o; is converted into a variable X,
with a normal distribution with mean u, and standard deviation o,
using the following transformation:

X - (#1 - %/‘2)
X, = — where X; ~ N (u;, 01) and X, ~ N(u,, 03)
a2

(2)

Calibrated values of DSRy;; are accordingly obtained by applying
(2) to DSRy;s, with u; and oy (1, and o,) being the mean and standard
deviation obtained when fitting normal models to DSRpiss (DSRgra-1)-
Projected values of DSR for the two periods of the 21st century
(2021-2050 and 2071-2100) are then corrected by applying to the
respective time series the transformation that was used to calibrate
DSRy;s;. This procedure is only applied in Section 3.4, after showing the
need for calibrating DSR (Section 3.3).

The following transformation is applied to estimate the mean and
standard deviation of the distributions of BA for the historical period
and future climate scenarios. Assuming that DSR ~ N (g, Opsr), then
taking into account (1):

log,,(BA)~ N (1, o) with ¥ = mupg, +b and o = mopgz 3)
Moreover, given that InBA = log,,(BA)/log,,(e), we obtain:
. w '
In(BA)~ N (u, o) with p = and o =
log,o(e) log,,(e) 4

BA is therefore lognormally distributed with mean ug, and, stan-
dard deviation ops given by:
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Friedl, 2018). The thick black line delimits the Cerrado biome as defined by the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA).

e’H o> and Opa = A ez‘“’c’z(e‘72 -1) 5)

Finally, a unilateral test for differences of mean under independence
was employed to account for the significance of future results (Wilks,
2011).

Mpa

3. Results and discussion
3.1. Observation-based data

The annual cycles of DSR and of BA for the period 2003-2017 are
shown in Fig. 2. There is a pronounced maximum of DSR in austral
winter (in August-September), followed by a steep decline during
spring. The highest values of fire danger are given by MERRA-2 and the
lowest by JRA-55. All reanalyses agree in the peaks in DSR and show
similar variations throughout the year. Results corroborate those of
Carmona-Moreno et al. (2005), where the fire season in central Brazil is
estimated from June to November. As with DSR, the highest values of
BA occur in August and September. However, for all observation-de-
rived DSR, a delay is seen as the peak of fire danger occurs in August
whereas the peak of BA is in September. This might be due to vegeta-
tion accumulating stress in the highest fire danger months (i.e., with
hottest and driest conditions) and therefore being more prone to burn
afterward.

Changes in DSR from the three reanalyses might be traced back to
differences between their annual cycles of the meteorological para-
meters in Cerrado (Fig. 3). Estimates of T are very similar throughout all
reanalysis products, and the main differences are found between June
and November where MERRA-2 tends to be warmer compared to ERA-I
and JRA-55, both reaching about the same temperature in that period.
This behaviour is in agreement with results by Auger et al. (2018),
showing that, out of the three reanalyses, MERRA-2 achieves higher
temperature over a considerable area of Cerrado and JRA-55 shows
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Fig. 2. Annual cycles of mean DSR (solid curves) and BA (bars) during the

period 2003-2017. Annual cycles of DSR are derived from ERA-I (DSRgrar;
yellow curve), MERRA-2 (DSRygrra-2; red curve) and JRA-55 (DSRjga-ss; green
curve). The annual cycle of BA (grey bars) is based on the AQM product. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

better agreement with T values from land surface stations.

As for RH, MERRA-2 shows considerably lower values than ERA-I
and JRA-55. Both the above-mentioned higher T and lower RH explain
the increased values of DSRygrra-» When compared to the remaining
reanalyses. Nonetheless, to test the weight of these meteorological
parameters on DSR, MERRA-2 values of RH were incremented by 8%
(as to approximate the estimates of ERA-I): the resulting DSR has a
similar seasonal cycle to that of ERA-I, pointing to relative humidity as
the main contributor to the increased DSR.

As expected, the annual cycle of BA is closely related to that of
precipitation: fires are mainly observed throughout the dry season,
between May and October, peaking in September and October during
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Fig. 3. Annual cycles of T, RH, P and W during the period 2003-2017 as derived from ERA-I (yellow curve), MERRA-2 (red curve) and JRA-55 (green curve)
reanalyses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the transition from dry to the rainy season. The peak of BA in the
transition between the dry to rainy seasons in Cerrado regions has al-
ready been pointed out (Alvarado et al., 2017; Fornazari et al., 2015).
In turn, early fires during the transition from rainy to dry season tend to
be less severe given the higher moisture levels of accumulated fuel
(Ramos-Neto and Pivello, 2000). Results shown in Fig. 3 agree with
findings of Libonati et al. (2015), who obtained a correlation of 82%
between burned area and precipitation. When compared to ERA-I,
MERRA-2 presents a pronounced drier pattern over Cerrado, and in
accordance with Lorenz and Kunstmann (2012) and Auger et al. (2018),
it shows the lowest correlation with in situ measurements and global
station data, whereas ERA-I shows slightly higher P rates when com-
pared to ground observation, particularly from March to May and
September to December.

Lastly, W presents the largest bias in observation-based estimations:
values from JRA-55 are considerably lower than from ERA-I and
MERRA-2. According to Torralba, Doblas-Reyes and Gonzalez-
Reviriego (2017), compared to ERA-I and MERRA-2 the Japanese re-
analysis provides lower values of W at the surface, probably due to the
lowermost atmospheric level, where land surface processes occur, being
placed too high over regions with trees. This is likely to be the reason to
the lower values of DSRj4.55 over the Brazilian Cerrado.

Fig. 4 shows the interannual variability of annual (grey bars) and
fire season (dark grey portions) amounts of BA along with the ob-
servation-based DSR values throughout 2003-2017. On average, BA
from August to October (defined here as the fire season) accounts for
more than 3/5 of the annual amount.

All reanalyses present similar interannual variability with, as ex-
pected from previous results, DSR calculated from ERA-I showing in-
termediate values between those estimated from MERRA-2 and JRA-55.
The interannual variability of BA in the fire season correlates well with
the interannual variability of mean DSR. However, for all observation-
based products, DSR also shows high values in 2015 and 2017 that
present close to average values of BA. These variations of BA that are
not reflected in changes of DSR, might be due to limitations of DSR, an
index that is only determined by meteorological parameters and does

‘:JBA DSRepa, DSRyerpa-2 DSR rass

- . .

135

30

N
o

25

BA (x 10 000 km?/year)
> o 8

o

Fig. 4. Interannual variability during the period 2003-2017, of the accumu-
lated values over the fire season (August to October) of BA (grey bars) and DSR
as derived from ERA-I (yellow curve), MERRA-2 (red curve) and JRA-55 (green
curve) reanalyses. The dark grey portion of the bars indicates the contribution
of BA during the fire season to the total amount. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

not take into account anthropogenic activity. The latter that has been
found to strongly influence fire in South America, namely by changing
land use practices and providing ignition sources (Aldersley et al.,
2011).

3.2. Burned area statistical models

Results obtained in the previous section suggest modelling burned
area in Cerrado using DSR as predictor. Accordingly, a linear model was
developed where mean DSRggr4; during the fire season is used as a
predictor of the decimal logarithm of BA during the same period as
derived from the AQM product. The selection of DSRgr4.; was moti-
vated by the fact that DSRgr4.; presents intermediate values between
those of DSRyprra-» and DSRjza.55. The model has a coefficient of de-
termination of 0.71 (p-value < 0.0001), therefore explaining a large
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using mean DSRpra; as a predictor, with observed BA derived from the AQM

product.

part of the observation-based variability. The corresponding regression
coefficient and intercept are, respectively, m = 0.038 and b = 4.37.
After cross-validation the coefficient of determination shows a mod-
erate decrease to 0.60, an indication of robustness of the fitted model
(Fig. 5). A model of similar performance (R*> = 0.70, p-value < 0.001)
was obtained when using values of BA from MCD64 product, further
confirming a strong and significant correlation.

Moreover, using the Monte Carlo approach, these strong relation-
ships were proven to not arise by chance from a small sample of 15
independent values given that the 10 000 generated coefficients of
determination obtained for the DSRgr4.; and BA linear correlation are
below the 99.9 percentile.

Results obtained for Cerrado confirm once again the versatility of
the FWI system in replicating fire conditions throughout the globe.
They further cement the role of climate in fire activity as the DSR, a
solely climate-driven fire danger index, is able to accurately describe
more than 2/3 of burned area in the Brazilian savanna. Given that fire
ultimately depends on ignition, and as mentioned in previous sections,
the remaining variability is likely to be attributed to anthropogenic
activity mainly associated with land-use practices. Therefore, we hy-
pothesize burned area can be fairly described and projected into the
future by using only four climate variables: temperature, relative hu-
midity, wind and precipitation. It is worth emphasizing the threefold
role of temperature in fire dynamics (Flannigan et al., 2013): with in-
creasing temperature, evapotranspiration increases as well and, as the
ability for the atmosphere to hold moisture increases rapidly with
higher temperatures, fuel moisture will decrease (unless there are sig-
nificant increases in precipitation); with warmer temperatures there
may be more lightning activity, which leads to increased natural igni-
tions; lastly, higher temperatures may lead to a lengthening of the fire
season. In turn, wind is a strong component of fire behaviour, influ-
encing its rate and direction of spread. It also supplies oxygen for the
combustion process and reduces fuel moisture by increasing evapora-
tion. Relative humidity reflects the amount of moisture that is in the
atmosphere, which will affect the amount of moisture that is in the fuel
and therefore its flammability. Lastly, precipitation is an essential factor
in primary productivity, which has already been shown to be closely
linked to fire activity (Bradstock, 2010; Paulucci et al., 2017; Pausas
and Ribeiro, 2013). In intermediate-productivity environments, which
is the case for Brazilian savannas, and in accordance with our results,
sufficiently intense wet and dry seasons are needed to sustain high fire
activity (Bowman et al., 2014).

3.3. Simulated climate

Using the same approach as for the reanalyses, the annual cycles of
mean DSR calculated from RCA4 outputs (DSRgca4) were computed for
the historical period (1976-2005) and for the three climate scenarios
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Fig. 6. Annual cycles of mean DSRgca4 for the historical period (1976-2005)
(solid thick black curves), and ranges of future changes using RCPs 2.6, 4.5 and
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area) periods of the 21st century. The annual cycles of observation-based DSR
are also provided for reference, as derived from ERA-I (yellow curve), MERRA-2
(red curve) and JRA-55 (green curve) for 1981-2005. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

(RCPs 2.6, 4.5 and 8.5) in the first (2021-2050) and in the second
(2071-2100) periods of the 21st century (Fig. 6). The annual cycles of
the observation-based DSR (from ERA-I, MERRA-2, and JRA-55 re-
analyses) for the period 1981-2005 are also shown for reference, in-
dicating the uncertainty of observed climate.

Like the reanalyses, simulated data have annual cycles with a
marked peak in winter. However, the peaks in the annual cycles of
DSRpcaq occur in September, whereas the peaks in the DSR cycles es-
timated by the reanalyses take place one month earlier, in August. This
discrepancy is partially mitigated when aggregating DSR over the fire
season (August to October). Moreover, as pointed out in Pereira et al.
(2013), DSR is specifically appropriate to be averaged either in space
and in time, an important feature since our study will deal with aver-
aged fields of DSR performed over Cerrado and for the fire season.

The annual cycles of DSRgca4 for future climate scenarios are sys-
tematically higher than the annual cycle of DSR for the historical
period, the departures being especially larger during the fire season. In
2021-2050 the annual cycles of DSRgc44 for all RCPs are very close to
each other, presenting larger values of DSR than the annual cycle for
the historical period in all months. In 2071-2100, there is a slight in-
crease for RCP 4.5 and a large systematic positive change for RCP 8.5.
This is not the case in scenario RCP 2.6, where there is a small decrease
in DSR between 2021 and 2050 and 2071-2100. This is expected as
RCP 2.6 is the only IPCC scenario in which the radiative forcing sta-
bilizes mid-century onwards, reflected in the climate variables and thus
DSR.

Systematic changes in the annual cycles of DSR4 for the historical
period and the future climate scenarios reflect changes in the annual
cycles of T, RH, W and P (Fig. 7). For instance, the values of simulated
RH and T in the dry season are lower than those of the reanalyses, and
the lower values of simulated P also persist until September, suggesting
an extended dry season. Since the resulting DSR values are higher than
the observation-based data (Fig. 6), we hypothesize that the fire danger
index in Cerrado is less sensitive to thermal conditions than to moisture
and rainfall. This was further confirmed by considering the two periods
of future climate scenarios (2021-2050 and 2071-2100) and evaluating
the linear correlation between fire season averaged DSRgca4 and cor-
responding averages of each meteorological parameter. Correlations for
all periods and scenarios are statistically significant (p-value < 0,05)
and it is worth mentioning that RH explains more than 80% of the
interannual variability of DSRgca4, followed by P explaining more than
50%.



P.S. Silva, et al.

Forest Ecology and Management 446 (2019) 193-203

[- 2021-2050 RCP range 2071-2100 RCP range ERA-| =———MERRA-2 = JRA-55 =———RCA4 Hislorical‘

40
5 g 80 ;
o 35 >
g 30 \ 33:
g _ g 40
g g

r 20
20 . - . + - - . - . . - . : .

S NS X
B'DQ <<é}0 @") Y§ @fb‘\ 3\}0 N vx)g Q)Q:Q 00 eo\\ QQJO

500

Precipitation (mm)
N w S
o o o
o o o

-
o
o

L L

I

0 " N N " ! /
Bfé\ <<é0 @'b& ?Q‘ @'Dﬂ 50(\ 5\} v_\)o" %QQ

S > X
F @ @ @@ P PR P

1 L " L n n L i L

F @& @@ P PR I
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the references to colour in this figure legend, the reader is referred to the web version of this article.)

In 2021-2050 all RCPs present similar annual cycles that have
systematically lower (higher) values of RH (T) than those of the cycles
in the historical period, and in 2071-2100 a decrease (increase) relative
to 2021-2050 is observed for RCP 8.5. In the case of precipitation,
virtually no changes are observed from May to October; changes in
DSRgcas during the fire season between the historical period and the
future scenarios (Fig. 6) are therefore determined by changes in T, RH,
and W. However, for all scenarios, there is an increase of P from De-
cember to March compared to the historical period, an interesting
feature because such strong changes in the precipitation cycle may alter
the characteristics of vegetation cover and indirectly change the me-
teorological fire danger. Higher rainfall in the growing season (defined
from October to April in Alvarado et al. [2017]) could lead to higher
amounts of available biomass. On the other hand, higher precipitation
in the transition from wet to dry season suggests higher soil moisture
which could also lead to decreased fire risk.

3.4. Future projections of burned area

The BAM developed in Section 3.2 are then used to estimate future
BA based on changes in DSR. For this purpose, normal distributions
were fitted to the sample of DSRgg4.; for the period 1981-2005 that
were used in the BAM as well as to the samples of DSRyc44 during the
same period. Using the Lilliefors test the null hypothesis of normality is
accepted for samples of both DSRgrs; and DSRgcas at the 5% sig-
nificance level.

Samples of DSRrca4 are then corrected so that the normal fitted
distributions have the same mean and standard deviation of the cor-
responding distributions of DSRgr4;. Normal distributions were then
fitted to values of DSRgcas for the 30-year historical period
(1976-2005) and for the two 30-year periods of the 21st century
(2021-2050 and 2071-2100) of the three RCPs. The null hypothesis of
normality is accepted at the 5% significance level for all periods and
scenarios. All samples of DSRgrcas were then corrected using the
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transformation that was used to convert the simulation-based normal
distribution into the observation-based one in the validation period of
1981-2005 (Table 1).

Samples of BA for all scenarios and periods were then generated by
applying the BAM to the corrected sample of DSRrcas (DSRrcas corr)-
Since the BAM is linear and the distributions of DSRgca4 corr are normal,
obtained samples of the decimal logarithm of BA also have normal
distributions and may be characterized by their means and standard
deviations. As such, BA presents a lognormal distribution and its mean
and standard deviation may be estimated using (5) as described in
Section 2.6.

In all scenarios, an increase compared to historical BA is to be ex-
pected from the changes in DSR (Fig. 8, Table 2). This is in accordance
with previous studies projecting an increased likelihood of large fire
events throughout the 21st century (Flannigan et al., 2013; Liu et al.,
2010; Silva et al., 2016).

Nevertheless, important differences are found between the different
scenarios: RCP 2.6 leads to an increase in the mean BA by mid-21st

Table 1

Mean, standard deviation and p-values from the unilateral test, of corrected fire
season averaged DSRgca4 for the historical period and future scenarios. Means
of future scenarios that are significantly greater than the mean for the historical
period at the 5% significance level are highlighted in bold.

Mean St. dev p-value
Historical 1976-2005 13.58 3.78
RCP 2.6 2021-2050 15.83 3.72 0.01
2071-2100 14.83 3.64 0.1
RCP 4.5 2021-2050 17.08 435 4 %10
2071-2100 17.05 4.61 7 x 104
RCP 8.5 2021-2050 16.86 3.68 3 x 10
2071-2100 21.11 4.16 1x107
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century followed by a reduction by the end of the century (linked to a
decrease in radiative forcing by the century compared to mid-century
estimates). Under this scenario, BA also becomes less variable. RCP 4.5
and 8.5 scenarios lead to similar increases in mean BA by mid-21st
century, consistent with similar pathways up to 2050 (IPCC, 2013).
Differences between these two values (respectively 17.08 for RCP 4.5
and 16.86 for RCP 8.5) are not noteworthy taking into account the
respective values of the standard deviations (4.35 for RCP 4.5 and 3.68
for RCP 8.5). RCP 8.5 leads to an increase 4 x 10° ha higher than RCP
4.5 and almost 7 x 10° ha higher than RCP 2.6. Moreover, both sce-
narios are also characterized by an increase in standard deviation of BA,
associated with increased probability of occurrence of extreme fire
seasons.

The only scenario which did not past the unilateral test was RCP 2.6
in the 2071-2100 period, showing no significant changes from the
historical period (Table 2). These results take special relevance given
that scenario RCP 2.6 is comparable to the 1.5 °C warming relative to
the pre-industrial period by the end of the century goal established by
the United Nations. Differences in future BA in the Brazilian Cerrado
between RCP 2.6 and both RCP 4.5 and 8.5 are considerable, especially
regarding extreme events. The percentiles 90 of RCP 4.5 and 8.5 for
both periods are considerably higher than RCP 2.6, especially by the
end of the century. Extreme BA events will thus be more frequent in the
intermediate and severe climate scenarios, compared to RCP 2.6. In the
latter, percentile 90 peaks by mid-century to then decrease, meaning
that extreme events will also be reduced following the peak, contrasting
with the remaining scenarios. RCP 2.6 reaches the most similar values

Table 2
As in Table 1, but for mean, standard deviation and percentile 90 of estimated
BA (expressed in units of 10° ha).

Mean St. dev Pyo p-value
Historical 1976-2005 8.11 2.75 11.72
RCP 2.6 2021-2050 9.85 3.28 14.16 0.01
2071-2100 9.01 2.94 12.87 0.1
RCP 4.5 2021-2050 11.20 4.41 16.95 6 x 10™
2071-2100 11.27 4.72 17.40 8 x 10
RCP 8.5 2021-2050 10.76 3.55 15.42 6 x 10
2071-2100 15.82 5.94 23.58 6 x 10!
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to that of historical BA, further confirming the importance of aiming for
the 1.5 °C target.

For the intermediate scenario, most of the changes will occur in the
first half of the century, a result in accordance with those from van
Vuuren et al. (2011) who estimated a decrease/stabilization of GHG
and radiative forcing after 2050 for this scenario. On the other hand,
RCP 8.5 shows major increases in the mean and standard deviation of
the future BA by the end of the century when compared to historical
values and other scenarios. This outcome, however, is likely not rea-
listic, since only meteorological factors were taken into account in the
analysis and the interactions between vegetation and fire were not
considered.

It is well known that fires result from several interacting factors,
namely climate, fuels, ignitions, land cover type and land use, which
change through time. Recent studies have found a global BA decline
due to anthropogenic influence (Andela et al., 2017; Li et al., 2018); a
substantial portion of native vegetation was cleared, mostly for agri-
cultural purposes, and turned into grasslands and croplands where fire
does not reach considerable dimensions (Strassburg et al., 2017). Re-
garding Brazil, a decrease in burned area has been found in the
southwest part of Cerrado, but the northeast shows an increase in BA in
the past decade. The latter region is the new agricultural frontier
whereas the former has mostly been cleared of native vegetation and is
now dominated by grasslands and croplands (Francoso et al., 2015;
Zalles et al., 2019). Therefore, even if climate has a prominent role in
fire occurrence explaining about two thirds of the interannual varia-
bility of BA in Cerrado, the role of human activity has also to be con-
sidered when analysing our results for present and future climate. It is
also worth noting that, RCPs do consider distinct future anthropogenic
land-use practices (van Vuuren et al., 2011); both RCP 2.6 and 8.5 es-
timate increased cropland/grassland area which might indicate that
more native vegetation will be cleared, whereas RCP 4.5 entails that
native vegetation will be regained.

4. Conclusions

We developed a statistical model to estimate BA in the Brazilian
Cerrado using DSR as a proxy of climate conditions. The model explains
71% of the interannual variability of BA for the period 2003-2017,
therefore raising the prospect to apply it to future climate projections in
Cerrado. This was achieved by feeding the statistical model with DSR
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computed using simulated meteorological fields from a regional climate
model (RCA4) for three future climate scenarios (RCP 2.6, 4.5 and 8.5).

Our results indicate that, in all climate scenarios, changes in the
distributions of BA in Cerrado are to be expected along the 21st century,
in terms of mean, variability and frequency of extreme events. In the
case of RCP 4.5 and 8.5, a systematic increase is found in the mean, the
standard deviation and percentile 90 of distributions of BA from the
historical period (1976-2005) to 2021-2050 up to 2071-2100. In the
case of RCP 2.6 the mean, the standard deviation and percentile 90, all
decrease from 2021-2050 to 2071-2100, therefore highlighting the
importance of the ambitious greenhouse gas emissions reduction po-
licies associated to the mildest scenario.

Given the flexibility of the proposed approach, results here obtained
at the biome level can be refined by applying it to subregions of similar
fire regime and/or climate types in Cerrado. Regarding the short period
covered by the currently available satellite-based burned area dataset,
this limitation was partially circumvented by comparing recent past
distributions of observation-based fields with simulated outputs for the
historical period. Lastly, as in the case of reanalyses, where three dif-
ferent datasets were used to provide a measure of uncertainty, a similar
approach could be applied using outputs from other RCMs when they
become available for South America.

Results from this work emphasize the importance of limiting
warming to 1.5 °C by the end of the century in order to minimize the
environmental and social costs associated with fires. Increased fire ac-
tivity and limited regeneration can significantly contribute to increased
concentrations of carbon in the atmosphere, as not only fires themselves
release carbon but they also decimate forest which would consume it.
Ending ecosystem degradation and disturbance could reduce emissions
by 862 TgC/yr, possibly paving a path for a low-emission future
(Baccini et al., 2017). Any further warming will strongly amplify fire
danger and lead to strong increases in BA in Cerrado, which may lead to
major economic and environmental losses and to a considerable growth
in spending in fire mitigation. Furthermore, increasingly frequent ex-
treme events such as heat waves (Geirinhas et al., 2018; Perkins et al.,
2012; Rusticucci, 2012) and droughts (Marengo and Espinoza, 2016;
Panisset et al., 2018), can potentially aggravate fire events by in-
creasing the probability of occurrence of high severity episodes. In fact,
according to several studies, Brazil is expected to become drier (Duffy
et al., 2015; Guimberteau et al., 2013; Marengo et al., 2012) and
warmer (Moritz et al.,, 2012), affecting ecosystems and promoting
conditions for fire activity (Le Page et al., 2017; Silva et al., 2016).

As a fire-dependent biome, Cerrado may recover and adapt more
easily to higher fire danger, and increased fire activity, than fire-sen-
sitive biomes. Nevertheless, high severity fires and vast burned areas
can still irreparably damage fire-prone ecosystems. Therefore, we argue
that current Brazilian policies will be crucial in determining how severe
fires will be in Cerrado for the future.
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