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ARTICLE INFO ABSTRACT

Keywords: The Pantanal biome, at the confluence of Brazil, Bolivia and Paraguay, is the largest continental wetland on the
Pantanal planet and an invaluable reserve of biodiversity. The exceptional 2020 fire season in Pantanal drew particular
Burned area attention due to the severe wildfires and the catastrophic natural and socio-economic impacts witnessed within
Heatwaves the biome. So far, little progress has been made in order to better understand the influence of climate extremes
CORDEX-CORE . . s

RGP on fire occurrence in Pantanal. Here, we evaluate how extreme hot conditions, through heatwave events, are
Fire related to the occurrence and the exacerbation of fires in this region. A historical analysis using a statistical

regression model found that heatwaves during the dry season explained 82% of the interannual variability
of burned area during the fire season. In a future perspective, an ensemble of CORDEX-CORE simulations
assuming different Representative Concentration Pathways (RCP2.6 and RCP8.5), reveal a significant increasing
trend in heatwave occurrence over Pantanal. Compared to historical levels, the RCP2.6 scenario leads to more
than a doubling in the Pantanal heatwave incidence during the dry season by the second half of the 21st
century, followed by a plateauing. Alternatively, RCP8.5 projects a steady increase of heatwave incidence until
the end of the century, pointing to a very severe scenario in which heatwave conditions would be observed
nearly over all the Pantanal area and during practically all the days of the dry season. Accordingly, favorable
conditions for fire spread and consequent large burned areas are expected to occur more often in the future,
posing a dramatic short-term threat to the ecosystem if no preservation action is undertaken.

1. Introduction between extreme hot and dry conditions (Libonati et al., 2022) associ-

ated with the negligent use of fire (Mataveli et al., 2020). Leading up

The Pantanal biome is the largest continental wetland in the world,
extending over parts of Brazil, Bergier and Assine (2016). This World
Heritage Site (UNESCO, 2021) is home to a wide variety of plants (Pott
et al., 2011) and animals (Alho, 2008), including several endangered
species (Tomas et al., 2019). In 2020, Pantanal faced the most devas-
tating fires in the last two decades. Satellite-derived estimates showed
that around a third of the Brazilian section of Pantanal was affected (Li-
bonati et al., 2020), including several indigenous territories and conser-
vation units being completely burnt.

Fire activity and climate have been shown to be closely linked (Mar-
iani et al., 2018; Abatzoglou et al., 2019; Ruffault et al., 2020; Sutanto
et al., 2020) and the 2020 Pantanal fires resulted from an interplay
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to the 2020 fire season, Pantanal had been under severe drought con-
ditions since 2019 (Marengo et al., 2021b), which severely impacted
vegetation flammability. Soil desiccation conditions concurred with
several heatwave episodes, leading to the establishment of strong soil
moisture-temperature coupling regimes (water-limited) that triggered
a temperature escalation through enhanced sensible heat fluxes from
the surface to the atmosphere (Libonati et al., 2022). As a result
of this, the compound dry and hot conditions observed during 2020
over Pantanal, essentially drove fire danger to levels not seen since
1980 (Libonati et al., 2020).

The future dynamics and intensity of global fires is uncertain under
climate change scenarios, and highly depends on the climate zone and
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local human drivers (Moritz et al.,, 2012; Williams and Abatzoglou,
2016). For South America however, an increasing trend in fire risk
and extent is projected under a range of likely scenarios (Cochrane
and Barber, 2009; Liu et al., 2010; Silva et al., 2019; Burton et al.,
2022; de Oliveira-Junior et al., 2021; Oliveira et al., 2022). In parallel,
the number of heatwaves associated with record-breaking temperatures
have been increasing over Pantanal (Marengo et al., 2021b; Libon-
ati et al., 2022). Such a growing trend in the number of extreme
hot spells is expected to continue in most regions including South
America (Dosio, 2017; Baker et al., 2018; Feron et al., 2019; Di Luca
et al.,, 2020; Molina et al., 2020; Coppola et al., 2021). Feron et al.
(2019) found for South America that the magnitude of this increase
would not be spatially homogeneous, although by 2050, the tropical
areas, including Pantanal, would witness extremely warm temperatures
during at least half the days of the year. By the end of the century,
annual average temperatures in Pantanal can increase by up to 7 °C
relative to the 1961-1990 period (Marengo et al., 2015; Llopart et al.,
2020). Additionally, daily maximum temperature in Pantanal will likely
increase by several degrees over the period 2050-2080 under different
scenarios (Reboita et al., 2021b). Although the effects of climate change
on Pantanal remain by far uncertain and are probably outweighed by
human development and wetland destruction (Junk, 2013), the possible
trends can induce changes in the dynamics and properties of the fire
season, possibly jeopardizing even more of Pantanal’s ecosystems.

This work aims to evaluate the connection between heatwaves and
fire in the Pantanal biome during the 2002-2020 period, and assess fu-
ture trends under two climate change scenarios. Historical COordinated
Regional Climate Downscaling EXperiment-COmmon Regional Experi-
ment (CORDEX-CORE) simulations are then evaluated and compared to
reanalysis data, evidencing the need for bias-correction. Accordingly,
we compute bias-corrected future projections of heatwaves using the
CORDEX-CORE ensemble and interpret the results in light of future
climate change and what it might mean for fires in Pantanal.

2. Data and methods
2.1. Data

The region of interest is the Pantanal biome as defined by the
Terrestrial Ecoregions of the World (Olson et al., 2001). Burned area
was derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) MCD64A1 Collection 6 product (Giglio et al., 2018), devel-
oped by the National Atmospheric Space Agency (NASA). Derived from
the MODIS sensors aboard Terra and Aqua satellites, MCD64Al is a
monthly burned area product at a 500 m spatial resolution from 2001 to
2020. Re-projected GeoTIFF data for South America was obtained from
the University of Maryland’s fuoco SFTP Server (fuoco.geog.umd.edu).
Burned area totals were computed for the Pantanal and 2001 was
dropped as it only includes data from the MODIS sensor aboard Terra.

Daily maximum surface air temperature (Tmax) values from 1980
to present were obtained for Pantanal by computing the daily max-
imum of hourly surface temperatures retrieved from the European
Centre of Medium-range Weather Forecast (ECMWF) ERA5 reanalysis
dataset (Hersbach et al., 2020), at a gridded 0.25° x 0.25° spatial
resolution.

Using data available from the ESGF platform (ESGF, 2014), simu-
lated daily maximum temperature for the historical period (spanning
1981 to 2005) and Representative Concentration Pathways (RCP) 2.6
and 8.5 were extracted from CORDEX-CORE runs on the South Ameri-
can domain at a 0.22° spatial resolution (Gutowski et al., 2016; Giorgi
et al., 2021). This work relies on three realizations (historical, RCP2.6
and RCP8.5) from two Regional Climate Models - RCMs (REMO2015,
RegCM4-7), each one forced by three different Global Climate Models
— GCMs (HadGEM2-ES, MPI-ESM, NorESM1) as described in Table 1.
RCPs represent possible trajectories of future greenhouse gas and air
pollutants emissions: the low-emission RCP2.6 scenario limits addi-
tional radiative forcing to 2.6 W/m? by 2100 (van Vuuren et al., 2011)
whereas the high-emission RCP8.5 scenario corresponds to a 8.5 W/m?
radiative forcing (Riahi et al., 2011).
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Table 1

Regional climate models (RCM) considered in this study: runs for the South Amer-
ican domain at 0.22° Xx 0.22° spatial resolution (SAM-22) available within the
COordinated Regional Climate Downscaling EXperiment-COmmon Regional Experiment
(CORDEX-CORE; Giorgi et al. (2021)).

RCM Experiment Time period Forced by
Historical 1981/01/01-2005/12/31 MOHC-HadGEM2-ES
REMO2015 RCP2.6 2006/01/01-2099/12/31 MPI-M-MPI-ESM-LR
RCP8.5 2006/01/01-2099/12/31 NCC-NorESM1-M
Historical 1981/01/01-2005/12/31 MOHC-HadGEM2-ES
RegCM4-7 RCP2.6 2006/01/01-2099/12/31 MPI-M-MPI-ESM-MR
RCP8.5 2006,/01/01-2099/12/31 NCC-NorESM1-M

2.2. Heatwave definition

Using a relative threshold index (Perkins and Alexander, 2013;
Geirinhas et al., 2021) heatwaves were defined as periods of three or
more consecutive days featuring Tmax values above the climatological
(1981-2010 in the case of data computation with ERA5, and 1981-
2005 with the historical CORDEX-CORE simulations) calendar day 90th
percentile (P90) of Tmax (centered on a 15-day window). Based on
this definition, a single one dimensional variable accounting for the
time and spatial incidence of heatwaves over Pantanal was defined:
the percentage of the total Pantanal domain under heatwave condi-
tions (% Pantanal ;). This metric was already used in previous studies
conducted for regions within the USA (Mazdiyasni and AghaKouchak,
2015) and Brazil (Geirinhas et al., 2021), and consists in determin-
ing the percentage of the total Pantanal cells (in space and time -
cellsPAN,,,) that experience heatwave conditions (cel/lsPAN /), as
expressed in Eq. (1).

cellsPAN yy,

X 100 @
cellsPAN,

% Pantanal gy, =
otal

The number of total Pantanal cells (cellsPAN,,,) is obtained by
considering the total number of grid-points within the Pantanal region
(cellsPAN,;,,) and the total number of days of the dry season (April
through October - Fig. 1b - cellsPAN,;,,) as in Eq. (2).

X cellsPAN,;,, 2)

The number of total Pantanal cells under heatwave (cellsPAN gy,)
is computed in the exact same way as cellsPAN,,,,, however it only
considers the number of days and grid-points that are under heatwave
conditions (as defined earlier in this section). As an example of appli-
cation, a percentage of 100% indicates that every single grid point in
the Pantanal domain witnessed heatwave conditions for every day of
the dry season, and so, cellsPAN yy, equals cellsPAN, .

cellsPAN,,, = cellsPAN,,

egion

2.3. Statistical analysis

The statistical relationship between burned area and heatwaves was
evaluated using a simple linear regression model. Interannual varia-
tions of burned area (predictand, BA) were correlated with variations of
the percentage of the total Pantanal domain under heatwave conditions
(predictor, % Pantanal ;;y,) as in Eq. (3).

BA = m X %Pantanal gy, + b 3

where m and b are the slope and intercept of the model, respectively.
The goodness of fit was analyzed and assessed through the resulting
coefficient of determination and p-value. To further test the robustness
of the statistical model, and given the short length of the time series,
a leave-one-out cross-validation scheme was performed (Wilks, 2011)
and the Spearman’s rank correlation coefficient computed.
Throughout this work, monotonic trends were estimated using the
non-parametric Mann-Kendall two-tailed test (Mann, 1945; Kendall,
1975; Gilbert, 1987), and the Theil-Sen slope (Theil, 1950; Sen, 1968).
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(a) Location of the Pantanal biome.
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(b) Pantanal’'s seasonal patterns.
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Fig. 1. (a) The Pantanal biome with land cover information for 2019 from the Copernicus Global Land Service (Buchhorn et al., 2020). (b) Pantanal’s monthly averages of burned
area (gray bars) as estimated by the MCD64A1 Collection 6 product over 2002-2020, and seasonal precipitation (blue line) and heatwave incidence (orange line) patterns in ERA5
reanalysis for the period 1981-2020. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.4. Bias correction

Bias correction was performed using a Quantile Delta Mapping
(QDM) approach, in order to match Tmax distribution in the RCM re-
alizations to that of ERAS5, despite the discrepancies initially observed.
The correction is applied both to historical and future scenario runs.
QDM is known to perform well when it comes to preserving raw signals,
trends and extremes (Cannon et al., 2015; Casanueva et al., 2020).
QDM relies on the computation of the cumulative distribution functions
(CDF) of the variable of interest, in the dataset of reference (here
ERAS), and in the model to be adjusted on the historical and future
periods (here CORDEX-CORE historical and RCPs). Based on these
statistical distributions, the transformation applied can be summarized
in Eq. (4). Using this approach, the bias corrected Tmax obtained with
Eq. (4), referred to as Tmax . opa? will incorporate the climate change
signals present in the original CORDEX-CORE RCP runs.

CDF;} ,(CDFpyp(Tmaxyy))

CDF;}! o (CDFpyr(Tmax gyr))

C))

TmaXFUTQDM = Tmax gy X

QDM can be performed either in a parametric or empirical ap-
proach to compute the CDF. Here, the choice of a parametric (thus
continuous) rather than empirical (thus discrete) approach is made
so as to be able to capture future extreme values that may not be
reached in the historical period distribution. For well-chosen paramet-
ric distribution forms, the performance is similar for parametric and
empirical approaches (Enayati et al., 2021). Further details on QDM
and its suitability and performance for our purpose can be found in
Supplementary Material, Figures S1 and S2.

3. Results
3.1. Fire-heatwave connection

Pantanal burns quite frequently and mostly during the period from
August to October, henceforth referred to as the fire season (Fig. 1b;
Damasceno-Junior et al. (2021)). These months account, on average,
for 79% of the annual burned area over the study period and coincide
with low rainfall levels. Heatwaves also occur more often and over
larger areas during these three months, with the maximum value
of %Pantanaly, in September concurrent with the yearly peak in

burned area. Heatwaves taking place in the austral summer (December,
January, February) and during the transition from wet to dry season
(March-April) are not associated with high burned areas as the vege-
tation is growing and moisture levels are high, which constrains the
spread and extent of fires (Ivory et al., 2019). Accordingly, in the
upcoming analysis we evaluate heatwave conditions over the months
from April to October, considered here as the biome’s dry season
(Fig. 1b; Oliveira et al. (2014) and Ivory et al. (2019)), to account for
the effects of heatwaves on fuel moisture levels prior to the fire season.

The biome averages 14,439 + 9649 km? burned area (8.5 + 5.7% of
Pantanal’s area) per year over the 2002-2020 time series, with high in-
terannual variability (Fig. 2a). The years of 2002, 2019 and 2020, stand
out as the most dramatic, with the latter burning a record-shattering
amount unseen in Pantanal over the last two decades.

The interannual variability of burned area over the fire season
seems to be closely related to the percentage of Pantanal that is under
heatwave over the dry season (Fig. 2a). Years with the highest (lowest)
burned area correspond with higher (lower) percentages of heatwave
incidence over Pantanal (% Pantanal ), with the exception of 2007,
when the % Pantanaly, reached its maximum value over the 2002-
2019 period while burned area values were below the time series 75th
percentile.

A simple linear regression model between annual values of these
two variables obtained a Pearson coefficient of 0.90 (p-value < 0.001).
Hence, the linear model described in Eq. (5) based on %Pantanal 1y,
significantly explains 82% of the variance of burned area over the
2002-2020 period (Fig. 2b). It is worth noting here that causality is
not assumed in this relationship. It only constitutes a purely statistical
conception that holds for values of %Pantanalyy, varying between
approximately 3% to 34%, which is the historically observed range.

Burned Area = 0.88 X % Pantanal gy, — 0.97 5)

with burned area in 1000 km? and % Pantanal iy, in percentage.

The leave-one-out cross-validation scheme (Supplementary Ma-
terial, Figure S3) resulted in a coefficient of determination of 0.78
between the observed and the predicted burned area values, and a
Spearman’s correlation p of 0.90 (p-value < 0.001), which confirms that
the linear model is robust and indeed the best approach to correlate
these variables.
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(a) Pantanal's interannual variability of burned area and area under heatwave.
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(b) Relationship between Pantanal’s area under
heatwave during dry season and burned area during
fire season from 2002 to 2020.
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Fig. 2. (a) Interannual variability of annual burned area (light gray bars) and fire season burned area (August to October; dark gray bars), using the MODIS MCD64A1 product,
and the percentage of Pantanal under heatwave (% Pantanalyy,) over the dry season (April to October; orange bars), from 2002 to 2020. (b) Relationship between % Pantanal ;;y,
over the dry season and the fire season burned area, estimated using ERA5 reanalysis, from 2002 to 2020, evaluated using simple linear regression model. Black line indicates the
resulting regression line and on the bottom right corner is the corresponding equation. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 3. (a) Taylor diagram of raw CORDEX-CORE historical simulations compared to ERA5. Tmax monthly mean (circles) and monthly P90 (triangles) during dry season months
(April-October) over Pantanal for the period 1981-2005, for each simulation (color range) and for the ensemble mean (gray). All Pearson correlation coefficients presented here
are statistically significant at the 99.9% level. (b) Tmax distribution over Pantanal for dry season months of the historical period in ERA5 (purple), CORDEX-CORE original (gray)
and CORDEX-CORE after bias correction (light gray). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Model evaluation

There is a large variability in the outcomes of each of the six
members of the CORDEX-CORE ensemble considered. The comparison
of Tmax between the six historical runs and the ERAS5 reanalysis, for
the Pantanal region, during the dry season and for the period 1981-
2005, shows correlations on the time series of monthly averages of daily
Tmax ranging from 0.42 to 0.67, and correlations on monthly P90 of
Tmax between 0.60 and 0.84 (Fig. 3a). Mean biases on these variables
are between 0.4 °C to 5.3 °C and 0.28 °C to 4.4 °C, for monthly
averages and P90, respectively. REMO2015 forced by HadGEM2-ES
shows the best agreement with ERA5, contrary to RegCM4-7 forced
by NorESM1 that features the largest discrepancies with the ERA5
reanalysis. The remaining models show intermediate values and, for
all models, lower mean biases and higher correlations are found when
looking at the monthly P90. This large inter-model spread is commonly
observed in multi-model analyses of RCMs, in particular in the CORDEX
framework for South America (e.g. Feron et al., 2019). The ensemble
is also shown to have a mean bias of 2.72 °C and 3.76 °C, and a
Pearson correlation coefficient of 0.68 and 0.79, for the mean and
P90 of Tmax, respectively. For impact studies, the ensemble mean is
usually able to properly reproduce the main climatological features
of the region, notwithstanding the large variability across individual
members (Teichmann et al., 2021; Coppola et al., 2021).

Considering this inter-model variability and discrepancies compared
to ERA5, Tmax datasets from the CORDEX-CORE runs were bias-
corrected towards the distribution of Tmax in ERA5. Figure S1 shows
the time series for Tmax of raw CORDEX-CORE historical data and
both RCP runs over the 1981-2099 period, and the result after bias-
correction. A clear shift is observed towards ERAS values after bias
correction, while keeping the trends intact. The performance of the
bias correction is also illustrated in Fig. 3b, which shows that the
bias between CORDEX-CORE and ERA5 ensemble mean (P90) Tmax
goes from 2.4 °C (3.4 °C) before correction to less than 0.1 °C after.
QDM therefore seems to be successful in approximating the CORDEX-
CORE ensemble mean distribution to that of ERA5, as also evidenced
in Figure S2. The bias-corrected results are now in the same range
as those of the reanalysis: the historical mean of Tmax is now equal
for CORDEX-CORE after QDM and the ERAS5 reanalysis, at 30.8 °C
(Fig. 3b). Moreover, Figure S1 confirms the above-mentioned large
inter-model variability, with large shaded areas representing the max-
imum and minimum values simulated by CORDEX-CORE runs after
bias-correction.

Figs. 4 and 5 further highlight this inter-model variability, which
is found also in future projections. Under RCP8.5 scenario (Fig. 4), for
the near future period (2026-2050, top line in the Figure), Tmax during
the dry season increases on average between 0 to 2 °C approximately,
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Fig. 4. Average difference on Tmax over the Pantanal region for April to October between the historical period and three projected RCP8.5 periods (2026-2050 as short term;
2051-2075 as mid term; and 2076-2099 as long term), for the six CORDEX-CORE simulations considered and the ensemble mean (rightmost panel). All data is from the bias-corrected

simulations.
RCP2.6 Tmax
difference
Short-term relative to
2026-2050 historical
period
5°C
Mid-term 4°C
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3°C
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0
MPI ESM NorESM HadGEM2 MPI ESM NorESM HadGEM2 Ensemble
REMO02015 RegCM4-7 mean

Fig. 5. Same as Fig. 4 for RCP2.6.

depending on the considered GCM/RCM combination. For the mid-term
(2051-2075) and long-term (2076-2099) periods, the spread increases,
with Tmax warming between 1.5 to 5 °C and 3 to 9 °C, respectively.
The trajectory under RCP2.6 assumptions suggests a lesser warming of
Pantanal, along with a smaller inter-model spread, in absolute value, as
compared with RCP8.5 (Fig. 5). For that scenario, all runs feature an
increase in Tmax between 0 to 4 °C without a clear temporal evolution,
with Tmax departure from its historical values in the short-term being
similar to the mid- and long-term periods ones. In both scenarios, the
expected warming is spatially quite homogeneous over the Pantanal
region, except for its southernmost part, which seems to be slightly less
affected in most runs, as opposed to the northeastern part that might
suffer from even warmer conditions by up to 1 °C according to several
runs.

3.3. Future trends in heatwaves

We analyzed the simulated evolution of heatwaves over Pantanal
from 1981 to the end of the 21st century, under scenarios RCP2.6 and

RCP8.5, using CORDEX-CORE bias-corrected ensemble mean. Under
both scenarios, the %Pantanalyy, is expected to increase by 2100
(Fig. 6), albeit with distinct growing patterns. Considering the opti-
mistic emission scenario RCP2.6, the average % Pantanal ;;, is expected
to increase up to 36.4% over the mid-term period, followed by a
decrease to 35.2% in the long-term period ( Table 2). When compared
to the historical average (12.5%), this represents a relative increase of
191% and 182% of the %Pantanal gy, for mid and long-term, respec-
tively. Extremes, evaluated by the P90, reach 43.4% over mid-term and
more than double the historical value with relative increases above
140% in all three time periods. However, no significant trend was
found in either period, consistent with RCP2.6 assumptions of peaking
emissions mid-century followed by a steady decrease afterwards (van
Vuuren et al., 2011).

Alternatively, under the high-emission scenario RCP8.5 there is a
statistically significant monotonic increase, clearly departing from the
RCP2.6 scenario after the mid-term period, leading to a % Pantanal yy,
level of 80% by the end of the 21st century (Fig. 6). Average (and P90)
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Fig. 6. Percentage of Pantanal under heatwave from 1981 to 2099. Evolution for historical (black line), RCP2.6 (blue line), and RCP8.5 (red line) bias-corrected CORDEX-CORE
runs. The gray, blue and red shaded regions show the maximum range between individual model runs. Solid lines represent the ensemble mean and those that are thicker show a
smoothed time series for better visualization. The smoothing is performed by applying a Savitzky—Golay filter with a window length of 19 years and a polynomial order 5. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Future evolution of heatwave index (% Pantanal ;;,,) under RCP2.6 and RCP8.5 scenarios
for three time periods: short-term from 2026 to 2050; mid-term from 2051 to 2075;
and long-term from 2076 to 2099. For comparison, we further show values for the
historical run from 1981 to 2005. Average values are calculated as ensemble mean
from all RCM realizations. Std corresponds to the standard deviation, over time, of the
ensemble mean for the considered period. Values between parentheses indicate relative
change compared to the historical value. The presence of a trend is evaluated through
the Mann-Kendall test at a 5% significance level. Upwards arrows indicate a significant
positive trend. The average inter-model spread corresponds to the average, over each
period, of the difference between the highest and lowest individual member values
every year.

Average Std P90 Trend Inter-model
spread
Historical 12.5 45 17.4 - 23.2
Short-term 32,9 (163%) 6.6 41.8 (140%) - 35.1
RCP2.6 Mid-term 36.4 (191%) 6.4 43.4 (149%) - 32.8
Long-term 35.2 (182%) 5.4 425 (144%) - 33.9
Short-term  39.9 (219%) 8.3 51 (193%) 7 30.6
RCP8.5 Mid-term 58.5 (368%) 7.6 67.3 (287%) 31.5
Long-term  73.3 (486%) 4.6 78.4 (351%) 24.1

values of %Pantanal iy, differ considerably over the three time periods
( Table 2): from 39.9% (51%) in the short-term period, slightly above
the corresponding values in RCP2.6, to 73.3% (78.4%) in the long-term
period. In this scenario, departures from the mean (and P90) historical
values are dramatic, with relative increases of 219% (193%), 368%
(287%) and 486% (351%), for the short, mid and long-term periods,
respectively.

Nevertheless, in both scenarios, inter-model variability is relatively
large ( Table 2). In particular, the spread of % Pantanal ;;;, between the
minimum and maximum individual members from the ensemble for
each projection year is around 32%, on average. In RCP2.6 scenario,
this inter-model spread remains relatively stable, from 35% in the
short-term period to 34% in the long-term, pointing to a moderate
climate signal in Pantanal in that scenario. Contrarily, RCP8.5 leads
to a decrease in the spread between models, from 31% in the short-
term down to 24% in the last 25 years of the century. This indicates
that under the stronger climate forcing of the RCP8.5 scenario, models
tend to agree more on the long-term pathway as all of them foresee
extreme heatwave conditions in Pantanal at the end of the century. For
the RCP2.6 scenario, although the mean is clearly higher than historical
values, the ensemble member with the lowest warming projection is
indistinguishable from the historical envelope for all the time periods
considered. On the other hand, the lowest warming projection for
RCP8.5 is well above the maximum of the historical envelope despite

a relatively large inter-model spread. In the first half of the century,
individual simulations from both RCPs overlap (shaded areas in Fig. 6),
however, after 2050 there is a clear distinction between the maximum
and minimum simulated values obtained for each RCP (Fig. 6). By
the end of the century, although the maximum simulated value of
% Pantanal ;;y, under RCP2.6 is higher than that of the historical run,
the historical simulations that achieved the highest % Pantanal ;y,, are
in the same range of values as RCP2.6 % Pantanal ;;;, ensemble means.
This is not the case with RCP8.5, where, by 2100, the minimum value
of simulated %Pantanal y, far exceeds the maximum value obtained
in any historical simulation, highlighting how RCP8.5 is a much more
severe scenario.

For both RCPs, inter-model variability seems to decrease over the
21st century, with model predictions converging towards the end of
the simulation period. This is particularly sharp in RCP8.5 where there
is a decrease in inter-model spread and standard deviations (Table 2),
due to a threshold effect on the heatwave index computation, which
is based on a comparison between Tmax and the fixed historical P90
of Tmax (see Section 2.2). In the case of RCP8.5 the significant in-
crease in Tmax is such that, even though the inter-model variability in
Tmax is large, all individual members are mostly above the historical
heatwave threshold. Consequently, even the member with the lowest
warming trajectory still generates a high heatwave index value, thereby
dampening the variability observed in % Pantanal gy, .

4. Discussion

The linear regression model developed in this study showed that
82% of the annual variance in Pantanal’s burned area is related to
annual variations in heatwave incidence. This strong connection be-
tween fire events and heatwaves is in agreement with previous analyses
conducted worldwide (Chuvieco et al., 2021) and for Pantanal in
particular (Vigano et al., 2018; Libonati et al., 2022). The occurrence of
heatwaves over the dry season triggers large evaporation rates and thus
soil desiccation that, ultimately, may influence the level of vegetation
dryness and increase flammability. On the other hand, during the fire
season heatwaves promote favorable conditions for larger burned areas
if an ignition source is provided (which in the case of Pantanal is
mostly human; Menezes et al. (2022)). Recent heatwave episodes in this
region have been associated with the establishment of quasi-stationary
anticyclonic circulation anomalies over central South America as a
response of large-scale Rossby wave patterns forced by remote warm
sea surface temperatures in Indian and Pacific oceans (e.g. ENSO,
MJO, IOD) (Taschetto and Ambrizzi, 2012; Marengo et al., 2021a;
Reboita et al., 2021a; Libonati et al., 2022). These mid-atmospheric
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high pressure systems are responsible for strong subsidence and large
amounts of incoming shortwave radiative energy at surface (Marengo
et al., 2021a; Libonati et al., 2022; Geirinhas et al., 2022). On the
other hand, they can induce large disturbances in the South Atlantic
Convergence Zone (Nielsen et al., 2019) and/or in the South American
Low-Level Jet (Montini et al., 2019) suppressing the passage of frontal
systems and promoting the occurrence of large deficits in the water
vapor transport from the Amazon basin towards Pantanal. A long-term
shortage of moisture being advected from the Amazon basin coupled
with a lower than normal atmospheric convergence in the region lever-
ages large precipitation deficits and evaporation rates that, ultimately,
promote a sharp decrease in soil moisture levels. In fact, Libonati et al.
(2022) showed that during the 2020 fire season due to pronounced
drought conditions over Pantanal, a strong soil moisture-temperature
coupling (water-limited) was established allowing a re-amplification
of the already established surface hot temperature anomalies during
several heatwave episodes (Coronato et al., 2020; Geirinhas et al.,
2022). As such, fire activity in Pantanal is also inevitably linked to
drought and flood (Mataveli et al., 2020; Libonati et al., 2021; Marengo
et al., 2021a). However, precipitation estimates show large inter-model
discrepancies over South America (Solman et al., 2013; Falco et al.,
2019; Solman and Blzquez, 2019) due to the commonly acknowledged
shortcoming of RCMs when it comes to capturing precipitation. Ac-
cordingly, here the focus was made exclusively on the heatwave—fire
connection.

Still, large biases were found in temperature estimates by the RCMs
and, in order to legitimate the analysis of future heatwaves, the bias
observed in CORDEX-CORE historical Tmax data with respect to ERA5
was corrected through QDM. Such an adjustment is required in order
to obtain more plausible climate change projections, especially when
it comes to extreme temperature-related phenomena (Iturbide et al.,
2021). Although in this work the bias correction showed a good per-
formance as evidenced in Table S1 and Figure S1, such approaches
to adjust simulation data towards a better match with observations
have known limitations and shortcomings. In particular, they can be
considered statistical artifacts that do not provide clues on the credibil-
ity of the physical processes represented in the model (Maraun, 2016;
Maraun et al., 2017). However, Maraun et al. (2017) recognize that for
reasonably well captured physical processes, such as the ones driving
the spatio-temporal variability of Tmax, usual bias correction methods
work adequately. This is arguably the case here since the distribution
of Tmax from ERAS5 and from all the CORDEX-CORE models could
be successfully fitted to the same class of theoretical distribution.
These elements indicate that the underlying physical processes are
consistently represented in the reanalysis and in the RCMs demon-
strating that bias correction can be applied confidently. The choice of
the bias correction technique is also known to condition the results
obtained. Casanueva et al. (2020) and Iturbide et al. (2021) show that
there are differences in the outputs of bias corrected models when
different methods are applied to the same data, including Tmax in CMIP
or CORDEX simulations, resulting in slightly different future projection
scenarios. Nevertheless, the QDM applied here shows good performance
to steer CORDEX-CORE data towards ERAS values, and consistency in
the climate signal between original and adjusted time series (Figure S1),
which gives confidence in the conclusions of this study.

In particular, the climate change signal displaying increasing heat-
wave importance, and comparatively larger increase in RCP8.5 than in
other scenarios, is consistent with previous studies investigating future
trends in hot extremes. Despite differences in the projections, RCP4.5
and RCP8.5 scenarios are both known to lead to an increase in extreme
temperature events, with larger changes over lower latitudes (Russo
et al., 2014; Perkins-Kirkpatrick and Gibson, 2017; Feron et al., 2019).
They also evidence, consistent with our findings, that heatwave future
trends and levels are much worse under RCP8.5 scenario, across all
of South America. Global warming will likely impose in Pantanal the
occurrence of more intense and prolonged heatwaves due to linear
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increases of the mean surface temperature and non-linear feedbacks
triggered by deep changes in precipitation, evaporation and radiative
regimes (Donat et al., 2017; King, 2019). This raises new challenges
not just for the ecosystems but also for human health and for other
socio-economic sectors (e.g. agriculture and energy production). These
threats are expected to be particularly relevant in low-income develop-
ing countries such as the ones that share the Pantanal biome (Brazil,
Paraguay and Bolivia), where the public health services are fragile and
where there is still a lack of investment in environmental protection
policies. The heatwave projections highlighted here for Pantanal sug-
gest that the heat-stress levels witnessed by the population of Pantanal
will increase, leveraging the number of heat-related deaths to dramatic
levels (Gasparrini et al., 2015; Guo et al., 2018).

Our results also suggest that such an increase in heatwave condi-
tions could lead to higher burned areas, as favorable conditions for
fire occurrence will occur more frequently and widespread over the
region (Libonati et al., 2022). This could also trigger other cascading
impacts of heatwaves in public health through the occurrence of more
and widespread fires: a higher exposure to wildfire smoke is likely to
lead to an increase in the number of respiratory illnesses and in birth
defects not just for the living population of Pantanal but also for the
inhabitants of downwind regions (Aguilera et al., 2021; Requia et al.,
2021).

Nevertheless, such an increase in the heatwave index over the 21st
century, and thus fire activity, would inevitably translate to changes
in vegetation cover and climate-vegetation dynamics. Studies have
found that fire influences the forest-savanna threshold (Hoffmann et al.,
2012; Dantas et al., 2013) which means that such dramatic changes
in fire activity could put several areas of Pantanal at risk of biome
transition. As a result, these climate-fire-vegetation dynamics could
change entirely the shape of the correlation between %Pantanal gy,
and burned area for more intense heatwaves, which are not taken into
account here as RCMs consider a static vegetation cover. For both
scenarios, in addition, nonlinear vegetation-atmosphere and/or land—
atmosphere feedback induced by climate change could also corrupt the
climate assumptions on which our statistical regression model is based.
Considering that the model assumes a climate stationarity, in that case
the relation between heatwaves and fires would need to be adjusted
and the model would need to be calibrated according to new climate
conditions.

5. Conclusion

This study aimed at evaluating and modeling the connection be-
tween fire and heatwaves in Pantanal, and employed, for the first
time, the CORDEX-CORE regional climate simulations at 0.22° spatial
resolution, to project future heatwave estimates over the Pantanal
biome. A robust connection was found between a heatwave index and
burned area. A simple linear model based on %Pantanal yy, signifi-
cantly explains 82% of the variance of burned area over the 2002-2020
period.

When looking at bias-corrected future projections of heatwaves by
CORDEX-CORE model runs, we find that results differ considerably
between scenarios, with RCP2.6, the low-emission scenario, reaching
close to 40% of Pantanal under heatwave by mid-century to then
stabilize to around 35% in 2100, whereas RCP8.5, the most severe
scenario, shows a steady increase up to 80% by the end of the century.

The aforementioned ensemble means are associated with a large
inter-model spread and therefore uncertainty. This spread is much
smaller in RCP8.5 scenario indicating a stronger shift in heatwaves,
with a significantly increasing trend. The lesser inter-model variabil-
ity in heatwaves observed in the long-term in RCP8.5 compared to
RCP2.6 reveals how extreme the former scenario is. In this trajectory,
every model predicts maximum temperature occurrence and therefore
heatwave frequency well above past values, thereby saturating the



P.S. Silva et al.

historical thresholds. Possible changes in climate mechanisms and dy-
namics in the future (e.g. surface-atmosphere feedbacks) prevent the
application of the statistical link between heatwaves and burned area
that was evidenced in this study. However, this model can serve as
a basis for educated guesses and qualitative assessments on possible
future burned area, and suggests that under any scenario, even the more
optimistic RCP2.6, burned area will likely increase, and the exceptional
2020 fire season in Pantanal could possibly compare as moderate with
events in the near future.

Both fire (Alho et al., 2019) and climate change (Thielen et al.,
2021) are major threats to the Pantanal biome, and the 2020 fire events
were illustrative of the severe consequences it can have in biodiver-
sity (Tomas et al., 2021), economy, and human health (Machado-Silva
et al., 2020). The increased frequency of these fires is among the most
visible results of human-induced climate change, posing a serious threat
to biodiversity conservation, as the cumulative impact of widespread
burning would be catastrophic if the situation of 2020 becomes com-
mon in the coming decades. Climate change may considerably alter the
ecological properties of the Pantanal (Aparecido et al., 2021) which,
associated with changes in land use and cover (Miranda et al., 2018;
Colman et al., 2019; Marques et al., 2021), further contribute to a
disturbed landscape and pave the way to increased fire activity (Kumar
et al.,, 2022). Fire and land management are thus imperative within
the Pantanal wetlands, to avoid further degradation to this unique
ecosystem (Garcia et al., 2021; Berlinck et al., 2022).

As to the authors’ knowledge this is the first study evaluating fire
and heatwaves over the Pantanal biome, employing a set of regional
climate simulations of relatively-high spatial resolution to project fu-
ture trends. Very little research has been done in climate extremes over
this region and more so is needed to properly understand the physi-
cal mechanisms associated with the found heatwave-fire relationship.
These results provide useful information for fire activity in the biome
in light of future climate change, and may also assist with regional
information of the connection between fire and heatwaves in Pantanal
to improve statistical or physical models.
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