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Unprecedentedly large areas were burned during the 2016/17 and 2022/23 fire seasons in south-central Chile
(34-39°S). These seasonal-aggregated values were mostly accounted for human-caused wildfires within a limited
period in late January 2017 and early February 2023. In this paper, we provide a comprehensive analysis of the
Climate change . L. . . .
Attribution meteorological conditions during these events, from local to hemispheric scales, and formally assess the
Chile contribution of climate change to their occurrence. To achieve this, we gathered monthly fire data from the
Chilean Forestry Corporation and daily burned area estimates from satellite sources. In-situ and gridded data
provided near-surface atmospheric insights, ERA5 reanalysis helped analyze broader wildfire features, high-
resolution simulations were used to obtain details of the wind field, and large-ensemble simulations allowed
the assessment of climate change’s impact on extreme temperatures during the fires. This study found
extraordinary daily burned area values (>65,000 ha) occurring under extreme surface weather conditions
(temperature, humidity, and winds), fostered by strong mid-level subsidence ahead of a ridge and downslope
winds converging towards a coastal low. Daytime temperatures and the water vapor deficit reached the
maximum values observed across the region, well above the previous historical records. We hypothesize that
these conditions were crucial in exacerbating the spread of fire, along with longer-term atmospheric processes
and other non-climatic factors such as fuel availability and increasing human-driven ignitions. Our findings
further reveal that climate change has increased the probability and intensity of extremely warm temperatures in
south-central Chile, underscoring anthropogenic forcing as a significant driver of the extreme fire activity in the
region.

1. Introduction

Wildfires pose severe threats to human society and terrestrial eco-
systems (Paveglio et al., 2015; Bowman et al., 2020; Grillakis et al.,
2022), with direct impacts in terms of health effects, environmental
degradation, loss of biodiversity and detrimental economic implications,
among others (Kochi et al., 2010; Youssouf et al., 2014; Liu et al., 2015;
Kelly et al., 2020; Xu et al., 2020). In the last decades, fire activity has
increased within ecoregions most vulnerable to wildfire disasters,
regardless of fire-fighting capacity or management tactics (Bowman
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et al., 2009; Abatzoglou and Williams, 2016; Williams et al., 2019;
Weber and Yadav, 2020; Duane et al., 2021; Ellis et al., 2022). More-
over, wildfires of unprecedented size, intensity, and duration have
devastated several territories worldwide in recent years (Turco et al.,
2019; Richardson et al., 2021; Giannaros et al., 2022; Ramos et al.,
2023; Rodrigues et al., 2023), underscoring the urgent need to improve
understanding of this phenomenon at global and regional scales,
including their climate drivers.

Along the subtropical west coast of South America, south-central
Chile (34-39°S; see Fig. 1) is recognized as a fire-prone region due to a
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complex interplay of climatic, human, and biological factors. Charac-
terized by a north-south transition from a Mediterranean to a temperate
climate, the region receives more than 70% of the precipitation during
winter (Boisier et al., 2018) and exhibits dry and warm summers, which
fosters favorable climate conditions for wildfires. Its vegetation en-
compasses a mix of native plant communities (i.e., matorral shrublands,
deciduous and evergreen forests), non-native tree plantations (espe-
cially Pinus radiata and Eucalyptus globulus), and other mixed vegetation
types dominated by non-native grasses, shrubs, and trees (Schulz et al.,
2010; Miranda et al., 2017). Between 1985 and 2016, the fire regime in
this region was characterized by burned area values per fire season
(from July to June, peaking between December and February) in the
range of 10,000-100,000 ha, with an average of ~36,000 ha, and fire
number per season in the range 2300-6000 (CONAF, 2023).
Year-to-year variations in the seasonal burned area across this region are
partly modulated by climate variability, especially by the concurrent
spring/summer air temperature and the preceding winter/spring pre-
cipitation (Gonzalez and Veblen, 2006; Gonzalez et al., 2011; Holz et al.,
2012, 2017; Urrutia-Jalabert et al., 2018). Consistently, studies have
shown that El Nino-Southern Oscillation (ENSO) and the Antarctic
Oscillation (AAO) influence seasonal fire activity in the region (Holz
et al.,, 2012; Urrutia-Jalabert et al., 2018; Cordero et al., 2024).
Furthermore, south-central Chile has experienced a long-term drying
trend in the last decades along with an increase in the frequency of
heatwaves (Boisier et al., 2018; Gonzalez-Reyes et al., 2023), fostering
conditions that promote large fires in the region (McWethy et al., 2021).
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Since 2010, south-central Chile has undergone an extended period of
drought (Garreaud et al., 2017, 2020), increasing fire activity (Gonzalez
et al., 2018).

The fire regime described before was exceeded during the 2016/
2017 fire season, with more than 500,000 ha consumed by fires,
marking the most extensive fire season on record (CONAF, 2023). The
abnormal seasonal fire activity was primarily concentrated in late
January 2017, when a megafire (>10,000 ha; see Linley et al. (2022) for
a discussion on fire nomenclature) was active in the region. On January
20th, the Las Maquinas fire complex started in the administrative region
of Maule (Fig. 1a), consuming nearly 160,000 ha in the following days
and resulting in the largest wildfire ever recorded in Chile (CONAF,
2023). During the following years, the fire activity remained within the
historical range until the 2022/23 season, when the burned area saw a
new dramatic rise, exceeding 400,000 ha, mainly during the first week
of February 2023. During that period, the Santa Ana fire complex ignited
in the administrative region of Biobio (Fig. 1b) and consumed nearly 69,
000 ha in the following days (CONAF, 2023), becoming one of the
largest wildfires in south-central Chile. In both events, large areas of
forestry plantations of non-native Eucalyptus spp. and Pinus radiata,
along with native vegetation and other mixed agriculture and aban-
doned fields were burnt (McWethy et al., 2018; Bowman et al., 2019).
The damage to local ecosystems included the loss of endemic flora and
fauna and the reduction of the already threatened native ecosystems
(McWethy et al., 2018). There were also significant economic costs for
small farmers, big forestry companies, and urban and periurban areas.
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Fig. 1. (a) MODIS Aqua satellite image (corrected reflectance, bands 7-2-1) of south-central Chile on Jan 26, 2017. The polygons in violet show the area burned for
three days around Jan 26, 2017. (b) The same as (a) but for Feb 03, 2023. (c) Location of the main sectors, boxes, administrative regions, and weather stations
referenced in this work, including Sector Las Maquinas (SLM, upper red polygon), Sector Florida (SF, lower red polygon), Sector Tomé (ST, upper blue polygon),
Sector Santa Ana (SSA, lower blue polygon), Box 1 (B1, box in fuchsia), Box 2 (B2, box in green), weather station General Freire (GF, upper black dot), General
Bernardo O’Higgins (GBO, middle black dot), and Maria Dolores (MD, lower black dot). (d) Topography from the GTOPO30 Digital Elevation Model (~1 km spatial
resolution) along with WRF inner domains defined for studying the atmospheric conditions during a week around Jan 26, 2017 (domain A), and Feb 03, 2023
(domain B). (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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More tragically, more than thirty fatalities were reported as a result of
these events (SENAPRED 2024a, 2024b). Post-fire investigations point
to human-induced ignitions, although it has not been established if they
were accidently or intentionally (arson).

These seasons concentrated their anomalous fire activity within a
limited time frame, suggesting a key role of short-term atmospheric
processes in the intensity and spread rate of the fire. A few previous
studies have explored the role of meteorological conditions in the
extreme fire events in south-central Chile during late January 2017 and
early February 2023. Bowman et al. (2019) reported extreme fire
weather during the second half of January 2017, with regional-wide
daily values of maximum temperature and wind speed above the 95th
percentile, including the highest temperature on their dataset. Cordero
et al. (2024) showed that exceptionally fire weather conditions were
experienced in the region during February 2023, highlighting the role of
dry downslope winds (locally known as Puelche).

Despite these efforts, the meteorological mechanisms -from local to
hemispheric scales-underpinning the extreme fire events in south-
central Chile during late January 2017 and early February 2023
remain unclear. Moreover, a formal quantification of the impact of
climate change on such weather conditions is still lacking in the scien-
tific literature, as well as a robust assessment of their potential pre-
dictability. The purpose of this investigation is to fill these gaps. To
achieve its goal, this study analyzes daily estimates of regional-wide
burned area and concurrent surface weather conditions, explores the
main meteorological mechanisms involved from local to hemispheric
scales, and assesses the potential impact of climate change in the
extreme weather observed during the mentioned periods. This paper is
organized as follows: Sect. 2 presents the study area, Sect. 3 describes
the data and methods, Sect. 4 presents the results of this study, and Sect
5 and 6 discusses and summarizes the results, respectively.

2. Study area
2.1. Bio-geographic context

The study area encompasses the Chilean continental territory be-
tween 34 and 39°S (hereafter south-central Chile; see Fig. 1c), a strip of
land less than 200 km wide between the Pacific coast and the Andes
Cordillera. A coastal range runs almost continuously, separating the
inland central valley from the sea border. South-central Chile includes
five administrative regions (from O’Higgins to La Araucania) and con-
centrates ~25% of the country’s population (>5 million inhabitants
according to Instituto Nacional de Estadisticas (2023)). It hosts native
ecosystems with high species diversity and endemism (Myers et al.,
2000; Echeverria et al., 2006). Natural vegetation ranges from matorral
shrublands and woodlands of sclerophyllous species to the north to
evergreen species to the south, with deciduous Nothofagus species
dominating higher elevations in the coastal range and Andes Cordillera
(Luebert and Pliscoff, 2006). Since the 1970s, the study area has un-
dergone a rapid land use and cover change (LUCC; Schulz et al., 2010;
Miranda et al., 2017), with most of the native forest replaced with in-
dustrial forestry plantations of non-native species such as Pinus radiata
and Eucalyptus spp. These plantations cover up to 90% of some land-
scapes, especially in the Coastal Range (Echeverria et al., 2006;
Nahuelhual et al., 2012; McWethy et al., 2018). Along with agricultural
abandonment and the expansion of human activity near cities and on the
urban-rural interface, the plantation expansion has increased the fire
risk (fuel loads, ignition, and flammability) in the study area (Carmona
et al., 2012; Diaz-Hormazabal and Gonzalez, 2016; Taylor et al., 2017).
Moreover, the massive conversion of native vegetation to forestry
plantations and the spread of other invasive trees (e.g. Acacia dealbata,
Acacia melanoxylon) and shrubs species (e.g. Genista monspessulana,
Ulex europaeus) have altered the fuel structure (amount and connec-
tivity of biomass) by creating large homogeneous patches of the same
single species, increasing the risk of catastrophic fires (Pauchard et al.,
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2008; Gonzalez et al., 2011; Cobar-Carranza et al., 2015).
2.2. Fire-climate background

South-central Chile features a climate transition from semiarid,
Mediterranean conditions northward to more humid and temperate
conditions southward, with winter-to-annual precipitation ratios
ranging from 90% to 70% in the north-south direction (Boisier et al.,
2018). This marked rainfall seasonality increases the amount of burn-
able biomass during winter/spring and turns vegetation flammable
during the subsequent warm and dry summer (December, January, and
February), fostering a fire-prone environment. Most fire activity
throughout Chilean territory occurs in south-central Chile, with a sig-
nificant increase in intensity during the austral summer (Gonzdlez et al.,
2018).

The fire regime in this area is characterized by a burned area of
~36,000 + 26,000 ha (mean =+ std. dev.) per fire season (July to June)
and an occurrence of ~3 900 + 900 fires on average per fire season
(period 1985-2016; CONAF, 2023). Most of the burned area is
accounted for by a few large fires (>200 ha), while the total number of
fires is primarily explained by small fires (<5 ha) (Gonzalez et al., 2020).
Likewise, it is estimated that over 98.5% of the fires in south-central
Chile are caused by humans, either intentionally (36.6%) or accidently
(58.2%) (Pozo et al., 2022). While lightning is a natural ignition source
for many wildfires worldwide (e.g., Wierzchowski et al., 2002; Larja-
vaara et al., 2005; Campos et al., 2024), and this threat is expected to
increase in the future (e.g., Pérez-Invernon et al., 2023), this factor is
quite infrequent in Chile as the Andes cordillera inhibits the develop-
ment of convective storms in the central valley (Viale and Garreaud,
2014).

Except for the coastal strip, south-central Chile has been warming
during the last four decades at approximately 0.2°/decade (e.g., Falvey
and Garreaud, 2009), most notably in maximum temperatures during
summer. Consistently, the study area is characterized by the increasing
occurrence of warm events, including heatwaves (>0.75 events per
decade) (Piticar, 2018; Gonzalez-Reyes et al., 2023), a trend that is ex-
pected to continue in the future (Feron et al., 2019). Warm events in the
study area typically occur when an upper-level ridge and surface anti-
cyclone approach southern Chile, thus extending the semi-permanent
high-pressure cell over the subtropical Southeast Pacific to about 40°S.
Under these conditions, the sea level pressure (SLP) along the coast in-
creases poleward (reversing the climatological gradient), driving
low-level offshore flow in central Chile, which in turn forces subsidence
over the western slope of the Andes. The easterly, downslope wind is
locally known as Puelche (Montecinos et al., 2017) and, together with
the large-scale subsidence, results in low-level warming over the central
valley and coastal zone. The offshore displacement of the cool marine
boundary layer produces a coastal low off central Chile that further
reinforces the reversal of the SLP gradient and easterly winds (Garreaud
et al., 2002). Such a synoptic pattern resulting in heatwaves in
south-central Chile is favored by hemispheric-scale Rossby wave trains
emanating from the tropical western Pacific and Indian Ocean, as
documented by Demortier et al. (2021) and Jacques-Coper et al. (2021).

3. Data and methods
3.1. Observational data

Monthly statistics of burned area and fire occurrence for adminis-
trative regions from O’Higgins to La Araucania were obtained from the
Chilean Forestry Corporation (Corporacion Nacional Forestal (CONAF);
CONAF, 2023). Additionally, we estimated daily values of burned area
for south-central Chile from the Terra and Aqua combined MCD64A1
Version 6.1 Burned Area product (Giglio et al., 2021). The MCD64A1
employs 500-m Moderate Resolution Imaging Spectroradiometer
(MODIS) imagery coupled with 1-km MODIS active fire observations to
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identify the burn date for 500-m grid cells by locating the occurrence of
rapid changes in daily surface reflectance time series data. The algo-
rithm maps the spatial extent of recent fires to derive burned area
estimates.

Daily maximum temperature (Tx) time series from three weather
stations with five-decades long, quality-controlled records in south-
central Chile were acquired from the Chilean weather service
(Direccion Meteoroldgica de Chile, DMC; see Fig. 1c¢). Of these stations,
General Bernardo O’Higgins (GBO), situated at 36.59°S, 72.04°W, is the
closest to the locations of the extreme fire outbreaks and is primarily
utilized in our analysis. In addition, Tx observations from more than 150
stations during the two weeks around the outbreaks were obtained from
the Center for Climate and Resilience Research (CR2) meteorological
viewer (VisMet; https://vismet.cr2.cl/). Of these stations, Cauquenes
(35.96°S, 72.29°W) and Los Angeles (37.44°S, 72.52°W) were used
along with GBO to validate WRF simulations. Furthermore, Tx gridded
data were obtained from the observational-based dataset CR2Met
version 2.5 (Alvarez-Garreton et al., 2018) and the fifth-generation
ECMWF reanalysis (ERA5; Hersbach et al., 2020). CR2Met has a
spatial resolution of 0.05° and is based on in-situ observations for the
Chilean continental territory, the near-surface temperature provided by
the ERA5, and land surface temperature estimates from MODIS satellite
retrievals.

To characterize the synoptic conditions associated with the extreme
fire outbreaks and their severity, we utilized sea level pressure (SLP), 10-
m wind speed, and geopotential height and vertical velocity at 500 hPa
(Z500 and wsq, respectively) from the ERA5 dataset. These data,
spanning from 1979 to 2023, were analyzed at a 6-h temporal resolution
ona 0.25° x 0.25° latitude-longitude grid. Vapor-pressure deficit (VPD)
was derived from hourly values of dew point temperature and air tem-
perature from the ERA5 from 1979 to 2023 by computing the saturated
and actual water vapor pressure and then taking their difference.
Additionally, Z500 and 0.2101 sigma streamfunction anomalies (with
respect to 1991-2020 climatology) computed from the NCEP-NCAR
Reanalysis 1 (Kalnay et al., 1996) were provided by the NOAA PSL,
Boulder, Colorado, USA, from their website at https://psl.noaa.gov, to
assess mid and upper-troposphere features at hemispheric scale.

We used the 2-m air temperature and 10-m wind speed forecast at
0.25° x 0.25° lat-lon resolution produced by the Global Forecast System
(GFS; National Centers for Environmental PredictionNational Weather
ServiceNOAA & U.S. Department of Commerce, 2015) to assess forecasts
of extreme surface conditions. GFS currently has four initializations per
day (00, 06, 12, and 18 UTC) and is integrated for two weeks. The data
was obtained from NCAR’s Research Data Archive (RDA) using the
THREDDS data server and Python’s Siphon library. We used grid cell
values at 36.5°S-72°W (central valley) because of its proximity to the
largest fires and the availability of measurements at GBO.

3.2. Regional model simulations

To conduct our atmospheric simulations, the Weather Research and
Forecasting (WRF) Advanced Research WRF (ARW) version 4.3.2 Model
(Skamarock and Klemp, 2008; Skamarock et al., 2019) was utilized. The
model was configured with a nested domain approach, comprising three
domains with grid spacing of 18 km, 9 km, and 2 km, and 60 vertical
levels. For the 2023 case, the simulation spanned from February 1, 2023,
at 00:00 UTC to February 7, 2023, at 00:00 UTC. The 2017 case was
simulated from January 23, 2017, at 00:00 UTC to January 29, 2017, at
00:00 UTC. The initial and lateral boundary conditions were obtained
from the ERA5 reanalysis data at 6-h intervals with a grid spacing of
0.25°. ERAS sea surface temperature fields, initial soil parameters (soil
water, moisture, and temperature), and surface pressure and skin tem-
peratures were used as surface boundary conditions for the mother
domain.

Both the 2023 and 2017 simulations employed the same set of
parameterization schemes. Microphysical processes were represented
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using the Thompson Scheme (Thompson et al., 2008). The Dudhia
Shortwave Scheme (Dudhia, 1989) was adopted for shortwave radia-
tion, and the Rapid Radiative Transfer Model (RRTM) Longwave Scheme
(Mlawer et al., 1997) was used for longwave radiation. The Noah-MP
Land Surface Model (Niu et al., 2011) was implemented to simulate land
surface processes. The planetary boundary layer was represented by the
Mellor-Yamada Nakanishi Niino (MYNN) scheme (Nakanishi and Niino,
2009). For cumulus physics in the first two domains, the Grell 3D
Ensemble Scheme (Grell and Dévényi, 2002) was used, while in the third
domain, cumulus processes were explicitly resolved. The selection of
specific schemes is based on their demonstrated effectiveness in nu-
merical modeling studies specific to this region, underscoring their
applicability despite the scarcity of such applications in the area
(Yanez-Morroni et al., 2018; Schumacher et al., 2020; Arévalo et al.,
2023).

3.3. Global model outputs and global climate indices

To quantify the influence of climate change on extreme temperatures
in south-central Chile, daily maximum and monthly mean near-surface
temperature data were obtained from the NCAR’s CESM Large
Ensemble (CESM-LE) Project (Kay et al., 2015) which consists of a
40-member single model initial-condition ensemble of fully coupled
simulations for the period 1920-2 100 performed with the Community
Earth System Model (CESM) version 1 with CAM5.2 as its atmospheric
component. Historical radiative forcing is used until 2005, and then the
simulations are forced with the RCP8.5 scenario. The project also in-
cludes an 1800-year fully coupled control run simulation forced with
pre-industrial (1850) radiative conditions (CESM-PI). The simulations
have a 1° x 1° lat-lon grid spacing.

We used the GISS Surface Temperature Analysis version 4 (GISTEMP
v4; Hansen et al., 2010; Lenssen et al., 2019) to characterize the
observed Global Mean Surface Temperature (GMST). We smoothed the
GISTEMP data using the Locally Weighted Scatterplot Smoothing
(LOWESS; Cleveland, 1979) with a 5-year temporal window to remove
the fluctuations in the global mean temperature due to ENSO. In the
context of CESM-LE simulations, we represented the observed smoothed
Global Mean Surface Temperature (GMST) by modeling it using the
ensemble-mean Global Surface Air Temperature (GSAT).

3.4. Statistical method for attribution analysis

A probability-based method for extreme event attribution (EEA;
Otto, 2017) was applied to investigate the role of climate change in the
occurrence of extreme warm events in south-central Chile. The method
involves formulating a statistical model that can correlate the proba-
bility distribution of a climate variable of interest with the GMST. By
evaluating the model with smoothed GMST anomalies of —1.1, 0.0, and
0.9 °C relative to 2011-2020, we derive the probability distributions
corresponding to preindustrial, present-day, and 2 °C above preindus-
trial climates, respectively. This approach is commonly used in EEA
studies to assess changes in the behavior of extreme events due to
climate change (e.g., Rivera et al., 2023).

The variable of interest was defined as the highest daily near-surface
temperature reached during austral summer (December to February)
over south-central Chile (hereafter xTx), and it was computed from the
observational-based product CR2Met and the CESM-LE and CESM-PI
simulations. To do this, the Tx summer maximum was calculated at
each grid point for each dataset. Then, the resulting fields from CESM-LE
and CESM-PI simulations were remapped onto the CR2Met grid using
the nearest neighbor remapping. After that, we took each dataset’s
spatial maximum for grid points within south-central Chile. In this way,
we obtained one time series from the CR2Met product, one time series
from each member of the CESM-LE, and one time series from the CESM-
PI run. We compared the CESM-LE and the CR2Met xTx and found a
good performance in the representation of the variable of interest, with
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no statistically significant bias for the period 1991-2020 (Fig. S1).

The CESM-PI xTx was used to determine the probability distribution
followed by the variable of interest in a stationary climate. We applied
different diagnostics checks to the data and found that xTx closely ap-
proximates a normal distribution under stationary conditions (see
Fig. S2). Furthermore, we performed a Kolmogorov-Smirnov (K-S) test
to check whether there is statistical evidence to reject the hypothesis
that the standardized data follows a standard Normal distribution. We
obtained a p-value of 0.62, which motivates us to use the normal dis-
tribution in the following steps.

We represented xTx in a non-stationary climate by a shifting Normal
distribution, where the location parameter varies linearly with the
smoothed GMST anomaly relative to 2011-2020 (the covariate), and the
scale parameter remains constant. Shift fits are a simple yet robust
method for effectively representing temperature extremes in attribution
studies utilizing transient simulations (Philip et al., 2020). Thus, our
statistical model is:

xTx ~ A (4,06%); p = po +a © GMST @

where u and o are the location and scale parameters, respectively, yg is
the present-day location parameter and « is the trend parameter. The
fitting parameters are o, 6 and a. We used maximum likelihood esti-
mators (MLE) to fit the model and a 1 000-member non-parametric
bootstrap procedure to estimate 95% confidence intervals (CI) on the fit.

We fitted the model to the CR2Met xTx time series and obtained
estimates for the fitting parameters. Since the observational-based es-
timates usually exhibit a large sample uncertainty due to the short re-
cord (small sample), we avoid extrapolating distributional parameters
for past and future climates and drawing conclusions from observational
data. Instead, these results were used only to validate the representation
of extremes in the CESM-LE. Thus, we fitted the statistical model to the
ensemble of the xTx time series obtained from the CESM-LE and
compared the resulting estimates of the fitting parameters against the
observational-based estimates. An overlap of the 95% confidence in-
tervals between ensemble and observational-based estimates of the same
parameter was interpreted as an acceptable heuristic of both estimations
being pooled from the same distribution (e.g., Kharin and Zwiers, 2005;
Philip et al., 2020). We do not compare estimates of the trend parameter
since the observed trend can be strongly influenced by natural
variability.

We defined the class of events under study by using a threshold value
z and calculated the present-day return period (t) as the inverse of the
exceedance probability of z in the present-day distribution derived from
the CESM-LE. Using the CESM-LE estimates of the fitting parameters, we
computed the intensity change of the class of events under study as the
difference between the t return levels obtained from two different dis-
tributions (e.g., present-day versus preindustrial). Additionally, we
calculated the probability ratio of the class of events under study as the
ratio between the exceedance probability of z obtained from two
different distributions (e.g., present-day versus preindustrial).

4. Results
4.1. Extreme fire outbreaks in south-central Chile

During the 2016/17 and 2022/23 fire seasons, south-central Chile
experienced extraordinary amounts of burned area, exceeding 500,000
ha and 400,000 ha consumed by fires, respectively (Fig. 2a). These
values were ~10 times larger than the historical (1985-2016) average.
During both seasons, biomass burning was concentrated in a month,
contributing to more than 80% of the seasonal burned area.

At a daily scale, burned area values exceeded 20,000 ha between
January 21 and January 29, 2017, with an unprecedented peak of over
120,000 ha on January 26, 2017 (Fig. 3a). In 2023, the burned area
remained low until February 3, when fire activity suddenly increased

Weather and Climate Extremes 45 (2024) 100716

500

() = January
I February
[ Other months
400
T
£
2, 300
- Other seasons 2016/17 2022/23
3
©
o
& 200
5
o
100 l H
1985 1990 1995 2000 2005 2010 2015 2020
2000_(b) —o— January
~e— February
2 1500 -
&
k] R A W
5 1000 F
e}
£
Z 500

1985 1990 1995 2000 2005 2010 2015 2020

Fig. 2. (a) Time series of burned area per fire season (July-June) in south-
central Chile (administrative regions from O’Higgins to La Araucania) accord-
ing to CONAF. Colors indicate the burned area in January (blue), February
(red), and other months (gray). Insets indicate the percentages of total area
burned in January, February, and other months during the 2016/17 and 2022/
23 seasons (middle and right chart pies) and other seasons (left chart pie). (b)
Time series of number of fires during January (blue) and February (red).
Dashed lines indicate mean values. Fire seasons are denoted by their end year.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

and burned above 70,000 ha (Fig. 3c). During the next four days, south-
central Chile exhibited burned area values above 40,000 ha.

In light of the large areas suddenly consumed on January 26, 2017,
and February 3, 2023, we focus on the fire outbreaks during those
particular days, referred to as FO17 and FO23, respectively. FO17 and
FO23 stand out not only for the amounts of the daily burned area but
also for the one-day increases in the burned area (~80,000 ha and
65,000 ha, respectively). The spatial extents of the wildfires during three
days around FO17 and FO23 are presented in Fig. 1, based on the MODIS
burned area product. Both were characterized by a ~300 km band ori-
ented in the north-south direction over the coastal range, with the
spatial distribution in 2017 positioned more northerly than that in 2023,
possibly since it is unlikely to observe a wildfire where fuels have burned
years before.

To quantify the contribution of specific sectors to the burned area
statistics, we defined polygons enclosing areas where we observed a
rapid increase of burned pixels (Fig. 1), including the locations where
the fire complexes of Las Maquinas and Santa Ana occurred. The sectors
denoted as Las Maquinas (SLM) and Florida (SF) explained about 65%
and 15% of the area consumed during FO17, respectively (Fig. 3a). The
sectors denoted as Santa Ana (SSA) and Tomé (ST) contributed to 40%
and 15% of the area burned during FO23, respectively (Fig. 3c). Thus,
the unprecedented area burnt in the whole 2016/17 and 2022/23 fire
seasons was largely accounted for by the wildfires under study that
developed in less than ten days -with record expansion on FO17 and
FO23- and clustered in specific sectors within south-central Chile. This
indicates a highly rapid fire spread under local weather conditions
described next.
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Fig. 3. (a) Daily values of area burned in south-central Chile according to the
MODIS MCD64A1 product during January—February 2017. The area burned in
sector Las Maquinas, sector Florida, and the rest of the domain are shown in
blue, red and gray, respectively. (b) Time series of highest daily maximum
temperature in south-central Chile according to CR2Met (CR2Met Tx, red), and
daily maximum temperature at weather stations General Bernardo O’Higgins
(GBO Tx, blue) and General Freire (GF Tx, gray). The red square with error bars
indicates the CR2Met Tx mean for January-February during 1970-2023 plus/
minus one standard deviation. (c) The same as (a) but for January-February
2023 and sectors Santa Ana and Tomé. (d) The same as (b) but for Januar-
y-February 2023 and weather station Maria Dolores (MD) instead of GF. The
locations of weather stations are indicated in Fig. 1. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

4.2. Surface weather conditions

Station records and CR2Met reveal that south-central Chile experi-
enced extremely high temperatures during FO17 and FO23, exceeding
40 °C in several locations (Fig. 3b-d). The spatial patterns of maximum
temperatures in three days around FO17 and FO23 show extensive re-
gions of values greater than 40 °C mainly located over the central valley
(Fig. 4). The hot core associated with FO17 is positioned more northerly
than that associated with FO23, in agreement with the spatial distri-
bution of the wildfires (Fig. 1). The main sectors of fire activity during
each event (SLM and SSA) were located on the edge of the zones of
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highest temperatures.

Using station and gridded data, we quantified the extremity of the
temperature values reached during FO17 and FO23. The five-decade
measurements of Tx at GBO station show the highest values during
FO17 and FO23, with records of 41.5 °C and 41.6 °C, respectively,
exceeding the 99th percentile of the empirical distribution by almost
5 °C. At a regional scale, data from the CR2Met show that temperatures
during FO17 and FO23 were the highest ever reached in south-central
Chile, with values of 42.7 °C and 42.4 °C, respectively (Fig. 5b).

Unlike temperature, there are few weather stations with reliable
humidity and wind measurements in the study area. These stations (e.g.,
GF, GBO, and MD in Fig. 1c¢) are relatively far from the large fire sectors,
so we used the WRF simulations (see Sect. 2.2 for details) to study the
evolution of the near-surface variables (note that the WRF runs do not
include the possible fire-induced mesoscale patterns). The WRF simu-
lations reasonably reproduce the spatial distribution of the observed
temperature field (Fig. 6) and closely follow the air temperature evo-
lution at weather stations near the main regions of fire activity (Fig. 7a
and b). Furthermore, the modeled relative humidity, VPD, wind speed,
and wind direction at GBO are in agreement with the observations
(Fig. S3), supporting the use of the WRF simulations for characterizing
the study area.

According to the WRF simulations, low values of relative and specific
humidity (below 20% and 6 g/kg, respectively) and high values of VPD
(over 60 hPa) were reached near the large fire sectors (SLM and SSA)
during FO17 and FO23 (Fig. 7c—f). Similar conditions of relative and
specific humidity were observed on other days before and after the fire
outbreaks (e.g., January 27, 2017; February 2, 2023). In contrast, VPD
reached its maximum value during FO17 and FO23, following closely
the evolution of air temperature (Fig. 7e and f). Additionally, based on
WREF results, large fire sectors experienced strong southerly winds before
and during the fire outbreaks, with hourly averages exceeding 25 km/h
(Fig. 7g—j). During the afternoon of the outbreaks, a minor zonal
component started to develop near the large fire sectors (westerly in the
case of FO17 and easterly in the case of FO23), and the following days
showed a significant reduction in wind speed. We relate these surface
wind conditions in the fire sectors to synoptic scale conditions in the
next subsection.

We used ERAS summer data to compare the extremity of the warm,
dry and windy conditions during the fire outbreaks near the main fire
sectors (Fig. 8). We computed daily maximum wind speed values from
hourly data averaged over an area near the main fire sectors (Box 2 in
Fig. 1) and daily maximum VPD from hourly data at the grid point
closest to the GBO station. As shown in Fig. 8a, wind speed values sur-
passed the 95th percentile of the empirical hourly distribution during
FO17 and FO23, although they were not unprecedented, as in the case of
temperature. On the other hand, our results show that VPD reached its
highest and second-highest values during FO17 and FO23, similar to the
case of temperature.

The surface weather analysis reveals the occurrence of extreme
compound events during FO17 and FO23, including severe warm, dry,
and windy conditions near the large fire sectors. As shown by lines of
constant water vapor pressure in Fig. 8b, the unprecedented high VPD
conditions were primarily driven by the extremely high air temperature,
although low moisture content also played a minor role in FO23. In
contrast, there is a weak correlation between Tx and daily maximum
wind intensities, indicating a degree of independence between temper-
ature and wind speed values near the large fire sectors (Fig. 8a). As a
result, Tx values above the 95th percentile tend to occur with moderate
to calm winds, implying that the observed combination of warm and
windy upper-quantile conditions is relatively infrequently.

Determining whether temperature or wind speed contributed more
to the fire spread during FO17 and FO23 would ideally require experi-
ments with fire models, but the present analysis can still provide insights
into the relative importance of these meteorological variables. Accord-
ing to Fig. 7, the main fire sectors experienced maximum wind speed
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values (relative to the 7-day simulation period) during the days before
the fire outbreaks. As revealed by Fig. 3a-c, active wildfires were
already present in the main fire sectors during these days (Jan 25, 2017,
and Feb 2, 2023); nonetheless, the unprecedented values of the burned
area did not occur until the next day, during the temperature maxima
(Jan 26, 2017, and Feb 3, 2023). Although non-climatic factors could
have played a role in the more rapid fire spread during the temperature
maxima compared to the wind maxima, the significant differences in the
daily burned area between the fire outbreaks and the days before them
suggest a more substantial contribution of extremely high temperatures
to the fire spread in comparison to wind speed.

Given the prominent role of local meteorological conditions in
creating an environment suitable for the extremely large expansion of
the wildfires around FO17 and FO23, it is pertinent to determine
whether or not the current generation of numerical weather forecasts
can anticipate extreme conditions. Given the significant contribution of
temperature and wind to the occurrence of the fire outbreaks, we
explored the 2-m air temperature and 10-m wind speed forecast pro-
duced by the GFS at the grid point closest to GBO station. Fig. 9 shows
the 15-day forecast at 18 UTC (close to the time of maximum temper-
ature and wind speed) initialized at 06 and 18 UTC several days before
FO17 and FO23. The upper row corresponds to the observations at GBO.
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In the first case -when 41.5 °C occurred on January 26, 2017-, the GFS
began to predict extreme temperatures exceeding 38 °C by January 19
(initial time), about a week before the event (lead time). Subsequent
initial times indicated 18 UTC air temperatures even closer to the
observed value at the right time (Fig. 9a). A similar forecast evolution is
evident for FO23 (Fig. 9b), with a prediction of the temperature peak on
February 3, 2023 one week before, although the GFS value was about

2 °C lower than the observed value in this case.

Regarding wind speed, the GFS began to predict values similar to the
one observed in FO17 one day earlier (Fig. 9c), and underestimated the
wind speed observed in FO23 by nearly 3 m/s for almost all initial times
(Fig. 9d). The GFS predicted extreme values during January 24-25,
2017 with a lead time of three days, capturing the timing of the wind
maxima but overestimating the observed values by about 2 m/s.
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Likewise, the GFS captured the timing of the wind maximum during
early February 2023 with a lead time of three days, but underestimated
the observed value by 3 m/s.

4.3. Synoptic and sub-synoptic scale conditions

The evolution of the Z500 and SLP fields for three days around FO17
and FO23 is shown in Fig. 10. In both cases, the mid-level circulation is
characterized by a ridge drifting eastward from the extratropical
southern Pacific. At the surface level, a low-pressure core is present
along the central Chilean coast, accompanied by a surface anticyclone to
the south, which is dynamically linked to the mid-level ridge and moves
eastward across the Andes Cordillera. These features indicate the
development of a coastal low that most often attends heat waves in
central Chile (Garreaud et al., 2002; see Sect. 2.1).

The WRF simulations for January 26, 2017, and February 3, 2023
(Fig. 6), capture the low-level wind pattern that characterizes the coastal
low, including strong southerlies along the coast to the south of the
pressure minimum, broadly coincident with the latitude of the large
fires, as well as intense easterly flow (Puelche wind; Montecinos et al.,
2017) over the Andes of south-central Chile. During the afternoon of the
fire outbreaks (Fig. 6b-d), a strong near-surface flow developed across
the central valley and the coastal inland zones compared to the morning
conditions (Fig. 6a—c). Although southerly winds prevailed in these zones,
afternoon conditions further reveal that near the large fire sectors (SLM
and SSA) a minor zonal component appeared, westerly in the case of
FO17 and easterly in the case of FO23. To the north of the pressure
minimum, relaxed northerlies start to develop in the afternoon hours,
indicating the recovery of the surface pressure field.

The synoptic and sub-synoptic conditions associated with the coastal
low development shown in Fig. 10 produced a strong low-tropospheric

(a) 2017-01-25, 12:00 UTC

(b) 2017-01-26, 12:00 UTC

Weather and Climate Extremes 45 (2024) 100716

warming over south-central Chile, as revealed by the longitude-height
cross-section of 24-hr warming constructed using the WRF outputs
(Fig. 11a and b). Below the 850 hPa, the 24-hr warming reached values
of 6 and 8 °C in the afternoons of FO17 and FO23, respectively. Crucial
for this low-level warming is the marked subsidence in the free tropo-
sphere (Fig. 11c—f), which is synoptically driven ahead of the incoming
ridge and topographically induced in the western slope of the Andes by
the Puelche wind (Garreaud et al., 2002; Garreaud and Rutllant, 2003).

To quantify the extremity of the large-scale subsidence, we used
ERAS5 data from 1979 to 2023 every 6 h to construct empirical frequency
distributions of the mid-level vertical velocity over the central valley at
36°S, 72°W. Fig. 12a shows such empirical distribution along with the
most extreme values of w5 for three days around FO17 and FO23. Both
values are above the 99th percentile, although the mid-level subsidence
was stronger in the January 2017 case. This difference is also evident in
Fig. 11e and f, where the mid-level subsidence during FO17 is more
marked than during FO23.

Despite the stronger free-troposphere subsidence in FO17, the lower-
troposphere 24-hr warming that led to the extreme temperature was
larger in FO23 (Fig. 11a and b). This could be explained by topo-
graphically induced subsidence driven by the Puelche wind (Fig. 11c
and d). As before, we compare the maximum near-surface zonal wind
(from ERA5) over the Andes (box 1 in Fig. 1) during FO17 and FO23
against the empirical frequency distribution of this variable on summer
days. Noting that Puelche winds are associated with negative zonal flow,
one can observe the extreme conditions in both events, being stronger in
FO23 (Fig. 12b).

The role of the topographically-induced subsidence is further
revealed by a numerical experiment using WRF in which the topography
was reduced to 50% of its actual height. We ran these experiments and
obtained a 24-h near-surface warming of about 4 °C in both cases

(c) 2017-01-27, 12:00 UTC
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Fig. 10. Sea level pressure (colors in hPa) and geopotential height at 500 hPa (Z500, contours in geopotential meters (gpm)) during a three-day period around
January 26, 2017 (panels a—c) and February 3, 2023 (panels d—f). All fields are at 12 UTC. (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. S4). Since the full-topography simulations have 24-h near-surface
warming of 6 °C and 8 °C associated with FO17 and FO23, respec-
tively, our results indicate a more significant role of the Puelche wind
and its interaction with the Andes in the occurrence of FO23 than in that
of FO17.

Although the Puelche wind was essential for the low-tropospheric
and surface warming in both cases (Fig. 11c and d), it largely de-
tached from the surface during the afternoon of FO23 at 37°S (Fig. 11f),
and it is not present at the surface during the afternoon of FO17, when
the mountain-valley circulation seems to dominate the wind pattern at
the Andes foothills at 36°S (Fig. 11e). A Hovmoller diagram of potential
temperature and horizontal wind near SLM (Fig. 13a) shows winds with
easterly component of varying intensity in the layer 850-700 hPa from
the morning of Jan 25, 2017, until the afternoon of Jan 26, 2017.
Nonetheless, the wind below 925 hPa showed a westerly component
during this period. A similar analysis near SSA (Fig. 13b) indicates that
low-level winds with easterly components were present from the
morning of Feb 2, 2023, until the morning of Feb 4, 2023. In this case,
the near-surface winds also had an easterly component during the af-
ternoon of FO23, although the prevailing direction was south. In both
cases, the easterly component was more intense during the night before
the events (00-12 UTC; 21-09HL), which suggests a more thermody-
namic than the dynamic role of the Puelche winds in the occurrence of
the fire outbreaks. In addition, the southeast direction of the low-level

11

winds revealed by the Hovmoller diagrams allows us to explain the di-
rection of the smoke plume produced by the fires during FO17 and FO23
(Fig. 1a and b).

4.4. Hemispheric-scale precursors

An analysis of upper-tropospheric stream function and Z500 anom-
alies during the three weeks before FO17 and FO23 reveals processes at
scales larger than synoptic influencing the mid-level ridge and the low-
level anticyclone mentioned above (Fig. 14). In the case of FO17, a mid-
latitude anticyclonic anomaly persisted for at least three weeks in the
low and mid-troposphere around 55°S, 140°W (Fig. 14a), from where
downstream development towards South America enhanced the mid-
level ridge over south-central Chile. As described by Demortier et al.
(2021), at least two possible sources acted to sustain the anticyclonic
anomaly over the South Pacific. First, a wave-train emanated from
Western Australia, where deep convection also promoted a rainfall
anomaly above 400% with respect to the 1961-1990 climatology. Sec-
ond, anomalous tropical convection was observed during January 17-21
around 20°S, 140°W, consistent with an active Madden-Julian Oscilla-
tion (MJO) phase 1 (according to the Wheeler and Hendon index;
Wheeler and Hendon, 2004), which possibly intensified the mid-latitude
anticyclone (Demortier et al., 2021).

The synoptic and surface weather conditions around FO23 occurred
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in the context of the intraseasonal evolution of a wave train over the
South Pacific that influenced a mid-level ridge over south-central Chile
(Fig. 14b). In this case, the source of the intraseasonal activity seems
linked to the presence of a mid-level geopotential height dipole over the
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southwest Indian Ocean approximately two weeks before the event
(Fig. 14b). This pattern has been previously identified as a precursor of
heatwaves in central Chile (Jacques-Coper et al., 2021). Additionally,
the MJO remained active on phase 3 during January 20-31 and
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transitioned to active phase 4 until FO23. This situation depicts deep
convection extending from the tropical Indian Ocean towards the
Maritime Continent, which apparently acted as a further wave train
source.

4.5. The role of climate change on extreme temperatures

South-central Chile has featured significant summer warming trends
during the last few decades (Gonzdlez-Reyes et al., 2023). For example,
at General Bernardo O’Higgins, time series of the mean and 95th-percen-
tile summer Tx show positive linear trends of 0.36 and 0.47 °C/decade in
the period 1970-2023, respectively (both trends are statistically sig-
nificant at a 5% level; Fig. 5a). On the other hand, the wind speed near
the main fire sectors has remained relatively stable over the last decades.
According to ERA5 data, time series of mean and 95th-percentile daily
maximum wind speed near the coastal zone (Box 2 in Fig. 1) show
non-significant linear trends (at 5% of statistical significance) in the
period 1980-2023 (Fig. S5). Given the increasing temperatures in the
study area, in this section, we employ a probability-based method for
EEA (see Sect. 2.3 for details) to explore the possible influence of climate
change on extreme temperatures in south-central Chile, particularly on
those observed during FO17 and FO23. We opt not to conduct a similar
analysis for wind speed due to the lack of significant trends.

We define our variable of interest as the highest near-surface tem-
perature reached during summer in south-central Chile (xTx; Fig. 5a)
and characterize the extreme temperatures during FO17 and FO23 as
warm events surpassing the threshold value of 42 °C. The selection of the
variable of interest and threshold value allows us to increase the ex-
tremity of events in accordance with EEA recommendations (e.g., Cat-
tiaux and Ribes, 2018), as warm events during FO17 and FO23 are the
only instances above the selected threshold in the historical record
(Fig. 5a), and we are not concerned with the specific location or timing
of these warm events. Consequently, we investigate the changes in the
probability and intensity of summer warm events above 42 °C in south-
central Chile due to climate change.

We use the CESM-LE to fit the statistical model from Sect. 2.3 and
assess changes in extremes. This ensemble had been previously vali-
dated for mean statistics and subjected to bias correction (refer to Sect.
2.2 for details). To validate the representation of extremes in the CESM-
LE, we compare the ensemble-based estimates with the parameter esti-
mates derived from fitting the CR2Met xTx (Fig. S6). Overall, the CESM-
LE shows a good performance in accurately representing temperature
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extremes in south-central Chile.

For warm events exceeding 42 °C, we obtain a present-day return
period of about 220 yr (95% CI: [192, 265] yr; Fig. 15). When comparing
preindustrial and present-day climates, we estimate that the warm
events under examination have intensified by 1.3 °C (95% CI: [1.2, 1.3]
°C), and their probability has increased by nearly 20 times (95% CI: [19,
24]) due to climate change. Similarly, we estimate that events similar to
those studied will experience an increase in intensity of 1.0 °C (95% CI:
[1.0, 1.0] °C) and an increase in probability by seven times (95% CI: [6,
71) in a future climate that is 2 °C above preindustrial levels, as a result
of climate change (as compared to the present-day climate).

5. Discussion

This study identified extreme surface weather conditions during
FO17 and FO23, thereby complementing and expanding previous works
on these events (Bowman et al., 2019; Cordero et al., 2024) and active
fire months (McWethy et al., 2021). In particular, we found that
maximum temperatures across south-central Chile (Tx > 41 °C) were
well above the previous records during these days, resulting in the
highest-ever observed VPD values during the fire outbreaks. Likewise,
we show that surface wind speed near the main fire sectors exceeded the
95th percentile of the historical distribution, implying the occurrence of
extreme compound weather events during the fire outbreaks. We hy-
pothesize that these conditions exacerbated the expansion of the wild-
fires during FO17 and FO23, contributing significantly to the daily
burned area values observed in the region.

In addition, our results showed that numerical weather forecasts are
capable of anticipating extreme temperature conditions. These findings
are preliminary but promising, as the direct model outputs were able to
predict the timing and extremity of the maximum temperature during
FO17 and FO23 and there were no false alarms. The proper prediction of
high air temperature further implies high VPD given the tight relation-
ship between both variables (Fig. 8b). Additionally, the wind speed
during FO17 was accurately predicted by the forecast, and the timing of
the extreme wind conditions previous to FO17 and FO23 was properly
captured. Thus, our results suggest that, to a great extent, direct outputs
from numerical weather forecasts could effectively predict future
extreme fire weather events in the study area. Therefore, a more
comprehensive analysis of the predictability of these extreme events is
warranted, considering data across the whole domain, other variables,
and full summer seasons.
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Fig. 15. Changes in extreme temperature behavior due to climate change in south-central Chile. (a) Scatter plot between highest summer temperature in south-
central Chile (xTx) and the smoothed GMST anomaly (with respect to 2011-2020). The gray circles represent xTx values from the CESM-LE simulation, and red
circles indicate the values obtained from the CR2Met dataset. The solid blue line corresponds to the location parameter of a GMST-dependent normal distribution
fitted to the CESM-LE xTx values. Dashed blue lines represent lines of constant exceedance probability according to the CESM-LE, showing that a 42 °C event would
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in this figure legend, the reader is referred to the Web version of this article.)

An intricate question arising from our results is whether temperature
and wind contributed equally to the occurrence of fire outbreaks. As
described in Sect. 4.2, temperature (and VPD) maxima occurred con-
current to the fire outbreaks, whereas the wind speed maxima (relative
to the seven-day simulation period) occurred one day before the fire
outbreaks. Since SLM and SSA were already burning when the wind
speed maxima occurred (e.g., the Las Maquinas fire complex began
seven days before FO17), our results suggest that the unprecedented
high temperatures triggered the necessary conditions for the observed
fire spread rates. Likely, these conditions consisted in low contents of
fuel moisture, favoring fuel consumption, fire spread, and fire intensity
(e.g., Srock et al., 2018). High rates of fuel drying possibly occurred
before the fire outbreaks (e.g., during the wind speed maxima), but the
fuel moisture contents remained too high to produce extreme fire spread
rates. Instead, the fuel drying rates driven by the temperature maxima
likely reduced the fuel moisture enough to cause the fire spread
observed during FO17 and FO23.

Our study also clarifies the role of the downslope flow during these
events. Easterly winds (Puelche) blowing down the western slope of the
Andes enhance subsidence and contribute to warm and dry conditions
over the central valley (e.g., Rutllant and Garreaud, 2004;
Gonzalez-Reyes et al., 2023). Nonetheless, strong near-surface southerly
winds, rather than easterly winds, were observed in the main fire sectors
before and during FO17 and FO23 (Figs. 6 and 7). At these locations, the
easterly winds were mostly detached from the surface (Fig. 13), and the
near-surface winds were primarily driven by the synoptically-induced
pressure gradient. Thus, the Puelche wind contributed to the fire
spread conditions by warming and drying the lower atmosphere.
Moreover, it is likely that the Puelche wind was indispensable for the
extremely warm and dry conditions observed during FO17 and FO23, as
it is a crucial factor for the occurrence of upper-quantile temperatures in
GBO (Fig. S7a). On the other hand, Puelche wind over the Andes and
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southerly winds near the coast of south-central Chile exhibit no statis-
tically significant correlation on a daily scale (Fig. S7b). Intense Puelche
wind events leading to upper-quantile values of temperature and VPD at
GBO can be associated with weak winds where most exotic plantations
are concentrated. This situation effectively occurred during the summer
of 2019 (green line in Fig. 5b and green circles in Fig. 8), possibly
explaining the non-extreme burned area values recorded during the
2018/19 fire season (Fig. 2).

Although we did not address the role of seasonal anomalies in the
occurrence of extreme fire seasons in the region, we acknowledge their
potential influence on fuel load and fuel moisture. Indeed, the coastal
Maule region had a precipitation surplus of ~20% during the winter of
2015 (i.e., the winter preceding the start of the 2016/17 fire season)
likely favoring vegetation growth in a sector more dominated by a fuel-
limited fire regime (Gonzalez and Veblen, 2006; Gonzdlez et al., 2011;
Holz et al., 2012, 2017; Urrutia-Jalabert et al., 2018). On the other hand,
the coastal Biobio region had a precipitation deficit of ~40% and a mean
Tx anomaly of 1.8 °C between November 2022 and January 2023 (i.e.,
spring and summer concurrent with the 2022/2023 fire season), likely
contributing to fuel drying in a sector characterized by a climate-limited
fire regime (Holz et al., 2012; Urrutia-Jalabert et al., 2018; McWethy
et al., 2021). Therefore, the seasonal anomalies of the relevant meteo-
rological variables favored the occurrence of large burned areas during
the extreme fire seasons in south-central Chile.

Climate change also has conditioned the occurrence of extreme fire
seasons in south-central Chile affecting processes across various scales of
variability. It has significantly contributed to the long-term drying and
warming trend exhibited inland in the region during the last sixty years
(Falvey and Garreaud, 2009; Boisier et al., 2016, 2018). These processes
have likely favored the long-term drying of flammable vegetation, thus
promoting fire spread conditions, especially in zones where moisture
availability modulates fire activity (i.e., climate-limited regime;
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Gonzalez et al., 2011; Cordero et al., 2024). Additionally, since 2010,
the region has undergone an extended period of drought, the so-called
megadrought, which has been partially attributed to climate change
(Garreaud et al., 2017, 2020; Boisier et al., 2018) and has also been
associated with an enhancement of fire activity (Gonzalez et al., 2018).
Regarding the short-term scale, the present study has formally attributed
the recent extreme warm events observed in the region to climate
change, demonstrating that the likelihood and intensity of such warm
events have increased due to climate change.

Our results represent a novel contribution to understanding climate
change’s impacts on fire activity in the region since they expand the
characterization of different scales at which climate change has affected
fire-related atmospheric phenomena in the region, which ranges from
short-term (i.e., extreme weather) to mid-term (i.e., megadrought) to
long-term scales of variability (i.e., drying and warming trends).
Furthermore, our results reveal the future contribution of climate
change on weather conditions favorable to the occurrence of extreme
fire outbreaks, in agreement with previous studies on the topic
(McWethy et al., 2021; Rapanague, 2022; Cordero et al., 2024). Future
investigations could explore different statistical models to represent
extreme behavior beyond relying solely on a linear dependence on
GMST. Additionally, utilizing multiple global climate models can help
assess model uncertainty, an important aspect of attribution assessment
that falls beyond the scope of the current work. To develop a complete
picture of the role of climate change in weather conditions favoring
extreme fire outbreaks, additional studies will be needed that explore
the impacts of climate change on wind patterns (e.g., Puelche wind) and
the underlying mechanisms by which anthropogenic forcing affects
extremely behavior in the region.

The occurrence, extent, and behavior of these extreme wildfires
result from a complex interplay of climatic and non-climatic variables
(Bowman et al., 2011; Abatzoglou et al., 2021). In addition to climate,
other factors such as topography, human presence and vegetation are all
relevant to explain fire occurrence and spread (McWethy et al., 2018).
For example, in south-central Chile, non-native plantations (mainly
Pinus radiata and Eucalyptus spp) are the predominant vegetation type
burnt during large fires (Gonzalez et al., 2020), since fuels in these
ecosystems have higher flammability, may accumulate in higher quan-
tities, and present higher vertical and horizontal continuity at multiple
scales (i.e., stands to landscapes) (Pauchard et al., 2008; Cobar-Carranza
et al., 2015). During late January 2017, the predominant vegetation
types burnt were non-native plantations (43%) and grass/shrub range-
lands (44%), followed by native forest (11%) (Bowman et al., 2019),
while during early February 2023, they were non-native plantations
(over 60%), followed by native forests (c.a. 20%) and grass/shrub ran-
gelands (13%) (Rafael Garcia pers. comm.). In both cases, non-native
plantations represented a significant fraction of the area consumed by
the fires, likely playing a major role in the fire spread due to their higher
susceptibility to fire.

In addition, a fundamental component that has been the focus of
many controversies is the causes of the ignitions in both fire outbreaks.
Although lightning-ignited fires are common in other parts of the world,
lightning during the summer season in south-central Chile is mainly
confined to high elevations over the Andes in the Araucania adminis-
trative region (Francisco Gomez pers. comms.), far from the large fire
sectors. Furthermore, clear-sky conditions prevailed during the fire
outbreaks (Fig. 1a and b), and no convective storms were reported or
indicated by the WRF simulations before the fire outbreaks, implying
that the fires were directly caused by human activities either accidently
(e.g., escapes from rural controlled-burns, machineries, power line
sparks) or intentionally (arson). Further research is needed to determine
how much multiple ignition events contributed to increase the total
burned area during FO17 and FO23. Quantifying the relative contribu-
tion of climatic and non-climatic factors in the unprecedently large
burned area values during these fire outbreaks calls for numerical ex-
periments with fire models in which the meteorological forcing and
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other variables can be altered. Future work could integrate advanced
fire behavior models within WRF simulations to better represent the
interactive processes between wildfires and the atmosphere, and to
assess the contribution of non-climatic factors in such events (e.g., Coen
et al., 2013; Kartsios et al., 2021; Turney et al., 2023).

6. Conclusions

The largest burned areas in south-central Chile were recorded during
the 2016/17 and 2022/23 fire seasons, which were about ten times
larger than the historical average, resulting in significant socio-
environmental impacts. The purpose of the current study was to pro-
vide a comprehensive analysis of the meteorological conditions during
the extreme fire events in late January 2017 and early February 2023
that largely explain these seasonal-aggregated values, ranging from
local to global phenomena. We found that extraordinary daily burned
area values (>65,000 ha) occurred under extreme weather conditions,
with temperature, VPD, and wind speed values during these days
exceeding by far the 95th percentile of the historical distribution. In
particular, VPD and daytime temperatures during FO17 and FO23
established new records. Based on these results, we hypothesize that
extreme meteorological conditions played a crucial role in the occur-
rence of the fire outbreaks under study and, consequently, in the cor-
responding fire seasons.

Our findings further reveal that these local conditions resulted from
intense coastal southerly winds and large-scale subsidence enhanced by
easterly downslope winds (Puelche) near the Andes foothills. These el-
ements were orchestrated by an eastward drifting of a mid-level ridge
and the development of a surface low along the subtropical west coast of
South America. Hemispheric-scale precursors of these extreme weather
events were also identified in both cases. Additionally, we demonstrated
that climate change has played an essential role in increasing the present
(and future) probability and intensity of extreme warm temperatures
like those observed during the fire outbreaks. Along with extreme
weather conditions, other climatic and non-climatic factors (e.g., pro-
longed drought, long-term trends, fuel availability, LUCC, and human
ignitions) likely contributed to extraordinarily large burned area values
during late January 2017 and early February 2023. Future modeling
efforts considering fire behavior could help quantify the relative
contribution of these causal factors in the extreme fire activity in the
region. We note, however, that non-climatic factors have remained
relatively stable in the last decade, pointing to a more prominent role of
the occurrence of unprecedented, extreme weather in setting the stage
for similarly unprecedented fire activity in Chile. Unfortunately, severe
forest-fire weather conditions are expected to be more recurrent under
climate change scenarios.
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