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Abstract: The unprecedented size of the 2017 wildfires that burned nearly 600,000 hectares of central
Chile highlight a need to better understand the climatic conditions under which large fires develop.
Here we evaluate synoptic atmospheric conditions at the surface and free troposphere associated
with anomalously high (active) versus low (inactive) months of area burned in south-central Chile (ca.
32–41◦ S) from the Chilean Forest Service (CONAF) record of area burned from 1984–2018. Active
fire months are correlated with warm surface temperatures, dry conditions, and the presence of a
circumpolar assemblage of high-pressure systems located ca. 40◦–60◦ S. Additionally, warm surface
temperatures associated with active fire months are linked to reduced strength of cool, onshore
westerly winds and an increase in warm, downslope Andean Cordillera easterly winds. Episodic
warm downslope winds and easterly wind anomalies superimposed on long-term warming and
drying trends will continue to create conditions that promote large fires in south-central Chile.
Identifying the mechanisms responsible for easterly wind anomalies and determining whether
this trend is strengthening due to synoptic-scale climatic changes such as the poleward shift in
Southern Hemisphere westerly winds will be critical for anticipating future large fire activity in
south-central Chile.

Keywords: fire; climate; Chile; large fires; fire weather; ENSO; southern annual mode

1. Introduction

In recent years, large wildfires have affected human communities throughout cen-
tral and southern Chile along the subtropical Mediterranean and transitional-temperate
west coast of South America. During the 2016–2017 fire season, wildfires burned nearly
600,000 hectares in central Chile, the largest area burned during a single fire season since
detailed records of fire activity began in the 1960s [1]. In 2014, major fires near the cities of
Valparaíso and Santiago destroyed thousands of homes and forced more than 10,000 people
to evacuate. While changing climatic and biophysical conditions, land-use transitions, and
changes in the vegetation and fuel characteristics are all thought to be partially responsible
for these large fires [2,3], the role that broad-scale surface and atmospheric conditions play
in driving the spread of large fires is still not well understood.

The primary controls on fire activity vary across spatiotemporal scales, from factors
associated with individual fire events to patterns of fire activity that occur over decades to
centuries that characterize a fire regime [4]. At global spatial scales, biophysical conditions
(e.g., climate, substrate, insolation) and primary productivity gradients determine fuel
type, availability and condition, where climate-limited and fuel-limited fire regimes mark
the extreme ends of a continuum [5]. Previous research [6] has shown that the pattern of
average fire activity (e.g., fire frequency and area burned) along the moisture/productivity
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gradient from 25 to 56◦ S in Chile corresponds well with the varying constraints model [5].
This model predicts patterns of fire activity will vary along a resource gradient from dry,
fuel-limited ecosystems where discontinuous fuels limit fire activity at one end of the
gradient to wet, biomass rich ecosystems where fuel moisture constrains fire activity at the
other end of the gradient.

Historically, in south-central Chile fire spread was limited by discontinuous fuels in
the drier regions in the north, and cool and wet conditions that inhibited fire spread in high-
elevation and biomass-rich, humid landscapes of the southern regions [6]. During large
fire years in both fuel-limited and moisture-limited regions, inter-annual and intra-annual
climate variability play an important role in promoting or inhibiting fire activity and fire
spread [7,8]. For example, years of widespread fire in semi-arid Mediterranean ecosystems
in the Southern Hemisphere often occur 1–2 years after above- average precipitation which
increases fine fuel quantities [6]. This sequence is associated with El Niño–Southern
Oscillation (ENSO) events which can promote increases in the abundance of fine fuel
lagging wet years [6,9–11]. Increased wildfire activity in these drier systems is also linked to
the negative phase of the Southern Annular Mode (SAM) [12]. Conversely, in wetter regions,
including deciduous temperate forests and evergreen temperate rainforest ecosystems, fire
is strongly associated with extreme drought. As a result, years with anomalously high area
burned in southern Chile are linked to warmer and drier-than-average spring and summers
and prolonged drought [10,13–15]. In recent decades, the widespread conversion of native
forests with highly flammable and dense plantation forests and an increase in human
ignitions are also factors linked to the occurrence of large fires throughout south-central
Chile [16–19].

While it is clear that extended drought conditions including the 2010–2015
‘megadrought’ [14] helped create the conditions for the occurrence of recent large fires in
south-central Chile, the broad-scale (i.e., thousands of kilometers) climatic conditions asso-
ciated with years of anomalously high (or low) area burned have not been well examined.
These include synoptic-scale conditions that promote extreme fire weather including unsta-
ble air, low relative humidity, strong surface winds and high temperatures [1,6,20]. Here
we evaluate whether surface and atmospheric conditions and anomalies operating on intra-
and interannual time scales explain long-term trends and provide information with which
to predict and anticipate future large fire events. We hypothesize that months with anoma-
lously high area burned (‘active fire months’) are strongly associated with broad-scale
surface and atmospheric conditions and develop the following specific predictions:

H1: Months with anomalously high area burned (‘active fire months’) are associated with (H1a)
warm temperature anomalies (Tmax), and (H1b) dry surface conditions.

H2: Active fire months will be associated with broad-scale atmospheric circulation patterns charac-
terized by (H2a) stationary high-pressure systems positioned at a latitudinal band corresponding
with south-central Chile (c. 30–40◦ S Latitude) that deflect rain-carrying westerly winds poleward,
and (H2b) warm and strong 850 hPA winds that result in pronounced fuel drying.

H3: Climate teleconnections (ENSO and SAM) promote (H3) alternating years of fuel growth and
subsequent drying that can lead to active fire months and years with high annual area burned (AAB).

In order to evaluate these hypotheses, we investigate whether months of anomalously
high (top 12% of all burned area months) and low (bottom 12% of all burned area months)
area burned in south-central Chile are associated with specific patterns in regional to
subregional climatic (mid-tropospheric atmospheric) and surface conditions. We examine
these fire-climate relationships from 1984 to 2018 from the Corporación Nacional Forestal of
Chile (CONAF) fire records and broad-scale atmospheric and surface conditions for seven
administrative districts of south-central Chile where Mediterranean and drier temperate
vegetation intersect. This information is needed to help managers and communities
anticipate conditions that could promote large and hazardous fires and prioritize resources
to respond.
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2. Materials and Methods
2.1. Study Area

The study area spans 32–41◦ S latitude, including seven administrative districts (here-
after “districts”) from Valparaíso to Los Ríos (Figure 1a, Table 1). The drier northern
bioclimatic zone (between approximately 32 and 36◦ S) supports Mediterranean-matorral
shrub and sclerophyllous forests, whereas the wetter southern bioclimatic zone supports
temperate deciduous and broadleaf evergreen forests (between approximately 36 and
41◦ S) [21–23]. Like Mediterranean-temperate vegetation transitions elsewhere, these
two bioclimatic zones span a critical transition between dry, shrubland (fuel-limited) fire
regimes in the north to wetter (climate-limited) fire regimes in the south. We focus on
these zones because large fires have increasingly affected these regions in recent decades,
they span an understudied gradient in fuel-limited to climate-limited fire activity and
because they include the highest population densities found in Chile (ca. 15 million
inhabitants). The two bioclimatic zones encompass highly productive coastal forests
(>1000 gCm2/yr), unproductive (<100 gCm2/yr) arid shrublands, mid-elevation Andean
Nothofagus forests, and high-alpine ecosystems [24]. The primary climatic controls on the
distribution, abundance and structure of vegetation varies from limited water availability
and high temperatures in the northern bioclimatic zone to limited availability of solar
radiation and persistent cool temperatures in the southern bioclimatic zone [22,23].
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2.2. Climate Context

The climate of south-central Chile is largely controlled by the semi-permanent subtrop-
ical anticyclone over the southeast Pacific Ocean, associated with dry and stable conditions,
and the westerly wind regime at mid-latitudes co-located with the storm track (Figure 1b).
These features result in a marked precipitation gradient with semi-arid Mediterranean
climate in northern areas generally north of 36◦ S, and wetter more temperate conditions
south of 36◦ S [25]. The south-central regions experience strong seasonal precipitation with
several to a dozen or more rainfall events in winter months (May to September) accounting
for most of the annual precipitation which ranges from 100–2000 mm between 30◦ S and
40◦ S [26]. Cold sea surface temperatures along the coast (relative to the same latitude over
the open ocean) and the predominance of westerly flow in the free troposphere (i.e., above
~1 km above sea level) results in progressive westerly flow (hereafter referred to as ‘ven-
tilation’) of cool, low-moisture onshore winds of south-central Chile [27]. The prevailing
ventilation produces moderate temperatures along the narrow strip of land to the west
of the Andes Cordillera, in sharp contrast with the much warmer conditions to the east
(Figure 1b). During the austral summer (DJF), the poleward expansion of the subtropical
anticyclone results in a high number of cloud-free days with intense solar radiation, low
humidity, and little rainfall.

Variability in ENSO promotes large changes in annual precipitation totals, with a
tendency for wetter than average conditions during El Niño years and drier conditions
during La Niña years in south-central Chile [28,29]. However, the ultimate influence on
precipitation depends on the seasonal timing of the onset of ENSO events and latitudinal
position [30]. Likewise, the positive (negative) phase of the Pacific Decadal Oscillation
(PDO) tends to produce extended periods that are on average drier (wetter) than the long-
term mean in central Chile [25,31]. At higher latitudes (ca. > 36◦ S), SAM (e.g., [32]) can
alter the intensity of the mid-latitude westerly winds, so that during the SAM positive
(negative) phase there is a decrease (increase) in precipitation co-occurring with warmer
(cooler) conditions over southern Chile (e.g., [33]). Each of these teleconnections (i.e., ENSO,
SAM) can play a role in driving interannual variability in precipitation that promotes cycles
of fuel growing and/or fuel drying that, when coupled with warm, dry and windy surface
conditions, can lead to anomalously large fires.
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At the regional scale, large wildfires in central Chile are often associated with periods
of high temperature, low humidity, high winds that persist for several days and the presence
of (mostly anthropogenic) ignitions [35]. The coincidence of these climatic conditions can
occur numerous times each summer and are a consequence of the passage of a transient
anticyclone over southern Chile as shown in Figure 2 for 4 February 2019, at the beginning
of a wildfire that lasted several weeks and burned more than 15,000 ha [34,36]. Subsidence
(downward motion) over the center of the high-pressure cell adiabatically produces warm,
dry and clear sky conditions for days. Furthermore, a mid-latitude anticyclone drives mid-
level easterly winds to the north of its center. The latter results in a reduction of westerly-
wind ventilation and, in some cases, the occurrence of strong, hot and dry downslope
(easterly) winds from the Andean valleys (i.e., foehn winds), locally known as Puelche [37]
and Raco [38]. At low levels, the intense along-shore pressure gradient between the high
pressure area to the south and a coastal trough (low-pressure) to the north greatly intensifies
the near-surface southerly winds along the coast of central-southern Chile since the coastal
topography breaks down, due to friction, the geostrophic balance [39].

2.3. Data
2.3.1. Fire Dataset

Historically, wildfire occurrence in south-central Chile was most common during
the warm and dry summer season (January–March), although fires in recent decades
have been recorded throughout the year in many parts of the study area [15,40]. The
extension of the fire season is due to both widespread anthropogenic ignitions which
provide ample fire starts throughout the year [40] and the increasing persistence of warm
and dry conditions outside of the typical fire season months. We evaluated the spatially
aggregated monthly burned area data compiled by CONAF across a latitudinal band
spanning ~800 km for the time period 1984–2018. The CONAF fire dataset consists of
fires (>50 ha) identified through only the most active fire season (austral summer) months
(November–March) for the 34 fire seasons in the dataset (http://conaf.cl/ (accessed on 11
April 2021)). CONAF fire detections primarily rely on the presence and spatial distribution
of mobile and fixed ground and aerial operators which are complemented by (and well
correlated with [17]) satellite derived fire detections, and exclude prescribed burns. We
then identified the top (4) and bottom (4) area burned months from the long-term fire
season monthly distribution (i.e. Nov-Mar) and selected the 20 months with the greatest
(“active months”) and lowest (“inactive months”) area burned during the fire season
representing the upper and lower deciles of extreme values (Figure 3b, Supplementary
S1: Table S1). We evaluate our hypotheses using the fire time series data at the monthly
scale because even within the fire season, climatic conditions vary, likely obscuring the
relationship between broad-scale surface and atmospheric conditions and large fire activity.
Importantly, and in contrast to previous studies [6,10], using active and inactive fire months
rather than seasons best reflects broad-scale surface and atmospheric conditions operating
at a temporal scale that is most relevant to the promotion of large fires. We also consider the
impact of temporal autocorrelation in our analyses. The monthly time series of burned area
and air temperature have low autocorrelation values (0.1 and 0.3, respectively) and most of
the active/inactive fire months do not occur in a sequence. This means that the burned
area (and air temperature) of a given month within the fire season is largely independent
of the previous conditions, lending support to the use of individual months for performing
our analyses.

2.3.2. Fire Data Trend Analysis

To evaluate whether the occurrence of recent large fires exhibit a trend of increasing fire
activity (i.e., burned area) across the fire time series we performed trend analyses on mean
and total annual area burned (AAB) values using the parametric ordinary least squares
(OLS) regression method, with year as the predictor variable. We evaluated whether (1)
mean area burned, and (2) total area burned exhibited increasing or decreasing trends

http://conaf.cl/
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over the fire time series. We determined statistical significance based on the t-statistic
of the predictor slope coefficient to determine if the slope was significantly different
from zero. Significance was assessed at the 95% (p = 0.05) and 90% (p = 0.10) confidence
levels. In specific cases, when high variability or extreme outliers were suspected to exert
undue influence on an OLS regression estimate, the non-parametric Mann–Kendall trend
test [41,42] and Theil–Sen regression approach [43,44] were employed. The Theil–Sen non-
parametric regression method is highly robust to outliers since the trend line is computed
by estimating slopes between all possible pairs of points, then estimating the overall trend
using the median of the slopes.

2.3.3. Climate Dataset and Analysis

We employed two main data sources for our climate analysis. For tropospheric
circulation (e.g., 850 and 500 hPa winds and geopotential height), we used monthly-mean
global meteorological field data (e.g., mid-level winds, geopotential height) from the
National Centers for Environmental Prediction and the National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis (NNR) dataset available on a regular 2.5◦ × 2.5◦

latitude-longitude resolution [45]. The more regional, near-surface meteorology from local
station data is not well captured by the coarse reanalysis data [10], and many parts of
south-central Chile have few meteorological stations. For near-surface meteorology we
used CR2Met-V2 (available from http://www.cr2.cl/datos-productos-grillados/ (accessed
on 11 April 2021)), a newly released dataset of maximum/minimum temperatures and
precipitation for continental Chile with high spatial resolution (5 × 5 km) that combines
station data and reanalysis data [46].

For each inactive (n = 20) and active (n = 20) fire month we obtained the correspond-
ing climate variable value (from CR2Met or NNR) and derived composite anomalies by
subtracting the corresponding long-term (1980–2010) monthly mean value from the single
monthly values. We then averaged the anomalies to obtain active and inactive composites.
We verified that the meteorological patterns during active months were roughly opposite to
their counterparts during inactive months and their main spatial features are summarized
by displaying their difference. The significance of the difference fields were assessed using
a non-parametric Monte Carlo technique that required no assumption on the variable
distribution [47]. In each grid box we randomly selected two groups of 20 months each
and calculated their mean difference. We repeated this extraction 5000 times to construct
an empirical frequency distribution of the mean difference. The frequency of the observed
difference (mean of the 20 active minus mean of 20 inactive months) was then obtained. We
also calculated the difference between the four most active and inactive forest fire seasons
in south-central Chile using the November–March averages of selected fields. The monthly
differences are very consistent with their seasonal counterparts (not shown) although the
latter tends to be smoother.

To further explore the climate-fire relationship in central and south-central Chile, we
also considered the relationship between burned area and the following meteorological
variables: (1) maximum air temperature, (2) minimum air temperature, and (3) precipita-
tion [6]. We considered the relationship between meteorological indices and burned area
aggregated in space (from Valparaíso to Los Ríos) and time (the full fire season, November–
March). We assessed the strength of the relationship between the climate variables and the
aggregated annual area burned time series (Supplementary S1: Figure S2) using a Pearson’s
correlation (between the meteorological index and the burned area) and its significance
assessed with a Student’s t-test with (n − 2) degrees of freedom.

Among many fire-weather (or aridity) indices, those using the water vapor deficit
(VPD: saturation water pressure minus actual water pressure) perform well in evaluat-
ing the relationship between combined precipitation and temperature controls on area
burned [48]. Based on previous research from southern Chile [1,6,35], we expected that
VPD would also perform well as a proxy for combined warm and dry surface and fuel
conditions in our study area and that VPD would be a strong predictor of AAB. Using
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compiled daily meteorological data (Tmax, pressure, relative humidity) for three stations in
central Chile (Santiago 33◦ S, Curico 35◦ S and Chillan 37◦ S), we calculated VPD and then
obtained its monthly mean. As expected, VPD was highly correlated with Tmax (r~0.85,
significant at p < 0.01) but Tmax was more strongly correlated with burned area. As a result,
we used Tmax in our analysis, a variable that is more readily available from meteorological
stations in south-central Chile and has robust projections for the future.

3. Results

The fire time series (1984–2018) for south-central Chile districts exhibit strong year-
to-year variability in area burned within and across districts (Figure 3a). The mean AAB
for the time series (all districts) was 71,244 ha (SD = 92,996 ha; range= 10,921–570,197 ha).
The mean fire season (Nov-Mar) area burned for the time series (all districts) was 67,779 ha
(SD = 92,994 ha; range = 10,463-567,270 ha). The mean burned area for the 20 most active
fire months was 56,801 ha (SD = 104,885 ha; range = 2364–493,214 ha). The record-breaking
2016–2017 fire season (567,270 ha Nov–Mar) had a strong influence on the long-term
mean burned area for the most active fire months. Excluding this fire year reduced the
mean area burned for the time series to 33,832 ha (SD = 21,777 ha; range = 2364–73,899).
The mean burned area for the 20 most inactive fire months was 2139 ha (SD =1510 ha;
range = 168–5272 ha).
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Results for trend analysis of the mean and total area burned for all districts indicate no
trends were observed over the time series (1984–2018), with the exception of a marginally
significant (p-value = 0.07) positive trend from OLS regression when the outlier 2016–2017
fire year is retained in the database. Results from the non-parametric, permuted Theil–Sen
regression approach were not significant (p < 0.1), however, suggesting this trend is driven
by the single outlier fire year of 2016–2017 (Supplementary S1: Figure S4a,b). Trend analysis
for individual districts furthermore indicates significant negative trends in area burned
for two districts, Valparaíso [regression coefficient ß = −190.5 ha, p = 0.062] and Bío Bío
[regression coefficient ß = −40.6 ha, p = 0.040]) (Figure 3a).



Fire 2021, 4, 28 8 of 18

Clustered correlation analyses indicate different temporal patterns of area burned
between the northern (Valparaíso to Bío Bío) and southern districts (La Araucanía and
Los Ríos) (Supplementary S1: Figure S2). This latitudinal break in the correlation of the
time series aligns with the ecoregional boundary between Mediterranean-temperate zones
and with differences in the controls driving fire activity in the northern, more fuel-limited
districts versus the southern districts where fire-spread is more climate/moisture limited.
Area burned was anomalously high for the 2016–2017 fire year across several districts
including Metropolitana (53,235 ha), O’Higgins (105,542 ha), Maule (252,556 ha) and Bío
Bío (119,409 ha). Active and inactive fire months have been relatively equally distributed
over the time series (Figure 3b). However, over recent fire years there has been an apparent
increase (decrease) in consecutive intra-annual active (inactive) fire months.

Our compositing analysis shows that active (and inactive) fire months feature dis-
tinctive surface maximum summer temperature and large-scale circulation patterns. An
evaluation of local surface temperature and precipitation conditions for the active minus
inactive composite indicate concurrent maximum temperature is the variable that most
clearly differentiates the active and inactive composites across the study area (Figure 4).
Months with anomalously high area burned exhibit higher maximum temperatures across
the study area and an increase of up to two degrees Celsius in the central valley and
western slope of the Andes in south-central Chile (33–43◦ S), significant at p ≤ 0.05. The
warmer conditions accompanying active months extend zonally from the Pacific coast to
the eastern slope of the Andes and tend to reach maximums over the Andes’ divide. In
contrast, the active minus inactive signal in minimum temperature is mostly insignificant
across central Chile (see spatial distribution of significance in Figure 4b), although warmer
temperatures (up to +0.5 ◦C) also dominate the western slope of the Andes during active
months. Active months during summer also show dry (up to −50 mm/month) conditions
(relative to inactive months), mostly along the western slope of the Andes but they reach
significance (p ≤ 0.05) for only the southern (>35◦ S) portion of our study area.
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Evaluation of active minus inactive composite air temperature at the 850 hPa (about
1500 m ASL), a level in the lower free troposphere, shows that active months are character-
ized by a broad area of warm anomalies over southwestern South America and the adjacent
Pacific Ocean (Figure 5). Within this area, the difference between active minus inactive
months can be as large as +1.8 ◦C and reaches significance (p ≤ 0.05) over south-central
Chile, encompassing our study area, and the adjacent ocean (area enclosed by grey dashed
line shown in Figure 5). The warm anomaly seen in the maximum surface air tempera-
ture (Figure 4a) lies southward of the region with the largest warming in the lower free
troposphere, which results from large-scale dynamics (see below). We hypothesize that this
connection occurs because of the entrainment of free tropospheric air into the continental
mixed layer that can extend up to 1.5 km above the land surface during summer days [49].
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described in Methods.

Estimates of geopotential height anomalies using the geostrophic balance from 850
hPa wind vector anomalies highlight active minus inactive climate conditions (Figure 5).
The most salient feature is the anticyclonic (counterclockwise) anomalies connected with
positive geopotential anomalies during active months (relative to inactive months) located
over the southeast Pacific Ocean off southern Chile (Figure 5). A similar pattern can be
seen at other levels in the troposphere, from the surface to 500 hPa (Figure 6).
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At a broader scale, the active minus inactive composites for sea level pressure (SLP)
and 500 hPa geopotential height (Z500) in the upper troposphere also exhibit similar
anticyclonic positive geopotential anomalies for active vs. inactive fire months (Figure 6).
The anticyclone off southern Chile during active months tends to occur in connection with
a circumpolar chain of high pressure at subtropical latitudes and low pressure around
the Antarctic periphery. Mid-tropospheric geopotential height anomalies show a similar
pattern for active fire seasons (Figure 6). These mid-troposphere and surface conditions
associated with active minus inactive composites project upon the positive SAM phase
(see below).

Superposed epoch analysis (SEA) evaluating the relationship (teleconnections) be-
tween large-scale climate drivers (i.e., ENSO, SAM) and active (inactive) fire months
indicate that low area burned during inactive fire months is strongly linked to the negative
SAM phase during the month of the fire (Supplementary S1: Figure S5d). No ecologically
meaningful relationship was found between SAM and active months or ENSO events and
active or inactive fire months (Supplementary S1: Figure S5a–c).

An evaluation of the entire burned area dataset (1984–2018) shows a significant rela-
tionship between mean maximum summer temperature and total area burned (Figure 7;
sum of burned area by any wildfire in our study region from November to March, (see
Supplementary S1, Figure S3). Then considering the full sample, the Pearson correlation co-
efficient reaches +0.58. However, a substantial part of this value results from the extremely
warm and large area burned in the 2016–2017 fire season, and removal of this point reduces
the correlation to +0.37. Figure 7 also reveals a cluster of points (identified by the grey oval)
mostly represented by fire seasons before 1990 when the total area burned was consistently
higher than the value expected from the full sample linear regression. The occurrence of
large fires during relatively cool surface temperatures during this earlier period of the
dataset (pre-1990s) could signal a difference in non-climatic controlling factors (e.g., limited
firefighting capacity) as discussed further below.
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in the far upper right quadrant. The grey dashed line represents the long-term mean annual area
burned for the time series and the grey oval identifies a cluster of fire years early in the dataset (i.e.,
prior to 1990s) that mostly exhibit higher than expected total area burned values compared to our
model (see text). Circles with a white “x” mark indicate years during the central Chile mega drought
(2010–2018 and continuing) [14].

4. Discussion

Our evaluation of broad-scale surface conditions for months with anomalously high
(and low) area burned highlights the role that patterns in the frequency and position of
anticyclonic activity off the coast of southern Chile and related effects on the strength of
westerly winds and warm surface conditions play in mediating the occurrence of large
fires in south-central Chile. Results suggest that the occurrence of warm anticyclones off
of the coast of southern Chile, weakening of cooling onshore westerly winds and warm
surface conditions combine to promote active fire months (supporting hypotheses H1–H2).
The presence of strong anticyclones positioned off the coast of southern Chile appear to
enhance warm surface conditions by weakening westerly winds and/or creating easterly
wind anomalies that are both adiabatically and diabatically warmed. The broad-scale,
multi-month (composite) pattern of pressure anomalies evident from our results (Figure 5)
is surprisingly similar to the synoptic map shown in Figure 2 for one particular large fire
that occurred in February 2019 in southern Chile, suggesting that the recurrence of a strong
anticyclone approaching southern Chile is the key element in causing wildfires in this
region, confirming previous work [50,51].

What is less known about these fire-favoring anticyclones, however, is: (a) the large-
scale, tropospheric-deep subsidence that takes place in the center of the anticyclone, causing
the offshore warming anomaly in the lower troposphere by adiabatic warming, and (b) that
the largest warming over south-central Chile is located in the periphery of the anticyclone
and coincides with a band of easterly wind anomalies (offshore flow) extending from about
40◦ to 30◦ S just to the west of the Andes (Figure 6). Recalling that the mean lower-to-
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upper tropospheric flow is from the ocean to the continent causing a cool westerly flow,
or ‘ventilation’ over south-central Chile (Figure 1), the easterly anomalies during active
forest fire months imply a weakening of the westerlies (although in some individual cases
there can be actual easterly flow; Figure 5). Therefore, the warming over the west side of
the continent is largely produced by a reduction of the lower troposphere ‘ventilation’ that
would normally cool the region. Additionally, the easterly winds in the lower troposphere
can force extra subsidence (and hence warming) in the western slope of the Andes and
cause downslope flow along the foothills [37,38]. This is confirmed by an examination of
the difference in the vertical velocity field (omega at the 500 hPa level) between active and
inactive months (Supplementary S1: Figure S6), which shows enhanced subsidence over
the eastern Pacific Ocean near the center of the anomalous anticyclone conducive of the
offshore warming. The subsidence declines over the study region (in part because of the
presence of the Andes), emphasizing the crucial role of the decrease in ventilation (weaker
westerly flow of cool air) in creating the local warming.

The proximity of the anomalous anticyclone center to south-central Chile also ensures
a tendency for clear skies and low-level stability, resulting in warming at the surface during
daytime, and reduced precipitation during active months. In contrast, months or seasons
with larger frequencies of cyclones tracking over southern Chile often result in inactive
wildfire periods. Negative (cyclonic) anomalies prevail off western Patagonia, enhancing
cool air ventilation along the coast and farther inland by strong onshore flow and likely
reflects a frequent passage of cold-front causing precipitation episodes.

An evaluation of mean maximum summer temperature and total area burned (Figure 7;
sum of burned area by any wildfire in our study region from November to March) sug-
gests a significant relationship between maximum summer temperature (which is highly
correlated with VPD, r = 0.85). The substantial scatter in Figure 7 may be in part due to the
spatio-temporal aggregation of bioclimatic zones (i.e., the intersection of Mediterranean
and temperate vegetation assemblages) that are driven by different climatic controls and at
different times (temporally: November–March; spatially: Valparaíso–Los Ríos). Nonethe-
less, sub-dividing the spatial domain in districts and the summer season in months results
in a marginal increase in the correlation between Tmax and burned area as shown in Úbeda
and Sarricolea [19]. The lack of a relationship between large fire months and low rainfall
anomalies in the core of our study region (33–38◦ S) is not surprising because rainfall
amounts are generally very low during the fire season when active fire months occur. As
a result, low rainfall anomalies occur within the context of already dry conditions and
cannot, alone, explain the occurrence of active/inactive fire months. Additionally, the
amount of burned area is sensitive to the accumulated rainfall in the previous spring and
concurrent summer, but once again with modest correlation coefficients. Other studies
have also found links between antecedent rainfall pulses and area burned in the northern
half section of our study area [6,10].

The large scatter in the climate-burned area relationship (Figure 7) in south-central
Chile may reflect a strong degree of “human influence” on the fire regime over central Chile.
Multiple years of relatively large area burned during the colder-than-present conditions in
the decades prior to 1995 may reflect modest and less coordinated fire suppression efforts
during this time period. Additionally, in recent decades, the relatively weak relationship
between temperature and burned area may indicate that, despite substantial increases in
fire suppression efforts, burned area levels are comparable to previous decades that were
generally cooler. CONAF and private forest companies spend substantial and increasing
resources in detecting and controlling wildfires once initiated, especially since the 2017
fires that affected much of central Chile [20]. Take for instance the present fire season
(2019–2020), when an extreme drought in 2019 and very warm summer temperatures
created conditions conducive to large fires. These conditions were comparable to those
observed in the summer of 2016–2017, yet (as of the end of the 2020 fire season) the total
area burned was close to 100,000 ha, above the average but within the historical range
for annual area burned. The relatively modest area burned despite extreme fire-weather
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conditions may be related to the more than US$ 150 million invested by CONAF and
private companies in wildfire control [20]. In this case, intensive fire suppression efforts in
recent years are preventing large increases in area burned (in most years) that would be
expected with warmer temperatures [35].

Our analysis of broad-scale surface and atmospheric conditions associated with ac-
tive/inactive fire months supports previous work [10,13,14,58] but provides more detail
on the complexity of these synoptic mechanisms. Importantly, a comparison of large fires
from the earlier period (1984–1996) with large fires in recent decades (1997–2018) suggests
the relationship between atmospheric and surface conditions may be shifting as the inter-
action between factors that drive fire activity (fuel availability, continuity and condition,
fire weather and ignitions) have changed. In the earlier period (1984–1996), large fires
were associated with relatively cool surface conditions. While similarly associated with
anticyclonic anomalies, a weakening of westerly winds and clear, dry conditions, fires
that occurred during the latter period of the time series (1997–2018), however, are more
strongly associated with warm temperatures and more robust adiabatic warming linked to
a weakening of westerly winds and a strengthening of offshore easterly winds. This shift
from large fires occurring during cool, dry conditions in the early period to large fire occur-
rence during warm conditions in recent decades may signal that (as suggested by Figure
7) the lower troposphere ‘ventilation’ that normally cooled the region may be weakening,
enhancing warm adiabatic easterly offshore winds that can promote fire spread, especially
when fuels are strongly preconditioned for burning following warm and dry conditions.

Novel to our understanding of climate-fire interactions in the region, our results show
that inactive months during the fire season were related to negative SAM. This suggests
that negative SAM was the most important broad-scale teleconnection influencing variation
in monthly area burned across the study. In contrast to previous studies [6,10], our analyses
do not show clear relationships between SAM and active fire months or ENSO and active
or inactive fire months (Supplementary S2: Figure S5a–c, lack of support for hypothesis
H3). These findings are likely a result of the different factors that drive large fire activity
in the drier Mediterranean vegetation of the northern districts versus the wetter, fuel-rich
temperate forest ecosystems of the southern districts. Summer months in the northern
districts (north of the Bío Bío district; ca. 36◦ S) are almost always warm and dry, resulting
in a low correlation between temperature and burned area. Instead, antecedent rainy
conditions (variability between warm/wet and cool/dry winters) play a key fuel-buildup
role in the northern Mediterranean districts versus the fuel-rich temperate forests in the
southern districts which experience larger fires during anomalously warm/dry summers
and extended droughts.

Although not reported here, we also examined seasonal relationships (DJF) between
the climate modes (i.e., SAM and ENSO) and active and inactive burned area for northern
and southern districts separately. In northern districts we found that active fire activity
was linked to both antecedent positive ENSO (2-yr prior) and concurrent positive SAM
(year of the fire) conditions. In Central Chile antecedent positive ENSO is a driver of
wet conditions, whereas positive SAM is associated with dry conditions [25]; thus, in the
northern Mediterranean bioclimatic region the former leads fine-fuel build up and the
former cures them [6]. Also in agreement with Holz et al. [6], in southern districts active
fire activity was linked to the dry and fire-prone positive SAM phase and when ENSO
was not important. Inactive fire months in northern districts were not linked to ENSO
but instead to antecedent positive SAM, which is associated with warm conditions. The
relationship between warm surface conditions and large fires is likely weak in Chilean
Mediterranean vegetation because large fires are more strongly related to antecedent fuel
growing rather than warming (warm temperatures are predominant in Mediterranean
systems) [52]. By contrast, clear and ecologically-meaningful links between inactive fire
months and fire-season ENSO or SAM were mostly absent in the southern temperate region
of our study area. While the nature and strength of the relationship between broad-scale
teleconnections and active/inactive fire months varies across the northern to southern
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regions of our study area, we expect that interannual variability associated with these
teleconnections will continue to influence the occurrence of large fires through fuel growing
and drying in the northern Mediterranean vegetation and enhancing long-term warming
and drying trends in the temperate vegetation of south-central Chile.

Importantly, the upper and surface atmospheric conditions (e.g., weakened westerlies-
induced warming) that can promote active fire months, and that appear to occur several
times per fire season, are projected to become more common in south-central Chilean
districts in the coming decades [14,53]. Climate models are largely in agreement that
temperatures will continue to warm 3–4 ◦C by 2100 across central Chile [14,54]. Concurrent
with projections for warming temperatures, a long-term shift in the position of Hadley
cells which directs storms entrained by southern westerly winds poleward, is expected to
continue to promote long-term drought conditions in south-central Chile [25,55], under a
heavy emission scenario [14,56]. When coupled with fuel drying resulting from persistent
drought conditions and warm surface temperatures, easterly (dry) winds and the reduced
westerly flow of cool air will likely provide the ingredients for large conflagrations to
become more frequent in south-central Chile, especially where woody biomass is abundant
and well connected (i.e., Maule, Bío Bío, Araucanía, Los Ríos) [6,10].

5. Conclusions

Our evaluation of broad-scale atmospheric and surface conditions indicate specific
climatic patterns are associated with the most active fire months. Results suggest active
fire months are associated with:

• The persistence of anticyclonic anomalies (high pressure systems) located over the
southeast Pacific Ocean off southern Chile.

• Warm surface conditions (maximum temperature) throughout a large area (ca. 34–45◦ S)
of south-central Chile.

• Easterly surface wind anomalies linked to reduced onshore westerly ventilation of
cooler oceanic winds to the south-central Chilean land-surface.

• At broader spatial scales, a circumpolar chain of high-pressure systems at subtropical
latitudes and low pressure around the Antarctic periphery (i.e., patterns associated
with positive SAM).

Our results highlight the need to better understand how broad-scale atmospheric
and surface conditions will interact with and overlay on longer-term trends in the climate
system to influence future fire activity in south-central Chile. Our results also draw
attention to potential shifts in the relationship between simple, aggregated indices of climate
(e.g., seasonal average of maximum temperature) and area burned, which suggest climate–
fuel linkages are changing, such that temperature may become increasingly important in
driving large fires despite potential increases in precipitation. Additionally, the relatively
low area burned in 2019 despite conditions conducive for large fires underscores the
potentially strong role of human influence and management—both in the propagation
of wildfire ignition and its subsequent controls—and patterns of human activity and
management that may be changing as fast as climate.

The potentially strong impact of human activity on large fire occurrence is notewor-
thy, highlighting the complex relationship between wildfire management, land use and
demographic change on the spread of large fires in south-central Chile. Fire ignitions in
south-central Chile are almost all attributed to human activities, yet increasing land-use
change (urbanization and cultivation) and strong fire suppression efforts can potentially, as
evidenced by the 2019–2020 fire season, reduce the occurrence of large fires [20]. However,
intensive water use can exacerbate drought conditions in some areas, further promot-
ing large fires [57]. Increases in the extent of highly flammable eucalypt and pine forest
plantations have also been shown to promote large fires by replacing more structurally
heterogeneous and discontinuous native forests with structurally and compositionally
homogeneous and contiguous vegetation [15,17,57,58].
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Hence, human activity in south-central Chile can either promote fire activity, through
additional ignitions and changes in land-use that increase landscape flammability (e.g.,
expansion of pine and eucalypt plantations, increased water use), or inhibit fire activity
through increased suppression effectiveness and land-use activities that result in fragmenta-
tion of fuels. These human–wildfire interactions make it difficult to anticipate the extent to
which management can mitigate the climate conditions conducive to large fires described
in our analyses. As documented elsewhere, it is likely that increased fire suppression
efforts will be most effective in reducing the occurrence of large fires in years with low
to moderate fire weather [59–61]. In years with extreme fire weather, especially during
anomalously warm and high surface winds, it is unlikely that fire suppression efforts will
be able to contain fires that escape initial attacks [61]. This will be particularly true for
the homogeneous pine and eucalyptus plantations and the fuel-rich southern districts of
our study area during years of extreme fuel drying, that when combined with ignitions,
promote rapid fire spread. What is certain is that short-term atmospheric and surface
conditions conducive to fire spread will overlay and interact with longer-term trends in
climatic variability and land-use trends to further increase fire risk and hazard in the fuel-
rich temperature forests of south-central Chile. And as has been shown in dry temperate
forests elsewhere, warmer annual and seasonal temperatures may increasingly override
potential increases in precipitation leading to long-term increases in evapotranspiration
promoting fuel drying and fire spread.

Further clarifying the trends and mechanisms governing persistent patterns in the
strength and position of high-pressure systems, surface temperature and easterly wind
anomalies will help managers and communities anticipate when conditions are ripe for pro-
moting large and hazardous wildfires in south-central Chile—wildfires that management
efforts may not be able to control. Future research is needed to evaluate the causes and
consequences of easterly wind anomalies linked to reduced onshore ‘ventilation’ of cooler
oceanic winds to the land surface and to determine if this trend is strengthening under
large-scale climatic changes such as projections for the long-term poleward shift of South-
ern Hemisphere westerly winds under a warming climate [55,62,63]. Of critical importance
is understanding how short temporal scale (days to weeks to months) atmospheric and
surface conditions associated with fire weather will be superimposed on these longer-term
trends that are increasingly preconditioning historically less flammable, fuel-rich regions
of south-central Chile to burn.
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