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ARTICLE INFO ABSTRACT

Keywords: Heatwaves (HWs) are highly dangerous threats to human and ecosystem health, as well as to many economic
Heatwaves sectors around the world. In the present work focused on Chile, we use a high-resolution (~5 km) gridded
Megadrought

product (CR2Met v2.0) to evaluate the spatiotemporal distribution and trends of HWs. We analyze daily
maximum temperatures (Tx) from late austral spring to early autumn (November to March) to evaluate the HWs
behavior during 1980-2020, using three criteria: i) three consecutive days with Tx > 30°C, ii) three consecutive
days with Tx > 90th percentile (P90), and iii) three consecutive days with Tx > 95th percentile (P95). We
validated our results using HWs statistics based on eighteen official meteorological stations; this procedure
revealed a coherence with gridded data mainly over the Central Valley and the Andes. Using the P90 threshold,
we found upward trends across the Andes between 20° and 36°S (>1 events per decade), and in the Central
Valley between 34° - 43°S (>0.75 events per decade). In addition, using the P90 and P95 thresholds, HWs exhibit
upward trends (>1 and 0.5 events per decade, respectively) throughout most of Chile, including Andes and
Patagonia. Moreover, using all thresholds, we found an increase in HW frequency during the 2011-2020 meg-
adrought period (ranging from 1 to 4 HWs events/decade) in comparison to the previous period (1980-2010).
Meteorological factors such as an increase in the frequency of Puelche (Fohn-like) winds are proposed as an
amplifying mechanism of HWs in South-Central Chile.

Extreme weather events
Puelche winds
Chile

according to the World Health Organization (WHO), between 2000 and
2016 the number of people exposed to HWs increased by around 125

1. Introduction

Climate extreme events such as heatwaves (HWs), defined as a
sequence of consecutive days with warmer than normal conditions for a
particular region and period of the year (Perkins 2015), have been
shown to be a devastating event around the globe, with severe conse-
quences to the health of people (e.g., cardiovascular and dehydration
problems; McMichael and Lindgren 2011) and the environment (e.g.
wildfires rapid propagation; Bowman et al., 2017, De la Barrera et al.,
2018). Prolonged periods of high temperatures impact economic sectors
(Kjellstrom 2016) including substantial problems and losses in the
agriculture sector (Thornton et al., 2009). On a global scale and

million. Following the recent report of the (Intergovermental Panel on
Climate Change, 2021), a consensus exists about an increase of the in-
tensity and duration of heatwaves in most regions of the world since
1950. In continental Chile, lying between the Pacific Ocean and the
Andes Cordillera from 17°S to 56°S, recent HWs have provoked sub-
stantial ecosystem losses. For instance, during January 2017, daily
maximum air temperature continuously reached values above 30°C
between 30° to 40°S, and ~5 000 km? of native forest and exotic
plantations were burned during the so-called “firestorm” (Bowman
et al., 2019). The burned area during 2017, was ten times the average
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area burned in the previous 40 years as has been reported by Urrutia--
Jalabert et al. (2018). Despite Chile’s environmental consequences
during the “firestorm” in 2017, the study on HWs in Chile has received
small attention to date. On the other hand, most of Chile has experienced
a persistent dry period (called “mega-drought”, hereafter MD) since
2010, without replicates within a millennial context (Garreaud et al.,
2017). This extreme dry interval is framed within a severe long-term
rainfall reduction recorder along Chile (Quintana and Aceituno, 2012;
Gonzalez-Reyes 2016; Boisier et al., 2018). The HWs frequency during
the MD has not been quantified to date.

The climate variability in Chile is, to a large extent, related to trop-
ical forcing as El Nino Southern Oscillation (ENSO) on interannual
scales, being a key driver of precipitation variability in northern-central
Chile (18°-35°S; Rutlant and Fuenzalida, 1991). High latitudes climatic
forcing such as the Southern Annular Mode (SAM), which controls the
north-south migration of the southern westerly wind, modulate rainfall
and temperature variability in Chile, particularly over southern Chile
(Garreaud et al., 2009; Holz et al., 2017). In addition, a recent study
indicates that HWs in Central Chile can be partially forced by intra-
seasonal precursors stemming from the extra-tropics, such as the South
Indian Ocean, and the tropics, via the Madden-Julian Oscillation (MJO),
so they tend to occur during active MJO phases 6 and 8 (Jacques-Coper
et al., 2021).

Several works have been carried out to evaluate HW trends in larger
areas, including Chile (Donat et al., 2013; Ceccherini et al., 2016).
However, only the study by Piticar (2018) performed a systematic
analysis of HW trends in Chile during 1961-2016 using station data.
Using multiple HWs definitions based on the World Meteorological
Organization (WMO), Piticar (2018) analyzed temperature (maximum
temperature: Tx, minimum temperature: Tn) records from twelve offi-
cial meteorological stations managed by Direcciéon Meteoroldgica de
Chile (DMCQ), focusing on their intensity, duration, and frequency. The
study found increasing trends in most analyzed HW indices. In partic-
ular, the number of HW events based on Tx showed the highest amount
of upward trends along Chile. Spatially, Piticar (2018) found more
pronounced changes in central Chile; for instance, considering again HW
number based on Tx for Santiago (the capital city), the reported trend
was 0.30 events/decade. The results from Piticar (2018) are highly
relevant but restricted to a dozen of stations in the full county that ex-
tends more than 4 000 km in the meridional direction and includes sharp
topographic gradients, thus calling for further analyses. Feron et al.
(2019) combined observations and global circulation models to assess
past and future HW metrics over South America and selected major
cities, finding greater increases in HW in the northern than the southern
part of the continent by the mid-21st century under the RCP8.5 scenario.
Moreover, recent studies have focused on mechanisms leading to HWs
mainly in central and Southern Chile, including synoptic patterns and
precursors (Jacques-Coper et al., 2021; Demortier et al., 2021). How-
ever, there is a gap concerning the spatiotemporal assessment of HWs:
using high-resolution gridded products across Chile allows the identifi-
cation of regional patterns that are not evident when analyzing records
from single stations. This is particularly true in Chile, where the station
network is sparse and few long-term records are available. Specifically,
regional patterns of climate change are relevant for climate change
impact assessment, especially over a complex topography as is the case
of Chile’s. In a similar way, regional patterns of HW trends are crucial for
the risk assessment of compound extreme events. This perspective is
highly useful and necessary taking into consideration: i) the current dry
interval experimented in Chile since 2010 (known as the Megadrought,
MD) and water crisis evidenced in several valleys of Central Chile
(Munoz et al., 2020), ii) the number and magnitude of recent forest fires,
especially those occurred during 2017 and 2023, and iii) the agricultural
vocation of the country, economic activity that exhibits high vulnera-
bility to climate change (Ponce et al., 2014).

Another impact linked with the increasing trend in HWs is related to
the mass loss of glaciers as well as their contribution to runoff. HWs lead
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to rapid snow cover loss, notably if these events occur early in the
ablation season (e.g., October to November in Chile), exposing a large
portion of bare ice for a more extended period (Pelto et al., 2022). In
consequence, glacier melting along the ablation season is enhanced, and
the ice mass loss increases. Furthermore, although not evaluated yet in
the Andes, the increased number and frequency of HWs are impacting
the glacier contribution to baseflow during summer months as well as
the temperature of the meltwater as seen elsewhere (e.g., Pelto et al.,
2022). The changes in the Andean glaciers melt dynamics and timing
due to HWs will probably impact water resources availability at medium
to large term in rivers highly dependent on glacier meltwater, especially
the runoff at the end of summer (Bravo et al., 2017; Ayala et al., 2020).

Given this background, the aim is to study HWs along Chile based on
a high-resolution, country-scale gridded product and detect potential
hotspots. The specific goals of this study are: i) to examine HW trends
during 1980-2020 based on station data and the CR2Met gridded
product, ii) to evaluate (and, if possible, validate) HW trends obtained
from the gridded product using in situ meteorological measurements, iii)
to compare HWs statistics during 1980-2010 and 2011-2020 (the
megadrought period), iv) to explore potential mechanisms driving
conspicuous HW trends. The paper is organized as follows: Section 2
describes the data and methodologies. The results are presented in
section 3 and the discussion is presented in section 4, where we also
included several environmental impacts of HWs along Chile. Finally,
section 5 contains the main conclusions of this research.

2. Data and methodology

Our study area corresponds to the whole Chilean continental terri-
tory (17° - 56°S) encompassing a diversity of climate types. Sarricolea
et al. (2017) group the climate types in continental Chile as arid (ac-
cording to Koppen classification: desert climates BWh and BWk, along
with semi-arid climate BSk), temperate (including Mediterranean cli-
mates Csb, Csc, and marine climates Cfb, Cfc), and polar (including
tundra climates ET, and ice cap climates EF). Correspondingly, the
summer mean (November to March 1981-2010) minimum (Tn), mean
(Tas), and maximum (Tx) temperatures present a heterogeneous spatial
distribution along Chile as inferred from CR2Met v2.0 (CR2Met on-
wards; Fig. 1 and Fig. S1). CR2Met is a high-resolution gridded product,
with ~5 km horizontal resolution, that was developed within the Center
of Climate and Resilience Research (CR)2 by integrating station data,
ERAS reanalysis data (Hersbach et al., 2020), and MODIS satellite ob-
servations (Boisier 2023). This product, which spans from January 1979
to March 2020 at daily resolution, is available at http://www.cr2.
cl/datos-productos-grillados/, and has been used in previous studies
(Alvarez-Garreton et al., 2018; Bozkurt et al., 2019, Martinez-Retureta
et al., 2021; Aguirre et al., 2021). For the assessment of circulation
patterns associated with salient trends in HWs over selected regions, we
focus our analysis on possible relationships with Puelche (Fohn-like)
winds. For this, we use the daily zonal wind at 850 hPa (U850) from the
ERAS reanalysis (Hersbach et al., 2020) regridded at ~ 5 km using a
bilinear interpolation. We computed daily U850 averages for NDJFM
1980-2020 considering gridded values at 00, 06, 12, and 18 UTC.
Puelche events (i.e., easterly flow) over a certain area are those days
whose corresponding spatially averaged daily U850 values are equal or
below —4 m s, following the threshold given by Montecinos et al.
(2017). Finally, for selected regions, we compared the seasonal fre-
quency and intensity of Puelche events with the frequency of HWs based
on the three definitions.

To analyze HWs, we considered daily Tx from CR2Met from
November to March (NDJFM) and the year corresponds to that of JFM.
Our analyzed period spans from November 1980 to March 2020. To
identify HWs, we used three criteria, namely that Tx surpasses for three
consecutive days the thresholds of i) 30 °C (30C), ii) its NDJFM 90th
percentile (P90), and its NDJFM 95th percentile (P95). The 30°C value
was chosen because it is commonly considered (“rule of thumb”) as a
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Fig. 1. November-March climatology of maximum temperature (Tx) based on CR2Met for 1981-2010. b) November-March Tx trends evaluated during 1980-2020.
Changes in Tx are expressed in °C by decade. c¢) Location of each meteorological station (Table 1) and elevation (in meters) based on the Shuttle Radar Topography

Mission SRTM-DEM at 90 x 90 m product.

temperature threshold above which rapid propagation of wildfires may
occur; additionally, it is a subjective value based on the social perception
of extreme heat in Chile. The P90 and P95 percentiles were calculated
for NDJFM 1981-2010 on a seasonal basis (Fig. 2). Then, we counted the
total number of HWs detected during each season. Additionally, we
validated CR2Met Tx for 1980-2020 using records from 18 meteoro-
logical stations operated by DMC (Table 1 and Fig. 1c) and the neatest
gridpoint, based on three statistical metrics: R-squared (R?), Root Mean
Square Error RMSE, and Bias (expressed in °C). A detailed description of
the DMC Tx data can be found in Piticar (2018). The statistical metrics
described before were computed using the “metrics” package (free
available in: https://github.com/mfrasco/Metrics) to the free R-project
software (R Core Team 2020). We calculate temperature and HW fre-
quency trends using least-squares linear regression; and express their
slope “m” in °C per decade and events per decade, respectively. We also
contrast HW trends using CR2Met and observed Tx.

3. Results
3.1. Temperature climatology

We first describe the 1981-2010 NDJFM temperature climatology
for Chile based on CR2Met. The distribution of maximum temperatures
is affected by both latitude, altitude, and closeness to the ocean (Fig. 1a).
Tx (Fig. 1a) shows high values (~17° to above 30°C) along coastal lo-
cations between ~ 20° to 26°S, around 30°S, and between ~32°-42°S.
On Andes locations along these latitudes, Tx exhibits values between 5°
to 15 °C. Southward of 42°S, Tx shows values between 0° to 15°C. A key
point for this study is that Tx over 30°C is observed in Northern Chile
within 20°-25°S and the Central Valley, an elongated depression be-
tween a coastal range and the Andes extending from 34° to 37°S.

Before identifying HWs, we computed the main statistical thresholds
(RZ, RMSE, and Bias) based on Tx from observations and CR2Met, for
NDJFM 1980-2020 (Figs. S2a-d). Concerning R? (Fig. S2a), we
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Fig. 2. Comparison between daily maximum tem-
peratures recorded at Chillan station (number 8 in
Table 1, light blue) and the closest CR2Met gridpoint
(black) during November 2019 to March 2020 (i.e.,
NDJFM, 2020). Horizontal dashed and continuous
lines indicate the thresholds used to compute heat-
waves: 90th percentile P90, 95th percentile P95), and
30°C (30C), all computed for 1981-2010. Vertical
bars indicate heatwave episodes. (For interpretation
of the references to color in this figure legend, the
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identified low (around 0.30) values mainly at coastal stations along the
North (station 1 ARI and 2 IQU) and in Central Chile (station 6 STG),
while R? values (Fi g. S2a) are higher (between 0.4 and 0.45) in stations
to the south of 37°S (station 9 CON). In the case of RMSE (Fig. S2b), we
observe values mostly between 1.5 and 2, with the lowest value at sta-
tion number 1 (ARI) and the highest value at station number 4 (LSE).
The bias between both sources of daily Tx records (Fig. S2c) exhibits
mostly negative (i.e., an overestimation of CR2Met) values between -3°
to —1°C, while positive values (i.e., an underestimation of CR2Met) are
observed at station 2 (IQU), and from station 14 (FUT), station 15 (COY)
and on station 17 (CCH), with values between 1° and above to 2°C.

3.2. Heat waves: frequency and trends

HW frequency seems to be satisfactorily reproduced by CR2Met
(Fig. S2). This might arise from the fact that HW is, per definition, an
extreme event that combines intensity and persistence. These aspects
seem to be captured by CR2Met. As a reference, we compare in Fig. 2 the
observed and the CR2Met Tx and their corresponding thresholds (P90,
P95, and 30C) during NDJFM 2019-2020 for station 8 (CHI), located at
36°S within the Central Valley (Table 1, Fig. 1c). Beyond the validation
metrics, HWs events are well captured by CR2Met. To emphasize this
conclusion, we validated NDJFM HW frequency trends derived from
observed and CR2Met Tx at the 18 DMC stations (Fig. S3a-r).

Tx shows mostly upward trends across Chile during 1980-2020
(Fig. 1b). The trends are larger between ~20° and 30°S (from 0.2° to
0.4°C per decade), between 35°-40°S, and ~45°-50°S (0.3°C per
decade). Most of Patagonia exhibits an upward trend of 0.1°C per
decade. Nonetheless, downward Tx trends were identified along the
coast of North Chile (around —0.1°C per decade). This is comparable
with —0.2°C per decade reported for Tas during 1979-2006 by Falvey
and Garreaud (2009) due to the intensification of the South Pacific
Anticyclone. Overall, the trends in Tn and Tas are similar to their Tx
counterparts, with a dominance of upward trends except for the coast of
northern Chile (Figs. S1c—d and Fig. 1b, respectively).

Concerning the validation of the HW frequency trend, there is a

2020-02-01 2020-03-01 2020-03-31

general agreement between both data sources. Trends based on the 30C
threshold (Fig. S2d) exhibit upward patterns from station 6 (STG) to 8
(CHI), and at 10 (TEM). Higher HW frequency trends are found for
observations than CR2Met, particularly at stations 6 (STG) and 7 (CUR),
with values ranging between 2 and 2.5 events per decade on these sta-
tions. A similar trend was identified at station 8 (CHI). However, a
higher trend of 0.3 events per decade was found at station number 10
(TEM) based on CR2Met. Using the P90 threshold (Fig. S2e), a clear
upward HW frequency trend was found in stations 6 to 8 and 10 to 17
based on both products. Conversely, while downward HW frequency
trends were identified at stations 1 to 4 based on observations, CR2Met
does not show this clearly. Stations 1 (ARI) and 5 (VPO) exhibit inverse
HW frequency trends based on CR2Met and observations. Slightly up-
ward (downward) trends were found at stations 9 (CON) and 18 (PAR)
based on observations (CR2Met). A similar pattern was registered based
on the P95 threshold (Fig. S2f). Stations along the coast in the North
exhibit downward trends based on observations, a result that is not
reproduced by CR2Met. We identify downward observation-based HW
frequency trends in stations number 1 (ARI) to 3 (ANT), and a slight
downward trend in Central Chile on station number 9. On the contrary,
CR2Met-based HW frequency trends at the same stations are lower,
including opposite values at station 1 (ARI), as found for the P90
threshold. The highest observation-based HW frequency trends were
identified at station 7 (CUR), with values around 1.5 (1) HW events per
decade based on the P90 (P95) threshold.

The mean HW frequency based on the 30C threshold for NDJFM
1980-2020 shows two spatial clusters, located between ~20°-25°S and
33.5°S to 39°S, with values between 1 and 4 events per season (Fig. 3a).
In addition, we identified some locations with similar values along the
Central Valley, e.g., around 27°S and 30°S. HWs based on the P90
threshold (Fig. 3b) exhibit 3 events per season on average in Northern
Chile (20°-24°S), and mostly along the Andes (~20°-35°S). The Central
Valley (30°-42°S) exhibits between 1 and 2 events per season, North
Patagonia (between 45° and 50°S), exhibits 2 and 3 events per season
and Tierra del Fuego (55°S southward), between 1 and 2 events per
season. The pattern observed using the P95 threshold is spatially
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Table 1

List of the meteorological stations considered in this study and used to compute
heat waves. The daily maximum temperature spanning the 1980-2020 of each
station has been considered. Heatwaves have been calculated during November
to March months. The missing percentage in all stations is 0.5% with respect to
November to March, and calculated during the 1980-2020 period. All stations
are addressed by Direccion Meteoroldgica de Chile DMC. Latitude and longitude
are expressed in decimal coordinates and ordered from North to South.

Number Code  Name Elevation Longitude Latitude
(m) “w) ©S)

1 ARI Chacalluta Arica 63 —70,3358 —18,3514
Ap.

2 IQU Diego Aracena 52 —70,1786 —20,5397
Iquique Ap.

3 ANT Cerro Moreno 113 —70,4411 —23,4503
Antofagasta Ap.

4 LSE La Florida La 142 —71,2011 —29,9175
Serena Ad.

5 VPO  Punta Angeles 330 —71,6475 —33,0278
Valparaiso

6 STG Quinta Normal 527 —70,6828 —33,445
Santiago

7 CUR General Freire 225 -71,2167 —34,9664
Curico Ad.

8 CHI Bernardo 151 —72,04 —36,5872
O’Higgins Chillan
Ad.

9 CON  Carriel Sur 12 —73,0622 —36,7792
Concepcion.

10 TEM Maquehue 92 —72,6369 —38,77
Temuco Ad.

11 VAL Pichoy Valdivia 21 —73,0808 —39,6506
Ad.

12 0SO Canal Bajo 61 —73,0608 —40,605
Osorno Ad.

13 PMT El Tepual Puerto 85 —73,0978 —41,435
Montt Ap.

14 FUT Futaleuft Ad. 347 —71,8525 —43,1889

15 Ccoy Teniente Vidal 310 —72,1086 —45,5939
Coyhaique Ad.

16 BAL Balmaceda Ad. 517 —71,6942 —45,9128

17 CCH Chile Chico Ad. 306 —71,6928 —46,5808

18 PTA Punta Arenas 38 —70,845 —53,0033

homogeneous throughout Chile (Fig. 3c) showing 1 HW event per sea-
son. Some locations in Northern Chile, between 20° and 21°S in the
Andes register 2 events per season. No events (as per P95) were recorded
along coastal areas between ~30°-36°S.

HW frequencies across Chile based on the 30C threshold (Fig. 3d)
exhibit an overall increase during 1980-2020, with upward trends in
Northern Chile (~20°-25°S; 1.5 events per decade) and in Central and
South-Central Chile (33.5°-39°S, between ~ 0.75 and 1.25 HWs events
per decade). Upward trends are also identified in most of Chile based on
the P90 threshold (Fig. 3e), particularly in the Andes (~20°-35°S) and
along the Central Valley (~35°-37°S), with trends of 1 event per decade
or stronger. Along the Central Valley (from 37° to 41°S), a trend of 0.5-1
HWs events per decade is observed, whereas in Patagonia (44° - 50°S)
recorded values of 0.5-1 event per decade. The southern tip of Chile (50°
southward) recorded between 0.25 and 0.5 events per decade.
Conversely, slightly downward frequency trends were identified along
the coast between 20° and 40°S and some locations in Tierra del Fuego.
Finally, using the P95 threshold (Fig. 3f), upward trends were found in
most of Chile, particularly along the Andes from the north (27°S) to
central Chile (35°S). Values reach ~0.5 events per decade between 20°
and 50°S. In addition, upward trends (~0.25 events per decade) were
recorded in Tierra del Fuego, from 50°S southward. Conversely, coastal
zones between 20° - ~40°S and the Tierra del Fuego exhibit slightly
downward trends of ~ —0.25 events per decade.
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3.3. The ongoing megadrought period (2011-2020)

In this subsection, we examine the mean NDJFM HW frequencies
during the ongoing megadrought (2011-2020). Using the 30C threshold
(Fig. 4a), the regions between ~20°-25°S and 33.5°S to 39°S recorded
between 1 and 8 events per season on average (Fig. 4a). Using the P90
threshold (Fig. 4b), the region spanning from the north to Central Chile
(~20°-35°S) recorded between 5 and 8 events per season, while the
region located between 25° and 35°S, mostly on the Andes, recorded 6
events per season. In addition, the region spanning from ~35° to 43°S
along the Central Valley exhibits between 3 and 5 events per season.
Regions around ~35°S, and from 40° to 43°S (including the Chiloe Is-
land) show clusters of high HW frequencies, with values around 5 events
per season. While North Patagonia (45°-50°S) exhibits values between 3
and 5, South Patagonia (including Tierra del Fuego) shows from 1 to 3
events per season. Similar results for the P90 threshold were obtained
using the P95 threshold (Fig. 4c). The Andes between 25° and 35°S
exhibit values greater than 3 events per season, with some Andean
valleys reaching a value of 4 events. The Central Valley (from 35°S
southward) exhibits 2 and 3 events per season, just 1 is observed along
the coast. Patagonia recorded a mean frequency of 1 event per season,
whereas almost no HWs were determined in the coastal areas from 50°S
southward. Concerning the differences in seasonal HW frequency be-
tween the megadrought period (2011-2020) and the previous decades
(1980-2010), positive changes between +1 and + 5 events per season
were recorded between~20°-25°S and 33.5°S to 39°S based on the 30C
threshold (Fig. 4d). In the case of the P90 threshold (Fig. 4e), the region
encompassed from the north to Central Chile (20°-35°S), particularly on
Andes shows increases (between +2 and +4 events per season, partic-
ularly around 29°S and 34°S in the Andes, along with the Central Valley
from 35° to 43°S, including the Chiloe island (between +1 and +3 HWs
events per season). While Patagonia exhibits increases between +1 and
+ 2 events per season, no change is detected in Tierra del Fuego (from
50°S southward). A similar pattern is obtained using the P95 threshold
(Fig. 4f): increases around 23°S and between 25° and 35°S in the Andes
(+2 to +3 events per season), as well as around 35°S in the Central
Valley (+1 to +3 events per season). Finally, the region spanning from
35°S southward shows a lower increase (+1 event per season). No
changes were recorded in several coastal locations around ~30°S, 33°S,
and 37°S.

3.4. Role of local climatic mechanisms

In Chile, synoptic patterns such as the intensity and the latitudinal
position of the Southeastern Pacific Anticyclone (SPSA) during NDJFM
are relevant to understand the variability in HW frequency. Ancapichtin
and Garces-Vargas (2015) found an intensification and southwestward
shift of the SPSA during 2000-2012. Furthermore, transient (migratory)
anticyclones also exhibit a trend toward a southward-shifted track
(Aguirre et al., 2019). These migratory anticyclones induce, in turn,
Foehn-like downslope easterly flow that led to clear skies and hot and
dry conditions along 35°-41°S (Montecinos et al., 2017). We speculate
that both factors could be the main controllers of HWs frequency and
intensity in South-Central Chile and Patagonia. To expand on this, we
defined a region between 38° and 40°S and used Tx from CR2Met and
U850 from ERAS to explore a possible relationship between Puelche
winds and HWs. For this, we set a threshold of U850 < —4 m s™! to
define Puelche events. We found positive and significant correlations
between P95 HWs and Puelche frequency in this region (Fig. 5a). Based
on these results, we selected two subdomains (denoted sl and s2) in
order to focus on atmospheric processes occurring within the mesoscale
(i.e., a few hundred kilometers). The relationship between the average
Tx CR2Met and U850 ERA5 within subdomain s1 shows a nearly linear
increase in Tx due to an increase in the intensity of easterly wind during
Puelche events (Fig. 5b). In addition, a positive and significant rela-
tionship between the annual mean frequency of Puelche events and P95
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Fig. 3. a-c) Mean heatwave frequency for 1980-2020 based on the 30C, P90, and P95 thresholds, respectively. d-f) Similar to a-c, but for heatwave frequency trends

expressed in events per decade.

HWs is recorded on the s1 subdomain during 1980-2020, after removing
the first-order autocorrelation AR1 in both time series (r = 0.31; p-value
<0.05; Fig. 5¢). A non-significant relationship between the intensity of
annual mean frequency of Puelche events and P95 HWs is found in the s1
subdomain during 1980-2020 (Fig. 5d). Despite this, the magnitude of
Puelche events indicates an increasing trend of 0.2 m s~! by decade.
Significant relationships between the magnitude of Puelche events are
observed along the 37°-40°S, however, some spatial differences are

identified (Fig. 5e). The relationship between Tx CR2Met and the
Puelche events in s2 indicates that high Tx values are associated with
Puelche events with low magnitudes associated with easterly flow
(Fig. 5f). We also found an increasing trend of Puelche events in s2, with
an average rate of 0.74 events by decade (Fig. 5g). In addition, the
relationship between yearly average of Puelche events and P95 HWs has
recorded a significant relationship, particularly removing AR1 on the
time series (Pearson r coefficient = 0.48; p-value <0.001). Conversely to
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Fig. 5. a) Field of Pearson correlation coefficient between Puelche frequency (derived from ERA5 U850) and HWs (based on CR2Met Tx using the P95 threshold) for
NDJFM 1980-2020 in the 36°-40°S region within South-Central Chile. Subdomains s1 and s2 were defined to analyze the relationship between the frequency of these
HWs and the frequency and intensity of Puelche events, respectively. b) Scatterplot between the spatial averages of daily ERA5 U850 and CR2Met Tx for the sl
subdomain. The orange dashed line represents the U850 threshold of —4 m-s-1 used to define a Puelche event (see text). c¢) Time series of the seasonal number of
Puelche events and the P95 HWs number within the s1 subdomain. d) Time series of the mean seasonal intensity of Puelche events and the P95 HWs number within
the s1 subdomain; note that the absolute value of U850 is taken. ) Field of Pearson correlation coefficient between the intensity of Puelche events and P95 HW
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color in this figure legend, the reader is referred to the Web version of this article.)

recorded on sl (Fig. 5d), the yearly average of P95 HWs in s2 exhibit a
significant and negative relationship with the magnitude of Puelche
events with and without removing the AR1 (values of —0.21 and —0.24,
respectively; Fig. 5h). Our findings indicate that the Puelche frequency
is one of the main local drivers of HWs episodes in South-Central Chile.

Indeed, high Tx days during NDJFM are associated with negative

values of U850 at station 10 (TEM; Fig. 6a). We consider two subsamples
of days with a clear distinction between their corresponding Tx distri-
butions between 1980 and 2020. During non-Puelche events, the mean
Tx at TEM reaches 22.9 °C (24.4 °C) using observations (CR2Met),
whereas during Puelche events these values increase to 29.5 °C
(29.9 °Q), respectively (Fig. 6b). In addition, station data exhibit HWs
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episodes (after the P90 threshold) with Tx values exceeding 40 °C during
the MD period, i.e., values that were not observed during the previous
1980-2010 period (Fig. 6¢-d). We also identified a higher mean Tx for
those days with Puelche activity during the MD period with respect to
1980-2010, with positive differences of 0.9 °C and equal Tx value using
observations and CR2Met, respectively (Fig. 6e). We calculated the
NDJFM SLP composite for Puelche days detected at TEM during
1981-2010 using ERA5 (Fig. 6f, black contours), and identify the syn-
optic pattern of a migratory anticyclone, which forces this wind system
(Montecinos et al., 2017) and leads also to HWs in South-Central Chile
(Jacques-Coper et al., 2021; Demortier et al., 2021). Next, we computed
the difference field by subtracting the Puelche composite for 2011-2020
(MD period) minus the corresponding field from 1981 to 2010 (Fig. 6f,
filled color contours). We observe a meridional dipole anomaly (of
magnitude comparable to the 1981-2010 composite) that suggests a
southward shift of the SLP anomaly center leading to Puelche days
during the MD period. We hypothesize that this signal appears as a
combination of the poleward shift of the stationary and migratory an-
ticyclone signals, projected to continue towards the end of the 21st
century (Aguirre et al., 2019). As stated by these authors, this process is
consistent with an expansion of the Hadley cell, which is a manifestation

of changes in the large-scale tropical atmospheric circulation under
global warming (Lu et al., 2007). This phenomenon has been previously
addressed for southern South America (Saurral et al., 2017).

All in all, Fig. 7 shows a scheme summarizing the main climate and
synoptic forcings that modulate HWs frequency in Chile. As discussed in
this study, anticyclonic regimes are the main driver of HWs. These can
be conceptualized as a superposition of climate conditions (i.e., persis-
tent features) —in particular, the position, intensity, and extension of the
Southeastern Pacific Subtropical Anticyclone (SPSA, indicated in Fig. 8),
which show an annual cycle and interannual and decadal variability—,
and disturbances embedded in the synoptic variability range (i.e.,
transient features), specifically migratory anticyclones (the heart-
shaped form in Fig. 6f and 7). As stated above, the poleward shift of
stationary subtropical highs as the SPSA and transient migratory anti-
cyclones are associated with the expansion of the Hadley cell within a
warming world (Lu et al., 2007), which, in turn, is consistent with a
poleward shift of the midlatitude Westerlies. This fact is a salient feature
of climate change in the Southern Hemisphere (e.g., Thompson et al.,
2011) and implies, among other impacts, a decrease in ventilation over
western Patagonia during summer, thus increasing the seasonal Tx. We
suggest that this warming mechanism might also tend to favor the
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Fig. 7. Schematic overview of the main inter-annual climatic variability asso-
ciated with heatwave trends across Chile: 1) Sea Surface Temperature (SST)
within the El Nino 3.4 region in the tropical Pacific ocean (120°W-170°W; 5°N-
5°S); 2) mean latitudinal position of the Southeastern Pacific Subtropical An-
ticyclone (SPSA), affecting, in turn, the latitudinal extent of the mid-latitude
Westerlies and the frequency of migratory anticyclones, and 3) frequency and
intensity of Puelche winds (Fohn-like easterly flow). Please refer to the main
text for a description.

occurrence of HWs. Finally, both stationary and transient drivers of HWs
are modulated by teleconnections stemming from climate variability
modes, among which ENSO and SAM are particularly relevant for the
study area considering the interannual timescale. In Fig. 8, tele-
connections arising from ENSO SST anomalies (rooted in the equatorial
Pacific, e.g. the Nino3.4 sector) are depicted by undulating vectors to-
wards Chile. Additionally, it is worth commenting that coastal Tx is
directly related to SST, so that ocean warming along the Peru-Chile coast
is a main driver of HWs along the coastal zone, mainly in north and
central Chile.

4. Discussion

Our results seem to be consistent with diverse studies devoted to HW
trends in many other regions of the world that report upward frequency
trends (Perkins et al., 2012; Russo et al., 2014; Piticar et al., 2018a;
Zhang et al., 2017; Perkins-Kirkpatrick and Lewis 2020). We highlight
the upward HW frequency trends observed along the Central Valley and
Andes, from 30°S southward, where we identified an increasing HWs
trend of 1 event per decade based on all thresholds (Fig. 3d—f). This
region is of particular relevance for Chile, because of potential impacts,
as more than 70% of the total population (INE 2017) concentrates be-
tween 30°S and 37°S and diverse main agro-economic activities are
developed there, such as wine and fruit production, among others. In
this section, we devote two subsections to discuss some specific aspects
concerning temperature and HW trends and the possible role of the
Megadrought (2010-onwards) in shaping the HW regime.

4.1. Temperature and HW frequency trends

We compared trends in Tx and HW frequency derived from CR2Met
gridded data and station records using classic statistical metrics (R-
squared, RMSE, and bias). Regarding Tx trends, Fig. S3 shows that these
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are more pronounced in instrumental records than CR2Met for stations
located across the Central Valley and the Andes from ~33°S to the south
(i.e., stations 6-18), with the exception of station 14 (FUT). In com-
parison with observation-derived trends, we found a positive (negative)
bias in Tx trends based on CR2Met along the coastal Chilean area
-namely stations ANT, LSE, VPO, CON, PMT, PAR- (slightly in STG and
Patagonia, stations FUT, COY, CCH). In particular, CR2Met Tx is not able
to reproduce the coastal Tx regime properly nor the multidecadal
cooling trend along the Chilean coast reported by Falvey and Garreaud
(2009). In fact, we observe such Tx cooling trends in instrumental re-
cords from stations 1-4, but not clearly in their corresponding CR2Met
time series (Fig. S3). Nevertheless, according to Burger et al. (2018), this
cooling trend has already finished in central Chile, a result that agrees
with the observations in VPO but not with CR2Met (Fig. S3e).

Despite its suboptimal performance for Tx along the Central Valley
and the coast, we observe that CR2Met satisfactorily reproduces the
general HW regime. In other words, CR2Met performs well at identifying
HW frequency and trend even in locations that exhibit moderate Tx
validation metrics. In fact, HW frequency trends show an overall
coherence between observations and CR2Met for 1980-2020
(Figs. S2d-f). Moreover, this is clear also when examining the seasonal
behavior, shown for instance at station 8 (CHI) from November 2019 to
March 2020 (Fig. 2). Indeed, regarding HW trends, we found acceptable
R? values (0.4-0.45) in Southern Chile, mainly for locations south of
station 9 (CON; Fig. 1c). Lower R? values (~0.3-0.35) were found in the
north (stations 1 to 4, i.e. ARI to LSE) and central Chile, 7 (stations 7-8,
CUR and CHI); hence, we warn to consider our results carefully for their
respective surroundings.

HW frequency trends based on the 30C threshold reveal an increase
in Northern Chile and across Central and South-Central Chile (Fig. 3d).
In general terms, we observe upward HW trends across the Central
Valley and over the Andes. These upward trends could be explained by
the also upward Tx trends (Fig. S1), previously reported by Falvey and
Garreaud (2009) and Burger et al. (2018). It is necessary to highlight
some further discrepancies in HW frequency and trends calculated from
observations and CR2Met. Along the coastal range in Northern Chile
(stations 2 IQU and 3 ANT), HW frequency trends using the P90 and P95
thresholds exhibit nearly stationary values in CR2Met, whereas
observation-based trends are clearly downward (Fig. 3e—f). Again, these
discrepancies could be explained by the absence of a cooling signal in
CR2Met Tx along the coast of North Chile (Fig. S3). In central Chile
(stations 6-10; STG-TEM), HW frequency trends using the 30C threshold
(Fig. 3d), are upward and steeper in observations than in CR2Met.
Conversely, similar HW frequency trends are found for South-Central
Chile and Patagonia using P90 and P95 from both datasets.

All in all, using CR2Met and the P90 and P95 thresholds, we identify
an overall upward HWs trend in most of Chile (Fig. 3e—f). The prevailing
upward HW frequency trends inferred from observations in our work are
concordant with Piticar et al. (2018), despite the fact that this author
used a different analysis period (1961-2016). Therefore, we computed
Tx trends from observations for the longer period NDJFM 1962-2021
and confirmed that all records from station 5 to the south show upward
trends. Indeed, the upward HW frequency trends are embedded within a
warming trend for a major part of Chile. As an additional contribution,
we show that the multidecadal evolution of intensity, a key parameter
for HW, can be assessed by exploring trends in the highest Tx values for
each NDJFM season (i.e., the hottest NDJFM day) and the 18 stations for
the extended period 1961-2020. As shown in Fig. S4, we found overall
upward trends, reaching values up to 0.5°C per decade at station 13
(PMT), with the exception being a slight downward trend of —0.04 °C
per decade observed at station 9 (CON).

4.2. A possible relationship between HW trends, the megadrought and
environmental implications

The increasing HWs frequency observed in Central Chile could
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potentially lead to severe ecosystemic perturbations on the Mediterra-
nean forest, where one-third of the total area (~13,000 km?) has shown
a significant decrease in Normalized Difference Vegetation Index (NDVI;
browning) during the recent MD period (Miranda et al., 2020). Addi-
tionally, tree-ring growth of native species from the Mediterranean
forest, for instance, “Peumo” (Cryptocarya alba) and “Belloto del Norte”
(Beilschmiedia miersii), exhibit a clear downward trend particularly
during MD period (Venegas-Gonzalez et al., 2022). Also, the upward HW
frequency trends found from 33°S southward seem to be alarming given
the cover of exotic forest plantations (e.g., Pinus radiata, Eucalyptus
globulus) distributed between 33°-41°S (Aguayo et al., 2009; Vergar-
a-Diaz et al., 2017), and the relationship between wildfires as is
mentioned in Gonzalez et al. (2011). In fact, the occurrence of an
increasing number of HW over areas with large exotic forest plantations,
in concomitance with long-term drought periods represents a high
threat; for instance, Parente et al. (2018) indicate that 97% of the total
number of extreme fires were active during HWs in Portugal between
1981 and 2010, in synchrony with more frequent drought episodes
recorder on the Iberian Peninsula during the recent decades (Sousa
et al., 2017). Recently, Ribeiro et al. (2020) found that preceding dry
conditions based on the Standardized Precipitation Evaporation Index
(SPEI) increase the probability of exceeding summer hot extremes in the
Iberian Peninsula. Interestingly, these results seem to be valid for Chile,
where our findings indicate increasing HW frequencies during
2011-2020 with respect to 1980-2010, using all thresholds (Fig. 4).
Since 2010, Central and South-Central Chile have been experiencing a
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so-called megadrought (Garreaud et al., 2017). Hence, higher daily Tx
might result in more intense and/or more persistent HWs, such as those
events identified during 2017 that induce severe wildfires and impacts
(more than 5 000 km? burned in Central Chile; Bowman et al., 2019). In
fact, recent studies have addressed the role of droughts in amplifying
characteristics of HWs (Miralles et al., 2014), especially in the case of
Brazil (Geirinhas et al., 2021; Libonati et al., 2022), thus analyzing these
phenomena from the perspective of compound events (Zscheisler et al.,
2020). Focusing on the genesis of mega-heatwaves, a global study car-
ried out by Miralles et al. (2014) highlighted the interaction of multiple
factors, including synoptic patterns that lead to clear-sky conditions
(such as the Puelche events between 38° and 40°S described above) and
a reduction in soil moisture. We speculate that the persistent dry con-
ditions registered in Chile since 2010 have played a key role in the in-
crease in HW frequency during 2011-2020 in Chile reported here. In
fact, dry soil conditions or less soil moisture provoke an amplification of
air temperatures by the reduced latent cooling, producing local
land-atmosphere feedback (Fischer et al., 2007). In order to explore this,
we used surface soil moisture generated by the Global Land Amsterdam
Model (GLEAM v3.5) at ~ 25 km of horizontal resolution (Martens et al.,
2017). We identified a general downward trend of volumetric soil
moisture at the surface (measured in m®m~>) in most of Chile during
1981-2020 (Fig. 8a). However, we observed an opposite trend between
several HW hotspots identified, for instance, in Northern Chile. A
slightly upward trend in soil moisture is recorded in the north HW
hotspot (Fig. 8b), while the HW hotspot located in South-Central Chile
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record an increasing linear trend during 1981-2020 (Fig. 8c). We think
that soil moisture has a more important role in the frequency of HWs in
south-central Chile compared to the north. As shown above, the
South-Central Chile region shows an increasing HW trend using all
thresholds, in particular, the Central Valley between 35°S and 39°S
(Fig. 3d—f). To the South, Patagonian locations between 44° and 50°S
also exhibit a downward trend in volumetric soil moisture. Particularly
in these regions, we identified that HWs frequencies have increased by
one to two more events during 2011-2020 with respect to 1980-2010
(Fig. 4e).

5. Conclusions

Heatwaves are a major threat to Chilean society. In this work, we
examined HW frequency trends along Chile using NDJFM daily Tx
derived from a gridded product produced by the Center of Climate and
Resilience Research CR2 (CR2Met). This is the first study that uses this
product to evaluate HWs in Chile, focusing on their spatiotemporal
variations during 1980-2020. Our results include a statistical compari-
son between Tx extracted from CR2Met and 18 meteorological stations
managed by the DMC, and the description of the spatial distribution and
temporal evolution of NDJFM HW frequency based on a persistence
criterion of three consecutive days with Tx over three intensity thresh-
olds: (i) 30 °C, ii) Tx > 90th percentile (P90), and iii) Tx > 95th
percentile (P95). We warn to consider our results carefully mainly in
coastal locations across Chile, where we report discrepancies between
Tx extracted from CR2Met and observations.

Considering all thresholds, HW frequency trends computed from
observations and CR2Met are similar along the Central Valley (i.e., from
~30°S southward). However, discrepancies are evident in coastal areas
(20°-25°S), where CR2Met overestimates observed Tx values. In this
region, observed HW frequency trends were downward, but CR2Met
exhibits upward Tx trends. Hence, our results are not reliable along
coastal areas, especially in Northern Chile, because CR2Met does not
capture the cooling trend observed during the last decades.

We found an overall upward trend in HW frequency during
1980-2020. Upward trends using the 30C threshold concentrate in
Northern Chile (between ~20°-25°S) and in Central and South-Central
Chile (between 33.5°S-39°S), with values of 1.5 HWs and ~0.75 to
1.25 HWs events per decade, respectively. Trends based on the P90
threshold exhibit upward patterns in most of Chile, including the Andes
in Northern Chile (18°-34°S), the Central Valley (between 33° - 41°S),
North Patagonia, and Tierra del Fuego. In most of these subregions, HW
frequency trends are around 1 event per decade. HWs based on the P95
threshold exhibit upward trends between 18° - 50°S, mostly concen-
trated over the Andes from Northern Chile (18°S - 34°S), and along the
Central Valley and the Andes from 35°S - 42°S, with values between 0.25
and 0.75 events per decade at these latitudes.

The megadrought period during 2011-2020 exhibits overall upward
changes in mean HWs frequency with respect to 1980-2010. Based on
the P90 threshold, we observe between 2 and 4 more HWs per season
than during the previous interval from North to Central Chile (~20°-
35°S), mostly concentrated along the Andes. High upward HW fre-
quency changes present a cluster between 29° and 34°S over the Andes.
Further upward changes (+1-3 HWs) were identified along the Central
Valley between 35° and 43°S, including the Chiloe island. Lower in-
creases (+1-2 HWs) were found over Patagonia. HWs events based on
the P95 threshold also exhibit upward changes during 2011-2020 with
respect to 1980-2010 around ~23°S and between 25° and 35°S in the
Andes (+2-3 HWs), around ~35°S in the Central Valley (+1-3 HWs),
and from 35° southward (+1-3 HWs). Meanwhile, no changes were
recorded in Patagonia and several coastal locations in Chile around 30°,
33° and 37°S. The drought-HW-wildfire feedback seems to be also
relevant if we consider that the anthropogenic contribution to the cur-
rent megadrought in Chile is estimated as ~25% (Boisier et al., 2016),
and Central Chile has shown an increased risk of drought since 1950
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onwards, as inferred from instrumental measurements of streamflow
and precipitation (Gonzalez-Reyes et al., 2017).

HWs in central and Southern Chile occur during anticyclonic con-
ditions (Jacques-Coper et al., 2021; Demortier et al., 2021). These
weather patterns might be understood as resulting from the super-
position of climate conditions (i.e., persistent features) —in particular,
the position, intensity and extension of the SPSA- and transient per-
turbations. Both factors might be, in turn, modulated by internal climate
modes and externally forced climate change. In this sense, the south-
ward SPSA migration and a southward-shifted track of migratory anti-
cyclones are two possible consequences of the expansion of the Hadley
cell within a warming world (Lu et al., 2007). We speculate that these
factors might explain in part the trends found for HW frequency in
Southern Chile (Fig. 8). Moreover, anticyclonic regimes induce easterly,
Foehn-like winds called Puelche in Southern Chile (Montecinos et al.,
2017). Puelche events favor a cloudless sky and a drier atmosphere, two
conditions that eventually promote the occurrence of HWs. Indeed, we
found a subtle seasonal relationship between the frequency of Puelche
events and the frequency of P95 HWs over Southern Chile towards the
Andes, around 39°S (Fig. 5).

The results reported here highlight the need for increased efforts to
deepen the research on climate extreme events in Chile and focusing on
their spatial and temporal signatures. Also, future efforts should aim at
understanding feedback between extreme events such as drought and
heatwaves, considering future climate projections for Chile that indicate
severe precipitation reductions and an upward trend in air temperature,
in particular over the Andes.

Our approach to assessing the HW trends and possible local drivers
presented here is a contribution to the understanding of HWs evolution
in this part of the world, considering the lack of this kind of research in
South America (Hartmann et al., 2013; Rusticucci et al., 2016). Future
studies should focus on untangling the feedback between HWs, soil
moisture, and drought, as well as on describing temporal relationships
between HWs and global-scale climatic forcings such as ENSO and SAM.
All these points are highly relevant to better understanding current and
future climate change scenarios in Chile.
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