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Abstract

Master’s Degree in Oceanography

Marine heatwaves offshore Central and South Chile: a global assessment
and the case study of the year 2016

by Cécile PUJOL

Marine heatwaves (MHWS) are discrete warm-water anomalies events occurring in every ocean
around the globe, in both coastal and open ocean, having major impacts on ecosystems, fisheries
and aquaculture. Although processes leading to MHWs formation are becoming more and more
studied since the beginning of the 2010s, the way they interact together to trigger MHWSs
remains not fully understood. Nevertheless, their link to human-induced global warming tends
to be certain. The southern part of Chile (41°5’S - 56°S) is characterized by fjord ecosystems
already experiencing global warming consequences, whether large-scale or local climate
modifications. However, to the best of our knowledge, MHWSs occurrence in Southern Chile
has never been subject to studies, despite the fjord ecosystem’s vulnerability to climate
warming. Therefore, we assessed a global analysis of the MHWs that have occurred between
1982 and 2020 along Central and South coastal Chile, from 29°S to 55°S. We found that the
last decade was record-breaking in terms of duration, intensity and occurrence of MHWS. In
2016, succession of MHWs during austral autumn, winter and spring lead to the formation of
the longest (148 days, almost 5 months) and most extreme events (2.25°C above the
climatology) ever recorded along Chile between 1982 and 2020. Those events were due to the
advection of warm-waters anomalies coming from the open ocean and combination of
persisting high pressure system with lower winds having led to reduced heat transfer from the
ocean to the atmosphere. In addition, a global context of positive phases of El Nifio Southern
Oscillation and Southern Annular Mode contributed to the MHWSs formation.

Key words: marine heatwave, Patagonia, Pacific Ocean, sea surface temperature
anomaly, Southern Annular Mode, El Nifio Southern Oscillation
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Résumé

Master en Océanographie

Marine heatwaves offshore Central and South Chile: a global assessment
and the case study of the year 2016

par Cécile PUJOL

Les vagues de chaleur marine, ou marine heatwaves (MHWSs), sont des évenements discrets
caracterisés par des eaux anormalement chaudes. Elles se produisent dans tous les océans, que
ce soit en milieu cotier ou en pleine mer, et impactent fortement les écosystéemes marins, mais
¢également les pécheries et 1’aquaculture. Bien que les processus menant a la formation de tels
évenements soient de plus en plus étudiés depuis le début des années 2010, les interactions
qu’ils ont entre eux pour conduire a la formation de MHWs restent encore relativement
méconnues. Il est cependant de plus en plus certain que les MHWs sont liées au réchauffement
climatique anthropique. Le sud du Chili (41°5’S — 46°S) est constitué d’un ensemble de fjords
ou les conséquences du réchauffement climatique se font déja ressentir, que ce soient des
modifications climatiques a I’échelle locale ou régionale. Cependant, d’aprés nos
connaissances, il n’y a jamais eu d’étude portant sur les MHWSs dans cette région du monde.
Par conséquent, nous avons realisé une étude globale des MHWs qui se sont produites entre
1982 et 2020 le long des cotes du Centre et du Sud du Chili, de 29°S a 55°S. Nous avons trouvé
que la derniére décennie a été marquée par des MHWSs particulierement longues et fortes, et
qu’elles se sont produites en plus grand nombre. En 2016, plusieurs MHWSs se sont succédées
de I’automne jusqu’au printemps australs, conduisant a la formation de la plus longue MHW
(148 jours) et de la plus extréme (2.25°C au-dessus de la climatologie). Ces MHWSs se sont
produits suite au transport prés des cotes d’eaux anormalement chaudes en provenance du
Pacifique extratropical, associées a des hautes pressions stationnaires et une réduction des vents
conduisant a une diminution des échanges de chaleur entre 1I’océan et I’atmospheére, en partie
liés a des phases positives de EI Nifio Southern Oscillation et du Southern Annular Mode.
Mots clés : marine heatwave, Patagonie, Océan Pacifique, température de surface de
I’océan, Southern Annular Mode, El Nifio Southern Oscillation
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1 INTRODUCTION

1.1 Chile and Patagonia
1.1.1 Geographical zone
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Figure 1: Schematic representation of the marine and atmospheric main processes off Chile

and main climatic regions. Map modified from www.southernchileproperties.com



Chile, bordered to the West by the South Pacific Ocean and to the East by the Andean
Cordillera, extends over more than 4 300 km from 17°S to 56°S (Figure 1). The Northern part
of Chile extends from 18.4°S to 41.5°S and is characterized by a straight coast with cliffs,
wetlands, dune fields, peninsulas and bays, whereas the southern part, named Patagonia,
extends from 41.5°S to the southernmost point and is much more complex with a fragmented
coast forming one of the largest fjords and channels region in the world (Pantoja et al., 2011).
The Andean Cordillera is especially important for climate modulation in Chile as it creates an
altitudinal gradient and strongly interacts with atmospheric circulation (McPhee et al., 2021).
Indeed, with a maximum altitude in Chile of 6893 m at Ojos del Salado (27,1°S), the Cordillera
is responsible for climate isolation of Chile from the South American continent (e.g. Aceituno
et al., 2021), by regulating precipitations and causing extreme drought climate in the Northern
part of Chile (precipitation < 10 mm/year; Aceituno et al., 2021), Mediterranean climate in
central Chile, a hyper-humid region caused by the orographic effect of the Andes with
precipitations superior 3 000 mm/year in Northern Patagonia and up to 7 000 mm/year in
Central Patagonia (Figure 1; Viale & Garreaud, 2015; Aceituno et al., 2021), and temperate
wet and glacial environments in central and South Patagonia (McPhee et al., 2021). In addition,
the Cordillera has a major role in Chilean hydrology as most of the rivers originate from the

glaciers melting, with an increasing number of rivers as we go South (McPhee et al., 2021).

1.1.2 Atmospheric and oceanic circulation off Chile

1.1.2.1 Main atmospheric and oceanic systems

Climate and oceanic circulation off Chile are forced by large scale atmospheric systems
(Figure 1). The two main atmospheric systems are the Westerly Winds belt at midlatitudes and
the basin-scale South Pacific Subtropical Anticyclone (SPSA) extending over the Southeast
Pacific, also named South Pacific High.

The Westerly Wind belt are jet-like eastward winds blowing at mid-latitude over the
South Pacific Ocean. They are the main forcing of the South Pacific Current (SPC), an eastward
current following the Westerly Winds at mid-latitudes between New-Zealand and Chile and
forming the south branch of the South Pacific Gyre (Stramma et al., 1995; Strub et al., 2019).
Because of the orographic effect of the Andean Cordillera, Westerly Winds produce high
precipitation over Chile (Viale & Garreaud, 2015). When reaching the Chilean Coast, between
40 and 50°S, the SPC splits in two branches: a poleward current named the Cap Horn Current
(CHC) and an equatorward current feeding the Humboldt Current System (HCS; Strub et al.,
2019). The HCS is one of the 4 major eastern boundary current systems, characterised by

2



intense, cold and nutritious-rich equatorward current, bounded to the North by equatorial
currents (Thiel et al., 2007). It is mostly known because it induces the formation of one of the
most productive wind-driven upwelling systems in the world along Peruvian and northern
Chilean coasts (Chavez et al., 2008). Conversely, the CHC is a poleward buoyancy-driven
coastal current, downwelling favourable from ~45°S to South Patagonia and strongest during

winter with inputs from local rivers runoff (Thiel et al., 2007).

SST (°C) in summer
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Figure 2: Mean sea surface temperature (SST; °C) in Southeast Pacific during summer (left)
and winter (right). Seasonal averaged SST has been calculated over 1982-2020. In summer,
SST is warmer along the coast and the North-South temperature gradient is stronger than in

winter.
The SPSA is a permanent anticyclone with North-South migrations controlling the

temperature distribution (both oceanic and continental) over Southeast Pacific Ocean and
particularly over Chile with relatively warm conditions during summer and cold during winter
(Figure 2). The SPSA is the main forcing of the subtropical oceanic gyre, which is bounded on
the East part by the HCS (Ancapichin & Garcés-Vargas, 2015). As the SPSA is constrained
by the Andes on its East side, intense equatorward jet-like winds blow along the Chilean coasts
(Montecinos & Gomez, 2010). In addition, the SPSA is responsible for a strong seasonality of

rainfall in Central Chile (30-40°S), more intense during austral winter (Aceituno et al., 2021).

1.1.2.2 Seasonal variability
Forced by solar radiation, Westerly winds and SPSA are constrained to seasonal



migrations, thus inducing seasonal variability to currents and upwellings (Figure 1). During
austral summer and spring, the SPSA is at its southernmost point, centred on ~100°W and 35°S
and at its northernmost point during austral fall and winter, centred on ~90°W and 27°S (Rahn
& Garreaud, 2014). Consequently, due to the SPSA convergence to the coast in winter, wind-
driven upwellings in the northern part of Chile are stronger in winter than in summer
(Ancapichin & Garcés-Vargas, 2015). Westerly winds also have a seasonal cycle, coordinated
with the SPSA seasonal migration, going southward (~45°S) in summer and northward (35°S-
40°S) in winter (Thiel et al., 2007). Consequently, in South-Central Chile and Northern

Patagonia, winds alternate with equatorward direction during summer and poleward direction

during winter (Figure 1).

The North-South migration of the two main atmospheric systems is largely influencing
the oceanic circulation. Indeed, at mid-latitudes, the SPC migrates in combination with westerly
winds, reaching southern coast in summer and northern coast in winter (e.g. Strub et al., 2019).
Thus, the wind-induced currents are also alternating from North to South direction along central
Chile with respectively equatorward currents in summer and poleward currents in winter along
central coasts of Chile (e.g. Thiel et al., 2007; Strub et al., 2019). It is admitted that between
18°S and 28°S, seasonal variability for both winds and currents is low (Pizarro et al., 1994).
Although currents seasonality exists south of 30°S, different studies agree to say that North of
37°S wind and currents are nearly always equatorward (upwelling favourable; e.g. Sobarzo et
al., 2007). Further South, although it is still discussed, south of 46°S currents would be nearly
always poleward (downwelling favourable; Strub et al., 2019). Between 37°S and 46°S, there
is a zone where the currents alternate from equatorward direction in summer to poleward
direction in winter, which has been named “transition zone” by Strub et al. (2019). Therefore,
in the transition zone, there are upwellings favourable conditions in summer associated with
cold SST and high chlorophyll-a concentration, and downwelling favourable conditions during

winter with opposite features (Figure 1; Rahn & Garreaud, 2014; Strub et al., 2019).

On top of that, wind, currents and upwellings also have an interannual and decadal
variability forced by, among others, El Nifio Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO) and Southern Annular Mode (SAM; see section 1.1.2.3).

1.1.2.3 Remote forcings

El Nino Southern Oscillation

El Nifio Southern Oscillation (ENSO) is an irregular cyclic atmospheric phenomenon,



occurring every 2 to 7 years, influencing primarily
the Equatorial Pacific Ocean (NOAA Climate,
2014; Chen, Thual, & Hu, 2019). ENSO is
regulated by the Walker circulation, induced by a
pressure gradient between Eastern and Western
Pacific Ocean: a high-pressure system over the
eastern part and a low-pressure system over
Indonesia, resulting in  strong  westward
Tradewinds (Chen, Thual, & Stuecker, 2019). This
Walker circulation causes an upwelling system
along Central America coasts associated with a
shallow thermocline and conversely warm waters
accumulation over South-eastern Asia and
Northern Oceania with a deep thermocline. ENSO
is composed of 2 distinct phases: a warm phase
called EI Nifio and a cold phase called La Nifia. An
El Nifio (La Nifia) phase corresponds to a weaker
(stronger) than usual Walker circulation:
Tradewinds are weaker (stronger), the thermocline
is deeper (shallower) and its slope is reduced
(increased), the upwellings are reduced (enhanced)
and the pressure gradient between Western and
Eastern Pacific is reduced (enhanced; Figure 3;
Santoso et al., 2017).

In Chile, ENSO can modify oceanic
conditions, leading to a deeper thermocline during
El Nifio (warm) periods, and weaken the SPSA
(reverse conditions during La Nifia; Ancapichin &
Garcés-Vargas, 2015), having consequences on
upwellings regimes by modulating their onset and
end (Montecinos & Gomez, 2010). In addition,
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Figure 3: Schematic representation of the
Walker circulation with (top) EI Nifio
condition associated with deep thermocline
along Americas and eastward propagation
of warm surface waters, (centre) neutral
condition, (bottom) La Nifia conditions
associated with shallower thermocline
along Americas. Warmer colours represent
warmer waters. Chen, Thual, & Hu, 2019

when an El Nifio (La Nifa) event occurs, Westerly Winds are reduced (Rind et al., 2001) and

summers in Chile are wetter (dryer) than usual (Montecinos & Aceituno, 2003).



Pacific Decadal Oscillation

The Pacific Decadal Oscillation (PDO) is an ocean fluctuation, often described as an
ENSO-like pattern variability (Mantua et al., 1997; Mantua & Hare, 2002; Newman et al.,
2016) but over longer timescale (20 to 30 years). The warm (cold) phase of PDO provokes
anomalously warm (cold) SST along the tropical coasts of both North and South America (e.g.
Mantua et al., 1997). PDO can attenuate ENSO influences when their phases are opposites and
strengthen ENSO effects when phases are combined (Yafiez et al., 2017). PDO consequences
over Central Chile are ENSO-like, with drought (wet) conditions during cold (warm) phases
(Garreaud et al., 2009; Ancapichin & Garcés-Vargas, 2015).

Southern Annular Mode

The Southern annular mode (SAM), also called Antarctic Oscillation, is the principal
mode of variability of the extratropical circulation in the Southern hemisphere centred on
Antarctica and influencing high and mid-latitude climate (Estay & Lima, 2010; Lee et al.,
2019). It appears throughout the year in the troposphere, though it can also extend to the
stratosphere in spring when its activity is stronger, and is characterized by large scale alternation
of atmospheric mass between high latitude and mid-Ilatitude surface pressure (Gong & Wang,
1999; Thompson & Wallace, 2000; Reboita et al., 2009). Thompson & Wallace (2000) define
the SAM as a geopotential height perturbation of opposite signs in Antarctica and at mid-
latitudes (Figure 4).

SAM influences the Southern hemisphere atmospheric circulation by inducing a North-
South oscillation of mid-latitude westerly winds thus impacting climate (Thompson & Wallace,
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Figure 4: Schematic representation of positive (left) and negative (right) phases of SAM,
centred on New-Zealand. Shaded-red areas indicate higher than average pressure anomalies
whereas shaded-blue areas indicate lower than average pressure anomalies (hPa). National
Institute of Water and Atmospheric Research



2000). Indeed, there is a strong negative correlation between 40°S and 60-70°S zonal mean sea
level pressure: when atmospheric pressure is high at 40°S, atmospheric pressure is lower at 60-
70°S and conversely (Gong & Wang, 1999). When the pressure is lower (higher) in Antarctica
and higher (lower) at mid-latitude, it is a positive (negative) phase of SAM. When positive
(negative) SAM occurs, Westerly Winds position is moving poleward (equatorward) and are
weaker (stronger) near 40°S, associated to a precipitation decrease and highest temperatures
over Western Patagonia (Gong et al., 2010; Garreaud, 2018; Lee et al., 2019).

Co-occurrence of ENSO and SAM

It has been shown that ENSO and SAM are not independent events (L Heureux &
Thompson, 2006; Ding et al., 2012; Wang & Cai, 2013). Indeed, ENSO may force SAM
occurrence via Rossby wave trains forced by warm SST anomalies in the Tropical Pacific
Ocean during ENSO phases. In fact, La Nifia (EI Nifio) conditions favour strong (weak)
anticyclonic wave breaking on the equatorward side of the westerly winds jet (Gong et al.,
2010). These wave breakings are driving positive (negative) SAM phases (Gong et al., 2010).
However, when same-sign ENSO and SAM phases occur together, their effects add up,
especially over Northern and Central Patagonia with for instance weaker winds, reduced

precipitation or higher SST during positive phases (Garreaud, 2018).

1.1.3 Chile facing climate change

According to the general index of climate risk (see Eckstein et al., 2018) established for
2019, Chile would be the 16™ country more at risk from global warming effects. Indeed, with
large arid and semi-arid regions prone to extend with global warming, precipitations mostly
dependent on the Westerly Winds and glaciers melting, Chile is particularly vulnerable to
climate change (Yafez et al., 2017). However, in Patagonia, climate change effects are not fully
studied, but the general statement is that the region would experience drier conditions and a
weak warming (Garreaud et al., 2013; Boisier et al., 2016). Indeed, since 2010, long drought
periods are occurring more frequently than in the past (Garreaud, 2018; Winckler-Grez et al.,
2020). Those climate changes are mainly caused by a decrease of the Westerly Winds’ intensity
since the 1990s, attributed to SAM positive trends and anthropogenic climate change (Gillett &
Thompson, 2003; Garreaud et al., 2013). As Westerly Winds are the main precipitation driver
in Patagonia, their weakening has reduced precipitation rate, especially during summer (Ledn-
Mufioz et al., 2018). In addition, a poleward shift and a strengthening of the SPSA was observed
since the 1990s (Ancapichun & Garces-Vargas, 2015; Aguirre et al., 2018; Winckler-Grez et
al., 2020; Zou & Xi, 2021). The southward migration of the SPSA, transporting warm dry air,
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would intensify the warm and drought episodes (Flores-Aqueveque et al., 2020). As a
consequence, reduction of precipitations would reduce rivers discharge, strongly impacting
human freshwater access but also coastal ecosystems by modifying nutrient supply, turbidity
and salinity (e.g. Soto et al., 2019; Winckler-Grez et al., 2020). In addition, coastal ecosystems,
particularly fjords ones, would also be affected by the glaciers melting, already melting for

some of them (e.g. Porter & Santana, 2014), by modifying river discharge.

Not only global warming would affect fjords ecosystems but also Chilean aquaculture.
Indeed, because of the stable cold temperate-oceanic climate and the high number of rivers,
Chile has developed a large part of its economy in fresh, brackish and sea water aquaculture
(whose 90% is farmed in Patagonia), being the 5" world biggest producer of aquaculture
products and the second biggest salmon producer and exporter after Norway (Iriarte, 2018;
FAO, 2019). Global warming may lead to unfavourable conditions for Patagonian aquaculture
farming, in addition to the already existing hypoxic conditions (e.g. Schneider et al., 2014; Silva
& Vargas, 2014), by increasing both atmospheric and sea temperature, modifying the currents
circulation and winds, reducing the freshwater inputs, increasing salinity and hypoxia,
modifying the nutrient supply and ocean chemistry (Yariez et al., 2017). Moreover, a decrease
in freshwater input, higher SST and salinity increase are favourable to harmful algal blooms
(HABs) formation as Northern Patagonia has already experienced it during a drought in summer
2015-2016 (Ledn-Mufioz et al., 2018) with economic loss estimated to US$200 million for

salmon industry only (Yafez et al., 2017).

1.2 Marine heatwaves

1.2.1 Marine heatwaves in a global warming context

The first time the expression “marine heat wave” (MHW) has been used was in 2011 by
Pearce et al. to describe a prolonged anomalously warm event off Western Australia in 2010-11.
Since then, a new domain of study has emerged and MHW:s are now studied as soon as they are
occurring and retrospectively. MHW’s definition has been given by Hobday et al. in 2016:
“MHW is defined as a portion of the ocean where SST exceeds the 90™" percentile (based on a
long-term climatology of at least 30 years) during at least 5 days with no more than 2 below-
threshold days. A MHW can be described by its duration, intensity, rate of evolution and spatial
extent”. The definition of the threshold and the climatology’s length are discussed in the
part 5.1. According to that definition (moving threshold calculated depending on a
climatology), severity of the MHWSs depends on both absolute SST and on local seasonal SST
variability. Consequently, a high temperature above the threshold does not always imply a
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severe MHW.

Extreme warming events in the oceans have become more frequent over the
years (Oliver et al., 2018). Lima & Wethey (2012) estimated that between the 1980s and the
2010s, 38% of the world’s coastal zones suffered from an increase of extremely warm SST
events. More recently, the IPCC has estimated in 2021 that the frequency of MHWSs has doubled
since the 1980s and is believed to continue to increase, particularly in the coastal zones (IPCC,
2021). For example, in 2015-2016, at least 1/4 of the oceans has experienced a MHW (Oliver
et al., 2017). Although it remains unclear how human-induced global warming is linked to
MHWs, it has been shown that the number of impactful MHWSs has increased because of human
activities (Laufkotter et al., 2020).

MHWs not only affect the surface of the oceans but also the subsurface. Indeed, MHWSs
can extend vertically over several tenths of meters (e.g. Chen et al., 2021), sometimes superior
to 100 m (e.g. Pearce & Feng, 2013; Jackson et al., 2018; Su et al., 2021). Due to the higher
thermic capacities of deep waters, while MHWSs are dissipating in surface, warm-water
anomalies can persist over several years at depth (e.g. Jackson et al., 2018). However, few

studies focus on the subsurface MHWSs and for now little is known about it.

1.2.2 Creation, maintenance and consequences of marine heatwaves

In this section, we will assess a non-exhaustive review of the factors that can contribute
to the formation and the maintenance of MHWs and what major consequences are observed
following such events. Figure 5 summarizes the most iconic events that have occurred around
the globe, their main drivers and consequences.

1.2.2.1 Atmospheric and oceanic factors inducing MHWSs

Diverse factors, both atmospheric and oceanographic ones, with different time and
spatial scales, can lead to ocean’s mixed layer warming, inducing formation, maintenance and
disappearance of MHWs (e.g. Holbrook et al., 2019). However, although mechanisms that
contribute to the formation of such events are becoming well known, the way they interplay to
initiate and maintain MHWSs remains uncertain. Most of the time, local and global processes

(described below) act together to induce and maintain MHWSs but can also act independently.

The principal factor triggering MHWSs at mid and high latitudes is large-scale
atmospheric pressure anomalies such as persistent high-pressure systems which can bring warm
air, weaken the winds and might lead to reduced cloud coverage and precipitations (e.g. Black
et al., 2004; Holbrook et al., 2019; Sen Gupta et al., 2020). The combination of those factors
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Figure 5: Drivers and main impacts on ecosystem of the major (since 1995) marine heatwaves
(MHWs) events. The colour scale represents the intensity of the MHWs, “extreme” category
representing the most intense MHWSs events (see Hobday et al., 2018 or section 3.5.2). Figure
by Holbrook et al., 2020

can lead to the reduction of heat transfer from the ocean to the atmosphere associated with
reduction of turbulent mixing, favouring the sea surface warming (Olita et al., 2007; Bond et
al., 2015; Myers et al., 2018; Schmeisser et al., 2019; Sen Gupta et al., 2020). Sen Gupta et al.
(2020) underlined that suppression of turbulent fluxes might be one of the main causes of MHW
formation, whereas increase of turbulent fluxes might be the main cause of MHW dissipation.
This combination of factors triggered, for example, the very long MHW in North Pacific Ocean
in 2013-2015 (e.g. Bond et al., 2015) and the 2003 MHW in Western Mediterranean Sea which
was besides enhanced by a continental heatwave (Black et al., 2004; Schar et al., 2004). Local
wind reduction or disappearance can also contribute to strengthening the MHWs (e.g. 2011
MHW in Western Australia, see Benthuysen et al., 2014).

Oceanic processes, such as warm current advection, were also involved in the formation
of several MHWs events (e.g. Hobday et al., 2016; Holbrook et al., 2019; Oliver et al., 2021).
Indeed, the incoming warm waters in colder areas (generally higher latitudes) lead to SST
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anomalies and so to MHWs conditions, as it occurred for instance in 2011 in Western Australia
where a MHW emerged because of warm current advection (e.g. Benthuysen et al., 2014). On
the contrary, the suppression of ocean advection can also cause MHWs as the water masses are
“stagnant”, reducing surface heat loss, as it occurred for 2013-2015 MHW in North Pacific
Ocean (e.g. Bond et al., 2015).

Direct increase of solar radiation, water stratification, local suppression of latent and/or
sensible heat loss, and eddies instabilities are also processes inducing a diminution of heat loss
from the ocean to the atmosphere and can induce and/or contribute to the maintain of MHWSs
(Holbrook et al., 2019, 2020). Upwellings can also be a determinant factor by promoting the
MHWSs when upwellings are weaker than usual. On the contrary, upwellings can compensate

for MHWs warming by bringing cool water to the surface (Varela et al., 2021).

Retroactions from ocean to atmosphere may also contribute to the maintain of MHWS:
positive SST anomaly might induce an augmentation of the air temperature, reducing the cloud
coverage and weakening wind speed, initiating a positive thermodynamic feedback between
atmosphere and sea (Di Lorenzo & Mantua, 2016). This positive SST-cloud feedback may play
an important role in the maintenance of MHW at low-latitudes as the heat budget will be
positively modified by a higher solar radiation (Myers et al., 2018). Conversely, at mid-latitudes
the positive SST-cloud feedback is not expected to have an impact on MHWs formation as the
increase of solar radiation is compensated by a higher long wave radiation from the ocean to

the atmosphere (Schmeisser et al., 2019).

In addition to the factors cited above, remote sources have often played a major role,
not only in MHWs formation but also in their maintenance. Indeed, propagation of planetary
waves in the atmosphere or in the ocean can modify wind force or circulation, thermocline
depth leading to the modification of local circulation by an increase or a reduction of currents
advection, or modified the cloud coverage (Holbrook et al., 2019). Sen Gupta et al. (2020)
reported that the MHWSs with the largest horizontal extent and the longest duration were
associated with ENSO. For example, the 2011 MHW in Western Australia was induced by
strong La Nifia conditions, modifying the currents’ circulation (e.g. Pearce et al., 2011; Feng
etal., 2013; Pearce & Feng, 2013), and the 2013-2015 MHW in Pacific Ocean was maintained
and extent thanks to strong El Nifio conditions (e.g. Jacox et al., 2016).

1.2.2.2 MHWSs’ repercussions
Globally, the knowledge about MHWSs consequences has been obtained through the
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study of the major MHWs events. The studies of MHWSs’ consequences mainly focus on species
and ecosystem health, especially on emblematic species or ecosystems such as kelp forests or

coral reefs, and on how MHWSs may alter fishing catches and aquaculture farming.

However, all species are not affected in the same way by MHWSs. For mobile species,
the migration is possible and can be either latitudinal (poleward) or vertical (deepward) and has
been observed for multiple species (e.g. Deutsch et al., 2015; Rutterford et al., 2015; Barange
et al., 2018). Two types of migration are possible: forced migration to escape thermal stress
and/or starvation (e.g. Mills et al., 2013) or opportunist migration with warm-water species
taking advantages of warming SST to extend their geographical range (e.g. Wernberg et al.,
2013; Lonhart et al., 2019; Miyama et al., 2021).

Sessile or sedentary organisms such as corals, seagrass meadows, eels or various
invertebrates, are much more vulnerable to MHWs as they cannot migrate (e.g. Pearce et al.,
2011). For them, MHWs may led to their habitat reduction over temporary or long-term period
(e.g. Smale & Wernberg, 2013), genetic loss (Deluqui-Gurgel et al., 2020), genetic
tropicalization (Coleman et al., 2020), failure in reproduction (e.g. Thomson et al., 2015) or to
mass mortality. Mass mortality during MHWSs can be induced by both direct and indirect
factors, such as thermal stress leading to organisms’ death (Garrabou et al., 2007; Pearce et
al., 2011; Thomson et al., 2015; Couch et al., 2017; Oliver et al., 2017), or modifications in the
food-chain assemblage, resulting in species shifts and starvation of the upper trophic levels
(Welch, 2015; Cavole et al., 2016; Barbeaux et al., 2018). Indeed, starvation has been often
linked to MHWSs because of a diminution of the lower trophic levels; for instance, 72% of the
events have been associated with low chlorophyll-a concentrations (Sen Gupta et al., 2020). In
addition, major shifts in ecosystems communities have been observed following a MHW.
Indeed, coral reefs and seagrass meadows, forming rich ecosystems (Reaka-Kudla, 1997;
Morrison et al., 2014), were often hit by MHWSs, resulting in coral bleaching and massive
seagrass meadow dieback (e.g. Le Nohaic et al., 2017; Dalton et al., 2020; Filbee-Dexter et al.,
2020; McPherson et al., 2021) and then in shifts in the ecosystems assemblages (e.g. Arafeh-
Dalmau et al., 2019).

Not only affecting natural habitats, MHWSs have also strongly affected fisheries and
aquaculture. Indeed, it has been shown that MHWs are exacerbating global change impacts on
fisheries (Cheung & Frdlicher, 2020). Species communities shifts, migrations and mass
mortality have seriously reduced fishing captures following strong and/or long MHW (e.g.
Caputi et al., 2016; Barbeaux et al., 2018; Barbeaux et al., 2020). In addition, the latitudinal
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migration of some species, such as higher trophic level predators, have caused competition with
fisheries (e.g. Santora et al., 2020; Tanaka et al., 2021). Nonetheless, MHWs had also positive
impacts on fisheries, as the migration of commercial species closer to the coasts were observed,
allowing higher than usual captures (Cavole et al., 2016; Santora et al., 2020; Miyama et al.,
2021). In some cases, recreational fishing has also been favourited by MHWSs as recreational
fishermen’s appreciated species were much caught thanks to the warmed waters (e.g. Oliver et
al., 2017). Regarding aquaculture, different MHWSs were reported as devastating for farming.
Indeed, with no way to migrate, species are highly vulnerable to the warming waters, resulting
in cessation of food intake, reduced growth due to thermal stress, and in the worst case to mass
mortality (e.g. Pearce & Feng, 2013; Oliver et al., 2017; Wade et al., 2019).

On top of that, it has been shown that MHW:s favour environment’s conditions to HABs
development by increasing water temperature and stratification, causing among others mass
mortality (e.g. Roberts et al., 2019) and changes in migration routes (e.g. Santora et al., 2020).
When occurring near aquaculture farms, HABs cause large damages and may facilitate the
spreading of viruses (Green et al., 2014; NOAA Climate, 2015; Oliver et al., 2017), impacting
humans’ economy by leading to delayed fishing season (Mills et al., 2013), closure of hatcheries
and shellfish harvest (Di Lorenzo & Mantua, 2016; McCabe et al., 2016), closure of
recreational and commercial fishing, inducing million dollars economic loss (Cavole et al.,
2016).

In addition to direct biological consequences, MHWSs have also been reported for their
impacts on the ocean’s biogeochemistry, but those repercussions are much less studied. For
instance, by increasing the stratification, MHWs can lead to a reduced influx of nutrient in the
surface layer (e.g. Smale et al., 2019) or reduce the oxygen dissolution and even in some
conditions lead to anoxic waters (e.g. Brauko et al., 2020). In other cases, MHWs may modify
the carbon cycle by reducing ocean carbon intake (Mignot et al., Preprint) or by releasing in
the atmosphere the carbon which was stored in the oceans, for example when large-scale

seagrass meadows diebacks are provoked (Arias-Ortiz et al., 2018).

In addition to all precedent repercussions that MHWSs may have, modification in the sea
ice formation has been observed for MHWSs occurring in the Arctic Ocean by preventing water
cooling (Hu et al., 2020; Carvalho et al., 2021). Moreover, it has been shown that MHW:s could

influence coastal urban areas by modifying the air moisture and temperature (Hu, 2021).
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2 OBJECTIVES OF THE MASTER’S THESIS

Given the increasing duration, intensity and frequency of MHWSs and given the huge
impacts they have on ecosystems and biogeochemical cycles, affecting human fisheries and
oceanic farming, MHWs have drawn researchers’ attention over the last few years. Though,
although the phenomena leading to MHWs formation are becoming well-known, the way they
interact together remains not fully understood and differs from one event to another. Moreover,
as the phenomenon is becoming more intense, we can expect that its consequences will be more
devastating with the years, justifying the need for a deeper understanding of the MHWSs

occurring all around the globe.

Central and South Chile (29°S-55°S), supporting large aquaculture farming based on
relatively cold-water species, is already facing global change effects in the form of drought,
modifications of large-scale forcings, toxic blooms, reduced river inputs and hypoxic
tendencies. According to these criteria, this part of Chile should be highly vulnerable to the
MHWSs occurrence. However, to the best of our knowledge, MHWSs have never been studied

yet in these regions.

Therefore, the first objective of this master thesis is to realise a global assessment of the
MHWs that have occurred off Central and South Chile over the last 4 decades (1982 to 2020).

The second objective is to analyse the metrics of those MHWS, such as the number of
events per year, their duration and their average and maximal intensity, in order to determine
when the most important events occurred and if long-term trends can be observed. In addition,
decadal trends of the MHWSs’ metrics will also be assessed. As a complement, we will perform
analysis of the spatial long-term trends of both SST and MHWs frequency over the last 40 years
to know which regions might be affected by warming trends and increasing MHWs frequency.
Decadal SST trends will also be addressed to know if one decade has particularly suffered from

the global warming trends.

The third objective of this work is to have a better understanding of the factors that
contribute to the formation of MHWSs events along Chilean coasts and to understand how they
interplay. For that point, we will focus our study on the comprehension of the formation of
successive unusually long and severe MHWSs events that have occurred during the year 2016.
We will assess how oceanic, atmospheric and remote forcings (ENSO and SAM) have led to

the formation of such events and how they are related.
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3 MATERIEL ET METHODES

3.1 Studied area
P

Figure 6: Studied areas. In red: Northern area (-82°E to -71°E and 38°S to 29°S); in green:
Transition area (-86°E to -72°E and 46°S to 38°S); in blue: Southern area (-89°E to -74°E and
55°S to 46°S).

In this study, we will focus on the Southeastern Pacific Ocean, along the Central and
Southern Chile, from 29°S to 55°S, separated in 3 distinct zones (Figure 6). Strub et al. (2019)
defined a “transition zone” between 38°S and 46°S where the Westerly Winds and the South
Pacific Current alternate from equatorward direction in summer to poleward in winter (see
details in part 1.1.2.2). Therefore, this transition zone, encompassing the Northern Patagonia,
will constitute our central studied area. We defined two other areas, the first being the Southern
Patagonia, 46°S to 55°S (we did not consider south of 55°S as the Antarctic Circumpolar
Current is becoming strong south of this latitude; Orsi et al., 1995). We will refer to this zone
as the “Southern area”. The second one is north of the Transition Area, from 29°S to 38°S,

corresponding to Central Chile, named in this study the “Northern area”. Longitudinally, the
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areas were delimited in order to have a similar oceanic surface. Northern area is limited
from -82°E to -71°E; Transition area from -86°E to -72°E; Southern area from -89°E to -74°E.

In each one of the 3 areas, we will calculate MHWSs occurrence and metrics associated

and, in further steps, determine the phenomena that have led to MHWs formation.

3.2 Data
3.2.1 Oceanic data

A part of our studied area is located at relatively high latitudes, where cloud coverage is
high. Therefore, we decided to not use infrared satellite data, which has a high resolution but
interferes with clouds. Instead, we used daily microwave satellite data from Advanced
Microwave Scanning Radiometer 2 instrument, abbreviated AMSR-2 (from Global Change

Observation Mission satellite, also named GCOM-W1, available at http://www.remss.com), as

they do not interfere with clouds. This data has a spatial resolution of 1/4 degree and has been
downloaded for the entire South Pacific Ocean for the whole available period, which means
from 2012-07-03 to 2020-12-31. However, microwaves interfered with rain; thus, satellite data
are still incomplete. Reconstruction of the SST field was performed with DINEOF tool and

described in section 3.3.

SST anomalies were calculated by doing the difference between reconstructed SST data
and daily long-term average. The long-term average has been calculated with daily-resolution
Optimum Interpolated Sea Surface Temperature (OISSTv2) provided by NOAA (available at
https://psl.noaa.qgov/data/gridded/data.noaa.oisst.v2.highres.html). OISSTv2 is one of the

longest temporal global SST data available and allows to have almost 40 years of daily data
with a spatial resolution of 1/4 degree. Therefore, we downloaded the data over the whole period

available at the moment, that is to say from 1982 to 2020.

OISSTv2 SST data was also used to calculate the long-term climatology for the MHWSs
detection and the MHWSs detection itself. In addition, we used this dataset to calculate SST

long-term trends (described in part 3.4).

3.2.2 Atmospheric data
3.2.2.1 Pressure, atmospheric temperature and winds

Sea level pressure, 2 meters above surface air temperature and zonal and meridional
winds components 10 meters above surface were studied from 1982 to 2020 using the European
Centre for Medium-Range Weather Forecast (ECMWF) reanalysis data (ERAS5; see Table 1)
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available at https://cds.climate.copernicus.eu/#!/home. Daily and monthly average atmospheric

temperature anomalies were calculated using the data described above doing respectively the
difference between daily and monthly air temperature and long-term daily and monthly mean

from 1982 to 2020. Same for daily and monthly sea level pressure anomalies.

Winds were analysed over the period 2012 to 2020 (hourly temporal resolution) and
wind speed (ws) was calculated from u and v component (respectively eastward and northward

components) following this equation:

ws =+ u? +v?

Time series of atmospheric temperature, sea level pressure, winds and anomalies for
both atmospheric pressure and temperature were also calculated and a 3-months Gaussian filter

was applied on each variable to abstract variability inferior to the season.

Table 1: Details about the different datasets used for atmospheric analysis.

Daj[a Datase Product Variable Units Spatlz?ll Tempo_ral
provider type resolution resolution
ECMWF ERAs eanalysed  Atmospheric °C 1/4 degree  Daily
product temperature
Daily (to
calculate
ECMWF ERA5 Reanalysed Sea level hPa 1/4 degree anomalies)
product pressure
and
Hourly
ECMWF ERAs  hcanalysed . Surfacenet —yyp g degree  Hourly
product solar radiation
Reanalysed Surface
ECMWF ERA5 y sensible heat W/m2 1/4 degree  Hourly
product
flux
ECMWF ERA5  eanalysed - Surfacelatent o1 Gegree  Hourly
product heat flux
Reanalvsed Surface net
ECMWF ERA5 y thermal W/m2 1/4 degree  Hourly
product .
radiation
Reanalysed Wind (U and
ECMWF ERA5 y \ m/s 1/4 degree  Hourly
product
components)
Reanalysed Forecast . .
ECMWF ERA5 Dimensionless 1/4 degree  Hourly
product albedo
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Reanalysed Low cloud

ECMWF ERAS5 Dimensionless 1/4 degree  Hourly

product coverage
R I Total cl . .
ECMWF ERA5 eanalysed otal cloud Dimensionless 1/4 degree  Hourly
product coverage
3.2.2.2 Heat fluxes

The heat fluxes were calculated from 2012 to 2020 to understand if they were involved
in the formation or maintenance of MHWSs. They are calculated as follow:

Qi =Qs—Qb—Qe—Qc

where Qi is the total net heat flux at the surface of the ocean, Qs the surface net solar radiation
(also known as shortwave radiation) that reaches a horizontal plane at the surface of Earth minus
what is reflected by Earth’s surface (governed by the albedo); Qb is the surface net thermal
radiation (also known as longwave radiation) which is the difference between downward and
upward radiation received/emitted by Earth’s surface; Qe is the surface latent heat flux
representing the transfer of latent heat (e.g. heat transfer due to evaporation or condensation)
between atmosphere and Earth’s surface through turbulent motion; Qc is the sensible heat flux,
.. the heat transfer between Earth’s surface and atmosphere via turbulent motion but not taking
into account heat transfer resulting from water phase change (e.g. evaporation and
condensation). In addition, we also had a look at the albedo pattern which is the reflectivity of
the Earth’s surface, the low cloud coverage which is the portion of clouds in the lower levels of

the troposphere and the total cloud coverage through the entire atmosphere.

To evaluate heat fluxes, albedo and cloud coverage, we used ECMWE’s products

(described in Table 1) over the period 2012 to 2020.

We have calculated a spatial average of the heat fluxes between the ocean and the
atmosphere within the 3 studied areas (Northern, Transition, Southern areas) to know the
temporal evolution and applied a 3-month Gaussian filter to subtract variations inferior to
seasons. Time series of albedo and cloud coverage were also calculated by doing the spatial
average within the 3 studied areas. We also calculated heat fluxes monthly averaged from 2012
to 2020 with the same data used above. In addition, we calculated the anomaly of the total heat
transfer from the ocean to the atmosphere (Qbec), which is the sum of Qb, Qe and Qc, by
subtracting Qbec monthly climatological mean (calculated based on 2012 to 2020 values) from

monthly averaged Qbec values.

Within this study, we will consider that fluxes from ocean to the atmosphere are heat
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loss from the ocean, i.e. negative fluxes, whereas fluxes from the atmosphere to the ocean are

heat gain for the ocean, i.e. positive fluxes.

3.2.2.3 Remote forcings

Different remote forcings were evaluated (details in Table 2). For ENSO, we used the
Oceanic Nifio Index (ONI) provided by NOAA to monitor El Nifio and La Nifia phases. This
index indicates the difference between the 3-month running mean SST and the 30-year
climatology in the tropical Pacific between 120°-170°W (Nifio3.4 region). El Nifio (La Nifa)
phases are determined when the index is above (below) +0.5 (-0.5). For PDO, we used the
ERSST PDO index provided by NOAA. It is the dominant year-round pattern of monthly SST
anomalies in the Northern Pacific obtained via empirical orthogonal function analysis. For
SAM, we used the index calculated according to Marshall's method (2003) expressing the zonal

pressure difference between 40°S and 60°S.

All indexes were analysed from 1982 to 2020. We applied a 3-month Gaussian filter for
PDO and SAM but not for ONI as it is already calculated as a 3-month average.

Table 2: Large-scale remote forcings indexes.

Index Full name Data provider

NOAA

ONI | Oceanic Nifio Index | https://origin.cpc.ncep.noaa.gov/products/analysis_monitori
ng/ensostuff/ONI_v5.php

PDO Pacific Decadal NOAA

index Oscillation Index https://www.ncdc.noaa.gov/teleconnections/pdo/
SAM Southern Annular Gareth Marshall

index Mode Index https://legacy.bas.ac.uk/met/gjma/sam.html

3.3 Reconstruction of the SST field

Data INterpolating Empirical Orthogonal Functions (DINEOF) was used to reconstruct
the blanks in the SST field. It is a tool developed by Beckers and Rixen (2003) and based on an
empirical orthogonal functions (EOF) calculation enabling to fill blanks in large sets of data,
especially satellite ones (Alvera-Azcarate et al., 2005). To fill the missing data, first, DINEOF
removes a spatial and a temporal mean to the original dataset, and the missing data are set to
zero. Then, a first EOF decomposition is performed with the first EOF for this field and the
missing values are replaced by the values obtained by this EOF decomposition. In parallel,
DINEOF calculates a cross-validation error. Then, the EOF decomposition and error calculation
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are repeated with 2 EOFs, then 3 EOFs, etc. The final number of EOFs retained corresponds to
the minimal error obtained by the cross-validation. DINEOF has been applied year by year to

fill the blanks in order to avoid working with too large data files.

DINEOF reconstruction was validated by calculating the bias, correlation and root mean
square error (RMS) between the reconstructed field and the in situ data. We used drifting buoys
present in our studied area at different time periods. The buoys data are available at

https://map.emodnet-physics.eu/. We used 10 drifting buoys with hourly temporal resolution,

all scattered offshore Central and South Chile between the coast and about 2 500 km offshore,
with a complete temporal coverage from 2014 to 2020. In total, 4219 points were used to
estimate the accuracy of our reconstruction. Validation of the SST reconstruction and the

reconstruction itself are shown in the Results.

3.4 SST trends

We calculated the seasonal mean SST over the studied area by doing the long-term
average (1982 to 2020) over austral summer, autumn, winter and spring.

To calculate the SST long-term trends, as a first step we removed SST seasonal variation
to our SST values through a low-pass filter in order to have only the annual SST trends and
abstract seasonal variations. Then, SST linear trends were calculated from 1982 to 2020, by
using the OISSTv2 dataset (described in part 3.2.1). Linear trend by least-square is calculated
thanks to the tool “trend” developed by Greene et al. (2019) which is part of the Climate Data
Toolbox for MATLAB. The significance of the trend is estimated by the p-value, also given by
this tool. We choose p-value inferior to 0.05 as a significant trend to be in adequation with the
MHWs significative trends (part 3.5.1). Secondly, trend calculation was performed again over
ten-year periods, from 1982 to 1991, 1992 to 2001, 2002 to 2011 and 2012 to 2020.

3.5 Marine heatwaves

3.5.1 Definition and detection of marine heatwaves

In this study, we used the MHW definition given by Hobday et al. (2016), which defines
MHWs as continuous events of warm SST anomalies exceeding a threshold (90" percentile
with respect to a 30-years climatology) during at least 5 days. Our marine heatwave detection
is based on the HeatWaveR algorithms provided by Schlegel and Smit in 2018 (R language,
available at https://robwschlegel.github.io/heatwaveR/index.html). It is the translation of

Python algorithms originally written by Hobday et al. (2016). This algorithm is able to

determinate when MHWSs are occurring, calculating for each day a long-term climatology, a
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threshold according to this climatology (90" percentile), and find the periods during which SST
exceed this threshold during at least 5 days with no more than 2 below-threshold consecutive
days, based on a 11-days moving mean centred on each Julian day (in the case of time series

SST data) or on each pixel (in the case of gridded data).
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Figure 7: Representation of how are defined marine heatwaves (MHWs) and MHWs’ metrics.
Threshold values (dashed line) is based on the 90" percentile of a long-term climatology (blue
line). The heat spike represents an above threshold period with a duration inferior to 5 days
(thus not a MHW). MHW duration (MHWb) is the time period between the beginning of the
MHW (ts) and its end (te). Maximal intensity (imax), rate of temperature increase (ronset) and rate
of temperature decline (rqeciine) are defined according to the MHW’s highest peak. The mean
event intensity (the white circle; imean) IS the MHW’s mean intensity and the cumulative intensity
(grey shaded area; icum) is the sum of daily intensities during the MHW. Hodbay et al., 2016

In addition to the MHW calculation, the algorithm provides several metrics: number of
events per year, duration of each event, maximal, mean and cumulative intensity, onset and

decline rate (Figure 7; Table 3). However, in this study we will only focus on the primary

metrics (i.e. number of events per year, duration of each event, maximal and mean intensity).

Table 3: Definition of the metrics used to define a MHW. Adapted from Hobday et al., 2016.

Name Definition Units
Primary Climatology ~ Tm: The climatological mean, calculated over a °C
reference period, to which all values are relative
Threshold The seasonally varying temperature value that °C

defines a MHW (e.g. Teo is the 90th percentile
value based on the baseline periods)

Start and end ts, te: dates on which a MHW begins and ends Days
of the MHW
Count Number of events per year
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Duration D: Consecutive days during which temperature Days
exceeds the threshold
Intensity imax: highest temperature anomaly value during the  °C
(max/mean) MHW
imean: Mean temperature anomaly during the MHW

Secondary Rate Fonset: rate of temperature change from the onset of ~ °C/day
measures the MHW to the maximum intensity
l'decline: rate of temperature change from the
maximum intensity to the end of the MHW
Cumulative icum: SUM of daily intensity anomalies. Note that the  °C.days
intensity integral omits te which is below the Tgo threshold

To calculate the climatology, Hobday et al. (2016) preconize to have at least 30 years
of SST data because multi-year cyclic events (e.g. ENSO) must be considered to calculate
MHWs. Here we used the same dataset as they did, that is to say the OISSTv2 dataset but over
a longer period, from 1982 to 2020. The threshold we used to calculate MHWs is the 90™

percentile.

Moreover, the algorithm also determines the long-term trends in MHW occurrence by
first calculating the number of MHW in each pixel of the gridded data that has occurred, in our
case between 1982 and 2020, and then applying a generalised linear model to each pixel. From
the generalised linear model, slope and p-value (<0.05) are used to determine the long-term

trends in MHW occurrence.

3.5.2 Classification of marine heatwaves

Observed

Category IV

Extreme

4
X Category lll Severe

3x
Category Il Strong

2x
Moderate

golh
Percentile

Time

—b

Figure 8: Schematic explanation of how marine heatwaves (MHWSs) can be categorized. The
bold line represents the long-term climatology at one place, dashed line represents the
observed temperature at the same place. The first thin black line separating no MHW and
category | MHW represents the 90™ percentile (the threshold). In this case, the observed
temperature peaked above 4 times the difference between the climatology and the threshold,
meaning it is a Category IV MHW (extreme event). Hobday et al., 2018
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Hobday et al. (2018) have proposed a classification of the MHW events in order to
understand the real impact of the MHWSs on ecosystems and to have more visual elements for
scientific communication. This classification has 4 categories which depend on the maximal
intensity reached by the MHW event (which in turn depends on the climatology; Figure 8).
Categories are based on multiples of the local difference between the climatology and the

threshold (Table 4). This categorization is also given by the heatwave detection algorithm.

Table 4: Categorization of marine heatwaves, according to Hobday et al., 2018

MuIzll?rlrt]aa(i:‘)I‘[:;yd;;fgrt(ehnr(;(es:;t(\j/veen Category Intensity of the MHW
Oto<1 No MHW No MHW
1to<2 Category | Moderate
2to<3 Category Il Strong
3to<4 Category 11l Severe

>4 Category 1V Extreme
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4 RESULTS

4.1 SST reconstruction

Original SST data (°C) B Reconstructed SST field with DINEOF (°C)
Date: 2019-12-24
E O“W 120°W

Date: 2019-12-24
180°E 150°W 120°W 90°W

e

Longitude Longitude

Figure 9: (Left) AMSR-2 sea surface temperature (SST; °C). White parts indicate the missing
data due to rain, ice and satellite limitations (swaths). (Right) Reconstructed SST (°C) with
DINEOF. Missing data are still present alongshore and everywhere water was covered at least
one day by sea ice

AMSR-2 instruments measure the microwave radiation emitted from the ocean to
measure SST. As microwaves interfered with rain, there is no data where rainy conditions are
observed. Moreover, there is no data between the satellite’s swaths and where ice is present
(Figure 9A). As rain episodes and satellites’ swaths are not fixed in time, DINEOF is able to
fill the blanks. Nevertheless, nearshore data is never available because of the coarse resolution
and due to land contamination, therefore, DINEOF reconstruction is impossible nearshore
resulting in a band without data of 1/4° wide from every shore (Figure 9B). In addition, we
decided that every portion of water covered at least one day by sea ice will not be part of the
reconstruction, as we are not interested in high latitudes. For each year, the percentage of
missing data in the original dataset for the whole South Pacific was between 35% and 37%. For
the reconstruction, DINEOF has calculated 50 EOFs for each year, explaining in average
99.89% of the initial variance.

To estimate the accuracy of DINEOF reconstruction, we used in situ data from drifting

Table 5: Bias (°C), correlation and root mean square error (RMS, °C) calculated between
original satellite SST and SST from in situ buoys and between the reconstructed SST field with
DINEOF and the SST from the buoys. The number of points used for the reconstruction differs
as there were missing data in the original satellite SST.

Num_ber of Bias (°C)  Correlation RMS (°C)
points
Original data vs. buoys 3004 -0.06 0,98 0,55
Filled data vs. buoys 4219 -0.10 0,98 0,47

24



buoys. Correlation and root mean square error were
calculated between in situ SST and original AMSR-
2 satellite SST but also between in situ SST and
DINEOF-reconstructed SST. Results are shown in
Table 5. The number of points used for the
calculation is also shown and differs as the original
data is unfilled. The negative bias indicates that the
satellite and the reconstructed SST are lower than the
in situ SST. The bias, the correlation and the RMS
are very close for both set of data, meaning that our
reconstructed field is as accurate as the satellite data.

Our reconstructed SST field can therefore be trusted.

4.2 SST variability

For the Northern and Transition areas, from
2012 to 2020, the SST is always higher than the air
temperature (Figure 10). For the Southern area, the
SST remains most of the time higher than the air
temperature, particularly in winter, but during
summer, the air temperature might surpass the SST
during a few weeks. However, when the air
temperature is higher than the SST, the difference

remains very low (inferior to 0.5°C).

Seasonal variations of the SST are much
more important in the Northern and Transition
areas, which are constrained by the seasonal North-
South variations of the SPSA and Westerly Winds
(see part 1.1.2.2 for details). Indeed, for those two
areas, there is a difference in the SST of about 5°C
between winter and summer, with SST values
ranging from 14°C in winter to almost 19°C in
summer in the Northern area and from 10.5°C in
winter to 15.5°C in summer for the Transition area

(Figure 11). On the contrary, the SST in the
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Time
Figure 10: Difference between SST and air
temperature (°C) between 2012 and 2020
for the Northern (red), Transition (green)
and Southern (blue) areas. A 3-month

Gaussian filter has been applied to smooth
the results.
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Figure 11: Long-term (1982-2020) mean
SST for the Northern (red), Transition
(green) and Southern (blue) areas. Those
climatologies are used to calculate the SST
anomalies and the MHWs.
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Southern area has a lower seasonality with SST ranging from about 6.5°C in winter to 10°C in
summer. Because of the variability, the threshold over which an event is classified as a MHW
is different from one area to another one. For example, the threshold is highest for the Northern
and Southern areas during summer, being about 1°C above the climatology, and is reduced in
winter being about a half of degree above the climatology. On the contrary, in the Transition
area, seasonal variability of the threshold is quite low, being about two thirds of degree above

the climatology in summer and a half a degree above in winter.

4.3 Marine heatwaves in Central and South Chile: 40 years of data
To understand how MHWSs have evolved within an almost 40 years period, we
performed an analysis of the duration and intensity for each event and studied the number of

MHWSs occurring each year. We also studied MHWSs decadal trends for the same variables.

4.3.1 Frequency of marine heatwaves

From 1982 to 2020, a total of 75, 73 and 71 MHWSs events occurred, from which 5, 6
and 9 events had a duration superior to one month respectively in Northern, Transition and
Southern area. In the Northern and Transition areas, the highest number of MHWs was
recorded during one of the strongest El Nifio events, respectively 9 in 1997 and 7 in 1998

(Figures 12A and 12B). For the Southern area (Figure 12C), there is no year during which the

number of MHWSs was particularly high in comparison to the other years, but in both 1987 and
2020, 6 MHWSs were recorded (Figure 12C). For the Transition area, alternance of years with
and without MHWSs was common until 2011 (Figure 12B). Nonetheless, from 2011 to 2020,
MHWSs were recorded every year totalling 45% of all MHWs recorded for the area. The decade
2012-2020 was particularly significant in terms of number of MHW events for the Transition
area, totalling on average twice more events than during the 1982-1991 decade and was 2.5
times superior to the number of events that have occurred during 1992-2001 and 2002-2011. It

A
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Figure 12: Number of marine heatwave events (MHW) that have occurred each year from 1982
to 2020 for Northern (left), Transition (central) and Southern (right) areas.
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is notable that the early 21 century was MHWs-free for all 3 areas, and particularly for the

Transition one.

4.3.2 Duration of marine heatwaves
For all 3 areas, the mean duration of MHWSs for the 1982-1991 decade was about 10
days and was the lowest of the four decades (Figure 13A), whereas mean duration during the

5 Mean duration of MHW events (days) 150 Longest MHW event (days)

- Northemn area
[ Transition area
201 1 I Southern area
100
151
2 2,
‘8 o
10 o
50
51
0
1982-1991 1992-2001 2002-2011 2012-2020 1982-1991 1992-2001 2002-2011 2012-2020

Mean MHW intensity (°C) IEI Maximum intensity (°C) reached by
1 the strongest MHW event

0.8

0.6

°C

0.4

0.2

0
1982-1991 1992-2001 2002-2011 2012-2020 1982-1991 1992-2001 2002-2011  2012-2020

E35 Number of MHW events

1982-1991 1992-2001 2002-2011 2012-2020

Figure 13: Decadal trends (1982-1991, 1992-2001, 2002-2012, 2012-2020) for Northern
(red), Transition (green) and Southern (blue) areas. Parameters analysed over the different
decades are: (A) mean duration (days) of the events that have peaked during the decade, (B)
duration (days) of the longest event of the decade, (C) mean intensity (°C) of all the events that
have occurred during the decade, (D) maximal intensity (°C) reached by the strongest event
of each decade, (E) number of MHW events that have occurred throughout the decades.

30

25

2

o

Y
w

=y
o

w

o

27



2012-2020 decade was the longest recorded, with 20 days, 19 days, 23 days for respectively
Northern, Transition and Southern area (Figure 13B). The mean duration was multiplied by
2.14, 1.9 and 2.3 respectively between the two decades. Between 1982-1991 and 2012-2020,
the duration of the longest event has been multiplied by 8, 5 and 3 for respectively Northern,

Transition and Southern areas.

In the Northern area, only one MHW had a duration superior to 2 months. This event
was particularly long and lasted for 137 days (4.5 months), beginning in January 2017. The
second longest one lasted for 43 days only and began in June 1998 (Figure 14A). In the
Transition area, the longest event occurred in 2016, beginning in May, and lasted for 148 days
(almost 5 months). Two other events greater than 2 months occurred, one beginning in January
2008 and lasting for 73 days, and the other one beginning in October 2016 and lasting for 64
days (Figure 14B). In the Southern area, the longest event began in June 2016 and lasted for
119 days (almost 4 months). Two other events had a duration superior to two months, both
during 1998, the first one began in February and lasted for 99 days and the second one,
beginning only 6 days after the dissipation of the previous event, in May, lasted for 109 days
(Figure 14C). It seems important to highlight that only a few events had a duration superior to
1 month: 5, 6 and 9 events respectively for Northern, Transition and Southern areas.

4.3.3 Intensity of marine heatwaves
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Figure 14: Duration (days, upper row) and maximum intensity (°C, bottom row) for Northern
(A, D), Transition (B, E) and Southern (C, F) areas from 1982 to 2020. Every line within the
graphs represents a MHW event and colours indicate the categorization of each event (yellow,
orange, red and purple for respectively Category I, I, Il and V).
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Regarding the intensity over the decades, the mean intensity is always higher for the
Northern area than for the two other ones. Conversely, the mean intensity is the lowest for the

Southern area (Figure 13C).

For the Northern area, the mean intensity increase has been steady throughout the
decades and the strongest event ever recorded was in 2017 with a maximal intensity of 2.3°C
(Figure 14D). This MHW had a mean intensity of 1.2°C and was a Category Il event. This
strong event corresponds to the longest one recorded in this area. Likewise, for the Transition
area, a regular increase of the mean intensity is observed with a stabilization for the last decade.
The highest intensity recorded was 2.2°C corresponding to a Category 11 MHW which started
in October 2016 (Figure 14E), corresponding to the third longest event (which lasted for 64
days). The mean intensity of this event was 1.3°C. In the Southern area, the strongest event ever
recorded was during 1998 while a strong EI Nifio event occurred with a maximal intensity of
1.9°C (Figure 14F) and a mean intensity of 1.3°C, corresponding to the third longest event
(which lasted 99 days). However, it was a Category Il event while weaker events were
categorized as Category Il ones. This is explained by the season during which the MHW:s are
occurring. Indeed, the strongest event in the Southern area occurred during summer, when the
threshold is higher, explaining why it is “only” a Category II event whereas weaker events

occurring during winter (with lower threshold) might be categorized as strongest events.

It seems interesting to note that the strongest event recorded was during the last decade
for both Northern and Transition areas (Figure 13D). Indeed, 21%, 40% and 38% of the MHW
events (respectively for Northern, Transition and Southern areas) that had a maximal intensity
superior to 1°C occurred after 2011. In the same way, 36%, 33% and 50% of the events
(respectively for the Northern Transition and Southern areas) having a maximal intensity
superior to 1.5°C occurred after 2011.

4.4 Case study: the year 2016
4.4.1 2016: an extreme year

Austral autumn, winter and spring 2016 were particularly extreme because of a
succession of MHW events throughout the seasons within the 3 areas. The longest MHW
recorded was in 2016 in the Transition area and lasted for 148 days (almost 5 months). Only 7
days after this MHW broke, a new one appeared which was the one with the highest intensity
recorded for the area (2.2°C). In addition, only 2 Category 11l MHWSs were recorded for this

area, and this MHW was one of them. In the same way, the longest event recorded in the
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Southern area lasted for 119 days, also occurring in 2016. It corresponded to one of the strongest
events of the area with a maximal intensity of 1.1°C. For the Northern area, 7 MHWSs were
recorded only for the year 2016, being the second most impacted year. Four of those MHWSs
occurred between September and December 2016 (with durations inferior to 1 month), then
followed by the longest event for this area (137 days) corresponding also to the strongest of all
areas combined with a maximal intensity of 2.3°C and being in addition the only Category Il
MHW event of the Northern area.

In 2016, there were respectively 110, 238 and 188 days under MHWSs conditions for
Northern, Transition and Southern areas. The Transition area was under MHWSs conditions
during 65% of the year. However, for the Northern area, the year 1997 experienced 136 days
under MHWSs conditions and 217 days for the Southern area in 1998. Nonetheless, the year
2016 was the only one to cumulate such a long period of MHWs, superior to 100 days, for all

3 areas.

Consequently, as the year 2016 seems to have been anomalously favourable to extreme
MHWs events, being the most remarkable year in terms of MHWs duration and intensity, we
decided then to focus on that year to understand what may have led to the formation of such

consequent events.

4.4.2 Birth, peak and decline of the 2016 marine heatwaves

In the Northern area, 4 relatively short (inferior to one month) MHWSs were recorded in
spring 2016, from September to December. The first one occurred from early September to
early October, the second one from mid-October to early November, the third one from mid-
November to early December and the last one occurred in mid-December. All were Category |
events except the third one which was a Category Il event with a maximum intensity of 1.5°C
on November 24™. Then, on January 19" began a Category 11l MHW which lasted for 137 days
with a maximal intensity of 2.3°C on February 28" (Figure 15A).

In the Transition area, 2 major MHWs peaked during late autumn, winter and spring
2016 (Figure 15B). The first one started on May 19™ 2016 with a major peak on June 29" and
a maximal intensity of 1.4°C. It was a Category Il event. Finally, after 148 days of life, the
MHW disappeared by mi-October. Then, 7 days later, on October 20", a new MHW started,
with a shorter duration of 64 days. During the first half of November, this MHW almost
disappeared but its intensity increased very quickly by mid-November, reaching a maximum of
2.2°C on November 29". The MHW then disappeared on December 22" and was a Category
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Figure 15: Temporal evolution of the marine heatwaves (MHWSs) recorded between January
15t of 2016 and July 1%t of 2017 (left column). Those graphs are obtained by averaging the sea
surface temperature (SST) over the corresponding area. The central column represents a zoom
over the strongest event recorded for each area over this period, highlighted by the black
square in the left column. For Northern and Transition area, this event also corresponds to the
strongest one ever recorded since 1982. For both left and central columns, the lower line of the
graph (black and bold) represents the long-term climatology. The irregular black line
represents the daily SST temperature. The green bold line represents the threshold, the first
green dashed line is 2 times the threshold, the second green dashed line represents 3 times the
threshold and the final green dashed line represents 4 times the threshold. The MHWs
categorization is represented by the colours with yellow, orange, red and dark purple
corresponding respectively to Category I, II, 111 and IV. The right column represents the SST
anomaly on the day of the main peak of the strongest event. The areas are represented by the
coloured squares. Upper line corresponds to Northern area, middle one to Transition area and
bottom one to Southern area.
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111 event. On January 20" 2017, one day after the beginning of the particularly long MHW of
the Northern area, a new Category Il event began in the Transition area and lasted 31 days, then
followed by three shorter Category | events, one starting in February 2017 and the two other

ones in March.

In the Southern area, there were 3 successive periods with MHW conditions in winter
and spring 2016 (Figure 15C). The first one began on June 17" (about one month after the
Transition area experienced MHWSs conditions) and peaked on August 18" with a maximal
intensity of 1.1°C. MHW conditions lasted for 119 days and dissipated on October 13" A new
MHW started on October 20" with a maximal intensity of 1.7°C and disappeared on November
9" Nine days later, a new MHW occurred and lasted for 35 days with a maximal intensity of

1.2°C. They all were Category Il events.
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Figure 16: Monthly average sea level atmospheric pressure anomalies (A, B, C), atmospheric
temperature anomalies (D, E, F) and sea surface temperature (SST) anomalies (G, H, 1),
expressed respectively in hPa, °C and °C, for the months of April 2016 (left column), May 2016
(central column) and June 2016 (right column). Colour scale is indicated on the right side of
each line. Areas concerned are all located between 20°S and 50°S, and between 50°W and
140°W for pressure anomaly, between 60°W and 120°W for air temperature anomalies and
between 60°W and 120°W for SST anomalies.
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4.4.3 Atmospheric and oceanic contexts

443.1 Sea surface temperature

In April 2016, in the tropical Pacific Sea surface temperature anomaly (°C)
Date : 18-Nov-2016

(~5°S to 20°S), positive SST anomalies up to
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warmer part of this patch was between 90°W

observable between the tropical and the mid-

reaching almost only the Northern area’s coasts between 33°S and 40°S with anomalies up
to -1°C. Nearshore Patagonia, positive anomalies were observable and were the highest off the
Transition area’s coasts, up to 1.5°C. In May (Figure 16H), the mid-latitude warm patch moved
eastward, bringing warm anomalies nearshore. Those anomalies were higher in the Transition
area with local anomalies between 2°C and 2.5°C than in the Southern area where anomalies
were mostly below 1.5°C. Alongshore, the warm anomalies coming from the tropical Pacific
and which have warmed North Chile’s coasts merged with the mid-latitude patch, forming a
continuous band of positive anomalies along Chilean coasts, the negative anomalies core being
more constrained to the open ocean. In June (Figure 161), warm anomalies were still getting
closer to Southern Chile coasts and provoking MHW conditions which started on June 17" in
the Southern area. The cold anomalies core was slowly moving away from the coasts. Warm
anomalies persisted during winter and early spring, but slowly diminishing. Surprisingly, in
early November, a very warm circular patch formed, centred approximately on 90°W and 35°S,
West of Juan Fernandez Archipelago. At this place, on November 6", SST anomalies were
locally between 1.5°C and 2°C and on November 18", SST anomalies were locally reaching
4.5°C (Figure 17). The patch then migrated southeastward, losing in intensity, and reached
Chilean coasts of the Transition area in late November. The warm patch progressively
disappeared in December. It must be noted that for the Transition area, spatially average SST
anomalies were always positive during the whole year 2016.
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4432 Atmospheric temperature

In April 2016, monthly averaged air temperature anomalies (with respect to a 39-year
climatology) along shore of the 3 areas were close to zero (Figure 16D). However, positive air
temperature anomalies were observable far west. In May, those positive anomalies got closer
to the coast and positive anomalies were observable offshore and along Chilean coasts
(Figure 16E). More precisely, along Chilean coasts of all 3 areas, local air temperature
anomalies were between 0.5°C and 1°C, and up to 2°C for the Transition area. Further West,
centred on 100°W, a patch with locally 2.5°C anomalies was present. In June (Figure 16F), this
patch extended spatially and moved eastward affecting mostly the Southern area but also the
Transition area and anomalies up to 4°C were recorded in inland Patagonia. Conversely, in
June, the Northern area wasn’t touched by air temperature anomalies. In July, the patch’s
intensity decreased with positive anomalies between 1°C and 1.5°C in the southernmost part of
the Transition area and in the northernmost part the Southern area. Elsewhere, anomalies were
between 0.5°C and 1°C, but below 0.5°C for the Northern area. The patch then progressively
disappeared but positive air temperature anomalies were still observable, on average between
0.5 and 1°C until December 2016. However, in November, a warm anomalies patch was
observed West of Juan Ferndndez Archipelago, centred on 36°S, 95°W. This patch was
observable more distinctly than the SST patch, allowing to say that this warm anomaly was
already present in October in the tropical Pacific, then moved southeastward and reached the
Chilean coast in November. On November 6™ and 18", the core of the warm atmospheric
temperature anomaly reached respectively 3°C and 5°C. Contrary to the SST anomaly, the track
of the patch hasn’t been lost in December and was still present in January and February,
affecting only the Northern area’s coasts. In January and February 2017, anomalies up to 2°C

were present over the Northern area (not shown).

4433 Relation between SST anomalies and air temperature anomalies

We spatially averaged SST anomalies and air temperature anomalies over the period
2012-2020 for the 3 areas and performed a cross-validation (Figure 18) to know how they are
related. Over the period 2012-2020, air temperature anomalies were preceding SST anomalies
with a 10, 1 and 3-days lag respectively for Northern, Transition and Southern areas with a
correlation of 0.9291, 0.8748 and 0.8711, respectively. However, having a more specific look
to the year 2016 only, air temperature and SST anomalies were occurring with no lag for both
Northern and Transition area, whereas for Southern area, SST anomalies were leading air

temperature anomalies by 9 days; correlation between the two parameters for all 3 areas being

34



higher than 0.94 for the year 2016.
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Figure 18: Atmospheric (red) and sea surface temperature (blue) anomalies (°C) spatially
averaged over Northern (A), Transition (B) and Southern (C) areas for 2012 to 2020. A 3-month
Gaussian filter was applied to the data.

4434 High pressure anomalies and winds

During May 2016 (Figure 19B), large-scale positive sea level pressure anomalies were
observable South-West of Patagonian tip, with values of about 20 hPa within its core centred
approximately on 80°W 60°S, resulting in very stable anticyclonic condition over Southern and
Transition areas. The high-pressure system was observable since April over extreme South
Pacific Ocean, centred on 100°W with pressure anomaly of 15 hPa within the core, anomalously
high pressure reaching Chilean coasts up to 45°S (Figure 19A). Then the high pressure moved
northeastward, reaching the highest anomaly values (20 hPa), encompassing the whole
Patagonia in May, and then moved northward following the Chilean coast in June with a
pressure anomaly of 10 hPa within its core (Figure 19C). Finally, the high-pressure system
moved toward eastern Patagonia in July, centred on Falkland Islands with 8 hPa anomalies
within the core, and disappeared in August. No remarkable positive or negative pressure
anomalies were observed West of Juan Ferndndez Archipelago in November, where SST

anomalies and air temperature anomalies patches were observed.

In order to understand how winds and anticyclonic conditions were related, we studied
the wind speed and atmospheric pressure spatially averaged over the 3 different areas. For the
Northern area, a wind drop was observable in autumn, beginning in early March and reaching
a minimum wind speed of 5.5 m/s in mid-May, and then an increase back until July. Concerning
the pressure, no significant diminution or augmentation is observable at the time of the drop in
wind speed. In the Transition area, from mid-April to mid-June, wind speed reduced from about
7.6 m/s to 6.2 m/s. Then, the wind speed increased up to 9.1 m/s in early August. In this area
(also for the Southern area), pressure and wind speed have opposite patterns, meaning that a
high (low) pressure system is associated with reduced (enhanced) winds. Regarding pressure,
the increase started from late April until mid-June, reaching 1020 hPa and then started to
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decrease until late July. At that time, the
correlation between wind speed and pressure is the
highest with a 4-day lag, meaning the minimal
wind speed was reached 4 days before the highest
pressure value. In the Southern area, from mid-
March to mid-May, average wind speed decreased
from about 10.5 m/s to 7.2 m/s and then increased
back until late-June. Concerning the pressure, the
opposite pattern is observable with an increase of
the atmospheric pressure in mid-March, reaching
its higher value of 1018 hPa in mid-May and then
decreasing until late-June. In addition, a smaller
wind drop is observable at the beginning of
August. For this area, the correlation is highest

when wind speed precedes the pressure by 3 days.

For both Transition and Southern areas, the
drop in wind speed was associated to a drop in the
u-component (eastward component). For the
Southern area, the u-component of the wind speed
was almost zero in early May. For the Transition
area, the u-component of the wind speed is fully
eastward over the 2012-2020 period except in
mid-May 2016, having a very low wind speed with
a westward component. In early August 2016, a
wind drop in both u and v-components (more
important for the u-component) is observable for
the Southern area. In all 3 areas, the wind speed
drop corresponded to the lowest value over the
period 2012 to 2020 and for the Southern area
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Figure 19: Wind speed (blue) and sea level
atmospheric pressure (red) from 2012 to
2020 for Northern (A), Transition (B) and
Southern (C) areas. A 3-month Gaussian
filter was applied to the data. For a better
visualisation of the variations, y-axis’ scales
differs.

only, the high-pressure peak corresponded to the highest recorded over the same period.

4435 Heat fluxes

According to the timeseries of the heat fluxes for the 3 areas, during autumn and winter

2016, the heat transfer from the ocean to the atmosphere was lower than during the other years
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(2012-2020) in both Transition and Southern area. This reduction of the heat transfer is
particularly important for the Southern area. The comparison between monthly total net heat
fluxes (Qi) for 2016 and monthly Qi values averaged over the period 2012 to 2020 was realised.
In April 2016, the heat transfer from the ocean to the air was higher than the average by 7, 20
and 32 W/mz2 for respectively Northern, Transition and Southern areas. In May 2016, the heat
transfer was lower than the average by 33, 38 and 39 W/m2, being the strongest anomalies for
the Northern and Transition areas. In June 2016, the heat transfer was close to the average for
the Northern area and 26 W/m?2 below average for the Transition area. For the Southern area,
the strongest anomaly was reached in June with values of 52.82 W/m2 below average. This
reduction of the heat transfer from the ocean to the atmosphere was induced by lower latent
heat transfer. When looking at the spatial distribution of the heat transfer (Eigure 20), in April
2016 a large patch of negative anomalies (i.e. the heat transfer was reduced) centred on 105°W
and extending up to 85°W is present (Figure 20A). In May, this patch intensified and moved
eastward up to Patagonian coasts. A remarkable wide band of highly negative anomalies along
Chilean coasts extend to approximately 100°W, with values up to -70 W/m? in the 3 areas of
interest (Figure 20B). A large positive anomaly core is observable from 100°W to further West
(meaning that the heat loss was higher than usual). In June, low positive anomalies are present
in the Northern area, but along the Transition area and particularly the Southern area, heat loss
anomalies were especially low, up to -100 W/m? (Eigure 20C). Then the anomalies are
becoming weaker, except for November: a large negative anomaly patch is observable where

the warm SST anomalies and air temperature anomalies were observable at the same period.

In addition, albedo was also lower than usual during spring and winter 2016 for both

Total heat loss anomaly (W/m?) Total heat loss anomaly (W/m?) Total heat loss anomaly (W/m?)
for April 2016 for May 2016 for June 2016
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Figure 20: Monthly anomaly of total heat transfer (in W/m?2) from the ocean to the atmosphere.
Total heat transfer (Qbec) corresponds to the sum of the thermic radiation, (Qb) latent heat
(Qe), and sensible heat (Qc) fluxes. The anomaly has been calculated according to the 2012 to
2020 average. Positive (negative) anomaly indicates a higher (lower) than usual heat transfer
from the ocean to atmosphere. For example, if anomalies are corresponding to -100 W/m2, it
means than the heat transfer was reduced by 100 W/m2 compared to the 2012-2020 average.
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Transition and Southern area (not shown). The
total cloud coverage was not significantly
lower than usual during winter 2016 for all 3
areas, contrary to the lower cloud coverage
which was the lowest ever reached over the
2012-2020 period
Transition areas, respectively in mid-May and

in the Northern and

late July 2016 (not shown). For the Southern
area, low-cloud coverage started to decrease in
mid-May and reached a minimal value in late
August, not being the lowest coverage reached
between 2012 and 2020 but the second one.

4.5 Long-term trends for SST and
MHWs
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Figure 21: Significative (according to

p-value<0.05) sea surface temperature (SST)
trends (°C/year) over Southeast Pacific Ocean
from 1982 to 2020. Areas where no
significative trends were observed are shown
in white.
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Figure 22: Significative sea surface temperature (SST) decadal trends (according to
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2020. Areas where no significative trends were observed are shown in white.
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SST trends from 1982 to 2020 show that the Central South Pacific has been particularly
hit by warming during the last 40 years (Figure 21). A very large patch from the Tropics to mid-
latitudes suffered from positive trends, about 0.03°C per year within the patch’s centre. The
patch reaches South American coasts from 30°S to 47°S, except at 37°S where a cold trend is
present. The coasts between 38°S and 47°S, are hit with trends ranging from 0.005 to 0.015°C
per year. The Transition area is the South American coast portion facing the highest warming

trends.

When looking at the decadal trends (Figure 22), we can see that during the three first
decades, Chilean coasts did not suffer from warming trends (Figures 22A, 22B, 22C). On the

contrary, cooling trends are observed. However, during the last decade (2012-2020), all Chilean
coasts are affected by the warming, especially the Western Patagonia (but also Eastern) with
warming trends of +0.05°C to +0.1°C per year (Figure 22D). Note that the Central South Pacific
has also been badly hit during all 4 decades.

HeatwaveR algorithms can also provide the MHWs trends (Figure 23). Thus, we
performed the analysis over a reduced portion of the Southeast Pacific Ocean from 1982 to
2020, focusing only on our 3 areas of interest. The results are the trends of frequency of MHWs
within each pixel. Consequently, an increase of the number of MHWSs is remarkable at mid-
latitudes especially at lower latitudes than 45°S. Along Transition area coasts, a positive trend
is also present but not significant. Moreover, a negative trend is observable at 37°S.
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(1982-2020) significance (p-value)
30 4 g . .
-35 4
-
' i
w407 g 3 : :;;
g £
=]
= .
45
-50 1 ;:“
55 L= - ; ' :
-100 -90 -80 -70
Longitude Longitude
count/year (slope) p-value
. l . (0,0.001] . (0.001,0.01] . (0.01,0.08]

-0.05 0.00 0.07

Figure 23: Marine heatwaves (MHWSs) trends (left) and significance of the trends according to
the p-value (right). The trend is calculated according to the number of MHWSs that have
occurred in each pixel from 1982 to 2020. Consequently, a positive (negative) trend significate
that the number of MHWSs is increasing (decreasing) with time.
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5 DISCUSSION

5.1 Choice of marine heatwave detection parameters

Our detection of MHWs follows the criteria given by Hobday et al. (2016), with a
climatology based on almost 40 years of SST satellite data (1982-2020) and a threshold defined
as the 90" percentile. However, MHWSs’ definition (and consequently their detection) is very
subjective as the length of the climatology and the threshold chosen will define the number of

events, their duration and their intensity.

The definition of the climatology is primordial as it is used to define the MHWs
occurrence and metrics associated. A fixed baseline climatology (used in this study) allows to
consider the total SST variability including the long-term mean warming, and not only the
variability around the mean, considering the global warming and allowing for example to assess
the response of the marine organisms to this warming. Indeed, oceans’ mean temperature are
rising due to global warming, but the variability around the mean remains steady (Jacox, 2019),
thus over long-term periods, MHWSs are more likely driven by the mean SST than by the SST
variance (Oliver et al., 2019). In addition, the species have evolved in response to what we call
“normal” conditions but will in the future (and are already) experiencing rapid warming
tendencies, possibly exceeding their thermal tolerance before they will be able to adapt (Jacox
et al., 2020). Hence, taking into account global warming is necessary. However, this kind of
climatology might be obsolete in future works, as “normal” conditions might be always above
the threshold; consequently, the definition of MHWs as “discrete events” will not be respected
anymore. Therefore, the length of the timeseries used to build the climatology is also very
important. What if the climatology is based on a 1980-2010 period or on a 1980-2020 period?
Will the MHWs calculation be similar? Not considering the last decade would imply the
omission of the warming trends and MHWs detection would be modified. For our study case,
during our testing phases, we tried to detect MHWs from 1982 to 2020 but with a 30-year based
climatology (1982-2011). As the last decade’s warming was not considered, the number of
MHWs detected was almost multiplied by two, and the event’s intensity was higher, particularly
for the last decade. Different studies are using a 30-year baseline climatology which stops at
the beginning of the 2010s (e.g. Jacox et al., 2020; Sen Gupta et al., 2020; Carvalho et al.,
2021), but other authors are using the whole data available, meaning a longer than 30-year
baseline, which stops at the year (or a few years before) of the papers publication (e.g. Scannell
et al., 2016; Benthuysen et al., 2018; Manta et al., 2018; Omneya et al., 2021). To solve the
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problem, a solution could be the use of a moving climatology which would allow to not consider
the extreme conditions. However, for now, the length of the dataset available might not be long

enough to consider a moving climatology but could be in future works.

On top of that, the choice of the threshold varies according to authors which also
modifies the MHWs detection. Two kinds of thresholds are used: moving ones, calculated
according to the climatology thus allowing to detect MHWs for each year and each season, and
fixed thresholds based on a fixed SST value chosen by the author. Fixed thresholds are generally
used to know if one particular species will be affected by SST exceeding its thermal tolerance
during MHWSs. However, moving thresholds are the most used, particularly the 90™ percentile
(e.g. Oliver et al., 2018; Sen Gupta et al., 2020; Mawren et al., 2021) as it allows to detect all
MHW events that may affect the ecosystems and not only the strongest ones. This threshold
has the same advantage and inconvenient: it is relatively easy to exceed it, allowing to detect
lots of events, even the minor ones. In our study, we used this threshold as it allows us to do a
global assessment of the MHWSs that have occurred offshore Central and Southern Chile.
However, other authors are using higher percentiles to avoid smaller events or to determine
more easily when the strongest events occurred. Holbrook et al. (2019) for example are using
98" percentile, Darmaraki et al. (2019) are using the 99" percentile and Frélicher et al., (2018)

are even using the 99.99" percentile to detect only the most extreme events.

Some authors use monthly average SST data to calculate MHWSs (including for
climatology and threshold calculation) instead of daily SST data (e.g. Scannell et al., 2016;
Jacox et al., 2020). Jacox et al. (2020) justify it by saying that the definition of MHWs of at
least 5 consecutive days of warm anomalies does not consider the thermic retention of the
oceans, whereas one month would be more suitable. Moreover, MHWs damages on ecosystems
has been attributed in most of the case to longer than one month events (e.g. species migration
will not be done within 5 days). In addition, the authors precise that if the definition allows
MHWs to be detected several times a year at the same place, MHWSs cannot be considered
anymore as occasional events but maybe as the becoming normal conditions of that place. Thus,
considering monthly SST would be more accurate to detect only the significant MHWSs that

may have an impact on ecosystems.

For now, there is no optimal solution to define MHWSs. None can take into consideration
all parameters impacting the species and the ecosystems. In their definition of MHWSs, Hobday
et al., (2016) even specify that “the metrics can, of course, be modified to suit the specific
application”. Therefore, all the definitions might be correct, depending on what we are looking
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for. However, this could pose a problem for the studies inter-comparison: if different threshold
or baseline climatology are used, the description of a single event might differ according to the

authors.

5.2 General context

Oceanic Niiio Index (ONI) Pacific Decadal Oscillation index (PDO) Southern Annular Mode (SAM)
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Figure 24: Different remotes forcings expressed by their index. (A) Oceanic Nifio Index for
ENSO monitoring (ONI), (B) Pacific Decadal Oscillation (PDO) index, (C) Southern Annular
Mode (SAM) index. Red indicates a positive period and blue a negative period. PDO and SAM
index are expressed with a 3-month Gauss filter, represented by the black bold line. ONI
calculation is already based on a 3-month average. The scale differs according to the index.
During the first half of 2016, Patagonia was experiencing very uncommon conditions
with the presence of a severe drought which has reduced the streamflow by -30% to -60%
(Garreaud, 2018), in a global context of drought in subtropical Southeast Pacific Ocean since
2010 (Garreaud et al., 2020). That context was partly due to large-scale climatic forcings.
Indeed, from the mid-2000s and until mid-2014, cold phase of the PDO was predominant and
then switched to a warm phase until mid-2017 (Figure 24B). In addition, from 2011 to 2013,
the ENSO cold phase was dominant and switched to warm conditions in 2014 until mid-2016
(Figure 24A), being one of the three strongest El Nifio events ever recorded with the 1982-1983
and 1997-1998 ones. Because of its importance, it has been popularly named “Godzilla El
Nino”. Garreaud (2018) has shown that this El Nifio event was associated during 2015 with
strong positive sea level atmospheric pressure anomalies (>7 hPa) at extratropical latitudes.
However, during austral autumn (March-April-May), we found that those atmospheric pressure
anomalies were much higher (Eigure 25), with seasonal average up to 10 hPa. We did not
perform a comparison between 2016 wind speed and long-term wind speed, but Garreaud
(2018) did it specifically off Chiloe Island (42.5°S, 74.3°W, corresponding to our Transition
area) and shown reduced winds from late-May to mid-June (about twice inferior to the long-
term average), coherent with what we found in part 4.4.3.4. This reduced wind pattern is
consistent with the presence of the large anticyclonic system West of Southern Patagonia and

was associated with the Godzilla EI Nifio event. Indeed, when a positive ElI Nifio phase
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occurred, there are increases in the Seasonal (Mar-Apr-May) pressure anomaly (hPa) for 2016
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Figure 25 : Seasonal pressure anomaly (hPa) averaged on
presence of a very strong dipole March-April-May 2016.

between high and mid-latitudes,

SAM values were very high. It should be noted that SAM trends are becoming more and more
positive over the last decades (Fogt & Marshall, 2020), partly due to ozone depletion and
greenhouse gases which exacerbate SAM phenomenon (Gillett & Thompson, 2003).
Nonetheless, usually ENSO and SAM have negative correlation (Gong et al., 2010; see part
1.1.2.3), thus the synchronisation of very strong positive events of both phenomena seems
confusing. However, as the two phenomena have the same consequences over Chilean
Patagonia, meaning high pressure systems South of Patagonia, reduced Westerly winds at mid-
latitude and higher temperatures, their combined effects might exacerbate their consequences.
And effectively, the drop in wind speed we observed in late autumn 2016 and the high pressure
associated were the highest ever recorded at least over the period 2012-2020.

SAM as a potential maintainer or activator of MHWSs has been poorly studied, although
it may lead to the typical atmospheric processes which may lead in return to MHWSs formation,
such as persisting high-pressure systems and reduced winds. However, it has been cited by Su
et al. (2021) as a factor maintaining the MHWs in combination with ENSO on Kerguelen
Plateau (extreme South Indian Ocean) and by Salinger et al. (2019) and Perkins-Kirkpatrick et
al. (2019) as a factor having led to anomalously high pressure system and reduced Westerly
Winds (same processes as for our case study) around New-Zealand, conducing to MHW
formation in 2017-2018.

Additionally, we did not focus on the years 1997-1998, but the MHWs detection has
shown large events especially for the Southern and Northern areas during these years. Simply,

note that those extreme events were also linked to strong positive phases of both ENSO and

SAM (Figure 24).
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5.3 Marine heatwaves in 2016

5.3.1 Formation and processes
In early and mid-March 2016, the wind speed started to decrease in Northern and
Southern areas respectively. In mid-March also started a rise of the atmospheric pressure and

of the SST anomalies in the Southern area.

In April 2016, the low-cloud coverage was reduced in both Northern and Transition
areas. The air temperature anomalies were almost zero alongshore of the 3 areas. However, SST
anomalies were already positive since the beginning of the year 2016, but were not high enough
to trigger a MHW, as during summer the threshold above which MHWSs are detected is higher.
In mid-April, the atmospheric temperature anomalies started to increase in the Transition and
Southern areas. In the Transition area only, the wind speed started to decrease, associated with
a pressure increase in late April. As well, the SST anomaly coming from the extratropical
Pacific (~55°S, 130°W) started to increase in the Transition area in mid-April. Within the 3
areas, in April, the heat transfer ocean-atmosphere was higher than the 2012-2020 average.

In May 2016, positive SST anomalies coming from the extratropical South Pacific got
closer to the coasts, bringing anomalies which were higher for the Transition area than for the
Southern area. Low-cloud coverage started to decrease in the Southern area. In mid-May,
atmospheric temperature reached its highest values in the Northern area. At the same time, the
wind speed reached its lowest value over the 2012-2020 period for both Northern and Southern
areas, and the Transition area experienced unusual weak westward winds. It was the unique
time interval during which westward winds were dominant in the Transition area over the 2012-
2020 period. At the same time, the highest pressure peak was recorded for the Southern area.
In May 2016, for all 3 areas, the heat transfer from the ocean to the atmosphere was lower than
average. This deficit of heat loss was the highest observed for both Northern and Transition
areas. Indeed, with the lowest wind-speed ever recorded for both Northern and Southern area
and high-pressure systems over Transition and Southern area, conditions were favourable to
low sea-air fluxes. On May 19", the Transition area started to experience MHWSs condition due
to the combination advection of warm SST anomalies, high pressure system and weaker winds
associated to warm atmospheric temperature anomalies and heat loss reduction. Those MHW

conditions lasted for 148 days in that area (almost 5 months).

In mid-June, the pressure and the wind speed were respectively the highest and the

lowest ever recorded for the Transition area, though Strub et al. (2019) indicates that in the
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Transition area, poleward winds have the strongest speed at that period. Those conditions have
induced a reduction of the ocean’s heat transfer. In addition, the SST anomalies, still coming
from the extratropical Central South Pacific, reached its maximum in mid-June in the Transition
area, and were high enough to trigger a MHW in the Southern area on June 17" (which lasted
for 119 days) and to make peak the MHW in the Transition area on June 29", favourited by the
co-occurrence of maximal pressure, very low wind speed, high air temperature anomalies,

which resulted in a low heat transfer from the ocean to the atmosphere.

In early October, wind speed reached high values during a few days in both Transition
and Southern areas (associated with low pressure), coincident with the dissipation of the MHW
on October 13" for both areas. In early October, advection of warm waters coming from
extratropical South Pacific triggered new MHWs in all 3 areas in mid-October (October 20"
for both Transition and Southern area and on October 21% for Northern area). In early
November, the warm-water anomalies decreased, leading to a break within the MHW period in
Northern and Southern areas and the MHW in the Transition area almost disappeared.
Meanwhile, a warm SST patch formed very quickly West of Juan Fernandez Islands in early
November 2016, with an SST anomaly increase of 2.5°C in only 12 days, from 6™ to 18" of
November. Same for atmospheric temperatures with a rise of 2°C over the same period. Both
atmospheric and oceanic warm patches moved southeastward and reached the coasts in late
November, encompassing the three areas and coinciding with the new apparition of MHWSs in
Northern and Southern area (both on November 18™) and to the strengthening of the MHW in
the Transition area. The MHW peaked in the Southern area on November 26", then the
anomalies started decreasing. In the Transition area, the anomalies were getting closer to the
coast until November 29", coinciding the MHW peak in that area. In the Northern area, the
MHW was not that strong because of the presence of a coastal negative anomaly signal at
approximately 37°S, corresponding to Punta Lavapie, an area where upwelling favourable
winds are predominant from September to February (Letelier et al., 2009), explaining the
negative trends of SST anomalies often observed in this area. However, the warm patches
moved northeastward in mid-December and the anomalies were decreasing. Nevertheless, in
late January 2017, both SST and atmospheric temperature anomalies patch increased back,
provoking the 137 days (4 and a half months) MHW in the Northern area (which was, by the
way, the strongest event ever recorded along Chile).

It is important to note that for the Southern area, SST anomalies were occurring days

before air temperature anomalies and for Transition and Northern areas, the anomalies were
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occurring with no lag. In addition, in our 3 study zones, the SST is almost always higher than
the air temperature (Figure 10). This would signify that the autumn-winter-spring MHWS in
2016 were led by oceanic processes (warm water advection in that case coming from
extratropical South Pacific) and maintained by atmospheric condition (high-pressure system
associated to lower winds, unusual warm air temperature and thus reduce heat loss from the

ocean), preventing waters to cool during winter.

5.3.2 The warm patches

The warm patch we described in the extratropical South Pacific at mid-latitude (see
part 5.3.1), bringing positive SST anomalies to Patagonia through the Pacific Gyre, has been
described in different studies and is part of the South Pacific Ocean Dipole (SPOD). The dipole
is composed of an extratropical positive SST anomalies patch (corresponding to the one we
highlighted) centred on about 58°S, 125°W and a subtropical negative SST anomalies patch
centred on the eastern coast of New-Zealand (Saurral et al., 2020). The spatial distribution of
this dipole experiences low variability but its amplitude varies according to seasons (Guan et
al., 2014) and to large-scale forcing (e.g. ENSO, PDO; Chatterjee et al., 2017; Saurral et al.,
2020). The main variability of the dipole is explained by ENSO (Li et al., 2012; Chatterjee et
al., 2017): when positive phases of ENSO are occurring, the warm anomalies are enhanced in
the extratropical dipole. As a strong El Nifio event was present in summer 2015-2016, warm
anomalies of the extratropical dipole were able to strengthen, provoking the MHWs we
described. In addition, dipole’s SST anomalies are subject to eastward propagation (Li et al.,

2012) explaining why they reached Patagonia and provoked the MHWs.

The warm patch we described West of Juan Fernandez Archipelago that formed in
November 2016 and strengthened in January 2017 was probably linked to a “coastal El Nifo”
(Garreaud, 2018; Rodriguez-Morata et al., 2019), whose characteristics were a strong and rapid
warming of the easternmost Equatorial Pacific in January 2017 followed by other warm pulses
in February and March, associated with very weak Tradewinds from January to April 2017. In
fact, the whole Central Pacific experienced a very strong El Nifio in 2015-2016, but the
easternmost Central Pacific experienced a “longer” El Nifio in summer 2017 (Garreaud, 2018).
In its study, Garreaud (2018) highlights a tongue-shaped warm SST coming from Equatorial
Pacific and extending southeastward to the coasts of our Northern area, in accordance with what
we described in part 5.3.1. This warm patch resulted in the formation of the most intense MHW
in the Northern area, which lasted from January 19" to June 4™ 2017.
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5.4 SST and marine heatwaves trends

We found that the Transition area is particularly impacted by positively increasing
MHWSs metrics. Indeed, although MHWSs metrics have globally increased over the decades
within all 3 studied areas, the increase is particularly important for the Transition one. It is the
only area in which all metrics, except the number of events, have constantly increased over the
decades. Concerning the number of events, an exceptional increase is observed over the 2012-
2020 period (only 9 years), totalling 45% of all the events that have peaked in this area. In
addition, regarding the long-term MHWs trends (1982 to 2020), the Transition area is the only
one to be impacted by the positively increasing trends (Figure 23). Those MHW:s trends showed
a tongue-shaped positive patch where the number of MHWs detected along the years have

increased, coming from the Central Pacific and reaching Chilean Coasts in the Transition area.

Regarding the decadal SST trends, during the three first decades, a positive trend,
tongue-shaped, is observable and centred approximately on 35°S. Cooling trends are always
observed nearshore of South America. Nevertheless, the last decade shows a totally different
pattern, with positive anomalies everywhere (except a horseshoe pattern of negative trends),
particularly high along Patagonian coasts with +0.05°C to +0.1°C. According to the long-term
SST trends (1982-1980), not only the Transition area is fully impacted, but it is also the only
South American Pacific coast (South of 10°S) impacted by positive trends. We showed that the
SST warming reached 0.005 to 0.01°C per year along the Transition area shores. SST trends
are coherent with what was observed by Roemmich et al. (2016): a tongue-shaped warm patch,
with a warm core between 30°S and 40°S and coming close to the coast between 38°S and 47°S.
However, in their study, Roemmich et al. (2016) observed a cooling trend along Chilean coasts,
contrary to what we found. The difference might be linked to the different time series used:
their study has been realised from 1981 to 2015, whereas in our study we also encompassed the
end of the last decade. Yet, we showed that the last decade is particularly important in terms of
warming, probably explaining the difference between the two studies. In addition, they
performed their study within the whole subtropical Pacific, allowing to highlight that the
warming in the South Pacific is the highest at 33°S, 158°W, depicting that Patagonia is
influenced by the Central South Pacific. Note that Gutiérrez et al. (2018) found that winter SST
has increased from 2010 to 2016 in Northern Patagonian fjords, being maximal in 2016, the

winter we observe the very long MHW in both Transition and Southern areas.

In addition, we noticed that MHWSs trends and SST positive trends from 1982 to 2020
share the same distribution pattern. It is explained by the fact that MHWSs are highly related to
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increasing SST across the globe (Frolicher et al., 2018).

5.5 Marine heatwaves consequences on fjords ecosystems

MHWs’ impacts on species depends on MHW’s intensity, duration but also vertical
extent. Few studies have been realised on what consequences could have MHWs on fjord
environments and none on Patagonian fjords. However, we suggest that major consequences
occurring in other oceans or seas might be applicable to our studied areas, such as species
communities shifts or mass mortality. For example, a shift from mostly autotroph (algae)
dominated to heterotroph (invertebrate) dominated was observed in intertidal environments of
Gulf of Alaska (including fjords) after a MHW which lasted from 2014 to 2017 (Weitzman et
al., 2021). Weitzman et al. (2021) reported that this community shift resorbed 5 years after the
resilience of the MHW. In Chilean Patagonia, decrease in microbial richness has already been
observed associated with seasonal increase of sea temperatures, particularly in winter
(Gutiérrez et al., 2018). This would probably be exacerbated as MHWSs are projected to be more
numerous, as we saw in part 4.5.
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Figure 26: Sea surface temperature (°C) long-term monthly averaged over 1982 to 2020 period
for February (A) and monthly average for February 2017 (B).

Nearshore Northern Patagonia (41°S-45°S), long-term average SST in February is
between 14°C and 15°C (Figure 26A). However, in February 2017, the strongest ever MHW
event was recorded. Consequently, in February 2017, the SST was higher than average, near
17°C in Northernmost Patagonia. Optimal temperature for Atlantic salmon (Salmo salar)
growth is between 12°C and 18°C (Elliott & Elliott, 2010), beyond 18°C, salmons’ growth
performances are reduced (Hevrgy et al., 2012). In any event, cold waters of Northern Patagonia
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are supposed to be optimal for salmon’s growth, even during summer months (Figure 26A).
Nevertheless, during the summer 2017, the SST nearshore was nearly 2°C higher than average
(Figure 26B), becoming close to the upper limit of optimal temperature growth for Atlantic
salmons. Consequently, a such increase of the SST during summer MHWSs could provoke a
thermal stress for salmons and alter their growth performances, having in return economic
repercussions as it has already been observed in the past, for instance during the 2015-2016
Tasmanian MHW (Oliver et al., 2017).

It seems important to note that a HAB occurred in austral summer 2016, from February
to May (Leon-Mufoz et al., 2018; Armijo et al., 2020), in Northern Patagonian inner seas and
along Pacific coasts of Chiloe Island (41°4°S to 43°2°S, corresponding to our Transition area)
enhanced by the reduced freshwater riverine inputs, higher temperatures and increased solar
radiation (Garreaud, 2018). This HAB was the worst ever recorded for Patagonia, causing
massive mortality in aquaculture farms with economic losses of several hundred million dollars
(e.g. Diaz et al., 2019). HAB were often described as one of the consequences of MHWs (e.g.
NOAA Climate, 2015; Roberts et al., 2019), but this HAB occurred before the MHW we
detected in the Transition area (starting on May 19" 2016). However, the spatial resolution of
the SST data we used to perform our MHWSs detection is too coarse to detect the MHWSs within
the inner seas, preventing us to know if they experienced more numerous or longer MHWSs than
the open ocean did and if the HAB coincided with a MHW event.

Chilean Patagonian fjords are experiencing hypoxic conditions due to fjord alimentation
by low-oxygen Equatorial waters filling the deep micro-basins (Silva & Vargas, 2014; Pérez-
Santos et al., 2018), a strong stratification which provide deep waters to be re-oxygenated by
vertical mixing (Silva & Vargas, 2014) and anthropogenic activities (sewage discharge,
aquaculture, etc.) adding more organic matter in coastal areas which consumes oxygen while
being degraded (Silva & Vargas, 2014). Within fjords, bathymetry is complex and numerous
sills are trapping deep waters which, if they are warm (or hypoxic), can be cooled (or
reoxygenated) only if new water replaces the one trapped by the sill or by mixing with upper
layers. Thus, hypoxic conditions in Patagonian fjords might be enhanced by MHWs as thermal
stratification would be increased by the water warming and as oxygen dissolution decreases
when there is an SST rise (Breitburg et al., 2018). Such conditions have already been observed
in Norwegian deep-fjords where hypoxic conditions were exacerbated by deep waters warming,

affecting benthic communities (Aksnes et al., 2019).
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6 CONCLUSION

This study presents, to the best of our knowledge, the first assessment of the marine
heatwaves (MHWSs) that have occurred along Central and South Chile (29°S-55°S), from 1982
to 2020. We found that, although MHWSs were already present in the 1980s, their intensity and
their duration has increased, particularly over the period 2012-2020, with record-breaking
events. The Northern Patagonia (38°S-46°S) was the most hit region by these increasing MHWSs
trends, particularly over the last decade. For instance, in Northern Patagonia, 45% of all the
MHWs that have occurred between 1982 and 2020 peaked after 2011 and 40% of the events
that had an intensity superior to 1°C also occurred after 2011. In addition, we found that
Northern Patagonia is the only Chilean coastal area where there is a long-term positive trend of
MHWs frequency, probably related to the SST long-term warming trends, which also affect

only the Northern Patagonia.

During the years 1997-1998 and in 2016, very strong El Nifio conditions were reported,
and were associated with positive phases of SAM. During these two periods, numerous MHWSs

occurred, some of them being among the longest and more intense ones.

Over the period 1982-2020, the year 2016 was the one during which Central Chile
(29°S-38°S) experienced 110 days under MHWs conditions, Northern Patagonia 238 days and
188 days for Southern Patagonia (46°S-55°S). It was during that year that the longest MHW
was recorded. Indeed, MHWSs conditions persisted from May to October in Northern Patagonia
and from June to October in Southern Patagonia. That event was caused by advection of warm-
water anomalies from the extratropical Pacific and maintained by ideal atmospheric conditions,
meaning a high-pressure system associated with lower winds and reduced heat transfer. Only a
few days after the disappearance of this MHW, a new one peaked by the end of the year, being
the strongest event recorded along Northern Patagonia and one of the most intense that have
occurred along Southern Patagonia. That second MHW was triggered by warm-water anomalies
coming from the tropical ocean, inducing shorter but more intense MHWs.

In this study we analysed the surface development of the MHWSs. However, further
works should be dedicated to the subsurface development of the MHWSs which is also
primordial as it will define the depth at which species will be affected by the warming.
Additionally, further studies should assess how the inner seas of Patagonia are affected by
MHWs. Indeed, MHWSs consequences added to the already existing hypoxia and to the global
warming might severely damage fjords ecosystems and aquaculture production.
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