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Abstract

PhD Thesis in Oceanography

Study of Marine Heatwaves in a semi-enclosed coastal area: their
detection, formation, drivers and impacts, using a combination of
satellite and in situ data

by Cécile Pujol

Marine heatwaves (MHWs) and marine cold spells (MCSs) are discrete temperature
anomalies events that can persist for weeks or months, often causing severe ecological
and socio-economic impacts. This thesis investigates the development, drivers and
consequences of MHWs and MCSs in Central and Southern Chile (29°S-55°S), with a
particular focus on Northern Patagonia, a region of oceanographic interest and of an
economic importance due to intensive aquaculture activity. The main objective is to
characterise the surface and subsurface dynamics of MHWs and MCSs, assess their
spatial variability among large basins and narrow fjords, identify their drivers, and
evaluate their ecological implications.

A multi-scale approach was applied, moving from offshore to coastal environments and
from surface to subsurface layers. At large scale, satellite reanalysis data at low
resolution (0.25°) were used to identify patterns, long-term trends and main drivers of
MHWs in Central and Southern Chile, regions previously unexplored in this context. At
finer scale, a novel methodology was developed, merging over three decades of in situ
observations with satellite products to generate high-resolution (900 m) temperature
fields for Northern Patagonia. This allowed the detection of extreme events across fjords
and basins and the assessment of their spatial and temporal variability. Subsurface
dynamics where also explored with a hydrodynamic model to evaluate the vertical extent
of MHWs and MCS and the relation between surface and subsurface events. Additionally,
the potential role of MHWs in promoting harmful algal blooms (HABs) was investigated.

Results show that Central Chile and Northern and Southern Patagonia experienced more
than 70 MHWs over the past four decades. Northern Patagonia displays the strongest
warming trends and is the only subregion with a significant increase in MHW frequency,
with more than 30 events in the past decade alone, while MCSs show an overall decline.
In this region, the spatial heterogeneity is particularly pronounced, depending mostly on
the topography and stratification: stratified fjords experienced stronger anomalies (up
to 5°C), whereas more homogeneous basins exhibited weaker events (below 2°C). Major
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MHWSs occurred in 1997-98, 2008 and 2016-17, with contrasting subsurface penetration.
The 1997-98 event shown rapid propagation to the bottom layers, while the 2016-17 event
remained confined to the upper layers. Similarly, a prolonged series of MCSs affected
intermediate layers from 2019 to 2024, while the main events were registered in 2007-08.
For both MHWs and MCSs, subsurface anomalies were generally more intense below the
low-salinity surface layer and considerably longer-lasting than those at the surface, with
events extending over several months or years, with the extreme example of a MCS that
lasted from 2022 to 2024 in the deep layers of Reloncavi Sound. Atmospheric forcings,
particularly wind and solar radiation, were identified as key local drivers, while large-
scale climate modes such as EL Nifio Southern Oscillation (ENSO) and Southern Annular
Mode (SAM) amplified event intensity and duration. Finally, a link was established
between MHWs and HAB development, with evidence that MHWs act as a catalyst for A.
catenella blooms by creating favourable environmental conditions when sufficient
nutrients are available.

This work provides the first integrated assessment of MHWs and MCSs in Central and
Southern Chile, particularly in Northern Patagonia, demonstrating the importance of
high-resolution approaches for capturing their complexity in coastal systems and
highlighting implications for ecosystem functioning, fisheries and aquaculture
management.

Key words: Marine heatwave, Marine cold spell, Sea temperature, Climate change,
Patagonia, Chile, Aquaculture
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Résumé

Doctorat en Océanographie

Study of Marine Heatwaves in a semi-enclosed coastal area: their
detection, formation, drivers and impacts, using a combination of
satellite and in situ data

Par Cécile Pujol

Les vagues de chaleur marines (MHWSs) et les vagues de froid marines (MCSs) sont des
évenements discrets d’anomalies de température qui peuvent persister plusieurs
semaines, voire plusieurs mois, ayant de sévere répercussions environnementales et
socio-économiques. Cette thése analyse le développement, les causes et les
conséquences des MHWSs et MCSs dans le centre et le sud du Chili (29°S-55°S) avec une
attention particuliére sur le nord de la Patagonie, une région d’importance économique
enraison de la présence de nombreux centres aquacoles. L’objectif principal de la thése
est de caractériser les dynamiques de surface et de subsurface de ces évenements
extrémes, de comprendre leur variabilité spatiale et temporelle entre les grands bassins
et les fjords étroits, d’identifier leurs causes ainsi que leurs impacts.

Une approche multi-échelle a été adoptée, allant des zones océaniques offshores
jusqu’aux écosystemes coétiers, et de la surface vers les fonds marins. A grande échelle,
un produit satellitaire de réanalyse a faible résolution (0,25°) a été utilisé pour identifier
les patterns, les tendances a long terme et les facteurs des MHWs dans le centre et le
sud du Chili, des régions qui n’avaient jamais été étudiées sous cet angle. A plus fine
échelle, une nouvelle méthodologie a été développée, combinant plus de trois décennies
de données in situ et des observations satellitaires pour générer des champs de
température de U'eau a une résolution de 900 m pour la Patagonie du Nord. Cette
approche a permis de détecter les événements extrémes dans les fjords et les bassins,
ainsi que d’établir leur variabilité spatio-temporelle. La dynamique de subsurface a
également été explorée a laide d’un modele hydrodynamique afin d’évaluer la
propagation verticale des MHWs et MCSs et leur relation avec les événements de
surface. Enfin, le réle potentiel des MHWs dans le développement d’efflorescences
d’algues toxiques (HABs) a été examiné.

Les résultats montrent que le centre du Chili et la Patagonie ont subi plus de 70 MHWs
au cours des quatre dernieres décennies. Le nord de la Patagonie se distingue par des
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tendances de réchauffement particulierement marquées et constitue la seule sous-
région ou la fréquence des MHWs augmente avec plus de 30 événements sur la seule
derniére décennie, tandis que les MCSs y présentent une tendance a la diminution. Dans
cette méme région, 'hétérogénéité spatiale est particulierement importante, et résulte
surtout de la topographie et de la stratification : les fjords, fortement stratifiés, sont
touchés par des intensités beaucoup plus marquées (jusqu’a 5°C) que les bassins plus
homogénéisés (moins de 2°C). Les MHWs les plus importantes se sont produites en
1997-98, 2008 et 2016-17, avec schémas de propagation verticale différents : celle de
1997-98 a tres rapidement atteint les couches de subsurface, tandis que celle de 2016-
17 est restée confinée a la superficie. De maniére similaire, une série de MCSs s’est
produite dans les couches intermédiaires entre 2019 et 2024, tandis que les évenements
les plus importants ont été observées en 2007-08. Pour les MHWs comme pour les MCSs,
les anomalies situées sous la couche de surface peu saline sont plus intenses. Les
évenements de subsurface, sont également considérablement plus longs que ceux en
surface, avec certains épisodes qui durent plusieurs mois voire plusieurs années. Cela a
notamment été le cas lors d’'une MCS présente pendant trois ans, de 2022 a 2024, dans
le Golfe de Reloncavi. Les forgcages atmosphériques, en particulier les vents et le
rayonnement solaire, jouent un réle déterminant, tandis que les modes climatiques a
grande échelle, tels que ELNifio Southern Oscillation (ENSO) and Southern Annular Mode
(SAM), amplifient Uintensité et la durée des événements. Enfin, un lien a été mis en
évidence entre les MHWs et la prolifération de HABs d’Alexandrium catenella, qui
trouvent dans ces conditions un environnement favorable a leur développement.

Ce travail propose la premiere évaluation des MHWs et MCSs dans le centre et le sud du
Chili, en particulier dans le nord de la Patagonie, mettant en évidence l'importance
d’utiliser des approches a haute résolution pour observer la complexité de ces
évenements dans les environnements cotiers et souligne leurs conséquences
potentielles sur le fonctionnement des écosystemes ainsi que sur les secteurs de la
péche et de 'aquaculture.

Mots-clés : Vague de chaleur marine, Vague de froid marine, Changement
climatique, Température des océans, Patagonie, Chili, Aquaculture
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Resumen

Tesis de Doctorado en Oceanografia

Study of Marine Heatwaves in a semi-enclosed coastal area: their
detection, formation, drivers and impacts, using a combination of
satellite and in situ data

Por Cécile Pujol

Las Olas de Calor Marinas (MHWSs) y Olas de Frio (MCSs) son diferentes eventos
anomalos de temperatura que pueden persistir por semanas o meses, a menudo
causando severos impactos ecoldgicos y socio-economicos. Esta tesis investiga el
desarrollo, causas y consecuencias de MHWs y MCSs en el centro y sur de Chile (29°S-
55°), enfocandose particularmente en la Patagonia Norte de Chile, una regiéon de interés
oceanografico y de importancia econémica debido a la acuicultura. El objetivo principal
de este trabajo es caracterizar las dinamicas de las MHWs y MCSs en superficie y
subsuperficie, evaluar su variabilidad espacial entre cuencasy fiordos, identificando sus
causasy evaluando sus implicaciones ecoldgicas.

Una aproximacién multiescalar fue aplicada, moviéndose desde mar abierto hacia
ambientes costeros y desde la superficie hacia capaz subsuperficiales. A gran escala,
reanalisis de datos satelitales en baja resolucién (0.25°) fueron usados para identificar
patrones, tendencias a largo plazo y principales causas de MHWs en el centro y sur de
Chile, regidon no estudiada en esta materia. A fina escala, una novedosa metodologia fue
desarrollada, uniendo tres décadas de observaciones in situ con productos satelitales
para generar una alta resolucion (900 m) en campos de temperatura para la Patagonia
Norte de Chile. Esto permitio la deteccidon de eventos extremos a través de los fiordos y
cuencas, y la evaluacidon de su variabilidad espacial y temporal. Las dinamicas
subsuperficiales también fueron investigadas con un modelo hidrodinamico para
evaluar la extension verticalde MHWs y MCSsyy la relaciéon entre los eventos superficiales
y subsuperficiales, ademas del rol potencial de MHWs en promover floraciones algales
nocivas (HABs).

Los resultados muestran que la zona central, en conjunto con el norte y sur de la
Patagonia de Chile experimentaron alrededor de 70 MHWSs en las ultimas cuatro
décadas. La Patagonia Norte de Chile demuestra fuertes tendencias al calentamiento,
siendo la Unica subregidn con un incremento significante en la frecuencia de MHWs, con
mas de 30 eventos solamente en la ultima década, mientras que MCSs muestran una
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disminucién en general. En esta regidn, la espacialidad heterogénea es particularmente
pronunciada, despendiendo mayoritariamente de la topografia y estratificacion: los
fiordos estratificados experimentaron fuertes anomalias (sobre 5°C), mientras que
cuencas mas homogéneas presentaron eventos débiles (bajo los 2°C). Las MHWs mas
intensas ocurrieron en 1997-98, 2008 y 2016-17, con diferentes niveles de penetracion
subsuperficial. El evento de 1997-98 indico una rapida propagacidon hacia capas
profundas, mientras que el evento de 2016-17 se mantuvo confinado en capas
superiores. Similarmente, una serie prolongada de MCSs afect6 las capas intermediarias
desde 2019 a 2024, pero los principales eventos fueron registrados en 2007-08. Para
ambos (MHWs y MCSs), las anomalias subsuperficiales fueron generalmente mas
intensas debajo de la capa superficial de baja salinidad y considerablemente mas
duraderas que las superficiales, con eventos extendidos por varios meses o0 afos, con el
ejemplo extremo de una MCSs desde 2022 a 2024 en capas profundad del Seno
Reloncavi. Forzantes atmosféricos, particularmente vientos y radiacién solar, fueron
identificados como causas locales claves, mientras que eventos climaticos a gran
escala como El Nifio (ENSO) y el Modo Anular del Sur (SAM) amplifican la intensidad y
duracidén de los eventos. Finalmente, se encontré una conexién entre MHWSs y desarrollo
de HABs, con evidencia que las MHWSs actian como precursor de la proliferacion de
Alexamdrium catenella, creando condiciones ambientales favorables cuando la
suficiente cantidad de nutrientes son disponibles.

Este trabajo promueve la primera evaluacién integrada de MHWs y MCSs en el centro y
sur de Chile, particularmente en la Patagonia Norte, demostrando la importancia de la
alta resolucion aproximada para capturar la complejidad de su sistema de costas y
resalta las implicaciones para los ecosistemas, pesqueriay acuicultura.

Palabras claves: Ola de calor marina, Ola de frio marina, Cambio climatico,
Temperatura del mar, Patagonia, Chile, Acuicultura
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CHAPTER 1. INTRODUCTION

1.1. General context and state of the art

1.1.1. Marine Heatwaves and Marine Cold spells

1.1.1.1. Definitions

Marine heatwaves (MHWs) and marine cold spells (MCSs) are discrete oceanic events
characterised by respectively anomalously warm or cold water, that can persist from days to
months. MHWs were formally defined for the first time by Hobday et al. (2016) as prolonged,
discrete periods of anomalously warm sea surface temperature (SST), basing this definition on
the one long used to define atmospheric heatwaves (Perkins and Alexander, 2013). Although
extreme ocean temperature anomalies have been observed for decades (e.g. Cerrano et al., 2000;
McPhaden, 1999; Mills et al., 2013; Olita et al., 2007), the standardised definition of MHWs in 2016 by
Hobday et al. greatly stimulated research on the topic: while less than 10 publication used the term
“marine heatwave” or “marine heat wave” in their title prior to 2016, over 1400 papers have since
been published, with more than 450 in 2024 alone. By analogy, MCSs are defined as “discrete,
prolonged periods of anomalously cold ocean temperatures” (Schlegel et al., 2021). In contrast to
MHWSs, MCSs remain understudied, with only around 40 publications titled “marine cold spell”
to date.

Both MHWs and MCSs are defined relative to local daily long-term climatology, typically
calculated over a minimum 30-year baseline (Hobday et al., 2016; Schlegel et al., 2021). According
to that same definition, a MHW occurs when daily SST exceeds the 90" percentile of the
seasonally varying climatological distribution for at least five consecutive days, with no more than
two consecutive days below the threshold (Hobday et al., 2016). This five-day minimum accounts
for the ocean’s slower thermal response compared to the atmosphere, where heatwaves are
commonly defined over three days (Hobday et al., 2016; Perkins and Alexander, 2013). MCSs are
similarly defined, but as periods where SST falls below the 10™ percentile threshold, again lasting
a minimum of five days with no more than two below threshold days (Schlegel et al., 2021). MHWs
and MCSs are inherently discrete events, implying a return to normal conditions once the
anomalies recede (Hobday et al., 2016). According to that definition (threshold calculated
depending on a climatology), severity of the MHWSs depends on both absolute SST and on local
seasonal SST variability.

MHWs and MCSs are described, identified and characterised using standard metrics: the start
and end dates, duration (days), mean and maximum intensity (°C above or below climatology,
relying on the SST anomaly), cumulative intensity (°C.day), spatial extent (km?), and rates of onset
and decline (°C/day) (Hobday et al., 2016). Generally, the maximum spatial extent and highest
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Figure 1: Suggestion of the temporal evolution of a marine heatwave (MHW) and of a marine cold
spell (MCS). They are both determined according to the local climatology and thresholds. When
the localtemperature exceeds multiples of the threshold, it reaches the corresponding category,
traditionally represented in shades of red for MHWs and in shades of blue for MCSs. If the local
temperature exceeds the threshold during less than 5 days, it is considered as a heat or cold
peak. Different metrics can be determined: the intensity on day T, the maximal intensity reached
at the peak of the event, and the duration of the event (applicable to both MHW and MCS). This
temporal representation can be from a unique location or a spatial average over a larger area.

intensities are reached around the centre of the event life cycle (Sun et al., 2023a). These different
metrics allow comparison between events, across regions and time periods (Fig. 1). To facilitate
communication, public understanding and to better understand harmfulness of such events on
ecosystems, Hobday et al. (2018) proposed a classification scheme for MHWSs with four categories
based on maximal intensity reached by the event. Schlegel et al. (2021) extended this
categorisation to MCSs, though their intensities are expressed as negative, since based on
temperature anomalies. The categories are calculated as multiples of the difference between the
climatology and the threshold (10" or 90" percentile). If the maximal intensity reached is between
1 and 2 time the difference, itis considered as a Category | (Moderate) event, if itis between 2 and
3times the difference itis a Category Il (Strong) event, if itis between 3 and 4 times the difference
it is a Category lll (Severe) event, and if it exceeds 4 times the difference it is a Category IV
(Extreme) event (Table 1).




Table 1: Categorization of marine heatwaves and cold spells, according to Hobday et al., 2018

Multiple of the difference between Category Intensity of the
climatology and threshold MHW/MCS
0to<1 No MHW No event
T1to<2 Category | Moderate
2t0<3 Category Il Strong
3to<4 Category lll Severe
>4 Category IV Extreme

The historical study of MHWs focused first on their surface signature (e.g. Di Lorenzo and Mantua,
2016; Frolicher et al., 2018; Hobday et al., 2016a; Holbrook et al., 2019; Oliver et al., 2018a; Smale et al.,
2019). MHWs and MCSs tend to show similar spatial patterns, nonetheless showing differences
in spatial variation and intensity (Yao et al., 2022). However, studies rapidly revealed that their
subsurface counterparts can be longer and more intense than at the surface (Amaya et al., 2023b;
Elzahaby and Schaeffer, 2019; Hu et al., 2021; Zhang et al., 2023), sometimes extending vertically over
hundreds of meters (Chen et al., 2023; Fragkopoulou et al., 2023). Eventually, subsurface MHWs can
be disconnected from surface, occurring at depth only, potentially due to the subduction of
warmer sea surface waters and adiabatic processes (Amaya et al., 2023b; Guo et al., 2024).
Approximately half of MHWs show continuous surface signals throughout their life cycles, while
one third are confined to the subsurface only (Sun et al., 2023b). Due to the higher thermic
capacities of deep waters, while MHWs are dissipating in surface, warm-water anomalies can
persist over several years at depth (e.g. Jackson et al., 2018). Generally, the maximal intensity
reached by a MHW is around 100m depth (peaking on average at 1.6°C), with an increasing
intensity from surface to that depth, and then decreasing with depth (Guo et al., 2024). The
frequency of the events is more linear, being higher in the surface layer (1.8 event per year on
average globally), and slowly decreasing with depth (1.4 event per year at 1000m depth) (Guo et
al., 2024).

1.1.1.2. MHWs and MCSs in a global warming context

The frequency, duration, intensity and spatial extent of MHWs have increased significantly over
recent decades, primarily due to anthropic globalwarming (IPCC, 2021; Laufkotter et al., 2020; Oliver
et al., 2018a; Peal et al., 2023). From 1925 to 2016, annual MHW days rose by approximately 50%
(Oliver et al., 2018a), with the frequency doubling since the 1980s and projected to increase,
particularly in coastal regions (Frolicher et al., 2018; IPCC, 2021). For example, during the years
2015-2016, at least one fourth of the oceans experienced a MHW (Oliver et al., 2017). Recent
analyses indicate that 87% of present-day MHWs are attributable to human-induced warming,
and projected to approach 100% under scenarios exceeding 2°C of global warming (Frélicher et
al., 2018). By the end of the 21" century, many ocean regions could experience near-permanent
MHWs conditions, especially under high-emission scenarios (Cheng et al., 2023; Oliver et al., 2019;
Yao et al., 2022). Longer-lasting MHW events tend to be larger in spatial extent and vice versa,
whereas intensity is nearly independent from the duration and spatial extent (Sun et al., 2023a).The
increase in mean intensity and in annual MHW days should concern a big part of the water
column, from surface to at least 1000m (Guo et al., 2024). Guo et al., (2024) project that globally, in
the first 50m of the water column, MHWs annual days and mean intensity to increase by about
1.4 days and 0.13°C by the end of the century. For their part, Tanaka & Van Houtan (2022) estimate
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that during the last 150 years, the Arctic Ocean has been the mostimpacted by increasing MHWs
trends, whereas the Northern Atlantic has been the least affected. These increasing trends are
mainly driven by increases in mean ocean temperature rather than changes in temperature
variability, at both surface and depth (Oliver et al., 2019; Sun et al., 2023b). Other factors such as the
shoaling of the mixed layer, changes in low-cloud cover and advection of warm air by anomalous
winds are also likely to contribute to the MHWs amplification (Athanase et al., 2024). Model
projections suggest that the annual occurrence of surface, mixed layer and subsurface MHWs
will continue to increase globally, with stronger trends near the surface (Guo et al., 2024; Sun et al.,
2023a). Deser et al., (2024) also suggest that MHWs and MCSs are more likely to intensify
particularly in the northern extra-tropics and to weaken in the tropics, in relation to ENSO.
Subsurface MHWSs used to reach peak intensity at depths around 100m, but because of the
intensification of the surface warming, an upward shift of the peak intensity is observed (Guo et
al., 2024).

In contrast, the globalfrequency, duration and intensity of MCSs are declining everywhere, except
in polar oceans, where unique oceanographic conditions can still promote their occurrence (Peal
et al., 2023; Schlegel et al., 2021; Wang et al., 2022c). This reduction is primarily driven by the long-
term warming of the oceans, which shifts the baseline upward, leaving fewer opportunities for
anomalously cold events, and are expected to continue to decrease (Schlegel et al., 2021; Wang et
al., 2022c). In the Northern Atlantic Ocean, MCSs will probably by enhanced by the weakening of
the Atlantic Meridional Overturning in the subpolar Atlantic Ocean (Yao et al., 2022). While MHW
and MCS spatial distributions overlap in certain ocean regions, such as the eastern tropical
Pacific and mid-latitude Southern Hemisphere, their opposing trends underscore the asymmetric
impact of global warming on extreme thermal events (Yao et al., 2022).

In summary, the intensification and near-permanence of MHWs alongside the decline of MCSs
are clear indicators of an ocean increasingly influenced by anthropogenic climate change (Oliver
etal., 2019; Venegas et al., 2023). The understanding of such events at both surface and subsurface
is critical for predicting their ecological and climatic impacts under future warming scenarios, as
large marine ecosystems regions are projected to face intensified threats from more extreme
events (Guo et al., 2024), and probably pushing marine organisms and ecosystems to their
resilience limits (Frolicher et al., 2018).

1.1.1.3. Focus on the importance of baselines in MHW and MCS detection

Accurate detection of MHWs and MCSs requires robust datasets. Satellite observations provide
high spatial coverage and temporal resolution, but with moderate length records. Hobday et al.
(2016) suggested the use of the NOAA SST reanalysis product (OISSTv2, Huang, Liu, et al., 2021) that
has a resolution of 0.25°, becoming therefore one of the most used products for MHWSs detection
(e.g.Holbrooketal.,2019; Schlegeletal.,2021; Smale etal.,2019; Sun et al., 2023a). The historical study
of MHWs have mostly relied on satellite derived SST products combined with near-surface in situ
data, that provide daily measurements over several decades, as is the OISST product, but as well
for instance the Operational SST and Ice Analysis product (OSTIA, European Union-Copernicus
Marine Service, 2015; Capotondi et al., 2024). In situ measurements can offer longer time series and,
when using autonomous sensors or mooring, they can achieve high temporal resolution, even
though limited spatial coverage (Hobday et al., 2016). Few studies have used in situ data for MHWs
detection, because of the limited spatial coverage. Some of them, however, used long-term
mooring to calculate locally MHWs (Cook et al., 2022; Dabulevic¢iené and Servaité, 2024). Global or
regional models complement these sources, offering high-resolution products, especially



offshore. Models have been more and more used for MHWs detection, as they provide
information on ocean temperature at both surface and depth, and are particularly useful for
future MHWs projection and prediction (Oliver et al., 2018b; Pilo et al., 2019; Plecha and Soares, 2020;
Vogt et al., 2022; Wang et al., 2023).

The choice of the baseline and threshold (thus the choice of the temperature dataset) should
align with the different ecological problematics. Therefore, different adaptations have been
proposed across the years to better understand MHWs and MCSs consequences on ecosystems
and oceans properties. The most common approach for MHWs and MCSs detection involves
identifying temperature anomalies that exceed a given statistical threshold, typically set at a high
percentile, such as the 90" in the case of MHWSs, or the 10" percentile in the case of MCSs (Hobday
et al., 2016; Schlegel et al., 2021). For the detection of MHWSs, some studies use higher percentiles
in order to focus only on the strongest events and not on what could be considered as “normally
warm”, since 90" percentile might result in “too frequent” events that would not respect the rare
nature of extreme events (Holbrook et al., 2019; Rossell6 et al., 2023; Tanaka and Van Houtan, 2022).
For instance, in the case of atmospheric cold and warm waves, the IPCC defines them with 10™"
and 90" percentile thresholds, but they are not necessarily considered as extreme events (Field
et al., 2012). For MHWSs, the 95, 98", 99" and even 99.99" percentiles are sometimes used in
order to focus only on the most extreme events (Darmaraki et al., 2019; Frolicher et al., 2018; Huang
et al.,, 2021b). Others use an absolute temperature as threshold that can be ecologically
meaningful for species with clear thermal tolerance limits. For instance, Marba & Duarte (2010)
used 28°C as threshold for MHWs impacts on the seagrass Posidonia oceanica, the temperature
above which shoot mortality was observed. Similarly, some studies suggest that using a monthly
baseline would be useful to detect only the most extreme events, in both intensity and duration,
especially when studying MHWs and MCSs over historical periods (Jacox et al., 2020; Tanaka and
Van Houtan, 2022). The definition of thresholds and baselines is therefore not trivial and should be
context-dependent, reflecting the environmental adaptation capacities of the relevant
ecosystems (Holbrook et al., 2020b).

One of the most central methodological challenges when defining MHWs and MCSs is the
treatment of the baseline period used to calculate anomalies (Smith et al., 2025). Using a historical
(fixed) baseline captures both long-term warming trends and short-term variability, thus providing
insights into both the displacement of mean conditions and the occurrence of extreme events
(Jacoxetal., 2020). However, as ocean temperatures continue to rise due to anthropogenic climate
change, relying on a fixed baseline risks saturating the definition of MHWs, eventually leading to
a situation where nearly the entire year could be classified as a MHW (Jacox et al., 2020). This
outcome would not fit to the notion of a “wave”, which implies a deviation from a norm, rather
than a new constant state (Jacox et al., 2020; Rossello et al., 2023). To address this issue, some
studies advocate for the use of a moving baseline that shifts with contemporary climatological
conditions (Smith et al., 2025). This approach preserves a consistent frequency of extremes
through time and prevents saturation in the count of MHW days (Rossello et al.,, 2023).
Nonetheless, a moving baseline may mask the absolute thermal stress experienced by marine
ecosystems, which remains ecologically important for MHW mitigation (Scannell et al., 2016).
Therefore, detrending SST data has been proposed to effectively isolate transient extremes from
long-term warming signals (Amaya et al., 2023b; Holbrook et al., 2019; Smith et al., 2025). As Amaya et
al. (2023b) underlined, the term “marine heatwave” should be deserved for temporary, extreme
warm events relative to an evolving, recent climatological nhorm, whereas long-term trends
describe the persistent background warming.



In practice, both fixed and moving baselines can be applied, depending on the research objective.
Fixed baselines help illustrate the cumulative impacts of warming and are a tool for assessing
changes over decades (Rosselld et al., 2023). In contrast, moving baselines highlight short-term
extremes relative to relatively recent conditions, better reflecting the contemporary thermal
stress face by organisms, and preventing saturation in MHW day-count per year in the context of
warming seas (Holbrook et al., 2020b; Rossell¢ et al., 2023). The use of fixed threshold might lead to
over or lower detection of MHWs and MCSs events, as a it assumes a stationary climate where
the mean, scale and shape of temperature distributions remain constant, which is not consistent
with increasing trends of ocean temperatures (Rossello et al., 2023; Venegas et al., 2023).
Consequently, the probability of exceeding a fixed threshold increases, not being coherent with
the notion of rarity that defines the concept of extreme event (Rossello et al., 2023). For example,
(Rosselld et al., 2023) shown that in the Mediterranean Sea, the use of a moving baseline results in
12% of the year being classified as a MHW, whereas 24% of the year was under MHW conditions
when using a fixed baseline. Recent work advocates the use of a moving baseline definition for
identifying MHWs to better distinguish transitory extremes from long-term warming (Amaya et al.,
2023b).

The length of the baseline period is also a crucial parameter in MHWs and MCSs detection. The
World Meteorological Organisation recommends for both atmospheric and oceanic studies 30-
years long period updated every decade to maintain relevance (WMO, 2023). Schlegel et al. (2019)
warn on the use of time series shorter than 30 years that risk biased estimates of frequency,
duration and intensity, and do not recommend to use time series as short as 10 years. Decreasing
the length of the climatological baseline can lead to a decrease in the frequency, duration and
intensity of both surface and subsurface MHWs (Lien et al., 2024; Schlegel et al., 2019). However, in
the context of rapid ocean warming, shorter periods (such as 20-years period) might be more
appropriate to avoid inflating the frequency of extremes due to outdated “cooler” reference years,
and ensures to better reflects the characteristics of a specific period under recent climate
conditions (Fernéandez-Alvarez et al., 2025; Rossellé et al., 2023).

Finally, the shifting baseline illustrates how each generation accepts the conditions of the
environment they grew up with as “normal”, raising the question of which state should be
considered as “normal” for each ecosystems and individual species (Soga and Gaston, 2018),
underlining the importance of clearly specifying the baseline when studying MHW and MCS
impacts.

1.1.1.4. Drivers of MHWs and MCSs

MHWs and MCSs are driven by both atmospheric and oceanographic factors that have different
spatial and temporal scales. In most of the cases, global, regional and local processes interplay
together to trigger, exacerbate, maintain, and dissipate MHWs and MCSs events. However,
although the different processes are well known, the way they interplay to interact with MHWSs
and MCSs remain uncertain.

At mid and high-latitudes, MHWs are often associated with large scale atmospheric pressure
anomaly, typically high-pressure systems bringing warm air, weakening the winds and often
reducing cloud cover and precipitations (Black et al., 2004; Holbrook et al., 2019; Sen Gupta et al.,
2020). It often results in a reduction of the turbulent mixing and of the heat loss by the ocean
towards the atmosphere, favouring the sea surface warming and/or the maintain or an already
present heat (Black et al., 2004; Bond et al., 2015; Olita et al., 2007; Sen Gupta et al., 2020). The
suppression of turbulent fluxes is probably on of the main driver for MHWs formation, whereas
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the increase of turbulent fluxes is probably the main cause of their dissipation (Sen Gupta et al.,
2020). Direct increase of solar radiation, local suppression of latent and/or sensible heat loss
from the ocean, eddies, and water column stratification are other factors that can also contribute
to the development and maintain of MHWs (Pujol et al., 2025; Rathore et al., 2022). Heat fluxes
budget overallis one of the main driver of MHWSs (Liu et al., 2024). The weakening of local or regional
winds is also very important in the initiation and maintain of MHWs (Benthuysen et al., 2014). This
combination of atmospheric factors is often observed in MHW formation (e.g. Xu et al., 2024) and
resulted in some of the most emblematic MHWs ever studied as the very strong MHWs in the
North-East Pacific Ocean in 2013-15 (Bond et al., 2015), and the 2003 MHW in the Western
Mediterranean Sea that had enormous impacts on local ecosystems (Garrabou et al., 2009; Schar
etal.,2004). MHWs are often associated to a shallower mixed layer depth and higher stratification,
and the shallowing is more intense when the MHW’s intensity is higher and if the MHW is
associated to an anticyclonic eddy (Sun et al., 2024a). On the contrary, MCSs are generally
associated with lower air temperature (e.g. Liu et al., 2024), stronger winds (e.g. Shen et al., 2020),
increase of the cloud cover (Liu et al., 2024), depression systems (Liu et al., 2024), resulting in higher
turbulent mixing and shallower mixed layer (Sun et al., 2024a), as well the heat fluxes play an
important role (Liu et al., 2024).

Oceanic processes can also trigger MHWs and MCSs: the advection of warm or cold currents to
respectively cooler and warmer regions (generally at higher latitudes in the case of a warming)
lead to sea temperature anomalies and therefore to MHWs or MCSs conditions (e.g. Liu et al.,
2024). On the other hand, the weakening or the suppression of ocean advection can also cause a
MHW because of the more stagnant presence of water reducing the heat loss, as it has for
instance been observed in the North Pacific Ocean in 2013-15 (Bond et al., 2015). Stronger cooler
currents have been associated to the formation of MCSs (Lian et al., 2024). MHWs triggered by
oceanic processes have already been observed for instance in Australia in 2011 (Benthuysen et al.,
2014). When the region is favourable to the presence of eddied, MHWs and MCSs can be
prolonged over time, deepen, or intensified by respectively anticyclonic and cyclonic eddies (Xu
et al., 2024), as it has been for instance observed in Indonesia with 77% of MHWs associated to
anticyclonic eddies and 75% of MCSs to cyclonic eddies (Napitupulu, 2025). Upwellings might be
also a determinant factor, triggering a MHW when they are weaker than usual, or on the contrary
promoting a MCS when they are stronger than usual (Reyes-Mendoza et al., 2022; Walter et al., 2024).

Retroactions between ocean and atmosphere can also contribute to the maintain of MHWs:
positive sea temperatures might induce an increase of the air temperature, reducing the cloud
coverage, weakening the wind speed, and initiating a positive thermodynamic feedback between
the ocean and the atmosphere (Di Lorenzo and Mantua, 2016). This kind of interaction might be very
important at low latitude regions where the heat budget can easily be modify by the solar radiation
(Myers et al., 2018).

In addition to the different drivers cited above, remote sources such as ENSO (El Nino Southern
Oscillation), PDO (Pacific Decadal Oscillation), SAM (Southern Annular Mode), IOD (Indian Ocean
dipole), Rossby waves, MJO (Madde-Jullian Oscillation), have often played an important role in
the development of MHWs and MCSs (Dalsin et al., 2023; Hamdeno et al., 2022; Pifiones et al., 2024;
Rodrigues et al., 2019; Schlegel et al., 2021). Propagation of planetary waves in the atmosphere or in
the ocean can modify cloud cover, winds force and/or circulation, thermocline depth, or modify
local circulation by an augmentation or reduction of the currents advection (Holbrook et al., 2019).
ENSO phases have for instance often been associated to very large and long MHWSs, such as in
2011 in Australia, for witch a La Nifia event modified currents’ circulation, and in 2013-15 in the



Pacific Ocean where a strong EL Nifio maintained and forced a MHW (Jacox et al., 2016). Monsoons
have also been linked to the development of MCS in the West Pacific and MHWs in the Bay of
Bengal (Lian et al., 2024; Zhou et al., 2025).

1.1.1.5. MHWs and MCSs consequences

MHWs have strong impacts on ocean’s properties: by increasing temperature and consequently
the stratification, MHWs can result in a diminution of the nutrients flux from deeper layers to the
surface (Wyatt et al., 2022), or to diminish oxygen dissolution, possibly leading to hypoxic or anoxic
conditions (e.g. Brauko et al., 2020; Fan et al., 2025; Shunk et al., 2024). In other cases, MHWs might
modify carbon cycle by reducing carbon intake (Egea et al., 2023; Mignot et al., 2022; Yu et al., 2024)
or by releasing stored carbon to the atmosphere when for instance seagrass meadows are killed
(Arias-Ortiz et al., 2018; Serrano et al., 2021). The reduced carbon sequestration can also be due to
the reduction of the species productivity, or to the increased remineralization of the carbon
facilitated by the heat (Gao et al., 2021). Modification of the sea ice formation has also been
observed in the Arctic and Antarctic Oceans after MHWSs prevented water cooling (Carvalho et al.,
2021; Meehl et al., 2019).

It has also been shown that MHWs and MCSs can interact with atmospheric phenomena. For
instance, MHWs have been linked to terrestrial droughts, highlighting the interconnections
between oceanic and terrestrial environments (Rodrigues et al., 2019; Shi et al., 2021; Yu et al., 2024).
MHWs and MCSs have been associated with changes in regional precipitation regimes. For
example, off the coast of tropical southwest Africa, MCSs are associated to reduced rainfalls over
certain regions, whereas MHWs can be associated to increase in precipitations (Lutz et al., 2015).
Along the Japanese Kuroshio Current, a MHW enhanced atmospheric instabilities, by modifying
the near-surface atmosphere by increasing surface heat fluxes, resulting in that region in
increased precipitations (Hirata et al., 2025). Moreover, MHWs play a critical role in the
intensification of extreme weather events such as tropical cyclones, medicanes (Mediterranean
hurricanes) and typhoons (Choi et al., 2024; Jangir et al., 2024; Pun et al., 2023). The increased latent
heat flux associated with MHWSs, primarily through enhanced evaporation, intensifies
precipitation near tropical cyclones, which in turn amplifies the cyclone’s strength and influence
their trajectories (Androulidakis and Pytharoulis, 2025; Choi et al., 2024; Jangir et al., 2024). In this case,
the relationship can be reciprocal: while MHWs supply heat and a steep temperature gradient
that fosters cyclone formation and rapid intensification, the strong winds of the cyclone
dissipated the MHW by increasing ocean mixing, deepening the mixing layer, and transferring the
heat from the ocean to the atmosphere (Rathore et al., 2022). Androulidakis & Pytharoulis (2025)
shown that the magnitude of the SST anomaly associated with the MHW is linked to the cyclone
intensity. Anomalous heat loss from ocean to the atmosphere and elevated latent heat fluxes
were also key factors in the formation of Medicane Scott in 2019 (Hamdeno and Alvera-Azcarate,
2023). Similarly, the preconditioning effect of MHWs by elevating SST can significantly boost the
total heat flux available for typhoons (Pun et al., 2023). Additionally, it has been observed that
MHWs can influence urban areas by increasing air temperature and moisture (Hu, 2021).

The modifications of ocean’s properties and atmospheric conditions (especially changes in heat
fluxes) lead to consequences on ecosystems. Overall, the knowledge about MHWs
consequences on ecosystems have been acquired through the study of major MHW events, and
focusing on mainly emblematic species such as coral reefs, kelp forests or whales (Barlow et al.,
2023; Benthuysen et al., 2021; Diehl et al., 2021; Leggat et al., 2019; McPherson et al., 2021; Santora et al.,
2020; Spillman and Smith, 2021), or on valuable species such as salmons, mussels, lobsters or cod



(Barbeaux et al., 2020; Brooks et al., 2025; Greenhough et al., 2025; Traiger et al., 2022; Villasefior-Derbez
etal., 2024). However, MHWSs do not affect all species the same way. On one hand, mobile species
can migrate latitudinally (poleward) or vertically (deepward; Barange & Cochrane, 2018; Deutsch et
al., 2015; Rutterford et al., 2015), and can be distinguished in two types of migrators: forced
migration with species escaping the thermal stress (e.g. Mills et al.,, 2013), and opportunist
migration of warm-water species taking advantage of the warmer temperatures to extend their
geographical distribution (Jacox et al., 2020; Lonhart et al., 2019; Miyama et al., 2021; Wernberg et al.,
2013). Sessile or sedentary organisms (corals, seagrass, bivalves, eels, etc) are much more
vulnerable to increases of the temperature since they cannot migrate (e.g. A. Pearce et al., 2011).
MHWSs may lead to their habitat reduction over temporary or long-term periods (Smale and
Wernberg, 2013), growth modification (Wade et al., 2019), failure in reproduction (Barlow et al., 2023;
Wild et al., 2019), genetic loss or tropicalization (Coleman et al., 2020), or to mass mortality induced
by either thermal stress (Couch et al., 2017; Oliver et al., 2017; Tietbohl et al., 2025) or modification of
the food-chain assemblage (Cavole et al., 2016). Furthermore, it has been shown that in coastal
environment, the heat generated by the MHW can even spread to the sediment, participating in
the seagrass meadows dieback and other benthic organisms, modifying the composition of the
sediment itself (Palmas et al., 2025; Tassone and Pace, 2024; Zhou et al., 2023).

Overall, 72% of MHWSs events have been associated with low-chlorophyll-a concentrations (Sen
Guptaetal., 2020). They can trigger extreme mortality of various species by limiting food availability
for higher trophic levels, such as sea birds, crabs, shellfishes, sea lions and whales (Cavole et al.,
2016; Gomes et al., 2024; Hart et al., 2020; Jones et al., 2018, 2019; Szuwalski et al., 2023), cause the
migration of planktivorous fishes and of other species that try to escape heat and starvation, lead
reproductive failure of sea birds (Jones et al., 2018; Piatt et al., 2020), and shifts in phytoplankton
and zooplankton communities (Cavole et al., 2016; Yang et al., 2018). The mechanisms behind the
co-occurrence of MHW and low-chlorophyll events are not fully studied, but it has often been
associated to ENSO variations (Chen et al., 2023; Hamdeno et al., 2022; Le Grix et al., 2021). It has
been observed that these events are more frequent at higher and equatorial latitudes, and less
intense in tropical and mid-latitudes (Le Grix et al., 2021). Yet, not all MHWs lead to chlorophyll
decline, and some are even associated with increase of chlorophyll concentration (Chen et al.,
2024), and some species could beneficiate from MHWSs increasing temperatures, by being more
productive at the expanse of more thermal sensitive species (Egea et al., 2023; Piatt et al., 2020;
Thompson et al., 2022).

All of those consequences might lead to shifts in ecosystems communities and assemblages due
to the dieback of key species and to the arriving of new ones (Arafeh-Dalmau et al., 2019; Pellizzari et
al., 2025). Overall, the consequences of MHWs on ecosystems also depend on their timing, as the
season can affect their consequences, if occurring during a sensitive life stage or reproduction
period of the different species (Bass and Falkenberg, 2024; Bruning et al., 2024; Tala et al., 2016).

The consequences of MCSs on ecosystems are however much less studied. Yet, similar
consequences as for the MHWSs can be observed: mass mortality of fishes, coral, sponges,
molluscs, reptiles, mammals, etc (Avens et al., 2012; Laboy-Nieves et al., 2001; Mazzotti et al., 2016;
Pirhalla et al., 2015; Shen et al., 2020), earlier spawning migrations having consequences for
fisheries (Sims et al., 2004), reduction of spawning stocks (Millner and Whiting, 1996), coral bleaching
(Rich et al., 2022), modification of species’ growth rate and reproduction period (Bennett et al.,
2019), increased primary production (Muller-Karger, 2000). The reduction of MCS events might also
lead to poleward or deepward extension range of warmer water species (Cavanaugh et al., 2014;
Sorte et al., 2010).



By affecting environmental conditions and ecosystems, MHWs and MCSs have strong
repercussions on fisheries and aquaculture. Indeed, it has been shown that MHWs exacerbate
the already existing stressing factors caused by global warming (Cheung and Frélicher, 2020). For
instance, fish captures were seriously reduced by species migration, species community shifts
and mass mortality during strong and/or long MHWSs (Barbeaux et al., 2020; Caputi et al., 2016;
Villasenor-Derbez et al., 2024). Latitudinal migrations of some predator species have caused
concurrence with fishermen (Santora et al., 2020; Tanaka et al., 2021); however, it has been observed
higher catch rates during some MHWs because of the migration of commercial species closer to
the coast (Cavole et al., 2016). Regarding aquaculture, MHWSs can induced to heat vulnerable
species a cessation of food intake, a reduced growth induced by thermal stress, and in several
cases to mass mortality of the stocks associated to high economic losses (Oliver et al., 2017;
Pearce and Feng, 2013; Wade et al., 2019). Recreational fishing has also been impacted by MHWs
and MCSs with shifts in the species catches (Free et al., 2023; Santos et al., 2016). Reported
economic loss involving MCSs are very rare, but it is however possible to cite a loss of 10 million
USS$ in fisheries in Taiwan and 1 million US$ in mariculture.

1.1.1.6. Compound events

Recent studies have increasingly focused on the occurrence of compound events, in this case
MHW or MCS occurring with another extreme phenomenon. Evidences suggests that the global
frequency of such compound events is rising worldwide (Gruber et al., 2021). Although compound
events with MHWs are well studied, very little is known on compound events with MCS. While the
effects of compound events on ecosystems and organisms remain poorly understood, short-
term impacts may not exceed organisms’ tolerance or capacity of acclimatation, but long-term
impacts can include misfunction of the organism’s fitness, affecting processes such as
reproduction and growth (Gruber et al., 2021). Due to the brief and intense nature of MHWs, there
is often insufficient time for physiological adaptations (Gruber et al., 2021). However, facing two
different stressors simultaneously may be even more harmful for the species (Kendrick et al., 2019;
Rogers-Bennett and Catton, 2019). Among the different extreme events that occur with MHWs, it is
possible to cite low-acidity, low oxygen, low chlorophyll concentration or atmospheric
heatwaves. Some of them are detailed here and linked to their consequences.

MHWs frequently coincide with low-acidity extremes (commonly abbreviated AOX) at higher rates
than it would be expected if the events were independent (Burger et al., 2022). Studies have shown
that MHWs and OAX are prevalent at subtropical latitudes, and approximately one fourth of
MHWs is a compound event MHW-AOX (Burger et al., 2022). They are often driven by wind-induced
upwellings that bring deeper waters with lower pH (i.e. higher concentration in H+) to the surface
(Gruber et al., 2021). Although the individual impact of MHWs and AOX on ecosystems have been
studied, the consequences of compound event remain poorly understood. Nonetheless,
observations indicate shifts in species composition towards organisms more tolerant of warmer
and more acidic conditions (Gao et al., 2021). These kind of shifts have lead to a decrease in carbon
sequestration, as it was for instance the case when a kelp forest-based ecosystem has been
progressively replaced by seagrass turf (Gao et al., 2021). Additionally, certain microalgae may
benefit from lower pH levels, outcompeting other species such as Alexandrium catenella (Seto et
al., 2019).

Another frequently observed compound event is the simultaneous occurrence of MHW and low
oxygen concentration, which are being reported with increasing frequency (Li et al., 2024). Ocean
warming leads to a reduction of dissolved oxygen through the reduction of the solubility of
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dissolved oxygen in warmer water and enhanced stratification limiting water column ventilation,
phenomenon intensified by MHWSs (Fan et al., 2025; Keeling et al., 2010). Oxygen depletion becomes
particularly critical when organisms approach their upper thermal tolerance limit (Gruber et al.,
2021). A notable triple compound event has even been observed during the famous Blob event
(2013-2015) in the Northeast Pacific Ocean: MHW, low oxygen and AOX occurred at the same
time, impacting the water column over 100m depth (Gruber et al., 2021).

MHWs increasing the water temperature and stratification is also particularly favourable to HAB
development and/or proliferation (Smith et al., 2021). MHWs associated to HABs have caused
among others mass mortality (e.g. Roberts et al., 2019) or changes in migration route (e.g. Santora
etal., 2020). When occurring near to aquaculture farms, they can cause direct losses of fishes and
molluscs by thermal stress, and contribute to the spread of pathogens (Green, 2014; Oliver et al.,
2017; Sae-Lim et al., 2017). For human health and food security, some molluscs containing toxins
emitted during HAB are withdraw from sales, causing for instance in the English Channel a loss
of 1 millions £ (Ross Brown et al., 2022), or in Chile where a MHW coupled with HAB caused the
death of 100 000 tonnes of salmon and trout, equivalent of 800 million USD$ (Clement et al., 2016;
Trainer et al., 2020). The forced closure of recreational and commercial fisheries also induced
million dollars economic losses (Cavole et al., 2016). It is also a problem for food safety since
humans deaths have been reported after eating algae-contaminated molluscs (Trainer et al., 2020).
However, it appeared that even if the prolonged-heat period caused by MHWSs can trigger HABs,
their triggering will also grandly depends on the availability in nutrient already present in the
environment (Hayashida et al., 2020a).

The co-occurrence of atmospheric and marine heatwaves has caused mass mortality and shifts
in species distribution in both terrestrial and marine environments, as for the famous 2003 event
in the Mediterranean Sea where deaths were reported across thousands of kilometres (Garrabou
etal.,2009; Ruthrofetal., 2018). These events pose higher risks of stress level, particularly in coastal
environment, due to elevated heat and humidity, including implications for human health
(Raymond et al., 2020). Such events are often associated with persisting high-pressure systems,
reduced winds and increased solar radiation (Olita et al., 2007; Rodrigues et al., 2019). Moreover,
terrestrial heatwaves are more likely to occur when there is a coastal MHW is present
(Pathmeswaran et al., 2022). MHWSs associated with droughts have also been observed (Rodrigues
etal., 2019; Yu et al., 2024), which in turn can reduce CO, uptake by the ocean (Yu et al., 2024).

In contrast, compound events involving MCSs are almost unstudied. However, it has been shown
thatthere is a prevalence between MCS and hypoxia in upwelling systems, as the upwelling brings
cold and low-oxygenated waters closer to the surface (Walter et al., 2024). MHWs combined to
hypoxia and lower salinity has also lead to the formation of phytoplanktonic blooms and
mucilaginous aggregates that caused massive deaths in a coral reef (Laboy-Nieves et al., 2001).

1.1.2. Chile

Chile extends over more than 4300 km, from 17°S to 56°S, with an average width of approximately
180 km (Fig. 2). It shares borders with Argentina, Bolivia and Peru. It is divided into 16
administrative regions, among them, the regions of Los Lagos, Aysén and Magallanes, which
together form the area known as Chilean Patagonia. Chile’s narrow continental shelf places it in
close proximity the Peru-Chile trench, a subduction zone, causing significant volcanic activity
and frequent earthquakes all over the country, sometimes accompanied by tsunamis (Gironas et
al., 2021).
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Northern and Central Chile (18.4°S-41.5°S) are characterised by a relatively straight coastline
featuring cliffs, dune fields, wetlands, peninsulas and bays (Pantoja et al., 2011). In contrast,
Southern Chile, also known as Chilean Patagonia (41.5°S-56°S), presents a more complex
geography, with a highly fragmented coastline forming one of the largest fjord and channel system
in the world with more than 100 000km of coastline (Pantoja et al., 2011). Chile is bordered to the
west by the Pacific Ocean and to the east by the Andean Cordillera. The Andes plays a crucial role
in regulating the climate, creating altitudinal gradient and strongly interacting with atmospheric
circulation, isolating Chile from the rest of the South American continent (Aceituno et al., 2021).

The Andes are the primary regulator of precipitation, generating a hyper-arid climate in the north,
a mediterranean climate in central Chile, a hyper-humid climate in the south with precipitations
between 3000 mm/year in Northern Patagonia and 7000 mm/year in central Patagonia, with a
west-east gradient caused by orographic effect (Aceituno et al., 2021; Castro and Gironds, 2021;
Fernandez and Gironas, 2021; Pantoja et al., 2011; Viale and Garreaud, 2015), and temperate wet and
glacial environments in Central and South Patagonia (McPhee et al., 2021). The Cordillera plays
therefore a fundamental role in Chile’s hydrology, as most rivers originate from glacial melting,
with an increasing number of rivers further south (McPhee et al., 2021).

Chilean climate and oceanic circulation are primarily force by two large-scale atmospheric
systems: the mid-latitude Westerly Winds belt and the basin-scale South Pacific Subtropical
Anticyclone (SPSA), also known as South Pacific High. The Westerly Winds are characterised by
strong eastward blowing jet streams at mid-latitudes across the South Pacific Ocean, driving the
South Pacific Current from New-Zealand to Chile that forms the southern branch of the South
Pacific Gyre (Stramma et al., 1995; Strub et al., 2019). Upon reaching the Chilean coast between 40°S
and 50°S, the South Pacific Current splits into two branches going in opposite directions: the
poleward-flowing Cap Horn Current, and the equatorward Humboldt Current System (Aguirre et
al.,2012; Thiel et al., 2007). The Humboldt System Current is one of the four major eastern boundary
current system, marked by cold, nutritious-rich and equatorward-flowing current, bounded to the
north by the equatorial current (Thiel et al., 2007). It supports one of the most productive wind-
driven upwelling systems in the world, mainly off the coasts of Peru and extreme northern Chile
(Chavez et al., 2008). Conversely, the Cap Horn Current is a buoyancy-driven, downwelling
favourable current, flowing poleward along Patagonian coast, and being more intense during
winter due to increased river runoff (Thiel et al., 2007). The SPSA is a permanent anticyclone
extending over the tropical and subtropical southeast Pacific Ocean, governing the temperature
distribution over the Southeast Pacific Ocean and Chile, inducing relatively warm summers and
cooler winters (Ancapichin and Garcés-Vargas, 2015). It is the main forcing of the subtropical
oceanic gyre, bounded on its east by the Humboldt System Current (Ancapichin and Garcés-
Vargas, 2015). Due to the constraint of the Andes on its eastern margin, strong equatorward jet-
like winds are generated along the Chilean coasts (Montecinos and Gomez, 2010). In addition, the
SPSA contributes to the marked seasonality of rainfall in Central Chile (30-40°S), more intense
during the austral winter (Aceituno et al., 2021).

Both the Westerly Winds and the SPSA are subject to coordinated north-south seasonal
variations forced by solar radiation. They migrate together southward during summer and
northward during winter (Rahn and Garreaud, 2014; Thiel et al., 2007). They are also influenced by
interannual and decadal variability forced by ENSO, SAM and PDO (Ancapichun and Garcés-Vargas,
2015; Thompson and Wallace, 2000). During the austral summer and spring, the SPSA reaches its
southernmost point, centred around 100°W, 35°S, and at its northernmost point around 90°W,
27°S in winter (Rahn and Garreaud, 2014). The seasonal cycle of the Westerly Winds mirrors that of
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the SPSA, shifting southward to around 45°S in summer and northward to 35-40°S in winter (Thiel
etal., 2007). This latitudinal migration strongly influences ocean currents, shifting the trajectory of
the South Pacific Current and altering the region it impacts the Chilean coast. Consequently,
currents directions off Northern Patagonia change seasonally, flowing northward in summer and
southward in winter (Strub et al., 2019; Thiel et al., 2007). To summarise, currents tend to flow
equatorward north of 37°S, poleward south of 46°S and alternating between 37°S and 46°S (Pizarro
A et al., 1994; Sobarzo et al., 2007; Strub et al., 2019; Thiel et al., 2007). This intermediate « transition
zone » (Strub et al., 2019) is associated with cold SST and high chlorophyll-a concentration in
summer, and downwelling-favourable conditions during winter with opposite features (Rahn and
Garreaud, 2014; Strub et al., 2019). While seasonal currents variation in North-Central Chile exists
south of 30°S, studies indicate that north of 37°S, winds and currents are consistently
equatorward and upwelling-favourable (Sobarzo et al., 2007). Wind-driven upwellings in the
northern part of Chile are also more intense during winter due to the convergence of the SPSA
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Figure 2: Left: Map of Chile showing topography and bathymetry. Chilean administrative regions
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migration in summer and winter, the Humboldt and Cap Horn currents, as well as major zones of
upwelling and downwelling zones. Right: Zoom on Northern Patagonia, showing bathymetry and
highlighting the major gulfs, channels and fjords.
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closer to the coast (Fig. 2; Ancapichun and Garcés-Vargas, 2015).

In addition to these atmospheric factors, Chile is strongly shaped by large-scale remote drivers
that interact over different timescales. Among these, the El Nifio Southern Oscillation (ENSO) is
perhaps the most important. It is an irregular cyclic phenomenon occurring every 2 to 7 years,
primarily affecting the equatorial Pacific Ocean but with global repercussion (Chen et al., 2019). It
is driven by the Walker Circulation, which results from a pressure gradient from the eastern and
western Pacific, generating strong westward trade winds (Chen et al., 2019). This circulation
maintains coastal upwelling and shallow thermocline along the coast of Central and South
America, while warm water accumulates with deeper thermocline in the western Pacific (Chen et
al., 2019). ENSO has two phases: the warm phase (El Nifio), characterised by weaker trade winds,
a reduced pressure gradient, a deeper thermocline and weakened upwelling, and a shallower
thermocline and intensified upwelling (Santoso et al., 2017). In Chile, El Nifio (La Nifa) events
weaken (enhance) the SPSA and deepen (shallow) the thermocline, reducing (strengthening)
upwelling and bringing dryer (wetter) summer conditions due to weaker (enhanced) Westerly
Winds (Ancapichuin and Garcés-Vargas, 2015; Montecinos and Gomez, 2010; Rind et al., 2001)

The Pacific Decadal Oscillation (PDO) is an ENSO-like pattern operating over longer timescales,
typically 20 to 30 years (Mantua et al., 1997; Mantua and Hare, 2002; Newman et al., 2016). The PDO
can amplify or diminish ENSO’s impacts depending on whether their phases align or oppose each
other (Yanez et al., 2017a). The cold (warm) phase of the PDO brings drought (wet) atmospheric
conditions over Central Chile, a strengthening of the SPSA and causes its southward shift,
intensifying equatorward winds and enhanced upwelling south of 33°S, which in turn lowers SSTs
in north-central Chile (Ancapichin and Garcés-Vargas, 2015; Schneider et al., 2017).

Finally, the Southern Annular Mode (SAM), or Antarctic Oscillation, is the leading mode of
atmospheric variability in the Southern Hemisphere’s extratropic (Estay and Lima, 2010; Lee et al.,
2019). It reflects the large-scale alternation of atmospheric masses between Antarctica and mid-
latitudes (Gong and Wang, 1999; Reboita et al., 2009; Thompson and Wallace, 2000). SAM is defined by
opposing geopotential height anomalies over Antarctica and mid-latitudes, causing the mid-
latitude Westerly Winds to shift poleward or equatorward, having in return an impact in climate
(Thompson and Wallace, 2000). When SAM is in its positive phase, lower pressure over Antarctica
and higher pressure at mid-latitudes push the Westerly Winds poleward and weaken them near
40°S, leading to reduced precipitation and warmer conditions over western Patagonia. On the
contrary, the negative phase shifts the Westerly Winds equatorward and strengthens them,
bringing cooler, wetter conditions (Garreaud, 2018b; Gong et al., 2010; Lee et al., 2019). When ENSO
and SAM coincide, their impacts can reinforce each other, leading to compounded effects on
wind patterns, precipitations and SSTs, particularly over northern and central Patagonia
(Garreaud, 2018b).

1.1.2.1. Chilean Patagonia

Chilean Patagonia spans over 240 000 km?, stretching from the Reloncavi Fjord (41.4°S) to Cape
Horn (55.9°S). It possesses a very complex coastline of 84 000 km, featuring a network of fjords
and channels (Pantoja et al., 2011). The region is estuarine, fed by numerous rivers, high
precipitation and glacial melt (Pantoja et al., 2011; Valle-Levinson et al., 2007). Characterised by a
hyper-humid climate, Patagonia receives over 2 000 mm of precipitations annually, being locally
superior to 7 000 mm, with a pronounced west-east gradient due to orographic effect (Garreaud et
al., 2013a; Lenaerts et al., 2014; Valdés-Pineda et al., 2018; Varas and Varas, 2021). In some areas,
especially around glaciers, precipitations exceed 10 metres in water equivalent (Lenaerts et al.,
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2014). These conditions foster unique ecosystems adapted to extreme humidity, including
peatlands and evergreen forests (Castilla et al., 2023), leading terrestrial Patagonia to stock very
high quantities of carbon per hectare, that would be higher than the Amazon rainforest (Perez-
Quezada et al., 2023).

1.1.2.2. Geography of Northern Patagonia

Northern Patagonia extends approximately from 41.4°S to 46.7°S and from 72°W to 74°W,
covering the northern half of the Chilean Patagonia. Bordered by the Andean Cordillera to the
east, Chiloé Island to the northwest, and the Chonos Archipelago to the southwest, the region
features a highly fragmented coastline shaped by glacial erosion. This has produced a complex
network of sounds, fjords, channels, islands and semi-enclosed basins (Fig. 2).

The northernmost section of Norther Patagonia, called the Inner Sea of Chiloé, extends from
Reloncavi Sound to the southern end of Chiloé Island. It delimitates approximately the
administrative region of Los Lagos, while the southern part of Northern Patagonia delimitates the
administrative region of Aysén. While most Northern Patagonia has depths that do not exceed
300 m, some basins and channels are deeper, notably in Reloncavi Sound, Ancud Gulf, Comau
Fjord, and channels south of Corcovado Gulf, including Moraleda Channel. The Corcovado Gulf
is quite shallow, with a maximal depth of about 200 m (Rodrigo, 2008). To the west, the continental
shelf drops sharply to 2 000 m due to the presence of the Peru-Chile Trench. This topography
creates a complex coastline, sheltering some basins from the Pacific Ocean by different island
chains.

The main geographical features of Northern Patagonia are described bellow:

- Reloncavi Sound (or Gulf) and Fjord: marks the northern boundary of Patagonia, with the
fjord draining into it. This area is known for its strong estuarine circulation (Valle-Levinson
et al., 2007), and significant tidal influence with amplitude reaching up to 6 metres (Fierro,
2008; Strub et al., 2019).

- Ancud Gulf: receives freshwater inputs from the Comau Fjord and connects to the Pacific
Ocean via the Chacao Channel, which lies between Chiloé Island and the mainland.

- Corcovado Gulf: separated from the Ancud Gulf by the Desertores Islands, the Corcovado
Gulf it is the primary gateway to the open ocean. The Guafo Mouth, its main passage,
facilitates oceanic exchanges and is the key entry point for tidal currents (Fierro, 2008).

- Desertores Islands: they act as a barrier separating younger (Corcovado Gulf) and older
(Ancud Gulf) waters. The waters passing by Desertores Islands renew the gulfs and fjords
of the northern Sea of Chiloé (Pinilla et al., 2021).

- Chonos Archipelago: composed of a thousand of islands, it delimits the southeastern
part of Northern Patagonia. It is greatly influenced by the fluctuations of the Humboldt
Current and by the Westerly Winds that bring cold and wet conditions to the islands
(Haberle, 2004).

- Moraleda Channel: this longitudinal corridor connects the Corcovado Gulf to several
fjords and channels, including (from north to south) Jacaf Channel, Puyuhuapi Fjord,
Aysén Fjord and Quitralco Fjord. It acts as a transition zone between high-salinity and
elevated nutrient ocean waters and low-salinity continental waters. Its tidal amplitude
can reach up to 3m (Fierro, 2008; Fuentes-Grinewald et al., 2008; Silva et al., 1998).

- Elefantes Channel: The southernmost channel in the region, it connects several fjords
and channels and terminated at the San Rafael Lagune via a harrow passage.
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Northern Patagonia is a particularly narrow region, being on average around 50 km wide, with the
widest section slightly surpassing 70 km, and stretching 800 km in length, from Reloncavi Sound
to Elefantes Channel. The particularly complex geography, with numerous fjords, channels,
islands and gulfs, poses significant challenges for observation and analysis. Coarse resolution
satellite products and global models often lack the spatial details needed to accurately capture
the processes occurring in its narrowest and most intricate areas. Even higher resolution
products may still struggle to resolve all the intricate coastal features of Northern Patagonia. For
example, the widest fjord of the region is the Puyuhuapi Fjord, reaching a maximum width of only
about 8 km, while its mouth narrows to just 3 km. Many other fjords and channels are even
narrower, as for instance Reloncavi Fjord being maximum 3 km wide, or one of the major
connection between Moraleda and Elefantes Channels is inferior to 2.5 km wide, making it
challenging for remote sensing data and models to fully capture their dynamics and local
processes. In addition to its fragmented and intricate coastal features, Northern Patagonia is a
particularly cloudy and rainy region (Fernandez and Gironds, 2021; Viale et al., 2019; Vimeux et al.,
2011). Persistent cloud cover, frequent rainfall and fog make it particularly challenging to obtain
clear satellite imagery, further limiting the availability of high-quality observations.

1.1.2.3. Oceanography and circulation

Offshore, Northern Patagonia acts as a transition zone between south-central Chile and Southern
Patagonia, with north-south alternating currents (Strub et al., 2019). Inshore, hydrodynamics are
highly influenced by interactions between oceanic and fresh waters, and waters are therefore
governed by a stratified layer system (Leén-Munoz et al., 2024). Closer to the continent and in
continental channels regions, this layered structure is reinforced (Sievers, 2008).

The upper layer, generally described as 20 to 30 m thick (Pérez-Santos et al., 2014; Sievers, 2008;
Sievers and Silva, 2008), sometimes 50 m (Pinilla et al., 2021), is strongly influenced by estuarine
waters (Fig. 3). It is mainly governed by solar radiation, wind induced vertical mixing, colder
freshwater inputs from precipitations, rivers and glaciers (Pérez-Santos et al., 2014; Sievers, 2008).
This layer flows (10 to 20 cm/s) from Reloncavi Sound and the continent to Guafo Mouth following
the continent, and a minor part exits passing by the channels of Chonos Archipelago (Pinilla et al.,
2021; Sievers and Silva, 2008). A northward countercurrent flows along south of Chiloé Island (Pinilla
et al., 2021). In Moraleda Channel, surface currents flows southward on the eastern side of the
channel with a cyclonic eddy at its centre; on the contrary, in Elefantes Channel, currents are
going northward (Pinilla et al., 2021).

The intermediate layer, named SubAntacrtic Water (SAAW), is present up to 150 m (Fig. 3). It is
oxygen-rich and enters through Bocal del Guafo, although a small portion enters through the
channels of Chonos Archipelago (Pérez-Santos et al., 2014; Sievers and Silva, 2008). It splits into two
branches, one going northward up to Reloncavi Sound, and the other one southward up to
Elefantes Channel, and fill the different basins of Northern Patagonia. During its trip, it eventually
mixes with surface freshwater to become Modified SubAntarctic Water (MSAAW, Sievers & Silva,
2008). Desertores Islands act as a barrier separating younger (Corcovado Gulf) and older (Ancud
Gulf) waters. The waters passing by Desertores Islands renew the gulfs and fjords of the northern
Sea of Chiloé (Pinilla et al., 2021). Modified SubAntarctic Water are very important for deep
ventilation processes, renewing fjords with deep oxygenated waters (Pérez-Santos, 2017).

The bottom layer, named Equatorial Subsurface Water (Fig. 3), originates in the Equatorial Pacific
Oxygen Minimum Zone (OMZ), making it inherently low-oxygenated (Linford et al., 2023; Palma and
Silva, 2004). It also enters through Boca del Guafo, but contrary to the intermediate waters that
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flow everywhere, it is constrained by the topography and can flow only into the deepest basins
(superior to 150 m) like the southern part of Corcovado Gulf, Moraleda and Jacaf Channels, and
Puyuhuapi Fjord (Sievers and Silva, 2008). Because of its shallower topography, the Equatorial
Subsurface Water cannot enter the Inner Sea of Chiloé (Sievers and Silva, 2008).

Northern Patagonia exhibits also significant spatial variability across its basins. The northern
basins of Ancud and Reloncavi Gulfs, and Moraleda Channel display greater seasonal
temperature variations, a pattern also observed offshore Chiloé Island, and high salinity
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Figure 3:Water masses circulation in Northern Patagonia. Left: surface Estuarine Waters (EW,
surface to ~30 m) flowing from the coast to the open ocean. Right: subsurface Subantarctic
Waters (SSAW, ~30 m to ~150 m depth) renewing water in the different basins and the bottom
layer Equatorial Subsurface Water (ESSW, ~150 m to the bottom) flowing only in the deepest
basins.
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variations du to higher freshwater inputs (Narvéez et al., 2019; Strub et al., 2019; Vasquez et al., 2021).
In contrast, Corcovado Gulf experiences lower variability (Narvaez et al., 2019; Strub et al., 2019).
However, in winter, the spatial distribution of the temperature become notably homogeneous
across the region (Saldias et al., 2021; Strub et al., 2019). Likewise, chlorophyll concentration follow
a similar pattern: higher levels in Ancud, Reloncavi and Moraleda, while lower values characterise
the Corcovado Gulf and Desertores Islands (Lara et al., 2016; Strub et al., 2019; Vasquez et al., 2021).
Nutrients concentration varies also spatially, being quite homogeneous through the water
column in Corcovado Gulf, while showing greater surface variability in Ancud Gulf (Vasquez et al.,
2021). This disparity originates from enhanced wind and tidal-induced mixing Corcovado Gulf and
around Desertores Islands, which promotes a higher homogenisation of the water column (Strub
et al., 2019). Notably, Corcovado Gulf has an homogenisation of its entire water column (100 to
150m), whereas Reloncavi and Ancud develop a pronounced thermocline, especially during
summer (Sievers, 2008).

The vertical structure Northern Patagonia water column also shows great variability. The surface
layer exhibits significantly greater variability compared to the deeper layer, which displays more
homogeneous vertical distribution (Sievers and Silva, 2008). This stratified structure is marked by
sharp gradients, including the presence of a pycnocline, a nutricline, a pHcline and an oxycline
(Sievers, 2008). Dissolved oxygen distribution reinforces this layering, with a well-oxygenated and
high pH surface layer (30 to 50 m thick) that overlies a deeper layer (75 m to bottom) where oxygen
concentration decreases progressively (Sievers, 2008). However, it has been observed that in the
deepest parts of some fjords and channels, particularly in Puyuhuapi, Aysén, Quitralco, Comau
and Pupquelan Fjords, and in Jacaf and Moraleda Channels, oxygen levels become notably
reduced, sometime reaching hypoxic conditions (Silva, 2008). Nonetheless, the past decade has
seen a measurable decline in dissolved oxygen throughout Northern Patagonia, attributed to
changing currents patterns that enhance the intrusion of low-oxygenated Equatorial Subsurface
Water through Boca del Guafo (Linford et al., 2023; Palma and Silva, 2004).

1.1.3. Aquaculture in Chile

Chilean Patagonia, with stable cold temperate-oceanic climate and with a high proportion of
estuarine systems, is particularly favourable to aquaculture. Chile has largely developed its
production of aquaculture in sea, brackish and fresh water ecosystems, representing in 2024
0.9% of its GPD (Subsecretaria del Trabajo, Gobierno de Chile and Observatorio Laboral de la Regién de
Aysén, 2024). In 2024, Chile was the eighth largest global aquaculture producer, rising to the fifth
position when considering marine production alone, with a total production of 1 509 000 tonnes
in 2024. This production volume establishes Chile as the leading aquaculture producer in the
Americas, having tripled its production over the past two decades (FAO, 2024). The country is also
the second world largest producer of molluscs after China, with a production of 434 000 tonnes
in 2024 (FAO, 2024).

Chile’s aquaculture production is mainly based on fishes, representing 70.4% of the total
production, followed by molluscs (28.9%) and algae (0.8%) (FAO, 2024; SUBPESCA, 2025). In 2022,
Chile was the 5™ biggest exporter of aquaculture products, representing around 8.5 billions USD$
(FAO, 2024). Tree species represent more than 94% of the total Chilean production: the Atlantic
salmon (Salmo salar) accounting for 49.5% of the total production, the Chilean mussel (Mytilus
chilensis) representing 28.4%, and the Coho salmon (Oncorhynchus kisutch) counting for 16.3%
(SUBPESCA, 2025). Chile’s salmon farming has grown almost uninterruptedly since 1978,
positioning the country since 1991 as the world’s second largest producer after Norway
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(Buschmann et al., 2023). The Chilean mussel production is particularly noteworthy as it
constitutes 98.5% of the total mollusc production, with all cultivation being realised in Los Lagos
Region (SUBPESCA, 2025). Geographically, the industry shows remarkable concentration, the Los
Lagos Region alone representing 65.5% of the total production, Northen Patagonia (Los Lagos
and Aysén Regions) supports 91.9% of Chile’s total aquaculture production in 2024, while the
entire Patagonian region (Los Lagos, Aysén and Magallanes Regions) accounts for 99.4%
(SUBPESCA, 2025). The aquaculture industry represents 17.6% of the regional GPD of the three
administrative regions of Patagonia (Subsecretaria del Trabajo, Gobierno de Chile and Observatorio
Laboral de la Regién de Aysén, 2024).

The sector faces significant challenges from climate-change, including alteration in sea
temperature, salinity, declines in oxygen concentrations, occurrences of HABs and spread of
diseases (Diaz et al., 2019; Soto et al., 2019). Furthermore, the intensive nature of aquaculture has
raised environmental concerns, with evidences suggesting these practices may contribute to
ecosystem eutrophication, representing a potential threat to marine environmental quality
(Quifiones et al., 2019)

1.1.4. Chile facing climate change

With large arid and semi-arid regions prone to extend under global warming, precipitations mostly
dependent on westerly winds and glacier melting, Chile is particularly vulnerable to climate
change (Yanez et al., 2017a). In the future, floodings and droughts would be the largest risks for
Chile (Cortina and Madeira, 2023). The global warming effects on Patagonia have not been fully
studied, but the general results are that Patagonia would experience drier conditions and weak
warming (Boisier et al., 2016; Garreaud et al., 2013b), as already observed since 2010 with more
frequent long drought periods (Garreaud, 2018b; Winckler-Grez et al., 2020). Between 1950s and
2010s, Patagonia experienced a warming of +0.6°C, with the Aysén Region being the most
impacted (+0.9°C) (Cortina and Madeira, 2023). Models show that Patagonia would experience a
warming of between 0.9 and 1.4°C and reduced precipitations by 2070 (Marquet et al., 2023), and
would even rise by more than 3°C by the end of the century according to the IPCC scenario
(Marquet et al., 2023; WBG, 2021). Precipitations have already decrease by 14 mm on average in
Patagonia between 1950s and 2010s, with Los Lagos Region being the most impacted with a
diminution of 29 mm, and a projected decline by -10 to -30% by the end of the century (Salazar et
al., 2024; WBG, 2021). The probability of atmospheric heatwave would also increase by 8% by
2040s (WBG, 2021).

Those climate changes are mainly due to the weakening of the Westerly Winds attributed to SAM
positive trends and anthropogenic climate change (Garreaud et al., 2013b; Gillett and Thompson,
2003), and to the poleward migration and strengthening of the SPSA since the 1990s (Aguirre et al.,
2018; Ancapichun and Garcés-Vargas, 2015; Winckler-Grez et al., 2020; Zou and Xi, 2021). Indeed, the
Westerly Winds are the main precipitation driver (Le6n-Mufoz et al., 2018), whereas the SPSA brings
warm dry air (Ancapichun and Garcés-Vargas, 2015), intensifying the warm and drought episodes
(Flores-Aqueveque et al., 2020). Decrease of precipitations reduces rivers discharge, strongly
impacting human freshwater resources but also coastal ecosystems, especially fjords, by
modifying salinity, turbidity and nutrient supply (Soto et al., 2019; Winckler-Grez et al., 2020). The
glaciers melting can also contribute to the modification of the ecosystems, for the same reasons
cited before (Rivera et al., 2023).

The warming of the Patagonia would lead different kind of consequences, as the decrease of the
dissolve oxygen, in addition to the already hypoxic conditions that exist in some fjords (Schneider
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et al., 2014; Silva and Vargas, 2014), a modification of the currents circulation associated to the
modification of the winds, reduced freshwater inputs, increasing salinity, modification of nutrient
supply, and more globally ocean chemistry (Yanez et al.,, 2017a). HABs are also already often
present in Patagonia, and warmer waters and stratification would be even more favourable to
HAB formation (Leon-Munoz et al., 2018). Different kind of HAB exists according to Lipiatou & Granéli
(2002), based on the different kind of microalgae responsible of the bloom. It includes toxin-
producing microalgae that accumulates through the food chain, high-biomass bloom-forming
microalgae which, although non-toxic, might alter the environment’s physicochemical
conditions, and fish-killing microalgae. In Chile, mollusc aquaculture is facing threats from toxin-
producing microalgae, accumulating the toxins in their organism and being a threat for human
consumption (Schloss et al., 2023), whereas the salmon industry suffers mainly from fish-killing
algae Kkilling directly the organisms (Marquet et al., 2023). The main threats that is facing Chilean
aquaculture is the decrease of oxygen concentration, HAB proliferation and the increasing
incidence of pathogens (Soto et al., 2019), which all of them can be exacerbated by MHWSs. In 2009,
a bloom of Alexandrium catenella caused the loss of 10 million US$ (Mardones et al., 2010).
Economic loss provoke by the compound event MHW, drought and HAB has been registered in
summer 2015-16 causing an estimated loss of 200 million US$ for salmon industry only (Ledn-
Munoz et al., 2018; Pujol et al., 2022; Yanez et al., 2017a).

1.1.5. MHWs in Chile

The study of MHWs in Chile has historically been limited and mainly focuses on one of the world’s
most productive coastal upwelling system: the Peru-Chile Current, which forms part of the
Humboldt Current System (Cooley et al., 2022; Marin et al., 2021; Pietri et al., 2021; Varela et al., 2021).
Pietri et al. (2021) examined MHWSs within this current system, and showed that the extreme
northern Chile is exposed to increasing “short duration” MHWs (lasting 30 to 100 days), and to
greater thermal impact. They also stated that these MHWSs are linked to weaker upwelling-
favourable winds. Cooley et al., (2022) studied anomalously warm SST events from 1980 to 2019
near the central Chile upwelling zone. They found that MHWs in this region typically peak during
summer, and that SST anomalies can cover areas over thousands of kilometres. These events are
linked to weakened surface wind stress, which reduces the entrainment of colder subsurface
waters and diminishes the upwelling strength. In central-northern Chile, Carrasco et al. (2023)
described MHWs with typical spatial extents of 100 km?, mixing layer temperature anomalies
between 1 and 1.3°C, and durations ranging from 10 to 40 days, although exceptional cases may
persist for several months. MHWs in this region are strongly linked to ENSO cycles, with El Nifio
events increasing the likelihood of high-intensity and long-duration MHWs (Carrasco et al., 2023).
They identified three dominant mechanisms driving MHWs in this region: diminished oceanic heat
loss due to lower evaporation combined with increased insolation, which is the most common
MHW driver, heat advection mainly caused by eastward surface currents anomalies, and events
driven by a combination of positive air-sea heat fluxes anomalies and heat advection, which tend
to exhibit the greatest spatial extent, intensity and duration (Carrasco et al., 2023).

Trends in MHWSs frequency in central-northern Chile are predominantly negative in coastal
regions, with coastal upwelling moderating SST trends and reducing the occurrence of MHWs
compared to adjacent offshore waters that relatively neutral trends (Varela et al., 2021). For
example, in the coastal area, MHW occurrence decreases by 7.43 MHW days per year per
decade, whereas offshore a decrease of only -0.47 days per year per decade is observed (Varela
etal., 2021).
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Overall, MHWs have been little studied in Chile, and generally focused on the Humboldt Current
System and its associated upwellings. To our knowledge, no studies have been conducted in
Chilean Patagonia.

1.2. Research Problems and Objectives of the thesis

Marine heatwaves (MHWSs) and marine cold spells (MCSs) have increasingly attracted scientific
interest because MHWs are becoming more frequent, longer-lasting, and more intense, while
MCSs are generally decreasing in frequency. These contrasting trends, combined with their
severe impacts on marine ecosystems, biogeochemical cycles, fisheries and aquaculture,
explain why researchers are increasingly focused on studying them. Yet, the southeast Pacific,
and particularly the coastal regions of Central and Southern Chile, remain largely unstudied
despite their high vulnerability to both phenomena. These regions support extensive aquaculture
activities, reliant on cold-water species and are already experiencing the consequences of
climate change through droughts, changes in large-scale ocean-atmosphere forcings, toxic algal
blooms, reduced freshwater inputs and hypoxic events. Given these stressors, a deeper
understanding of both MHWs and MCSs in this sensitive region is urgently needed.

The principal objectives of this thesis are described below (Fig. 4):

Objective 1: Assess large-scale patterns and drivers of surface MHWSs by quantifying their
occurrence, intensity and trends along Central and Southern Chilean coast over the
past four decades, and identify the atmospheric and oceanic mechanisms behind
their variability.

Objective 2: Develop and implement high-resolution approaches to detect and characterise both
MHWs and MCSs in complex coastal fjord system by combining in situ and satellite
observations to capture fine-scale spatial and temporal variability that cannot be
resolved by global-scale models.

Objective 3: Characterise the spatial variability of surface MHWs and MCSs at high spatial
resolution across regions, basins and fjords, highlighting differences in occurrence,
intensity and duration, and identifying areas of relative stability or enhanced
vulnerability.

Objective 4: Investigate subsurface dynamics of MHWs and MCSs, linking surface and
subsurface development to local hydrography, salinity, stratification and
topographic constraints, in order to better understand the vertical structure and
persistence of thermal events.

Objective 5: Examine the ecological implications of thermal extremes with a particular focus on
the relationship between MHWs and harmful algal blooms (HABs), and the potential
consequences for ecosystems, aquaculture and fisheries in Northern Patagonia.
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Figure 4: Schematic overview of the objectives of this thesis.

To address these objectives, the thesis is organised into seven main chapters:

Chapter 1 provides a general introduction to MHWs and MCSs, outlining their drivers and
consequences, and gives a complete description of the study area.

Chapter 2 presents the first comprehensive large-scale assessment of MHWs along the coasts of
centraland southern Chile. It provides a global overview of MHWs and their characteristics in this
unexplored region. The analysis covers the period from 1982 to 2020 and spans three subregions:
Central Chile (29°S to 38°S), Northern Patagonia (38°S to 46°S) and Southern Patagonia (46°S to
55°S). To achieve this, daily reanalysis data at 0.25° spatial resolution are employed to ensure
consistent coverage over the entire area.

Chapter 3 develops an innovative strategy to detect MHWs and MWSs at high spatial resolution
in Northern Chilean Patagonia, a region characterised by narrow fjords, channels and limited
water circulation, making it highly sensitive to thermal extremes. This chapter combines in situ
observations with high-resolution satellite products to build a robust baseline with a spatial
resolution of 900 m to characterise surface MHWs and MCSs from 2003 to 2023 and assess their
trends, drivers and spatial variability across basins in this complex environment.
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Chapter 4 explores the vertical dimension of MHWs and MCS using a hydrodynamic model with a
horizontal resolution of about 8 km from 1993 to 2024. It characterises subsurface variability
across basins and examines how local hydrography and topography shape their development. It
establishes also the links between MHW and MCS development, with the salinity and water
masses.

Chapter 5 explores the influence of MHWSs on the occurrence and severity of HABs in Northern
Patagonia, a global hotspot for HABs that poses significant risks to coastal ecosystems,
aquaculture operations, and human health. Although the co-occurrence of MHWs and HABs is
well documented elsewhere, this link remains unexplored for Northern Patagonia. This chapter
focuses on the toxic dinoflagellate Alexandrium catenella, responsible for major economic
losses and human health intoxications in Chile over recent decades.

Chapter 6 synthesises the results obtained, situating them together with the methodology within
broader context of existing literature. It also provides insights into how both native and farmed
species may respond to thermal extremes.

Chapter 7 presents the overall conclusions of the thesis and outlines perspectives for future
research.
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CHAPTER 2. LARGE SCALE ASSESSMENT OF
MHWS OFFSHORE CENTRAL AND SOUTH CHILE

Foreword

This chapter presents the first large-scale assessment of MHWSs offshore Central and Southern
Chile, aregion where no previous studies have addressed this phenomenon. Establishing a broad
overview is crucial, as the occurrences of MHWs in these waters remain largely unknown and
form the basis for more detailed analyses.

The main objectives are to characterise the spatial and temporal variability of MHWs along the
Chilean coast, to highlight regional differences in their frequency, intensity and duration, and to
provide a baseline to understand how these extreme events interact with distinct oceanographic
and atmospheric regimes that trigger and sustain their development. For this purpose, the area
was divided into three large (eco)regions, each influenced by specific climatic and oceanographic
conditions. The first one is Central Chile, defined by warm temperate to Mediterranean climate
and dominated by persistent northward winds and currents, and characterised by upwellings, the
second one Northern Patagonia that experiences a colder, humid temperate climate and where
winds and currents alternate between northward and southward directions, and finally a third
region, Southern Patagonia, which is shaped by cold tundra to polar conditions, with strong
southward winds and currents, and mostly dominated by downwellings.

To achieve this, the NOAA OISSTv2 dataset, which provides daily SST data at spatial resolution of
0.25°was used. Although this dataset cannotresolve the intricate inner seas, fjords and channels
of Patagonia, it offers a robust foundation for a first-order assessment at a large spatial scale.

By examining how MHWs manifest in each region and identifying their drivers, this chapter seeks
to identify large-scale patterns and establish a reference point for finer-scale and subsurface
analysis.

This paper was published in Frontiers in Marine Science in 2022.

Pujol, C., Pérez-Santos, I., Barth, A., & Alvera-Azcarate, A. (2022). Marine Heatwaves Offshore
Central and South Chile : Understanding Forcing Mechanisms During the Years 2016-2017.
Frontiers in Marine Science, 9, 800325. https://doi.org/10.3389/fmars.2022.800325

24


https://doi.org/10.3389/fmars.2022.800325

2.1. Introduction

Extreme warming events in the oceans have become more frequent over the years (Oliver et al.,
2018a), partly due to human induced global warming (Laufkotter et al., 2020). Lima and 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 marine heatwaves (MHWSs) has doubled since the 1980s and is believed to
continue to increase, particularly in the coastal zones (IPCC, 2021). Considered as anomalously
warm events, MHWs are described by their duration, intensity, rate of evolution and spatial
extent. Their severity depends on both absolute SST and on local seasonal SST variability,
meaning that a high temperature above the threshold does not always imply a severe MHW.
Diverse factors, both atmospheric (e.g. reduced winds, higher air temperatures) and
oceanographic (e.g. advection of warm waters, weaker than usual upwellings) ones with different
time and spatial scales can lead to ocean’s mixed layer warming, inducing formation,
maintenance and disappearance of MHWSs (e.g. Holbrook et al., 2019). However, although the
mechanisms that contribute to the formation of such events are becoming well known, the way
they interplay to initiate and maintain MHWs remains uncertain.

The consequences of such extreme events, which can extend up to 100 m depth (e.g. Pearce and
Feng, 2013; Jackson et al., 2018; Su et al., 2021a), are diverse, ranging from ecosystems damages
such as mass mortality, species migrations, ecosystem’s communities shifts (e.g. Smale et al.,
2019), toreduced fisheries and aquaculture production (e.g. Oliver et al., 2017; Cheung and Frélicher,
2020), to modifications of the ocean’s properties (e.g. altering carbon cycle and water column
stratification, reducing dissolved oxygen concentration or preventing sea ice formation (Brauko et
al., 2020; Carvalho et al., 2021; Mignot et al., 2022).

The Chilean Patagonia, extending from 41.5° S to 56° S and bordered by the Southeast Pacific
Ocean, is characterised by a complex fragmented coast forming one of the largest fjord regions
in the world (Pantoja et al., 2011). Freshwater inputs through the fjords and the relatively cold and
stable coastal oceanic conditions confers to Patagonia an ideal environment for aquaculture
farming (Iriarte, 2018; FAO, 2019), thus being a region with a major importance in the country’s
economy. Due to its sensitive environment and its economic importance, this region is
particularly vulnerable to global warming (Castilla et al., 2021; Soto et al., 2021; Yafnez et al., 2017a).
Patagonia has already experienced the global change consequences in the form of melting
glaciers (e.g. Porter and Santana, 2014), reduced precipitations (Boisier et al., 2016; Le6n-Mufoz et al.,
2018; Aguayo et al., 2021) associated with more frequent droughts (Garreaud, 2018b; Winckler-Grez et
al., 2020), reduced river discharge modifying nutrient supply, turbidity and salinity (e.g. Soto et al.,
2019; Winckler-Grez et al., 2020) and harmful algal blooms (HABs; Ledn-Mufioz et al., 2018). More
precisely, during the first half of 2016, Patagonia experienced very uncommon conditions with
warmer temperatures, a severe drought which had reduced the streamflow by -30% to -60%, and
experienced a very strong HAB development (Garreaud, 2018b) in a global context of drought in
subtropical Southeast Pacific Ocean since 2010 partly due to large-scale climate forcings
(Garreaud et al., 2020). However, to the best of our knowledge, MHWs have not been studied yet in
this region, despite the ecosystem’s vulnerability. The first objective of this study is to realise a
global assessment of the MHWSs that have occurred off Central and South Chile over the last 4
decades (1982t0 2020). The second objective is to analyse the metrics of those MHWs (frequency
of the events, duration and 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 and of the SST will also be assessed. The third objective of this study is to
have a better understanding of the factors that contribute to the formation of exceptional MHW
conditions that have occurred during the 2016-2017 period, as the MHWs observed at that time
were particularly intense and long.
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This paper is organised as follows: in section 2.2, we describe the data used for the MHWs
detection and for the understanding of the atmospheric and oceanic context while the MHWs
were occurring. An overview of the MHWSs that have occurred between 1982 and 2020 is
presented in section 2.3, as well as a focus on the MHW conditions and their forcings over the
period 2016-2017. Then, the MHWSs detected in 2016-2017 are placed in a larger context and the
possible consequences of the MHWSs on fjord ecosystems are exposed in section 2.4. Finally,
section 2.5 provides a summary of the main results of the study.

2.2. Material and Methods

2.2.1. Study area

Chile, bordered to the West by the South Pacific Ocean and to the East by the Andean Cordillera,
extends over more than 4300 km from 17° S to 56° S (Fig. 5). The Cordillera has a major role in
Chilean hydrology as it regulates the climate by controlling precipitations due to the orographic
effect (Viale and Garreaud, 2015; Aceituno et al., 2021). The climate and oceanic circulation off the
southern part of Chile, the Patagonia (characterised by fjord ecosystems), are forced by large
scale atmospheric systems. The two main ones are the Westerly Winds belt at midlatitudes and
the basin-scale South Pacific Subtropical Anticyclone extending over the Southeast Pacific. The
seasonal North-South migration of the two atmospheric systems is largely influencing the
oceanic circulation by inducing the north-south migration of the South Pacific Current (Pérez-
Santos et al., 2019; Strub et al., 2019). Thus, the wind-induced currents are also alternating from
North to South direction with respectively equatorward currents in summer and poleward
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Figure 5: Mean sea surface temperature (SST; °C) in Southeast Pacific during summer (A) and
winter (B). Seasonal averaged SST has been calculated over 1982-2020. Studied areas are
indicated by the coloured squares: in red the Northern area (-82°E to -71°E and 38° S to 29°S); in
green the Transition area (-86° E to -72° E and 46° S to 38° S); in blue the Southern area (-89° E to -
74° E and 55° S to 46° S).
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currents in winter along central coasts of Chile (Thiel et al., 2007; Strub et al., 2019). Consequently,
along the coasts, currents are mostly equatorward north of 37° S (Sobarzo et al., 2007), North-
South alternating between 37° S and 46° S, and mostly poleward south of 46° S (Strub et al., 2019).
Our study region will therefore be separated in 3 areas according to the main currents circulation:
as highlighted by (Strub et al., 2019), the region between 38°S to 46° S represents a “transition
zone” where the currents are alternating from North to South. This zone, representing North
Patagonia, will constitute our central study area, referred to as the “Transition area” in the study.
The two other studied areas are North and South of the Transition one, the first one extending
from 29° S to 38° S and corresponding to Central Chile, named in this study the “Northern area”,
and the second one being the South Patagonia, 46° S to 55° S, named in this study “Southern
area”. Longitudinally, the areas were delimited in order to have a similar oceanic surface:
Northern area is limited from -82° Eto -71° E; Transition area from -86° E to -72° E; Southern area
from -89° Eto -74° E.

2.2.2. Data

The SST was needed to first calculate the SST climatology and secondly to calculate the SST
anomaly. The SST climatology was calculated using the reanalysed product Optimum
Interpolated Sea Surface Temperature (OISSTv2) provided by NOAA (available at
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html) which has a daily resolution.
OISSTv2 is one of the longest temporal global SST data available and makes available 39 years of
daily data with a spatial resolution of 1/4 degree, from 1982 to 2020. This dataset was used for
MHW detection as advised by (Hobday et al., 2016) and also to calculate SST long-term trends
(described in section 2.2.4). To calculate the SST anomaly, we choose to use another dataset.
Indeed, reanalysed products tend to be overly smooth (e.g. Subrahmanyam, 2015); we therefore
preferred to create ourselves an L4 dataset instead of relying on existing ones to retain as much
as possible SST variability. We decided to use the SST satellite dataset provided by the Advanced
Microwave Scanning Radiometer 2 instrument (AMSR-2) onboard Global Change Observation
Mission satellite, having a 1/4 degree resolution and being available at http://www.remss.com.
Although our study focuses on the 2016-2017 MHWSs, we downloaded the satellite data over the
whole available period (2012-07-03 to 2020-12-31) for the whole Pacific Ocean. While
microwaves do not interfere with clouds, they do interfere with rain; thus satellite data are still
incomplete (36 % of missing data on average). Reconstruction of the satellite SST field was
performed with DINEOF as described in section 2.2.3. SST anomalies were calculated by doing
the difference between the reconstructed SST data and the daily climatology.

Sea level pressure and air temperature 2 meters above surface were downloaded from 1982 to
2020 using the European Centre for Medium-Range Weather Forecast (ECMWF) reanalysis data
(ERA5) available at https://cds.climate.copernicus.eu/#!/home. They both have a spatial
resolution of 1/4 degree and a daily temporal resolution. 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.

Zonal and meridional winds components 10 meters above surface, also downloaded from the
ECMWEF, were analysed over the period 2012 to 2020 (hourly temporal resolution and a spatial
resolution of 1/4 degree) and wind speed was calculated from u and v component (respectively
eastward and northward components).

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 remove variability inferior to the season.

The hourly heat fluxes were also downloaded from the ECMWF from 2012 to 2020 with a spatial
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resolution of 1/4 degree. They are related as follows:

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,
i.e. 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). We have calculated a spatial average of the hourly 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 the
season. 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 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.

Different remote forcings were evaluated. For EL Nifio Southern Oscillation (ENSO), we used the
Oceanic Nifo 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 Nifia) 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 the Southern Annular
Mode (SAM), we used the index calculated according to Marshall's method (2003) expressing the
zonal pressure difference between 40° S and 60° S. Allindexes 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.

2.2.3. Reconstruction of the SST field

Data INterpolating Empirical Orthogonal Functions (DINEOF) was used to reconstruct the
missing data in the SST field from AMSR-2. It is a tool developed by Beckers and Rixen (2003) and
Alvera-Azcarate et al. (2005). It is based on an empirical orthogonal functions (EOF) calculation
enabling to fill the missing data in large sets of data, especially satellite ones (Alvera-Azcéarate 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 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 gaps in the microwave SST data in
order to avoid working with too large data files. Indeed, multiyear reconstructions, if done all at
once in DINEOF, can lead to overly smoothed reconstructions (as too much weigh