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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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MHWs 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 Reloncaví Sound. Atmospheric forcings, 
particularly wind and solar radiation, were identified as key local drivers, while large-
scale climate modes such as El Niño 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 (MHWs) et les vagues de froid marines (MCSs) sont des 
évènements discrets d’anomalies de température qui peuvent persister plusieurs 
semaines, voire plusieurs mois, ayant de sévère répercussions environnementales et 
socio-économiques. Cette thèse analyse le développement, les causes et les 
conséquences des MHWs et MCSs dans le centre et le sud du Chili (29°S-55°S) avec une 
attention particulière sur le nord de la Patagonie, une région d’importance économique 
en raison de la présence de nombreux centres aquacoles. L’objectif principal de la thèse 
est de caractériser les dynamiques de surface et de subsurface de ces évènements 
extrêmes, 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 écosystèmes côtiers, et de la surface vers les fonds marins. A grande échelle, 
un produit satellitaire de réanalyse à faible résolution (0,25°) a été utilisé pour identifier 
les patterns, les tendances à 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 l’eau à une résolution de 900 m pour la Patagonie du Nord. Cette 
approche a permis de détecter les évènements extrêmes dans les fjords et les bassins, 
ainsi que d’établir leur variabilité spatio-temporelle. La dynamique de subsurface a 
également été explorée à l’aide d’un modèle hydrodynamique afin d’évaluer la 
propagation verticale des MHWs et MCSs et leur relation avec les évènements de 
surface. Enfin, le rôle 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 dernières décennies. Le nord de la Patagonie se distingue par des 
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tendances de réchauffement particulièrement marquées et constitue la seule sous-
région où la fréquence des MHWs augmente avec plus de 30 évènements sur la seule 
dernière décennie, tandis que les MCSs y présentent une tendance à la diminution. Dans 
cette même région, l’hétérogénéité spatiale est particulièrement importante, et résulte 
surtout de la topographie et de la stratification : les fjords, fortement stratifiés, sont 
touchés par des intensités beaucoup plus marquées (jusqu’à 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 très rapidement atteint les couches de subsurface, tandis que celle de 2016-
17 est restée confinée à la superficie. De manière similaire, une série de MCSs s’est 
produite dans les couches intermédiaires entre 2019 et 2024, tandis que les évènements 
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 
évènements 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 à 2024, dans 
le Golfe de Reloncaví. Les forçages atmosphériques, en particulier les vents et le 
rayonnement solaire, jouent un rôle déterminant, tandis que les modes climatiques à 
grande échelle, tels que El Niño Southern Oscillation (ENSO) and Southern Annular Mode 
(SAM), amplifient l’intensité et la durée des évènements. 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 à leur développement.  

Ce travail propose la première 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 à haute résolution pour observer la complexité de ces 
évènements dans les environnements côtiers et souligne leurs conséquences 
potentielles sur le fonctionnement des écosystèmes ainsi que sur les secteurs de la 
pêche et de l’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 Oceanografía  

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 (MHWs) y Olas de Frio (MCSs) son diferentes eventos 
anómalos de temperatura que pueden persistir por semanas o meses, a menudo 
causando severos impactos ecológicos 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°), enfocándose particularmente en la Patagonia Norte de Chile, una región de interés 
oceanográfico y de importancia económica debido a la acuicultura. El objetivo principal 
de este trabajo es caracterizar las dinámicas de las MHWs y MCSs en superficie y 
subsuperficie, evaluar su variabilidad espacial entre cuencas y fiordos, identificando sus 
causas y evaluando sus implicaciones ecológicas. 

Una aproximación multiescalar fue aplicada, moviéndose desde mar abierto hacia 
ambientes costeros y desde la superficie hacia capaz subsuperficiales. A gran escala, 
reanálisis de datos satelitales en baja resolución (0.25°) fueron usados para identificar 
patrones, tendencias a largo plazo y principales causas de MHWs en el centro y sur de 
Chile, región no estudiada en esta materia. A fina escala, una novedosa metodología fue 
desarrollada, uniendo tres décadas de observaciones in situ con productos satelitales 
para generar una alta resolución (900 m) en campos de temperatura para la Patagonia 
Norte de Chile. Esto permitió la detección de eventos extremos a través de los fiordos y 
cuencas, y la evaluación de su variabilidad espacial y temporal. Las dinámicas 
subsuperficiales también fueron investigadas con un modelo hidrodinámico para 
evaluar la extensión vertical de MHWs y MCSs y la relación entre los eventos superficiales 
y subsuperficiales, además 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 MHWs en las últimas cuatro 
décadas. La Patagonia Norte de Chile demuestra fuertes tendencias al calentamiento, 
siendo la única subregión con un incremento significante en la frecuencia de MHWs, con 
más de 30 eventos solamente en la última década, mientras que MCSs muestran una 
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disminución en general. En esta región, la espacialidad heterogénea es particularmente 
pronunciada, despendiendo mayoritariamente de la topografía y estratificación: los 
fiordos estratificados experimentaron fuertes anomalías (sobre 5°C), mientras que 
cuencas más homogéneas presentaron eventos débiles (bajo los 2°C). Las MHWs más 
intensas ocurrieron en 1997-98, 2008 y 2016-17, con diferentes niveles de penetración 
subsuperficial. El evento de 1997-98 indico una rápida propagación hacia capas 
profundas, mientras que el evento de 2016-17 se mantuvo confinado en capas 
superiores. Similarmente, una serie prolongada de MCSs afectó las capas intermediarias 
desde 2019 a 2024, pero los principales eventos fueron registrados en 2007-08. Para 
ambos (MHWs y MCSs), las anomalías 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 o años, con el 
ejemplo extremo de una MCSs desde 2022 a 2024 en capas profundad del Seno 
Reloncaví. Forzantes atmosféricos, particularmente vientos y radiación solar, fueron 
identificados como causas locales claves, mientras que eventos climáticos a gran 
escala como El Niño (ENSO) y el Modo Anular del Sur (SAM) amplifican la intensidad y 
duración de los eventos. Finalmente, se encontró una conexión entre MHWs y desarrollo 
de HABs, con evidencia que las MHWs actúan como precursor de la proliferación de 
Alexamdrium catenella, creando condiciones ambientales favorables cuando la 
suficiente cantidad de nutrientes son disponibles. 

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

Palabras claves: Ola de calor marina, Ola de frio marina, Cambio climático, 
Temperatura del mar, Patagonia, Chile, Acuicultura  
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WATER (ESSW, ~150 M TO THE BOTTOM) FLOWING ONLY IN THE DEEPEST BASINS. ......................................... 17 
FIGURE 4: SCHEMATIC OVERVIEW OF THE OBJECTIVES OF THIS THESIS. ................................................................. 22 
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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 
MHWs, 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 90th 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 10th 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 MHWs 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  (km²), and rates of onset 
and decline (°C/day) (Hobday et al., 2016). Generally, the maximum spatial extent and highest 
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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 MHWs 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 (10th or 90th percentile). If the maximal intensity reached is between 
1 and 2 time the difference, it is considered as a Category I (Moderate) event, if it is between 2 and 
3 times the difference it is a Category II (Strong) event, if it is between 3 and 4 times the difference 
it is a Category III (Severe) event, and if it exceeds 4 times the difference it is a Category IV 
(Extreme) event (Table 1).   

 

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

 

The historical study of MHWs focused first on their surface signature (e.g. Di Lorenzo and Mantua, 
2016; Frölicher 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 global warming (IPCC, 2021; Laufkötter 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 (Frölicher 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 (Frölicher et 
al., 2018). By the end of the 21st 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 

Multiple of the difference between 
climatology and threshold 

Category 
Intensity of the 

MHW/MCS 
0 to <1 No MHW No event 
1 to <2 Category I Moderate 
2 to <3 Category II Strong 
3 to <4 Category III Severe 

> 4 Category IV Extreme 
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that during the last 150 years, the Arctic Ocean has been the most impacted 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 MHWs 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 global frequency, 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 
et al., 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 (Frölicher 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 MHWs detection 
(e.g. Holbrook et al., 2019; Schlegel et al., 2021; Smale et al., 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; Dabulevičienė and Servaitė, 2024). Global or 
regional models complement these sources, offering high-resolution products, especially 
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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 90th in the case of MHWs, or the 10th percentile in the case of MCSs (Hobday 
et al., 2016; Schlegel et al., 2021). For the detection of MHWs, 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 90th percentile might result in “too frequent” events that would not respect the rare 
nature of extreme events (Holbrook et al., 2019; Rosselló et al., 2023; Tanaka and Van Houtan, 2022). 
For instance, in the case of atmospheric cold and warm waves, the IPCC defines them with 10th 
and 90th percentile thresholds, but they are not necessarily considered as extreme events (Field 
et al., 2012). For MHWs, the 95th, 98th, 99th, and even 99.99th percentiles are sometimes used in 
order to focus only on the most extreme events (Darmaraki et al., 2019; Frölicher 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, Marbà & 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 
(Jacox et al., 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; Rosselló 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 (Rosselló 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 norm, whereas long-term trends 
describe the persistent background warming. 
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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 (Rosselló 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; Rosselló 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 (Rosselló 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 (Rosselló et al., 2023). For example, 
(Rosselló 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 (Fernández-Álvarez et al., 2025; Rosselló 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 MHWs 
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 overall is one of the main driver of MHWs (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; Schär 
et al., 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 Niño 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; Piñones 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 MHWs, such as in 
2011 in Australia, for witch a La Niña event modified currents’ circulation, and in 2013-15 in the 
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Pacific Ocean where a strong El Niño 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 MHWs 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 MHWs, 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-Azcaráte, 
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 
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(Barbeaux et al., 2020; Brooks et al., 2025; Greenhough et al., 2025; Traiger et al., 2022; Villaseñor-Derbez 
et al., 2024). However, MHWs 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). 
MHWs 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 MHWs events have been associated with low-chlorophyll-a concentrations (Sen 
Gupta et al., 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 MHWs 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 MHWs 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).  
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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 Frölicher, 2020). For 
instance, fish captures were seriously reduced by species migration, species community shifts 
and mass mortality during strong and/or long MHWs (Barbeaux et al., 2020; Caputi et al., 2016; 
Villaseñor-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, MHWs 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 
US$ 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 MHWs (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 
et al., 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 MHWs 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 
et al., 2009; Ruthrof et al., 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). MHWs associated with droughts have also been observed (Rodrigues 
et al., 2019; Yu et al., 2024), which in turn can reduce CO2 uptake by the ocean (Yu et al., 2024).  

In contrast, compound events involving MCSs are almost unstudied. However, it has been shown 
that there 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 (Gironás 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 Gironás, 2021; 
Fernández and Gironás, 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 (Ancapichún and Garcés-Vargas, 2015). It is the main forcing of the subtropical 
oceanic gyre, bounded on its east by the Humboldt System Current (Ancapichún 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 (Ancapichún 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 
et al., 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 

Figure 2: Left: Map of Chile showing topography and bathymetry. Chilean administrative regions 
are indicated in italic. Key atmospheric and oceanic features are indicated: Southeast Pacific 
Subtropical Anticyclone (SPSA) with its seasonal position shift, Westerly Winds with south/north 
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; Ancapichún 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 Niño 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 Niño), 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 Niño (La Niña) 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 (Ancapichún 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 (Yáñez 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 (Ancapichún 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 km², stretching from the Reloncaví 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 
Reloncaví 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 Reloncaví 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:  

- Reloncaví 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-Grünewald 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 narrow 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 Reloncaví 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 Reloncaví 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 (Fernández and Gironás, 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 (León-Muñoz 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 Reloncaví 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 Reloncaví 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 Reloncaví Gulfs, and Moraleda Channel display greater seasonal 
temperature variations, a pattern also observed offshore Chiloé Island, and high salinity 

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 (Narváez et al., 2019; Strub et al., 2019; Vásquez et al., 2021). 
In contrast, Corcovado Gulf experiences lower variability (Narváez et al., 2019; Strub et al., 2019). 
However, in winter, the spatial distribution of the temperature become notably homogeneous 
across the region (Saldías et al., 2021; Strub et al., 2019). Likewise, chlorophyll concentration follow 
a similar pattern: higher levels in Ancud, Reloncaví and Moraleda, while lower values characterise 
the Corcovado Gulf and Desertores Islands (Lara et al., 2016; Strub et al., 2019; Vásquez 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 (Vásquez 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 Reloncaví 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 Pupquelán 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 (Subsecretaría del Trabajo, Gobierno de Chile and Observatorio Laboral de la Región 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 5th 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 (Subsecretaría del Trabajo, Gobierno de Chile and Observatorio 
Laboral de la Región 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 (Díaz 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 
(Quiñones 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 (Yáñez 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; Ancapichún and Garcés-Vargas, 2015; Winckler-Grez et al., 2020; Zou and Xi, 2021). Indeed, the 
Westerly Winds are the main precipitation driver (León-Muñoz et al., 2018), whereas the SPSA brings 
warm dry air (Ancapichún 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 (Yáñez et al., 2017a). HABs are also already often 
present in Patagonia, and warmer waters and stratification would be even more favourable to 
HAB formation (León-Muñoz 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 killing 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 MHWs. 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 (León-
Muñoz et al., 2018; Pujol et al., 2022; Yáñez 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 MHWs 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 MHWs 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 km², 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 Niño 
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 MHWs 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 
et al., 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 (MHWs) 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 MHWs 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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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 
central and 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.  

Figure 4: Schematic overview of the objectives of this thesis. 
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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 MHWs 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 MHWs offshore Central and Southern 
Chile, a region 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 cannot resolve 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-Azcárate, 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  
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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 (Laufkötter 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 (MHWs) 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 MHWs (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), to reduced fisheries and aquaculture production (e.g. Oliver et al., 2017; Cheung and Frölicher, 
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; Yáñez 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; León-Muñoz 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; León-Muñoz 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 MHWs that have occurred off Central and South Chile over the last 4 
decades (1982 to 2020). The second objective is to analyse the metrics of those MHWs (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 MHWs’ 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 MHWs 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 MHWs detected in 2016-2017 are placed in a larger context and the 
possible consequences of the MHWs 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 

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° E to -71° E; Transition area from -86° E to -72° E; Southern area 
from -89° E to -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 MHWs, 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 
ECMWF, 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 

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
http://www.remss.com/
https://cds.climate.copernicus.eu/#!/home
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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 Niño Southern Oscillation (ENSO), we used the 
Oceanic Niño Index (ONI) provided by NOAA to monitor El Niño and La Niña 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 (Niño3.4 region). El Niño (La Niña) 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. All indexes were analysed from 1982 to 2020. 
We applied a 3-month Gaussian filter for PDO and SAM but not for ONI as it is already calculated 
as a 3-month average. 

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-Azcárate 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-Azcárate 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 weight is given by the 
EOFs to long-term variations). Although the division of a long time series in separate years can 
lead to artificial changes between the years, it was not the case in this application. See example 
of reconstruction with DINEOF for the South Pacific Ocean in Figure 6. 
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We reconstructed the whole South Pacific Ocean but decided that every portion of water covered 
at least one day by sea ice will not be part of the reconstruction, as we are not interested in high 
latitudes. For each year (2012-2020), the percentage of missing data in the original SST dataset 
for the whole South Pacific was between 35% and 37%. For the reconstruction, 50 EOF were 
calculated by DINEOF for each year, explaining in average 99.89% of the initial variance. To 
estimate the accuracy of DINEOF reconstruction, we calculate the bias, correlation and root 
mean square error (RMS) between the reconstructed field and in situ data from drifting buoys 
(shown in Table 2). We used 10 surface drifting buoys with hourly temporal resolution (allowing 
to select the same hour at which the satellite measures of the SST were done), all scattered 
offshore Central and South Chile between the coast and about 2 500 km offshore, with a 
complete temporal coverage from 2014 to 2020. In total, 4219 points were used to estimate the 
accuracy of our reconstruction (buoys’ data are available at https://map.emodnet-physics.eu/). 
Results show a slight negative bias which indicates that the satellite and the reconstructed SST 
are lower than the in situ SST. The bias, the correlation and the RMS are very close for both sets 
of data, meaning that our reconstructed field is as accurate as the satellite data. 

Table 2: Bias (°C), correlation and root mean square error (RMS, °C) calculated between original 
satellite SST and SST from in situ buoys and between the reconstructed SST field with DINEOF and 
the SST from the buoys. The number of points used for the reconstruction differs as there were 
gaps in the original satellite SST.  

 Number of 
points Bias (°C) Correlation RMS (°C) 

Satellite data vs. buoys 3004 -0.06 0,98 0,55 
Filled data vs. buoys 4219 -0.10 0,98 0,47 

2.2.4. SST trends 

We calculated the seasonal mean SST over the studied area by doing the long-term average (1982 
to 2020) over austral summer, autumn, winter and spring. To calculate the SST long-term trends, 
as a first step we removed SST seasonal variation to our SST values through a low-pass filter in 
order to have only the annual SST trends and removed seasonal variations. Then, SST linear 
trends were calculated from 1982 to 2020, by using the OISSTv2 dataset. We choose p-value 
inferior to 0.05 as a significant trend. Secondly, trend calculation was performed again over ten-
year periods, from 1982 to 1991, 1992 to 2001, 2002 to 2011 and 2012 to 2020. 

Figure 6: (A) AMSR-2 sea surface temperature (SST; °C). White parts indicate the missing data due 
to rain, ice and satellite limitations (swaths). (B) Reconstructed SST (°C) with DINEOF. Missing 
data are still present alongshore and everywhere water was covered at least one day by sea ice. 

https://map.emodnet-physics.eu/
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2.2.5. Marine heatwaves 

In this study, we used the MHW definition given by Hobday et al. (2016), which defines MHWs as 
continuous events of warm SST anomalies exceeding a threshold (90th percentile with respect to 
a 30-years climatology) during at least 5 days. Our marine heatwave detection is based on the 
HeatwaveR algorithms provided by Schlegel and Smit (2018) available at 
https://robwschlegel.github.io/heatwaveR/index.html. The SST is spatially averaged over a 
determined area (in our case Northern, Transition and Southern areas) and the algorithm 
determines when MHWs are occurring, calculating for each day a long-term climatology, a 
threshold according to this climatology (90th percentile), and find the periods during which SST 
exceed this threshold during at least 5 days with no more than 2 below-threshold consecutive 
days, based on a 11-days moving mean centred on each Julian day (in the case of time series SST 
data) or on each pixel (in the case of gridded data). In addition to the MHW calculation, the 
algorithm provides several metrics: number of events per year, duration of each event and 
maximal and mean intensity (the maximal intensity is the highest temperature anomaly value 
recorded during the MHW whereas the mean intensity is the mean temperature anomaly 
observed during the event).  

To calculate the climatology, Hobday et al. (2016) recommend to have at least 30 years of SST data 
because multi-year cyclic events (e.g. ENSO) must be considered to calculate the MHWs. Here 
we used the same dataset as they did, that is to say the OISSTv2 dataset but over a longer period, 
from 1982 to 2020. The threshold we used to calculate MHWs is the 90th percentile. In addition, 
the algorithm also determines the long-term trends in MHW occurrence by first calculating the 
number of MHW in each pixel of the gridded data that has occurred, in our case between 1982 
and 2020, and then applying a generalised linear model to each pixel. From the generalised linear 
model, slope and p-value (<0.05) are used to determine the long-term trends in MHW occurrence.  

Hobday et al., (2018) have proposed a classification of the MHW events in order to have a better 
visualisation of the MHWs’ real impact on ecosystems. This classification has 4 categories which 
depend on the maximal intensity reached by the MHW event (which in turn depends on the 
climatology). Categories are based on multiples of the local difference between the climatology 
and the threshold. Between 0 and 1 times the differences between the climatology and the 
threshold, no MHW is detected; between 1 and twice the difference it is a Category I MHW, 
between 2 and 3 times the difference it is a Category II MHW, Category III corresponds to 3 to 4 
times the difference and a Category IV corresponds to more than 4 times the difference. This 
categorization is also given by the heatwave detection algorithm. 

2.3.    Results 

2.3.1. Marine heatwaves in Central and South Chile: 39 years of data 

To understand how MHWs have evolved within a 39-year period, we performed an analysis of the 
duration and intensity for each event and studied the number of MHWs occurring each year. 
MHWs were identified by doing the spatial average of the SST within the 3 studied areas and their 
metrics were identified using HeatwaveR code.  

From 1982 to 2020, the Northern, Transition and Southern area experienced respectively a total 
of 75, 73 and 71 periods under MHW conditions from which 5, 6 and 9 MHW periods had a 
duration superior to one month. In the Northern and Transition areas, the highest number of 
MHWs was recorded during El Niño years, respectively 9 events in 1997 and 7 in 1998 (Fig. 7A, 
3B). For the Southern area, in both 1987 and 2020, 6 MHWs were recorded of which 3 had a 
duration superior to 1 month (Fig. 7C). For the Transition area, alternance of years with and 

https://robwschlegel.github.io/heatwaveR/index.html
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without MHWs was common until 2011 
(Fig.7B). Nonetheless, from 2011 to 
2020, MHWs were recorded every year 
totalling during that 10-year period 45% 
of all MHWs recorded for the area. The 
decade 2012-2020 was particularly 
active in terms of number of MHW 
events for the Transition area, totalling 
on average twice as many events than 
during the 1982-1991 decade and was 
2.5 times superior to the number of 
events that have occurred during 
decades 1992-2001 and 2002-2011. It 
is notable that the early 21st century 
was MHWs-free for all 3 areas (this 
period was the longest in the Transition 
area).  

For all 3 areas, the mean duration of 
MHWs for the 1982-1991 decade was 
about 10 days and was the lowest of the 
four decades (Fig. 8A), whereas mean 
duration during the 2012-2020 decade 
was the longest recorded, with 20 days, 
19 days, 23 days for respectively 
Northern, Transition and Southern area 
(Fig. 8B). The mean duration was 
multiplied by 2.14, 1.9 and 2.3 
respectively between the two decades. 
Between 1982-1991 and 2012-2020, 
the duration of the longest event has 
been multiplied by 8, 5 and 3 for 
respectively Northern, Transition and 
Southern areas. The longest event in 
the Northern area began in January 
2017 and lasted for 137 days  
(4.5 months); in the Transition area, the 
longest event began in May 2016 and 
lasted for 148 days (almost 5 months), 
and in the Southern area, the longest 
event began in June 2016 and lasted for 
119 days (almost 4 months).  

Regarding the intensity over the 
decades, the mean intensity of the 
MHWs is the highest in the Northern 
area and the lowest in the Southern 
area (Fig. 8C). For the Northern area, 
the strongest event recorded was in 
2017 with a maximal intensity of 2.3°C, 
classified as a Category III event. This 
strong event corresponds to the longest 

Figure 7: Number of marine heatwave events (MHW) 
that have occurred each year from 1982 to 2020 for 
Northern (A), Transition (B) and Southern (C) areas. 
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Figure 8: Decadal trends (1982-1991, 1992-2001, 2002-2012, 2012-2020) for Northern (red), 
Transition (green) and Southern (blue) areas (A, D, G: Northern area; B, E, F: Transition area; C, F, 
I: Southern area). Parameters analysed over the different decades are: (A) mean duration (days) 
of the events that have peaked during the decade, (B) duration (days) of the longest event of the 
decade, (C) mean intensity (°C) of all the events that have occurred during the decade, (D) 
maximal intensity (°C) reached by the strongest event of each decade, (E) number of MHW events 
that have occurred throughout the decades. 
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Figure 9: Temporal evolution of the marine heatwaves (MHWs) recorded between January 1st of 
2016 and July 1st of 2017 (A, B, C). Those graphs are obtained by averaging the sea surface 
temperature (SST) over the corresponding area. (D, E, F) Represents a zoom over the strongest 
event recorded for each area over this period, highlighted by the black square in the left column. 
For both left and central columns, the lower line of the graph (black and bold) represents the long-
term climatology. The irregular black line represents the daily SST temperature. The green bold 
line represents the threshold, the first green dashed line is 2 times the threshold, the second 
green dashed line represents 3 times the threshold and the final green dashed line represents 4 
times the threshold. The MHWs categorization is represented by the colours with yellow, orange, 
red and dark purple corresponding respectively to Category I, II, III and IV. (G, H, I) Represents the 
SST anomaly on the day of the main peak of the strongest event. The areas are represented by the 
coloured squares. Upper line corresponds to the Northern area, middle one to the Transition area 
and bottom one to the Southern area. 
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one recorded in this area (137 days). For the Transition area, the highest intensity recorded was 
2.2°C corresponding to a Category II MHW which started in October 2016 and lasted for 64 days. 
In the Southern area, the strongest event ever recorded was a Category II event in 1998. It 
occurred while a strong El Niño event was present and had a maximal intensity of 1.9°C with a 
duration of 99 days. It seems interesting to note that the strongest event recorded was during the 
last decade for both Northern and Transition areas. Indeed, 21%, 40% and 38% of the MHW 
events (respectively for Northern, Transition and Southern areas) that had a maximal intensity 
superior to 1°C occurred after 2011 whereas it represents only a fourth of the total period we 
studied. In the same way, 36%, 33% and 50% of the events (respectively for the Northern 
Transition and Southern areas) having a maximal intensity superior to 1.5°C occurred after 2011. 

2.3.2. Development of the MHWs in 2016-2017 

The years 2016 and 2017 were particularly hit by MHWs with, from May 2016 to May 2017, 219, 
298 and 224 days under MHWs conditions for respectively Northern, Transition and Southern 
areas. More specifically, from May to December 2016 (that is to say a duration of 245 days), the 
Transition and Southern areas were under MHW conditions during respectively 212 and 216 days  
(and “only” 86 days for the Northern area). Those conditions were caused by a succession of 

Figure 10: Monthly average sea level atmospheric pressure anomalies (A, B, C), atmospheric 
temperature anomalies (D, E, F) and sea surface temperature (SST) anomalies (G, H, I), expressed 
respectively in hPa, °C and °C, for the months of April 2016 (left column), May 2016 (central 
column) and June 2016 (right column). Colour scale is indicated on the right side of each line. 
Areas concerned are all located between 20° S and 50° S, and between 50°W and 140°W for 
pressure anomaly, between 60°W and 120°W for air temperature anomalies and between 60°W 
and 120°W for SST anomalies. 
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unusually long and strong MHWs that 
started on May 2016 (see details in Fig. 9).  

On May 19th 2016 (austral fall) started 
MHW conditions in the Transition area and 
one month later, on June 17th, in the 
Southern area. The MHW peaked on June 
29th (austral winter) in the Transition area 
with a maximal intensity of 1.4°C and on 
August 18th in the Southern area with a 
maximal intensity of 1.1°C. For both areas, 
the MHW was considered as a Category II 
event. On October 13th (austral spring), the 
MHW disappeared for both areas resulting 
in 148 days under MHW conditions for the 
Transition area and 119 days for the 
Southern area. However, only 7 days later, 
on October 20th, a new MHW started again 
in both areas. That time, the intensity of 
the MHW decreased quickly in early 
November, the MHW conditions almost 
disappeared for the Transition area and 
even disappeared in the Southern area on 
the 9th of November. Nevertheless, the 
MHW’s intensity increased back by mid-
November, provoking a new MHW for the 
Southern area with a maximal intensity of 
1.2°C and for the Transition area the 
strongest intensity reached over the last 
39 years with a value of 2.2°C on 
November 29th. The MHW then 
progressively disappeared by the end of 
December. Finally, MHW conditions 
totalled 64 days of uninterrupted MHW 
conditions in the Transition area and 55 
days for the Southern area interrupted by 
9 days without MHW conditions in 
November. The MHWs were Category III 
events for the Transition area and 
Category II for the Southern area. 
Concerning the Northern area, 4 relatively 
short (inferior to one month) and weak 
MHWs were recorded in austral spring 
2016, from September to December. All 
were Category I events except the third 
one which was a Category II event with a 
maximum intensity on November 24th of 
1.5°C. Then, on January 19th of 2017 began 
a Category III MHW which lasted for 137 
days with a maximal intensity of 2.3°C on 
February 28th, being the longest event 
recorded for the Northern area and the 

Figure 11: Wind speed (blue) and sea level 
atmospheric pressure (red) from 2012 to 2020 for 
Northern (A), Transition (B) and Southern (C) areas. A 
3-month Gaussian filter was applied to the data. For 
a better visualisation of the variations, y-axis’ scales 
differ. 



36 
 

strongest one of all areas combined. At the same period, the Transition area experienced 
discontinuous short (inferior to 1 month) and weak (all Category I events) MHWs from January to 
March 2017.  

2.3.3. Atmospheric conditions in 2016-2017 

In April 2016, a high-pressure system was present in the extreme South Pacific Ocean, reaching 
Chilean coasts up to 45° S (Fig. 10A). In May and June, the high-pressure system moved 
northward, encompassing the whole Patagonia and reaching the highest pressure ever recorded 
over the 2012-2020 period for both Transition and Southern areas (Fig. 10B, C). This resulted in 
very stable anticyclonic conditions over the Transition and Southern areas, leading to a low winds 
velocity, the lowest recorded over the 2012-2020 period for all 3 areas (Fig. 11A-C). Furthermore, 
in the Transition area, the east-component of the wind speed is fully eastward over the 2012-2020 
period except in mid-May 2016, having a very low wind speed with a westward direction. During 
austral winter, the high-pressure system moved toward eastern Patagonia and disappeared in 
August. 

SST and air temperature were evolving in similar ways. In April 2016, at midlatitudes, a large patch 
of SST anomalies is present offshore Chile, affecting both Transition and Southern areas 
(Fig. 10G). A core of negative SST anomalies was observable between the mid-latitude warm 
patches and warm anomalies at tropical latitudes. The same pattern is observable for 
atmospheric temperature anomalies (Fig. 10D). In May, the SST patch moved eastward (Fig. 10H), 
bringing warm anomalies nearshore. Those anomalies were the highest in the Transition area with 
local anomalies between 2°C and 2.5°C. Alongshore, the warm anomalies merged with lower 
latitude anomalies, forming a continuous band of positive anomalies along Chilean coasts. 
Again, a similar distribution of warm atmospheric temperature anomalies is observed (Fig. 10E). 
In June, the patch of warm SST anomalies was still getting closer to Patagonian coasts. Although 
the SST anomalies persisted during austral winter, they were progressively diminishing until early 
spring. However, in October, a patch of warm air temperature anomalies formed in the tropical 
Pacific, moving progressively southeastward, reaching in November the Juan Fernández 

Figure 12: (A) Sea surface temperature anomaly and (B) air temperature anomaly (both in °C) on 
November 18th, 2016. A particularly warm patch is observable, centred on 90°W 35° S, with 
anomalies reaching locally 4.5°C for the SST and 4°C for the air temperature. 
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Archipelago. In early November, a very 
warm circular patch formed in the 
ocean, coinciding with the location of 
the warm air patch, centred 
approximately on 90° W and 35° S, West 
of Juan Fernández Archipelago. At this 
place, the temperature anomalies rose 
quickly, reaching on November 18th 
4.5°C for the SST and 4°C for the air 
temperature (Fig. 12); no remarkable 
positive or negative pressure system 
was observed where the patches were 
present. Then, both warm SST and warm 
air patch migrated southeastward, 
losing in intensity, and reached coasts of 
the Transition area in late November. 
The warm SST patch progressively 
disappeared in December but pulsed 
again South-West of Juan Fernandez 
Archipelago in early 2017. The warm air 
patch was still present in January and 
February affecting at that time only the 
Northern area.   

In addition to the atmospheric variables, 
we also analysed the mean heat transfer 
from the ocean to the atmosphere over 
the period 2012-2020 (Fig. 13). Indeed, 
during late fall and winter 2016, offshore 
Chilean coasts, the heat transfer from 
the ocean to the atmosphere was lower 
than usual, being reduced up to 
100 W/m² in June in both Transition and 
Southern areas compared to the 2012-
2020 average (Fig. 13C). This diminished 
heat transfer was caused by a lower 
latent and sensible heat transfer. 
Indeed, in the Transition area the latent 
heat was reduced by 1/4 in May and 
June, while in the Southern area it was 
reduced by ~1/3 from May to July. The 
sensible heat was reduced in the 
Transition area from May to September, 
being reduced up to 1/3 from June to 
August, whereas in the Southern area a 
reduction is observed from May to 
September being almost equal to zero in 
June and divided by 4 in July. By the end 
of austral spring, the heat transfer 
slightly recovers to normal values except 
in November when the warm SST and air 
patches were observed.  

Figure 13: Monthly anomaly of total heat transfer 
(in W/m²) from the ocean to the atmosphere for (A) 
April, (B) May, and (C) June of 2016. The anomaly 
has been calculated according to the 2012 to 2020 
average. 
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2.4.    Discussion 

SST satellite products covering the period of 1982-2020 were used in this manuscript to 
understand the forcing mechanisms involved in the formation of MHWs offshore central and 
south Chile. The data analysis showed an increase in MHWs events during the last decade, 
particularly offshore Northern Patagonia. On another side, the years of 2016-2017 were 
significant in MHWs occurrence, in terms of duration and intensity. Detailed descriptions of the 
main results are included in the following discussions sections.   

2.4.1. SST and marine heatwaves trends 

SST trends from 1982 to 2020 show that the Central South Pacific has been particularly hit by 
warming waters during the last 39 years (Fig. 14A). A very large patch from the Tropics to mid-
latitudes suffered from positive trends, about 0.03°C per year within the patch’s centre. The patch 
reaches South American coasts from 30° S to 47° S, except at 37° S where a cold trend is present. 
According to those trends, the Transition area is the only South American Pacific coast (South of 
10° S) impacted by positive trends, ranging from 0.005 to 0.015°C per year. A closer look to the 
decadal trends confirms that Chilean coast did not suffer from warming trends during the three 
first decades (cooling trends are observed nearshore), although a tongue-shaped positive trend 
is observable in the open ocean centred approximately on 35° S (Fig. 14B-D). Nevertheless, the 
last decade shows a totally different pattern, with positive anomalies everywhere (except a 
horseshoe pattern of negative trends), particularly high along Patagonian coasts with trends of 
+0.05°C to +0.1°C per year (Fig. 14E). Note that the Central South Pacific has been badly hit during 
all 4 decades. The long-term trends are consistent with what was observed by Roemmich et al. 
(2016): a tongue-shaped warm patch, with a warm core between 30° S and 40° S getting closer to 
the coast between 38° S and 47° S. However, contrary to what we found, Roemmich et al. (2016) 
highlight cooling trends nearshore. The difference might be linked to the different time series 
used: their study has been realised from 1981 to 2015, whereas our study also encompassed the 
end of the last decade which was important in terms of warming. In addition, Gutiérrez et al. (2018) 
found that winter SST has been increasing from 2010 to 2016 in Northern Patagonian fjords, being 
maximal in 2016, the winter we observe the very long MHW in both Transition and Southern areas.  

HeatwaveR algorithms can also provide the MHWs trends (Fig. 15A, B). Thus, we performed the 
analysis over a reduced portion of the Southeast Pacific Ocean from 1982 to 2020, focusing only 
on our 3 areas of interest. The results are the MHWs frequency trends within each pixel. An 
increase of the MHWs frequency is remarkable at mid-latitudes, especially at lower latitudes than 
46° S. Along Transition area coasts, a positive trend is also present but not significant. Moreover, 
a negative trend is observable at 37° S, at the location of the Punta Lavapie upwelling system. The 
same distribution pattern of MHWs trends and SST trends can be explained by the fact that MHWs 
are highly related to increasing SST across the globe (Frölicher et al., 2018).  

2.4.2. Formation and processes of the 2016-2017 MHWs 

In autumn 2016 started a series of MHWs in the Southeast Pacific Ocean, offshore South Chilean 
coasts (Fig. 9). In April 2016, positive SST anomalies coming from the extratropical Pacific (~55° S, 
130° W) started to be stronger in the Transition area, accompanied with diminishing winds 
(Fig. 10G). This warm patch observed in the extratropical South bringing positive SST anomalies 
to Patagonia through the Pacific Gyre could be part of the South Pacific Ocean Dipole. This dipole 
is composed of an extratropical positive SST anomalies patch (which would corresponds to the 
one we highlighted) centred on about 58° S, 125° W and a subtropical negative SST anomalies 
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Figure 14: Significant sea surface temperature (SST) trends (according to pvalue<0.05) in °C per 
year for (A) 1982-2020, (B) 1982-1991, (C) 1992-2001, (D) 2002-2011 and (E) 2012-2020. Areas 
where no significant trends were observed are shown in white. 
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patch centred on the eastern coast of New-Zealand (Saurral et al., 2020). The main variability of the 
dipole is explained by ENSO (Li et al., 2012; Chatterjee et al., 2017): the warm anomalies in the 
extratropical dipole are enhanced when positive phases of ENSO are occurring. Strong El Niño 
conditions were present in austral summer 2015-2016 (Fig. 16A), probably strengthening the 
dipole’s warm anomalies. In addition, dipole’s SST anomalies are subject to eastward 
propagation (Li et al., 2012) explaining why they reached Patagonia. In May 2016, the wind speed 
reached its lowest value over the 2012-2020 period for both Northern and Southern areas 
(Fig. 11), and the Transition area experienced unusual westward winds. The combination of 
unusually weak winds due to a persisting high-pressure system (the highest recorded for the 
Southern area over the period 2012-2020) reducing the heat loss from the ocean (sensible and 
latent heat; Fig. 13) and the presence of anomalously warm waters triggered MHW conditions in 
the Transition area in mid-May. In June, the SST anomaly, still coming from the extratropical ocean 
(Fig. 10I), got stronger in the Southern area, allowing to trigger MHW conditions in that area by the 
end of the month (Fig. 9F). We did not perform a comparison between 2016 wind speed and long-
term wind speed, but Garreaud (2018) did it off Chiloe Island (42.5° S, 74.3° W, located in the 
Transition area) and shown that winds were about twice inferior to the long term average from 
late-May to mid-June. In winter, the wind gets back to usual values, and the heat transfer from the 
ocean to the atmosphere progressively gets back to normal by early spring. In spring, SST 
anomalies were present but were getting lower than during previous months, barely maintaining 
MHW conditions. The MHWs conditions stopped by mid-October in both Transition and Southern 
areas, totalling 148 days under MHWs conditions in the first area and 119 in the second one 
(Fig. 6). The Northern area has not been affected by this MHW, except in the form of short heat 
peaks during winter. However, advection of warm waters coming from extratropical South Pacific 
triggered new MHWs in all 3 areas in mid-October but were not high enough to maintain the MHW 
conditions resulting in early November in a break within the MHW period in Northern and 
Southern areas and to its almost disappearance in the Transition area. Meanwhile, a warm patch 
formed very quickly in both ocean and atmosphere West of Juan Fernández Islands in early 
November 2016 (Fig. 12), with an SST anomaly increase of 2.5°C in only 12 days. Both 

Figure 15: (A) Marine heatwaves (MHWs) trends and (B) significance of the trends according to the 
p-value. The trend is calculated according to the number of MHWs that have occurred in each 
pixel from 1982 to 2020. Consequently, a positive (negative) trend significant that the number of 
MHWs is increasing (decreasing) with time. 
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atmospheric and oceanic warm patches moved 
southeastward and reached the coasts in late 
November, encompassing the three areas and 
coinciding with the new apparition of MHW 
conditions in Northern and Southern area and to the 
strengthening of the MHW in the Transition area. In 
the Transition area, this MHW corresponds to the 
most intense one recorded over the 1982-2020 
period. In the Northern area, the MHW was not that 
strong because of the presence of a coastal 
negative anomaly signal at approximately 37° S, 
corresponding to Punta Lavapie, an area where 
upwelling favourable winds are predominant from 
September to February (Letelier et al., 2009), 
explaining the negative SST anomalies often 
observed in this area. However, the positive 
anomalies patches got cooler while moving 
northeastward in mid-December and the anomalies 
were decreasing. Nevertheless, in late January 
2017, both SST and atmospheric temperature 
anomalies patch increased back, provoking the 137 
days (4 and a half months) MHW in the Northern 
area (which was, by the way, the strongest event 
ever recorded along Chile) and to short pulses in 
Transition and Southern areas. 

It is important to note that in the part of the world we 
are interested in, SST is generally higher than the air 
temperature. To understand how SST and air 
temperatures are related, we spatially averaged SST 
anomalies and air temperature anomalies (and 
applied a 3-months Gaussian filter on both) over the 
period 2012-2020 for the 3 areas and calculate their 
correlation to know how they are related. Over the 
period 2012-2020, the correlation between air 
temperature anomalies and SST anomalies was the 
highest with a 10, 1 and 3-days lag respectively for 
Northern, Transition and Southern areas. The 
correlation was therefore 0.9291, 0.8748 and 
0.8711 respectively. However, having a more 
specific look to the year 2016 only, air temperature 
and SST anomalies were occurring with no lag for 
both Northern and Transition areas, whereas for the 
Southern area, SST anomalies were leading air 
temperature anomalies by 9 days; correlation 
between the two parameters for all 3 areas being 
higher than 0.94 for the year 2016. Consequently, as 
the SST is higher than the air temperature and as 
SST variations precede or occurred at the same time 
as air temperature variations, this would signify that 
the autumn-winter-spring MHWs in 2016 were not 
led by the air temperature. However, the global 

Figure 16: Different remotes forcings expressed 
by their index. (A) Oceanic Niño Index for ENSO 
monitoring (ONI), (B) Pacific Decadal 
Oscillation (PDO) index, (C) Southern Annular 
Mode (SAM) index. Red indicates a positive 
period and blue a negative period. PDO and 
SAM index are expressed with a 3-month Gauss 
filter, represented by the black bold line. ONI 
calculation is already based on a 3-month 
average. The scale differs according to the 
index. 
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atmospheric conditions (lower winds associated with high-pressure system, thus reducing heat 
loss from the ocean) contribute to enhance the SST anomalies, preventing waters to cool during 
winter, in addition to the warm waters advected from the South-Central Pacific Ocean. That 
combination of oceanic and atmospheric factors, i.e. advected warm waters, high pressure 
system inducing reduced winds and in return a decrease in the sea-air fluxes, having led to MHW 
formation has already been observed in the past, for instance in the Pacific Ocean when a MHW 
lasted from 2013 to 2015 (Bond et al., 2015) or in 2011 in Western Australia (Pearce and Feng, 2013). 

Besides the oceanic and atmospheric forcings, remote forcings could have played a role within 
the longevity and intensity of the MHWs events during 2016 and 2017. Indeed, in 2014, ENSO 
switched to a positive phase until mid-2016, being one of the three strongest El Niño events ever 
recorded with the 1982-1983 and 1997-1998 ones (Fig. 16A). Because of its importance, it has 
been popularly named “Godzilla El Niño”. Garreaud (2018) has shown that the Godzilla El Niño 
event, was associated with strong positive sea level atmospheric pressure anomalies (>5 hPa) at 
extratropical latitudes during austral summer 2016. In our study, we found that during austral 
autumn (March-April-May), the atmospheric pressure anomalies were also high, with seasonal 
average up to 10 hPa. In addition, the warm patch we described West of Juan Fernández 
Archipelago that formed in November 2016 and strengthened in January 2017 was probably linked 
to a “coastal El Niño” (Garreaud, 2018a; Rodríguez-Morata et al., 2019; Smith et al., 2021), whose 
characteristics were a strong and rapid warming of the easternmost Equatorial Pacific in January 
2017 followed by other warm pulses in February and March, associated with very weak 
Tradewinds from January to April 2017 (Garreaud, 2018a). In fact, the whole Central Pacific 
experienced a very strong El Niño in 2015-2016 and the easternmost Central Pacific experienced 
a coastal El Niño in summer 2016-2017 (Garreaud, 2018a). In its study, (Garreaud, 2018a) highlights 
a tongue-shaped warm SST coming from Equatorial Pacific and extending southeastward to the 
coasts of our Northern area, in accordance with what we described. This warm patch resulted in 

Figure 17: (A) Sea surface temperature (°C) long-term monthly averaged over 1982 to 2020 period 
for February and (B) monthly average for February 2017. 
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the formation of the most intense MHW in the Northern area, which lasted from January 19th to 
June 4th 2017. In addition to the El Niño event, a positive phase of PDO also occurred from 2014 
to 2017 (Fig. 16B). PDO has already been correlated with positive sea surface temperature for the 
period 2014-2017 in previous study (Narváez et al., 2019). Indeed, when its positive phase occurs 
together with ENSO’s positive phase, their consequences can cumulate and cause lower winds 
and warmer conditions at mid-latitudes (Garreaud et al., 2009; Ancapichun and Garcés-Vargas, 2015; 
Yáñez et al., 2017a). Besides the El Niño and PDO events, a strongly positive phase of SAM also 
occurred in 2016 (Fig. 16C). Nevertheless, usually ENSO and SAM have negative correlation (Gong 
et al., 2010), thus the synchronisation of very strong positive events of both phenomena seems 
confusing. However, as the two phenomena have the same consequences over Chilean 
Patagonia, meaning high pressure systems South of Patagonia, reduced Westerly winds at mid-
latitude and higher temperatures, their combined effects might exacerbate their consequences. 
And effectively, the drop in wind speed we observed in late autumn 2016 and the high pressure 
associated were the highest ever recorded at least over the period 2012-2020. Although SAM has 
been cited in a few studies as a factor maintaining or initiating environmental conditions for MHW 
formation (e.g. Perkins-Kirkpatrick et al., 2019; Salinger et al., 2019); Su et al. 2021), its implication 
within the formation of MHWs, particularly in the Southeast Pacific Ocean, needs to be in-depth 
investigated. 

2.4.3. Marine heatwaves consequences on fjords ecosystems 

Although Patagonian ecosystems are extremely vulnerable to global warming (Yáñez et al., 2017a) 
and even if fjords are considered as aquatic critical zones (Bianchi et al., 2020), only few studies 
have been realised on MHWs’ consequences on fjords ecosystems and none on Patagonian 
fjords. Here, we suggest that numerous typical impacts of MHWs could be considered according 
to what has been observed in other parts of the world. For instance, a HAB occurred in North 
Patagonia inner seas from February to May 2016 (Armijo et al., 2020; Garreaud, 2018b; León-Muñoz et 
al., 2018)resulting in economic losses of several hundred million dollars (e.g. Díaz et al., 2019). 
HABs are often described as a consequence of MHWs (e.g. NOAA Climate, 2015; Roberts et al., 
2019), but this one occurred shortly before the MHW we detected in the Transition area. That 
temporal mismatch could be due to the coarse spatial resolution of the SST data we used to 
perform our MHWs detection, preventing us to know if the inner seas experienced more 
numerous or longer MHWs than the open ocean did and if the HAB coincided with a MHW event. 
Another type of consequences of MHWs on Patagonian fjords could be the diminution of oxygen 
concentration. Indeed, Patagonian fjords are already experiencing hypoxic conditions due to fjord 
alimentation by low-oxygenated Equatorial Subsurface water mass filling the deep micro-basins 
(Silva and Vargas, 2014; Pérez-Santos et al., 2018), a strong stratification which prevents deep waters 
to be re-oxygenated by vertical mixing (Silva and Vargas, 2014) and anthropogenic activities (Silva 
and Vargas, 2014). The presence of a long-lasting and severe MHW as the one we observed during 
winter 2016 could worsen the hypoxic conditions by increasing thermal stratification and 
reducing oxygen dissolution (Breitburg et al., 2018), as it has already been observed in Norwegian 
deep-fjords where hypoxic conditions were exacerbated by deep waters warming, then affecting 
benthic communities (Aksnes et al., 2019). In addition, Patagonia is also a place for large 
aquaculture development, particularly salmon farming as the environmental conditions are 
optimal with average temperatures up to 15°C in summer for Northern Patagonia (Fig. 17A). 
However, in February 2017, the strongest ever MHW event was recorded and SST nearshore was 
nearly 2°C higher than average, reaching 17°C (Fig. 17B) in northernmost Patagonia, being close 
to the upper limit of optimal temperature growth for Atlantic salmons (Elliott and Elliott, 2010). 
Finally, decreases in microbial richness have already been observed in Patagonian fjords, 
associated with seasonal increase of sea temperatures, particularly in winter (Gutiérrez et al., 
2018). This would probably be exacerbated as MHWs are projected to be more numerous, as we 
saw in section 2.4.2.  
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2.5.    Conclusion 

This study presents, to the best of our knowledge, the first assessment of the marine heatwaves 
(MHWs) that have occurred along Central and South Chile (29° S-55° S) from 1982 to 2020. We 
found that, although MHWs were already present in the 1980s, their intensity and their duration 
have increased, particularly over the period 2012-2020 with record-breaking events. The central 
studied area (North Patagonia) located between 38° S-46° S is the only Chilean coastal area 
where a long-term positive trend of MHWs frequency is present, probably related to the SST long-
term warming trends. Indeed, that area totals 45% of the MHW events and 40% of the events that 
had an intensity superior to 1°C during the 2012-2020 period, showing how badly the area has 
been hit during the last decade. More particularly, the period from austral fall 2016 to summer 
2017 suffered a succession of unusually long and strong MHWs. From May 2016 to May 2017, 
North Patagonia suffered about 300 days under MHW conditions. We found that in fall and winter 
2016, warm waters were advected from the extratropical Pacific Ocean to the Patagonian coasts, 
contributing to the MHWs triggered and that atmospheric conditions were optimal for MHW 
development. Indeed, in May and June 2016, winds were abnormally low contributing to the 
diminution of the heat lost by the ocean. The MHW conditions persisted until spring 2016 and 
progressively disappeared. However, in November, new MHW conditions started causing the 
strongest MHW we recorded which lasted until early June 2017 in Central Chile, probably linked 
to a coastal El Niño. In addition, in early 2016, very strong El Niño conditions were reported and 
were associated with positive phases of SAM, probably having influenced the environmental 
conditions that have led to very intense and long MHW events. 

In this study we analysed the surface development of the MHWs. However, the evolution of the 
detected MHWs off the coast of Chile, with several MHWs happening sequentially with only a few 
days between them, indicates that the subsurface temperatures might stay high during longer 
periods of time, favouring the development of new MHWs in the surface more easily. Therefore, 
further works should be dedicated to the subsurface development of the MHWs which is also 
primordial as it will define the depth at which species will be affected by the warming. 
Additionally, further studies should assess how the inner seas of Patagonia are affected by 
MHWs. Indeed, MHWs consequences add to the already existing hypoxia and to global warming 
might severely damage fjords ecosystems and aquaculture production. 
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CHAPTER 3.      High-resolution detection of 

MHWs and MCSs in Northern Patagonia 

Foreword 

The previous chapter provided a first large-scale assessment of MHWs along the coasts of 
Central and Southern Chile using coarse-resolution reanalysis data. This approach allowed to 
identify broad spatial and temporal patterns, revealing that Northern Patagonia stands out at the 
most impacted of the three regions examined. Over the last decade in particular, this region 
experienced a marked increase on the frequency, duration and intensity of MHWs, including 
several prolonged and extreme events. While Central Chile also showed a slight positive trend in 
frequency and southern Patagonia exhibited overall negative trends, Northern Patagonia 
emerged as a clear hotspot of change. 

These findings raise important questions about how extreme events develop and persist within 
the high intricate Inner Sea of Northern Patagonia. The coarse-resolution OISSTv2 dataset used 
previously is not capable of resolving the complex fjords and channels of this region, and even 
available satellite observations lack the spatial and temporal detail required to adequately detect 
and characterise these events and their spatial variability. This necessitated the development of 
a high-resolution (<1 km) methodology specifically designed to detect both MHWs and MCSs in 
these confined coastal environments.  

The next chapter introduces this new methodology, which forms a key part of this thesis. It 
provides a compact study that was initially planned as two separated chapters, one focusing on 
the methodology for climatology calculation and extreme events detection, and the other 
dedicated to the application of this methodology, with case studies and driver analyses. 
However, it was preferred to combine both aspects to provide a single complete work. This 
chapter therefore presents the methodology developed to achieve the detection of MHWs and 
MCSs in such complex environment, and presents the overall metrics of MHWs and MCSs in 
Northern Patagonia, and highlights their spatial variability. It also includes detailed case studies 
that explore the mechanisms triggering and sustaining these extreme events.  

This extensive work was submitted to the review Ocean Science in March 2025 and is currently 
still under review.  

Pujol, C., Barth, A., Pérez-Santos, I., Muñoz-Linford, P., and Alvera-Azcárate, A.: Overcoming 
Challenges in Coastal Marine Heatwave Detection: Integrating In Situ and Satellite Data in 
Complex Coastal Environment, EGUsphere [preprint], https://doi.org/10.5194/egusphere-2025-
1421, 2025.  

https://doi.org/10.5194/egusphere-2025-1421
https://doi.org/10.5194/egusphere-2025-1421
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Data availability  

The monthly and daily-derived climatologies described in Sections 3.2.2 and 3.3.3 are available 
on Zenodo (DOI: https://doi.org/10.5281/zenodo.14845077) and can be freely used for any 
purpose. The threshold dataset described in Sections 3.2.3 and 3.3.3 and the SST dataset 
described in Sections 3.2.3 and 3.3.4 are also available on the same page; however we 
recommend to use it for the detection of MHWs and MCSs, in addition to the daily-derived 
climatology. 

The list, description and sources/DOIs of all the in situ data used for the construction of the 
climatologies (Section 3.2.2) are also available in the Annexes.  

 

Annexes 

Figures fully describing the monthly climatology at every depth are available in the Annexes at the 
end of this manuscript (for digital version of the manuscript only).  

  

file:///C:/Users/cecil/Documents/HeatWaves/rapport/Thèse/3.3.3
https://doi.org/10.5281/zenodo.14845077
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3.1.    Introduction 

Marine heatwaves (MHWs) and marine cold spells (MCSs) are phenomena characterized by 
anomalously warm or cold water events that persist for at least 5 days to several months, as 
defined by Hobday et al. (2016) and Schlegel et al. (2021). MHWs have been increasingly observed 
worldwide, with rising intensity and duration linked to global warming (Oliver et al., 2018a; Laufkötter 
et al., 2020; Cheng et al., 2023; Capotondi et al., 2024), while MCSs, although much less studied, are 
generally declining (Yao et al., 2022).  

MHWs are responsible for increasing ocean stratification (Holbrook et al., 2020b), decreasing 
oxygen concentration (Brauko et al., 2020; Gruber et al., 2021; Shunk et al., 2024) and increasing ocean 
acidification (Gruber et al., 2021; Burger et al., 2022; Mignot et al., 2022). They are also responsible for 
numerous impacts on biodiversity (Smith et al., 2023b), among others, coral bleaching (Dalton et al., 
2020; Soares et al., 2023; Huang et al., 2024), habitat loss (Arafeh-Dalmau et al., 2019; Filbee-Dexter et 
al., 2020), mass mortality (Garrabou et al., 2022), and favouring conditions for harmful algal blooms 
proliferation (Kuroda et al., 2021; McCabe et al., 2016; Takagi et al., 2022), with economic 
repercussions on aquaculture, fisheries and tourism (Barbeaux et al., 2020; Cheung and Frölicher, 
2020; Maulu et al., 2021; Smith et al., 2023b). Similar observations can be made for MCSs (Schlegel et 
al., 2021).  

MHWs and MCSs are identified by comparing daily sea temperature against a long-term 
climatology. Hobday et al. (2016) recommend to use at least 30 years of temperature data to study 
MHWs, as this duration captures decadal trends such as El Niño Southern Oscillation and 
includes periods that were less impacted by the global warming than present day. The 90th (10th) 
percentile typically marks MHWs (MCSs) threshold, though some studies adopt higher percentile 
to focus exclusively on the most extreme events, thereby excluding what might be considered as 
“normal” extreme events (e.g. Frölicher et al., 2018; Holbrook et al., 2019; Laufkötter et al., 2020).  

The primary method for detecting and tracking MHWs and MCSs relies on global satellite 
products, notably NOAA’s Optimum Interpolation Sea Surface Temperature product (OISST; 
(Huang et al., 2021a), which has a resolution of 1/4°. This product has been popularly used to track 
MHWs at global, regional and basin scale all around the globe since the beginning of MHW 
research. Other studies are using models to investigate MHWs at both surface and subsurface 
(e.g. Guo et al., 2022; Wang et al., 2022; Pontoppidan et al., 2023), while studies based in in situ data 
remain scarce due to limited deployment of long-term monitoring equipment (e.g. Cook et al., 
2022; Magel et al., 2022; Mazzini and Pianca, 2022).   

Although MHWs in the open ocean have been well-documented, their occurrence and dynamics 
within coastal environments remain poorly understood. While global low and high-resolution sea 
surface temperature (SST) datasets derived from satellites have been used in coastal MHW 
research (e.g. Marin et al., 2021; Dabulevičienė and Servaitė, 2024; Xie et al., 2024), they might be 
suboptimal for highly complex areas such as semi or fully-enclosed seas, or seas that comport a 
lot of channels, gulfs, islands or fjords.  

Indeed, although fjords are present in regions of the world where MHWs have been investigated, 
such as New Zealand (Shi et al., 2020), Norway (Bayoumy et al., 2022; Jordà-Molina et al., 2023), 
Canada (Jackson et al., 2018; Khangaonkar et al., 2021), Chile (Pujol et al., 2022) or the Kerguelen 
Islands (Su et al., 2021a), very few studies have been conducted to understand how MHWs interact 
with fjords. It is largely due to the observational challenges these regions present, particularly for 
satellites which are compromised by land interferences and typically rainy and/or cloudy climate 
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associated with fjords, which results in data loss. Nevertheless, a few studies have been 
conducted on MHWs in fjords using satellite data and models (Khangaonkar et al., 2021) and in situ 
data (Aksnes et al., 2019; Jackson et al., 2018, 2021; Jordà-Molina et al., 2023), providing insights on how 
fjord characteristics influence MHWs’ dynamics. While precise data are unavailable, fjords 
ecosystems contribute significantly to the global aquaculture production, particularly Norwegian 
and Chilean fjord systems. MHWs could directly impact this production through thermal stress, 
and by favouring the development of fish-killing algae, or by increasing oxygen depletion (Díaz et 
al., 2023b).  

In this study, we are focusing on the Northern Patagonian Fjords, in southern Chile (Fig. 18). This 
region is particularly narrow, averaging about 50 km wide, and characterised by the presence of 
fjords, numerous islands and intricate channels, restricting the water exchanges with the Pacific 
Ocean and shielding the Inner Sea. Actually, most of the fjords and channels have a wide inferior 
to 5 km. This complex geography presents considerable challenges for observation and analysis. 
Standard satellite products and global models, often limited by coarse spatial resolution, 
typically fail to resolve fjords ands channels, and cannot capture the finer scale processes 
occurring in the most confined areas. Although high-resolution satellite products do resolve most 
the fjords and channels, their temporal coverage and temporal resolution is not sufficient to 
calculate a long-term baseline, which should be based on at least 30 years data according to 
Hobday et al. (2016) and WMO (2023). In addition, the region is particularly cloudy and rainy, further 
limiting the availability of remote sensing data.  

We propose a novel method for detecting MHWs and MCSs in coastal areas with complex 
features, which, to our knowledge, has never been used before, consisting in combining in situ 
and satellite data. We used in situ data to build a climatology with a daily temporal resolution and 
satellite data to set thresholds and provide daily SST. This approach allows the detection of 
MHWs with a resolution of 0.008° (~900m), effectively capturing all the fjords and narrow 
channels of Northern Patagonia. Finally, we described the MHWs and MCSs characteristics and 
trends observed for the period 2003-2023 and examined case studies using the method 
described in the following section. 

3.2.    Material and Method 

3.2.1. Study area 

The Northern Patagonian Fjords is located in the south of Chile and represents the northernmost 
part of Chilean Patagonia (41°-56° S). It spans from 41.4° S to 46.7°S and from 72°W to 74°W 
(Fig. 18). It is delimited to the east by the continent, to the north-west by the Island of Chiloé, and 
to the south-west  by the Chonos Archipelago composed of more than a thousand islands and 
playing a crucial role in reducing the wind stress and mitigating the waves intensity before they 
reach the mainland (Pinilla et al., 2019). To the west of the sea, the continental shelf drops sharply, 
with depths increasing rapidly to over 2000 m due to the presence of the Peru-Chile Trench. The 
Northern Patagonian Fjords encompasses diverse basins, channels and fjords. From north to 
south, the key areas include the large semi-enclosed gulf Reloncaví Sound and the Reloncaví 
Fjord, which flows into the sound. To the south of Reloncaví Sound, lies the Ancud Gulf and the 
Corcovado Gulf, separated by the Desertores Islands, forming a natural barrier separating the 
deeper waters of the Reloncaví Sound and Ancud Gulf from the shallower Corcovado Gulf. Ancud 
and Corcovado Gulf are regions more influenced by oceanic waters entering through the Guafo 
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Mouth (Calvete and Sobarzo, 2011; Pérez-Santos et al., 2014; Linford et al., 2023), with some fjords 
extending eastward into the continent. South of the Corcovado Gulf, lies the narrow canal of 
Moraleda, which transitions into the Elefantes Channel, forming an extensive and complex 
network of channels and fjords (Soto-Riquelme et al., 2023; Linford et al., 2024). The bathymetry in 
the Northern Patagonian Fjords is very complex due to its numerous microbasins and islands. 
Although the bathymetry is mainly lower than 400m, certain microbasins can be exceptionally 
deep, reaching for example the Jacaf channel with 600m depth (Schneider et al., 2014; Pinilla et al., 
2020).  

3.2.2. Construction of the climatology 

MHWs and MCSs detection requires a long-term temperature climatology, typically based on at 
least 30 years of data, to compare with daily local SST (Hobday et al., 2016). This climatology is 
generally derived from long-term satellite data, with the NOAA OISST dataset (Huang et al., 2021a) 
being the most commonly used (e.g. Hobday et al., 2016; Frölicher et al., 2018; Holbrook et al., 2019). 
However, long-term global satellite products often have a coarse resolution; for instance, the 
OISST product has a resolution of 1/4°. Unfortunately, the Northern Patagonian is not suitable for 

Figure 18: Map of the study area with depth. The level lines are indicating 
the depth every 500m.  
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the use of long-term satellite data: it is a quite narrow sea of fifty kilometres wide on average, 
composed of various fjords and channels that cannot be adequately resolved by satellite data 
with a resolution of 1/4°. In addition, the weather in the study area  is often rainy and cloudy  
(Garreaud and Aceituno, 2007), obscuring the view of the satellite sensors. Consequently, satellite 
data is not the preferred choice for this region. Fortunately, the Northern Patagonian has been 
extensively sampled over the last decades, resulting in a multitude of in situ data, totalling more 
than 3 million observations across all depths from 5880 unique sampling stations. We therefore 
decided to take benefits from the amount of in situ data to build the climatology.  

To construct the climatology, we gathered all available in situ data to have the largest dataset 
possible. The data come from various online platforms and direct in situ measurements (see 
Annexes for details and DOIs of the in situ data). Only samples within the study area (-75.1°E, -
72.0°E and -41.4°N, -46.7°N) were retained, encompassing both surface and depth. The entire 
dataset spans the period from 1948 to September 2022, although spatial and temporal coverage 
are sparse (Fig. 19A-C). Vertically, they range from surface to 400 m, but 70% of the total amount 
of observations is present within the first 25 m (Fig. 19D). 

Data selection involves using only valid flagged data when such indicators were available, and 
excluding “obviously” wrong data (such as temperatures superior to 30°C). Duplicates were 
eliminated if they met the following conditions: they were horizontally separated by less than 
0.01° (about 1km), by less than 10 cm depth, sampled with no more than one day apart 
(considering that a significant part of the samples have a daily-precision and not a hourly one), 
and had a temperature differing by no more than +/- 0.1°C. In total, 3.3 million data samples were 
used for the climatology construction, representing 5880 unique stations (Fig. 19). Given that the 
climatology forms the core of our analysis, it was essential to use a reliable and representative 
dataset. The extensive spatial and temporal distribution of in situ measurements makes them 
well-suited for this purpose. 

Due to the sparse and discrete nature of the in situ data, it was necessary to interpolate these 
observations to create a continuous field. For this purpose, we employed DIVAnd (Data-
Interpolating Variational Analysis in n dimensions), spatio-temporal interpolation tool for 
geophysical variables that utilises scattered, spatially and temporally irregularly distributed data 
to create a continuous field via variational interpolation, taking the bathymetry into account 
(Troupin et al., 2010; Barth et al., 2014). This tool is particularly well-suited for our study area since it 
can handle both spatial and temporal dimensions, allowing for the interpolation of data across 
2D (longitude x latitude), 3D (time or depth) or 4D (time and depth). The input to provide is a field 
of potentially irregularly distributed data with associated coordinates (longitude and latitude) and 
date, and adjust specific parameters such as the expected error variance of the data, the 
resolution of the final grid or the smoothness of the interpolation. The variable to interpolate in 
this study was the temperature, with the objective to build a 4D climatology.  

To generate a fine-scale spatio-temporal climatology from in situ surface and subsurface data, 
we first calculated a background with seasonal temporal resolution by grouping the months into 
standard seasons (January-February-March, April-May-June, July-August-September, October-
November-December). For each season, only the in situ observations corresponding to the 
relevant months were used. This approach addresses the lack of in situ data in some areas of the 
sea and the absence of samplings during certain periods, and produces a representative average 
seasonal state of the temperature that captures the main patterns of variability at the seasonal 
scale. The final product is an average representation of the study area with a seasonal temporal 
resolution.  
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Then, a monthly climatology was performed by refining the seasonal field. For each month, the 
corresponding seasonal grid was used as a background field, and added all available in situ data 
for the specific month to increase spatial and temporal variability. This two-steps approach 
ensured that the monthly climatology remains physically consistent with the larger seasonal 
patterns while capturing the finer monthly variability. The outcome of this step is a set of twelve 
monthly climatology fields (monthly temporal resolution), each providing a mean state for every 
pixel of the study area. For both seasonal background and monthly climatology, vertical and 
horizontal resolution are the same, and data processing is equal.  

Figure 19: Spatial distribution of the in situ observations (0-400m depth), and the month during 
which it has been collected (A). The three black rhombus in Reloncaví Sound, Reloncaví Fjord and 
Puyuhuapi Fjord represent the localisation of the three moorings. Temporal distribution (B-C) of 
the in situ observation over decades (B) and over months (C). Vertical distribution (D) over certain 
depth ranges is shown. For (B) and (C), grey bars represent the non-mooring data, while blue bars 
represent the mooring data, and for (D) both mooring and non-mooring data are merged.  
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To calculate both seasonal background and monthly climatology with DIVAnd, bathymetry data 
was sourced from the GEBCO dataset with a resolution of 30 seconds 
(https://www.gebco.net/data_and_products/gridded_bathymetry_data/). Temperature was 
interpolated over 32 different depth levels, irregularly distributed from the surface to a depth of 
400m, with higher resolution at the surface (0m, 2.5m, 5m, 7.5m, 10m, 12.5m, 15m, 17.5m, 20m, 
25m, 30m, 35m, 40m, 45m, 50m, 60m, 70m, 80m, 90m, 100m, 125m, 150m, 175m, 200m, 225m, 
250m, 275m, 300m, 325m, 350m, 375m, 400m). The DIVAnd weight function was performed to 
reduce the influence of clustered data during the interpolation, with 0.1° (~10km) set as the 
threshold for identifying the clustered data. The interpolation smoothness was calibrated using a 
correlation length, defining the distance over which observations influence the interpolation, of 
50 km horizontally and 50 m vertically and by setting an error variance of the observations that 
represents the level of confidence in the data multiplied by the weight attributed previously. The 
parameters were chosen to optimise metrics calculated for the validation of the climatology. The 
final grid resolution was set at 0.008°, which corresponds approximately to 900m, covering the 
Northern Patagonian Fjords from -75,1°E to -72°E and -47°N to -41°N. 

To validate the monthly climatology, 5% of the data was put aside from the reconstruction 
process (see Table Sup. 1 for details on the in situ data used for validation). This data was 
subsequently used to conduct statistical tests and calculate different metrics comparing the 
monthly climatology to the data kept apart, including the correlation, the bias, the root mean 
square error (RMS), the centred root mean squared error (CRMS), and the standard deviation. The 
DIVA interpolation results in a monthly climatology at 32 different depths with a resolution of 
approximately 900 m, effectively resolving all fjords and channels from the northern Patagonia.   

MHW detection requires a climatology at a daily time resolution, to compare with daily 
temperature data in order to follow on a daily-basis the evolution of the MHW. To convert this 
monthly climatology into a climatology with a daily time scale resolution, each monthly field was 
expanded over the corresponding number of days for each month (for instance, the January 
values were repeated 31 times, February 29 times, March 31 times, etc.) This produces a 
continuous sequence of 366 daily values for each grid point. Finally, to smooth the resulting daily 
time series, and to ensure a realistic and gradual transition between months, a 90-day moving 
average was applied. This temporal filter reduces abrupt changes at the boundaries between 
months and provides a smoothed daily-derived climatology, yielding one representative value per 
day of the year. This methodology provides a consistent and realistic daily-derived climatological 
dataset, which can be used for comparison with daily temperature products. This climatology will 
be later in the manuscript referred as “daily-derived climatology”. 

3.2.3. Calculation of the thresholds 

Thresholds for MHW (MCS) detection are based on the 90th (10th) percentile of the same 
temperature dataset used to construct the climatology (Hobday et al., 2016). However, we did not 
use satellite data for the climatology but relied instead on in situ data. While being adequate for 
constructing the climatology, the inhomogeneity of in situ data in space and time, and their 
limited availability in some places limits their direct use for threshold calculations. Some areas 
have been sparsely sampled or remain unsampled during some months of the year, making the 
determination of the 90th (10th) percentile from such sparse data meaningless.  

The use of a zonal threshold based on in situ data was considered, i.e. pooling all the in situ data 
in one specific basin or fjord to define a single threshold for that area. However, this approach 
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would have resulted in an insufficiently detailed representation of the dynamics of the sea.  

Hence, we opted for satellite data for the surface threshold determination. Specifically, we used 
MODIS AQUA, providing sea surface temperature data (SST) with a daily temporal resolution from 
2003 to June 2023 and a spatial resolution of 4 km, over the area -100°E to -70°E and -29°N to -
55°N (https://podaac.jpl.nasa.gov/dataset/MODIS_AQUA_L3_SST_MID-
IR_8DAY_4KM_NIGHTTIME_V2019.0#; NASA OBPG, 2020). However, this dataset is a level 3 
product (L3) and contains gaps due to cloud cover, which is suboptimal for MHWs (MCSs) 
detection because it limits or prevents their tracking and their estimation of their spatial and 
temporal extensions which are criterions for their identification. Consequently, it was necessary 
to reconstruct the dataset to produce a gap-free field.  

For this purpose, we used the interpolation tool DINEOF (Data INterpolating Empirical Orthogonal 
Functions) DINEOF aims to reconstruct spatial datasets by calculating empirical orthogonal 
functions (EOFs) to identify the dataset’s main patterns of variability. DINEOF is particularly 
relevant for satellite geophysical datasets that contain gaps due to cloud cover or precipitation 
(Alvera-Azcárate et al., 2005, 2011). To fill-in the missing data, DINEOF first removes a spatial and 
temporal mean from the original dataset, with missing data initially set to zero. Then, a first EOF 
decomposition is performed and the missing values are replaced with those estimated through 
the EOF decomposition. Some randomly chosen data is set aside and not used for the 
reconstruction to simultaneously calculate a cross-validation error. Then, the EOF 
decomposition and error calculation are repeated with 2 EOFs, then 3 EOFs, and so on, and the 
final number of EOFs retained corresponds to the minimal error obtained by the cross-validation. 
To optimise computation and avoid errors associated with handling large files, we applied 
DINEOF to the MODIS temperature dataset on a year-by-year basis. To address the limitations of 
DINEOF when applied over extended time periods (notably the fact that it tends to emphasize the 
persistent large-scale patterns such as annual cycles), we implemented the method separately 
for each year. This year-by-year approach allows to adapt the number of optimal EOFs to the 
specific spatio-temporal characteristics of each individual year, improving the reconstruction of 
the dominant patterns of variability, and better capture interannual variability (Alvera-Azcárate et 
al., 2021). 

Figure 20: Comparison of the temperature given by the monthly in situ-based climatology (x-axis) 
and the monthly satellite-based climatology (y-axis), with associated linear regression and R². 
Colours stand for the month during which the observations have been sampled (A) and for the 
latitude corresponding to the observation (B).  

https://podaac.jpl.nasa.gov/dataset/MODIS_AQUA_L3_SST_MID-IR_8DAY_4KM_NIGHTTIME_V2019.0
https://podaac.jpl.nasa.gov/dataset/MODIS_AQUA_L3_SST_MID-IR_8DAY_4KM_NIGHTTIME_V2019.0
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After reconstructing the MODIS dataset, a horizontal bilinear interpolation was performed to 
match the spatial resolution and grid of the DIVA climatology. Once the satellite dataset was 
adapted (gap-filled and interpolated to match DIVA climatology’s grid), monthly averages were 
calculated to match the monthly climatology, and we extracted the 10th and 90th percentiles. As 
for the climatology calculation, a 90-day moving average was applied to ensure a smooth 
threshold. This process resulted in a daily threshold for each pixel of the study area, which could 
not have been feasible using only in situ data. The same dataset was used as daily SST for MHWs 
and MCSs detection. 

To compare satellite data with the in situ climatology, we calculated the bias between the two 
datasets. Specifically, we calculated the difference between the monthly in situ climatology and 
the monthly satellite-derived threshold. This monthly difference was smoothed using a 90-days 
moving average to produce a daily bias correction, which was subtracted from the daily satellite 
dataset. Figure 20A shows a comparison between the monthly in situ-based climatology and the 
monthly satellite-based climatology before bias calculation, along with the corresponding linear 
regression. The strong agreement between the tow datasets demonstrates their overall 
coherence. Additional analyses (Fig. 20B), using longitudinal and latitudinal gradients instead of 
month as the third dimension, suggest that the satellite climatology captures greater variability 
in fjords and channels than in the in situ climatology, particularly in Chonos Archipelago, likely 
due to land contamination effects in coastal regions. 

3.2.4. MHWs and MCSs detection 

The detection of MHWs and MCSs is based on the comparison between daily-derived climatology 
and daily temperature exceeding a threshold derived from the climatology (Hobday et al., 2016). 
Here, the climatology was calculated using in situ data, while the threshold and daily temperature 
were derived from satellite dataset, as explained in the previous section. The threshold 
corresponds respectively to the 90th and 10th percentile for MHWs and MCSs. Satellite and in 
situ datasets are not merged but rather used in a complementary manner. The daily-derived 
climatology is derived from over 30 years of in situ data to ensure spatial accuracy and long-term 
reliability in the complex study area, while satellite data, with its consistent daily coverage, is 
employed to determine the threshold for MHW detection. This methodology thereby combines a 
robust baseline with high temporal resolution for effective event detection. Additionally, MHWs 
and MCSs were categorised following the definition of Hobday et al. (2018). It implies that category 
I event is encompassed between 1 and 2 times the difference between the climatology and the 
threshold, category II is between 2 and 3 times the difference, category III is between 3 and 4 times 
the difference, and category IV is superior to 4 times the difference. Different metrics were 
studied: the mean and maximal intensity of the different events (°C), their frequency (event/year), 
their duration (days), and cumulative intensity which corresponds to the sum of the temperature 
anomalies accumulated during the event (°C.day). The seasonality of MHWs and MCSs as well as 
their long-term trends were also analysed.  

The SST anomalies were calculating by subtracting from the daily-derived climatology (in situ-
based product) the daily SST (de-biased satellite-based product). The SST anomalies is the only 
dataset that really merges in situ-based climatology and the daily satellite-based SST. 

The detection process was realised using the m_mhw Matlab toolbox developed by Zhao and Marin 
(2019) following the definition of MHWs given by Hobday et al. (2016). 
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3.2.5. Atmospheric data 

To understand regional atmospheric conditions before and during MHW/MCS events, we 
analysed different atmospheric parameters including the heat fluxes: the surface latent and 
sensible heat flux (respectively Qe and Qc), the net solar radiation that reaches the Earth surface 
(Qs), the surface net thermal radiation (Qb) which represents the difference between the 
downward and upward radiation received and emitted by the Earth’s surface. The total net heat 
flux (Qi) was calculated as the difference between the incoming solar radiation (Qs) and the other 
parameters (Qb, Qe, Qc). QB, QE and QC are negative when the ocean is losing heat to the 
atmosphere. In other words, it represents the net solar radiation minus the heat reflected or lost 
by Earth’s surface, following Eq. (1):  

 𝑄𝑖 = 𝑄𝑠 + 𝑄𝑏 + 𝑄𝑒 + 𝑄𝑐  

Additionally, we examined u and v wind components at 10m, atmospheric temperature at 2m, 
surface pressure, low and total cloud cover, total precipitation and evaporation. Those 
parameters were taken from ERA5 reanalysis data provided by the European Centre for Medium-
Range Weather Forecast (ECMWF, Hersbach et al., 2023), available at 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form. 
This data has an hourly resolution and a spatial resolution of 1/4°. Data was downloaded over the 
region between 30°S to 55°S and 65°W to 90°W, spanning the years 1993 to 2023. Since the ERA 
dataset has an hourly resolution, a daily average was calculated to match with the daily-derived 
climatology that also has a daily resolution. The anomaly of every parameter was calculated by 
subtracting the daily values from a climatology realised with the 30-years data. 

3.3.    Results and discussion 

3.3.1. Validation of the climatology  

To validate the monthly climatology, 5% of the total in situ data was set aside and excluded from 
the reconstruction process (see Methods and Appendix). This reserved data was then used to 
evaluate the accuracy of the monthly climatology through statistical comparisons. The root mean 
square error (RMSE) is the lowest during the winter months (May to September), which coincides 
with the months of lower standard deviation (Table 3). Overall, the RMSE and bias are quite low, 
while the correlation is notably high, indicating that the monthly climatology is very close to the 
in situ observations. Since the RMSE is based on the difference between the monthly climatology 
and instantaneous measurements, it also includes the sub-seasonal variability and interannual 
variability. Even a perfect climatology derived from an unlimited number of observations would 
not achieve zero RMS error and a perfect correlation of one. January and April exhibit the lowest 
correlations, which aligns with these months having the least available data. On average, 485 
samples (not coming from moorings) are available per month, however, for January and April, only 
99 and 161 are available respectively. The comparison between in situ data and in-situ data based 
monthly climatology shows a greater variability in summer than in winter, consistent with a larger 
standard deviation in summer than in winter as shown in Table 3. The climatology is available 
on  https://doi.org/10.5281/zenodo.14845077. 

 

 

https://doi.org/10.5281/zenodo.14845077
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Table 3: Statistic metrics for the validation of the monthly climatology at the surface level only 
(between 0 and 1m) for every month: Correlation, Bias (°C), Root mean square error (RMSE, °C), 
Centred root mean square error (CRMS, °C), the average Standard deviation (SD, °C) across the 
entire study area for the climatology, the average Standard deviation (°C) across the entire study 
area for the entire in situ dataset. 

Month Correlatio
n Bias (°C) RMSE (°C) CRMS (°C) 

SD 
climatolog

y 

SD in situ 
data 

Jan 0,159 0,214 1,847 1,834 1,160 1,974 

Feb 0,709 0,039 1,433 1,433 1,274 2,054 

Mar 0,320 0,112 1,141 1,135 1,019 1,685 

Apr 0,171 -0,068 1,006 1,004 0,910 0,830 

May 0,558 -0,082 0,783 0,779 0,937 0,774 

Jun 0,810 -0,083 0,709 0,705 1,002 0,458 

Jul 0,806 0,062 0,872 0,870 0,811 0,594 

Aug 0,821 -0,139 0,707 0,693 0,536 0,580 

Sep 0,748 0,010 0,731 0,731 0,608 0,511 

Oct 0,396 0,202 0,952 0,930 0,672 0,817 

Nov 0,410 0,086 1,232 1,229 0,738 1,234 

Dec 0,446 0,105 1,421 1,417 1,081 2,184 

 

3.3.2. Climatology  

By processing the in situ data with DIVA, we produced a monthly climatology at 32 different 
depths from the surface to 400m (Fig. 21, 22, 23). Full results are presented in the Annexes. At the 
surface (Fig. 21), summer months (Jan-Feb-Mar) are characterised by a strong west-east gradient 
in the open Pacific and another strong gradient in the Northern Patagonia, in Reloncaví Sound and 
Ancud Gulf. The other parts of the study area record temperatures between 12°C and 14°C, with 
maximums in February of about 18°C in Puyuhuapi Fjord, 17°C in Reloncaví Sound and Fjord, 
16°C in Comau Fjord, (also observed by Castillo et al., 2016; León-Muñoz et al., 2013; Saldías et al., 
2021; Linford et al., 2024) and in the north-western part of the domain, in the open Pacific. Although 
located only 50 km south of Puyuhuapi Fjord, Aysén Fjord only reaches 13°C in February, linked 
to a higher input of freshwater from the Andean melting in Aysén than in Puyuhuapi Fjord (Calvete 
and Sobarzo, 2011; Pinilla et al., 2019).  

The Chacao Channel and south of Desertores Islands stand out as particularly cold regions, 
especially in February, also highlighted in the study Narváez et al. (2019). This same study 
suggested that the differences in temperature amplitudes in the Inner Sea of Chiloé might be 
linked to different influences of tides, water time residences and winds. During autumn (Apr-May-
Jun), the monthly climatology shows a general decline in temperatures, although a gradient 
persists in the northwest of the domain but much less intense than in summer. In June, a North-
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South temperature gradient in the study area appears, with values between 10°C and 11°C in 
Reloncaví Sound and 8°C at the extreme south (Fig. 21; Saldías et al., 2021; Linford et al., 2024). In 
winter (Jul-Aug-Sep), the surface temperatures are relatively uniform and show little variation. The 
temperature is the lowest in Elefantes Channel and Aysén Fjord, reaching 7°C, while most areas 
remain around 10°C. Notable exceptions include the slightly cooler Puyuhuapi Fjord (Pérez-
Santos, 2017; Schneider et al., 2014) and a potential warm anomaly southwest of Chiloé in July, 
possibly due to an anomalously warm measurement and inhomogeneous sampling in time.  

The temperature in October is very similar to September, slightly warmer, reaching around 12°C 
in the north and in Puyuhuapi Fjord. Spring (Oct-Nov-Dec) sees gradual warming, with pre-
summer conditions in December: 15°C to 17°C in Puyuhuapi Fjord and Reloncaví Sound, and the 
progressive development of a gradient in the open ocean. However, relatively cold temperatures 
are still present in the southern parts of the Northern Patagonia and west of Chonos Archipelagos, 
with overall temperatures below 11°C, and even dropping to 9°C in Elefantes Channel.  

The surface monthly climatology aligns with Saldías et al. (2021), who observed similar seasonal 
patterns from 2003-2019 satellite data: a strong gradient in summer in both the open ocean and 
the Northern Patagonian progressively fading away in autumn, a relatively homogeneous pattern 
in winter between 9°C and 12°C, and warming in spring.  

Temperature fluctuations are more pronounced in enclosed areas: Reloncaví Sound varies from 
10°C in winter to 17°C in summer, Puyuhuapi Fjord’s head has a temperature that falls to 8°C in 
winter and rises to 18°C in summer, while in its central region it varies between 9°C and 16°C, 
coherent with Schneider et al. (2014), Pinilla et al. (2020) and Pérez-Santos et al. (2021)’s results. Aysén 
fjord shows a seasonal range between 6°C and 13°C at its head and between 9°C and 13°C at its 
mouth. Saldías et al. (2021) also illustrate that the standard deviation of the SST is much higher in 
enclosed fjords than in the more exposed basins, confirming that our interpolation reflects know 
physical processes. In contrast, open areas experience slighter variations. Corcovado Gulf varies 

Figure 21: Monthly climatology of the sea temperature at the surface.  
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little throughout the year, ranging from 10°C in winter to 13°C in summer, as also reported by 
Buchan et al. (2021), Moraleda Channel vary from 9°C in winter to 13°C in summer, while Ancud 
Gulf varies from 11°C to 14°C. An exception is the open Pacific west of Chiloé, where 
temperatures vary significantly from 10°C to 17°C. However, west of Chonos Archipelago, 
variations are more modest, between 9°C and 13°C. Narváez et al. (2019) suggested that the greater 
warming in the northern half of the Northern Patagonia could be due to the Desertores Islands, 
which reduce winds and current velocities, allowing a greater warming of the sea surface.  

Below the surface, the temperature decreases as expected and spatial temperature gradients are 

Figure 22: Monthly climatology of the sea temperature at 30m depth. 

Figure 23: Monthly climatology of the sea temperature at 100m depth. 



59 
 

smoother, particularly in summer. For instance, at 30m depth, temperatures are almost 
homogeneous in winter (as observed in Pérez-Santos et al., 2021), while in summer they vary from 
14°C west of Chiloé Island to 10°C in the southern part of the study area (Fig. 22).  

When reaching 100m depth (Fig. 23), temperature patterns remain consistent year-round, at 
round 10°C, aligning with Pinilla et al. (2021). Ancud Gulf, Reloncaví Sound and their associated 
fjords remain, slightly warmer with temperatures of 11°C in winter and 12°C in summer. At 200 
meters depth, all year long, the temperature remains warmer in Ancud Gulf and Reloncaví Sound 
(10 to 11°C) than elsewhere (8 to 9°C), likely due to the Desertores Islands acting like a barrier, 
trapping warmer waters to the north (Pérez-Santos et al., 2021; Linford et al., 2024).  At 400m depth, 
temperatures stabilise around 7°C in the entire study area and all year long, except in Aysén Fjord, 
where they fluctuate between 10°C (July to December) and 8.5°C (January-June). This 
particularity, consistent with the in situ samples that have been conducted over different years, 
maybe linked to Aysén Fjord’s long water residency time (120 days, Linford et al., 2024) inducing 
slower temperature changes. 

In most basins, the thermocline typically lies between surface and 20 meters, strengthening in 
summer, as observed for instance in the Reloncaví Sound (Fig. 24A). However, the thermocline 
can extend deeper (up to 50m) as seen for instance west of Chiloé Island during summer, or in 
Aysén and Puyuhuapi Fjords (Fig. 24D). In Guafo Mouth and Corcovado Gulf, the thermocline can 
extend  even further, ranging from 10 to 100m (Fig. 24C), reflecting the region’s well-mixed nature 
(Calvete and Sobarzo, 2011). In winter, the entire water column is homogeneous, particularly 

Figure 24: Profile plots of the monthly climatology in different basins of the 
study area: A: Reloncaví Sound, B: Ancud Gulf, C: South of the Corcovado 
Gulf, D: the head of Puyuhuapi Fjord. Each colour represents the monthly 
climatology for a specific month of the year. The profile terminates according 
to the local bathymetry. 
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around Chacao Channel, the northern half of Corcovado Gulf, and Ancud Gulf regions (Fig. 24B). 
The surface mixed layer is shallow in summer, usually under 10m, with strong surface 
stratification in fjords and enclosed basins (Fig. 24A and D), similar to observations in Finnish 
(Merkouriadi and Leppäranta, 2015) and Norwegian fjords (Skogseth et al., 2020). In the fjords, the 
stratification is higher at their heads than at their mouths, as regularly observed in other fjords, 
such as in south Patagonian fjords (e.g. Maturana-Martínez et al., 2021) or in Arctic fjords (e.g. 
Szeligowska et al., 2020). 

3.3.3. Thresholds  

The thresholds for detecting MHWs and MCSs (respectively the 90th and 10th percentile) were 
calculated using satellite data and by applying a temporal moving average to smooth it (see 
Methods). This approach ensures a consistent and coherent threshold for every place in the study 
area.  

The results show that for 
every location, there is a 
difference of the thresholds’ 
amplitude between summer 
and winter. While this 
difference is about a few 
decimals of a degree in most 
of the basins, the most 
pronounced variations are 
observed in the Reloncaví 
Sound with a threshold about 
1.6°C above (below, for the 
10th percentile) the daily-
derived climatology in 
summer and 0.6°C in winter. 
Similarly, in the Puyuhuapi 
Fjord, the thresholds are 
1.9°C above (below) the 
daily-derived climatology in 
summer and 0.8°C in winter. 
It can be noted that the 
locations with the highest 
threshold amplitudes also 
show the highest seasonal 
temperature amplitude. For 
the northern half of the 
domain, the high temperature amplitude has also been shown in Narváez et al. (2019) and Saldías et 
al. (2021). 

3.3.4. DINEOF  

To detect MHWs/MCSs, we used daytime L3 level satellite SST data from MODIS AQUA. However, 
this kind of data contains gaps due to cloud coverage or land contamination. It was therefore 
necessary to fill these gaps to enable the tracking of MHWs and MCSs. For this purpose, DINEOF 

Figure 25: MODIS-AQUA satellite data (A, C) on the 7th of February 
2019, and its reconstruction with DINEOF (B, D) over the entire 
domain (up) and with a zoom on the Inner Sea of Chiloé (bottom). 
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was applied (see Methods) across a large area, from 29°S to 55°S and -100°W to -70°E. The 
reconstruction with DINEOF was conducted year by year from 2003 to 2023. Overall, over the 
entire domain, 78% of the data is missing. An example of the reconstruction is shown in Fig. 25. 

DINEOF determines the optimal number of EOFs for each year using cross-validation, with an 
upper limit of 50 (see Fig. 26 for a typical year). On average, for each individual year from 2003 to 
2023, 10 EOFs were selected as optimal. Typically, the first EOF represents 85.1% of the 
explained variance, the second one 14% and the third one 0.3%. Since we conducted the analysis 
year by year, we choose here to show the year 2019 which is representative of the other years. 
The first EOF, representing 84.7% of the explained variance, reveals a north-south gradient at 
about 40°S, likely due to the different atmospheric systems: a permanent anticyclone system 
along the coast of North Chile, and a cyclonic-dominated system to the south (Aguirre et al., 2012; 
Ancapichún and Garcés-Vargas, 2015). The second EOF (15% of the explained variance) shows a 
uniform pattern that switches state every year between the end of May and the beginning of June 
and between the end of November and the beginning of December. This EOF is probably 
associated with seasonal changes. The third EOF (0.3% of the explained variance) exhibits more 
small-scale variations and changes from year to year. However, a spatial pattern can be 
observed, with a coastal pattern present almost every year and an oceanic patch dissociated 
from the coastal pattern. No more than 3 EOFs were described as they represent for every year 
more than 99.4% of the total variance of the SST. Saldías et al. (2024) calculated salinity EOFs over 
the last decade, and found very similar patterns as presented in this work: the first one shows a 

Figure 26: First 3 EOFs for the year 2019. Top: spatial EOF, Bottom: temporal variation. For the 
second EOF, there is a state switch that happens on the 2nd of June and on the 5th of December.  
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north-south separation, the second one shows that the entire area varies together, and the third 
one a east-west separation. 

3.3.5. MHWs and MCSs from 2003 to 2023  

In this section, we used the daily-derived climatology to detect, track and characterise surface 
MHWs and MCSs.  

MHWs frequency is around 2 events per year in most of the domain: in the southern part of 
Corcovado Gulf, Guafo Mouth, Moraleda Channel, the west part of Ancud Gulf, Comau Fjord, and 
outside of the Northern Patagonian in the open ocean (Fig. 27A). Nevertheless, Reloncaví Sound, 
surroundings of Desertores Islands, Chonos Archipelago and the very south of the study area 
experience fewer events per year. For MCSs, Ancud Gulf and Reloncaví Sound stand out with an 
average frequency exceeding 2.5 events per year (Fig. 27E). In the south and west coast of 
Corcovado Gulf and in Moraleda Channel, the frequency is about 2 to 2.5 events a year, as well 
as along the west coast of Chiloé Island. Offshore Chiloé and on the west side of Corcovado Gulf, 
the frequency of MCSs drops below 1.5 events per year. Overall, all areas in the study region 
experienced at least one MHW or MCS annually. These results are consistent with Pujol et al. 
(2022), who reported an average of 1.8 MHW events per year from the 1980s to 2020s.  

The mean intensity over the last 20 years has varied depending on the basin for both MHWs and 
MCSs (Fig. 27B, F). The highest MHW intensities can be seen in the most enclosed areas: 
Reloncaví Sound with a mean intensity of 2°C (with a west-east gradient), in Aysén Fjord with a 
higher intensity at its head (more than 2°C), and the highest intensity is found in Puyuhuapi Fjord 
with an average intensity of 2.5°C in its centre. A coastal zone along the western coast of Chiloé, 
excluding Chacao Channel, is also highlighted. These regions are also the most stratified and 
show the highest seasonal temperature amplitude, especially during summer months 
(Fig. 24A, D), and are also the regions showing the highest salinity variations due to large 
freshwater inputs (Vásquez et al., 2021). In contrast, the lowest intensities are found in the regions 
of generally low stratification and low thermal amplitude, such as Corcovado Gulf (which has 
particularly homogeneous water column) and in the Chonos Archipelago, with values below 
0.5°C. When looking at the average maximum intensity of MHWs, similar patterns emerge  
(Fig. 27C): maximum intensities are found in enclosed areas with strong stratification, reaching 
up to 5°C in Aysén and Puyuhuapi Fjords and 4°C in Reloncaví Sound. Within the fjords, intensity 
tends to be higher at their heads, where freshwater inputs and stratification are strongest, and 
gradually decreases toward their mouths, as the stratification and temperature seasonal 
amplitude diminishes. For instance, at Puyuhuapi’s head, the temperature varies from 17°C to 
12°C from the surface to 20m depths in summer, whereas in its centre, the temperature varies 
from 16°C to 12.5°C from surface to 20m depth, explaining that MHW could be more intense at 
its head than at its mouth (Fig. 24D; Gröger et al., 2024). Similarly, the freshwater layer in fjords is 
quite thin, ranging from 5 to 15m (Calvete and Sobarzo, 2011). This high stratification facilitated the 
rapid warming of the upper layer in case of intense solar radiation (Gröger et al., 2024). The lowest 
maximal intensities, below 2°C, occur in Corcovado Gulf and Chonos Archipelago. When looking 
at the MCSs (Fig. 27F), the intensity patterns are comparable. Intensities remain relatively mild in 
the Inner Sea of Chiloé and Chonos Archipelago (above -1°C), and stronger in the Reloncaví 
Sound (between -1.5°C and -1 °C), Comau, Puyuhuapi and Aysén Fjords (about -1.5°C and 
reaching -2.5°C at Puyuhuapi’s head). The regions experiencing the strongest MCSs are also the 
regions with the highest temperature amplitude and the highest stratification considering 
temperature, freshwater inputs and salinity. For the maximum intensity (Fig. 27G), again, a similar 
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pattern can be observed as for MHWs with a maximum intensity peaking at -5°C in Puyuhuapi 
Fjord and Reloncaví Sound, while most of the other parts of the study area experience maximum 
intensities above -2°C. The spatial distribution of MHWs and MCSs intensity well reflects the high 
spatial variability of the region: stronger in stratified enclosed areas (fjords, Reloncaví and Ancud 
Gulfs) than in open regions where the water column shows higher mixing such as Corcovado Gulf 
(Narváez et al., 2019; Saldías et al., 2021; Vásquez et al., 2021).  

Regarding duration (Fig. 27D), the area around Desertores Islands is particularly impacted, with 
average duration of 20 to 25 days. The extreme South of the Inner Sea of Chiloé, the Elefantes 
channel and some channels of the Western part of Chonos Archipelago, also experience 
prolonged MHWs. Notably, the northwest of Chiloé Island is similarly affected. In the open-
ocean, MHWs typically last over 15 days, whereas shorter durations, under 15 days, are recorded 
in south Corcovado Gulf, Moraleda Channel, Comau Fjord and Reloncaví Gulf. For the MCSs, a 

Figure 27: Spatial representation of the average Frequency (A, E), Mean Intensity (B, F), Mean 
Maximal Intensity (C, G), Duration (D, H) for MHW (top) and MCS (bottom) on the period 2003-
2023. Main regions are highlighted in (D).  
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clear distinction is visible between the open ocean and coastal environments: the average 
duration reaches 30 days in the open ocean, but decreases to less than 20 days along Chiloé 
shores (Fig. 27H). Within the Inner Sea of Chiloé, MCS length is generally shorter than 20 days, 
with the lowest length being in Reloncaví Sound and Ancud Gulf (between 10 and 15 days). 
However, along Chiloé’s east coast, from Desertores Islands to further south, MCS lengths are 
significantly higher, averaging around 25 days. That pattern matches the overall circulation inside 
of the sea, with surface waters entering by the Boca del Guafo and following along the East coast 
of Chiloé up to Desertores Islands (Linford et al., 2023, 2024).  On the other hand, upwelling 
intensification in the adjacent oceanic water to the west coast of Chiloé and Guafo Mouth could 
contribute to the MCS's duration (Aguirre et al., 2019; Narváez et al., 2019; Pérez-Santos et al., 2019). 

Examining cumulative intensity (not shown), the Inner Sea of Chiloé and the southern part of the 
study area record relatively low averages, below 20°C.day, except for Puyuhuapi Fjord which 
reaches up to 50°C.day. West of Chiloé, cumulative intensities are slightly higher, ranging 
between 20 and 30°C.day. For MCSs, a similar pattern is observed, with higher values in the open 
ocean and Puyuhuapi and Aysén Fjords (-30 to -20°C.day) and lower values in the Inner Sea and 
Chonos Archipelago (-15 to -10°C.day). 

Figure 28: Seasonal occurrence of MHWs (top) and MCSs (bottom): Spring (A, E), Summer (B, F), 
Autumn (C, G), Winter (D, H). It represents the number of days under MHW/MCS condition per 
month for each season. Representation for the period 2003-2023.  
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3.3.6. MHWs and MCSs seasonality  

The seasonality of MHWs and MCSs is clearly marked across the study area. Indeed, on average, 
during summer (2003-2023), there are at least 3 days of MHWs per month, up to 5 days in the East 
of Ancud and South of Corcovado Gulfs and up to 6 days in Moraleda Channel (Fig. 28B). In the 
open ocean, occurrences can reach up to 7 days per month. Conversely, almost no MHWs are 
registered in winter (fewer than 1 day per month; Fig 28D). Spring (Fig 26A) and autumn (Fig. 28C) 
lie in between, although in autumn MHWs are above all present in the open ocean, up to 4 days 
per month around Chiloé Island. On the contrary, MCSs are far more frequent during winter 
(Fig. 28H), with a minimal occurrence of 3 days per month, and up to 6 days per month in Ancud 
Gulf and the open ocean. In summer, less than 1 event per month is registered (Fig. 28F). 
However, MCSs tend to occur more often during spring and autumn than MHWs, occurring more 
frequently outside Northern Patagonia in spring (Fig. 28E) and inside in autumn (Fig. 28G). The 
preferred occurrence of MHWs in summer and MCSs in winter is well known in literature and 
follows here what is commonly observed (Schlegel et al., 2021; Wang and Zhou, 2024). 

Figure 29: Mean intensity of MHWs (top) and MCSs (bottom) for each season: Spring (A, E), Summer 
(B, F), Autumn (C, G), Winter (D, H). Representation for the period 2003-2023. 
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When looking at the seasonal intensity of MHWs and MCSs, the patterns and intensities are 
remarkably similar. Indeed, in both cases, the least intense events are occurring in winter, with 
MCSs exhibiting a uniform distribution (Fig. 29H), and MHWs being slightly more intense in the 
open ocean than in the Northern Patagonian Fjords (Fig. 29D). However, in both cases, the 
intensity is higher in the fjords, e.g., Puyuhuapi, Aysén, and Comau Fjords. The most intense 
events occur in summer, with the highest being in Puyuhuapi Fjord for both MHWs and MCS 
reaching 2,5°C and -2,5°C respectively (Fig. 29B, F). Reloncaví Sound, however, experiences 
more intense MHWs (up to 2.5°C) than MCSs (nearly -2°C). During spring (Fig. 29A and Fig. 27E), 
the Ancud Gulf and the southern part of the Inner Sea of Chiloé are more impacted for both MHWs 
and MCSs, the Puyuhuapi Fjord being again the region with the highest and lowest values 
(respectively 2,5°C and -2°C). Summer and spring are actually the seasons with the highest 
stratification, summer due to higher surface temperature (Fig. 21 and Fig. 24) and spring due to 
higher river discharge (Calvete and Sobarzo, 2011). Enhanced stratification can accelerate under 
higher solar radiation, particularly in strongly stratified coastal areas as Patagonian Fjords (Gröger 
et al., 2024). In autumn the fjords remain the regions of highest intensity, along with the open ocean 
west of Chiloé Island (Fig. 29C, G). The MCS intensity being more intense in summer is quite 
opposite to what is found in literature. Indeed, MCSs tend to occur more frequently in winter, and 
are generally less destructive when happening in summer (Schlegel et al., 2021). 

3.3.7. MHWs and MCSs trends  

Trend for MHW and MCS metrics were calculated over the period 2003-2023. 

The trend of MHW frequency is quite heterogeneous, with positive trends in most of the region, 
except in Corcovado Gulf, Guafo Mouth and along the west side of Chiloé Island (Fig. 30A). In the 
northernmost part of Northern Patagonia, Reloncaví Sound and Ancud Gulf, the frequency is 
yearly increasing by 0.1 events per year, a trend also observed in Moraleda Channel, which is 
coherent with what was found by Pujol et al. (2022). More pronounced increases are observed in 
Puyuhuapi and Aysén Fjords, with frequency rising by 0.1 to 0.2 events per year. Outside Northern 
Patagonia, a similar trend is observed with an increase in frequency of approximately 0.1 events 
per year. In contrast, Corcovado Gulf and the west coast of Chiloé show a negative trend, 
indicating a decrease in MHW frequency over the years, also observed in Pujol et al. (2022). Looking 
at the MCSs, the trend is more consistent in Northern Patagonia: it is negative everywhere with a 
decrease of between 0.1 and 0.2 events per year (Fig. 30E). A similar pattern is observed west of 
Chonos Archipelago. West of Chiloé Island, the MCSs tend to increase by about 0.1 events per 
year.   

The trends in MHW mean and maximal intensity display similar patterns (Fig. 30B, C). Indeed, the 
intensity tends to increase in the open ocean west of Chiloé, but not West of Chonos Archipelago 
and in the southern part of the Inner Sea, from Moraleda Channel to further South, where a 
decrease is observed. An increasing trend is also evident in Reloncaví Sound, particularly near 
the mouth and north of Reloncaví Fjord, as well as in the Comau Fjord. Other parts of the study 
area, i.e. the Ancud and Corcovado Gulfs, Chonos Archipelago and its adjacent waters show a 
decreasing trend, with the declines observed in the northern Chonos Archipelago and the western 
Ancud Gulf, at about -0.03°C per year. A distinct demarcation is evident at Guafo Mouth, where a 
clear separation in trends at its centre. For MCSs, the trends are more uniform: intensity is 
increasing everywhere across the study area (Fig. 30F, G). This increase is higher inside the Sea 
of Chiloé, especially in some fjords such as Comau, Aysén and Jacaff Channel, as well at their 
mouths with maximum intensity rising by 0.06°C per year. Globally, fjords are experiencing 
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warming sea temperature (Pavlov et al., 2013; Aksnes et al., 2019; Skogseth et al., 2020; Bloshkina et al., 
2021) as well as Northern Patagonia especially during the last decade (Pujol et al., 2022). Those 
elements are coherent with an increase in the intensity of MHWs in our study area.  

The duration trend of MHWs (Fig. 30D) is overall neutral or slightly decreasing within the Northern 
Patagonian Fjords, except south of Desertores Islands where is observed a positive trend of more 
than one day per year, as well as in the southernmost areas of the sea, such as Elefantes Channel 
and several channels in the Chonos Archipelago. In the open ocean, no clear pattern is apparent, 
although much of the western coast of Chiloé shows an increasing trend, occasionally reaching 
up to 1 day per year. For MCSs (Fig. 30H), a similar patch of increased duration is evidenced 
around Desertores Islands, with a rise of 1.5 days per year. West of Chonos Archipelago, an 
increase of 1 day per year can also be observed. Elsewhere, the trend is more likely in favour of a 
decrease in the duration by about 1 day per year.  

Figure 30: Annual trend for MHWs (top) and MCS (bottom) for different metrics: Frequency 
(A, E), Mean Intensity (B, F), Mean Maximal Intensity (C, G), Duration (D, H). The trend is 
expressed in unit per year, which means that for instance in the Reloncaví Sound, the mean 
intensity of the MCS is increasing by 0.01°C per year. Period: 2003-2023. 
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3.3.8. Examples of remarkable events  

3.3.8.1. Succession of MCSs and MHWs: 2007-2008 

Among the different events observed during the last 20 years, some were remarkable by their 
length, intensity or by the succession of MCSs and MHWs. It is for example the case for the years 
2007-2008. 

Between 2007 and 2008, the region experienced successive MCSs and MHWs with brief intervals 
between events. In May 2007, following an atmospheric cold spell, a MCS began around Guafo 
Mouth, Chonos Archipelago and Moraleda Channel, with temperature anomalies between -0.5°C 
and -1°C. The MCS continued to spread and by the month of July, most of the study area was 
affected (Fig. 31A) due to a low-pressure system causing very strong eastward winds and 
substantial heat loss in the ocean surface, with SST anomalies of -1.5°C. The MCS persisted 
throughout the austral winter and most of spring, fading in late December. At that time, positive 
sea temperature anomalies dominated the study area, though negative sea anomalies (-1.5°C) 
persisted along Chiloé Island until January 2008, influenced by a La Niña event which cooled the 
region and intensified upwelling systems (Muñoz et al., 2023). 

On the 22nd of January 2008, a very strong MHW started in Northern Patagonia, driven by increased 
solar radiation (due to low cloud cover) leading to positive heat flux anomaly. SST anomalies 
peaked on the 3rd of February with positive anomalies everywhere except along the West coast of 
Chiloé Island, with +3.5°C in Reloncaví Sound, +3°C west of Ancud Gulf, and exceeded +1.5°C 
from Reloncaví Sound to the Moraleda Channel (Fig. 31B). This MHW was a category II event in 
most of the Inner Sea of Chiloé and Southern part of the study area, and reached in localised 
areas category III (Fig. 31B). The event coincided with an atmospheric heatwave (+3°C on average 
over the sea) and increased solar radiation (low cloud cover), contributing to a positive heat flux 
anomaly. It dissipated very quickly in the Inner Sea, due to a low-pressure system in mid-
February, bringing some clouds and strong southward winds, dispersing the atmospheric 
heatwave.  

In April, strong eastward winds associated to negative latent heat anomalies (superior 

Figure 31: MHWs and MCS categories (respectively shades of reds and blues) on the peak day 
and the corresponding SST anomalies indicated by the thin black lines. 
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to -100 W/m²) triggered negative sea temperature anomalies as low as -1.5°C west of Chiloé 
Island, inducing a MCS across most of the study area (Fig. 31C & Fig. Sup. 1). Although this MCS 
remained relatively weak and largely confined to the Inner Sea, it persisted during the entire 
winter.  

After a period of weaker winds and positive total net heat flux anomalies, a weak MHW emerged 
in September 2008 in the open ocean and Guafo Mouth, intermittently persisting and intensifying 
in December, encompassing almost the entire study area on the 12th of December (Fig. 31D). SST 
anomalies exceeded +1°C across the entire domain, and reached +4°C in the Reloncaví Sound, 
+3°C on the west side of Ancud Gulf and in the coastal part of the south of Corcovado Gulf. It was 
classified as category II event in the half North of the Inner Sea and category III around Desertores 
Islands, Corcovado Gulf and Chonos Archipelago (Fig. 31D). This MHW was linked to a high solar 
radiation and atmospheric heatwave, resulting in most of the time a positive total heat flux for the 
ocean. On the 12th of December, the air temperature anomaly above the ocean was +4°C across 
the entire study area. The MHW dissipated by mid-January as cloud cover increased, reducing 
solar radiation and air temperature, resulting in negative total heat flux anomalies. 

Overall, these events were closely linked to atmospheric conditions, including La Niña, low-
pressure systems and atmospheric heatwaves, driving significant SST anomalies in the region. 

3.3.8.2. Strong MHW: 2013 

Another notable event was a very strong MHW that occurred during summer 2013. It began by 
mid-January in the Inner Sea of Chiloé and quickly spread to the open sea, reaching its peak 
between the 7th and 10th of February, with temperature anomalies of 4°C in Reloncaví Sound, 
Puyuhuapi and Aysén Fjords, 3°C in the north of the Gulf of Ancud, Comau Fjord and Moraleda 
Channel, and superior to 1°C in the remaining parts of the Northern Patagonia (Fig. 32A). It was 
classified as a category II in most areas, with localised category III (Fig. 32A). Notably, the west 
shore of Chiloé Island remained unaffected likely due to upwellings (Narváez et al., 2019; Pérez-
Santos et al., 2019). The event then vanished in about 10 days but persisted west of Chonos 
Archipelago until May.  

This MHW coincided with a very intense atmospheric heatwave that started a few days before the 
MHW, with temperature anomalies exceeding +10°C over the continent, +5°C over parts of the 
Inner Sea and +3°C over the open ocean. Both marine and atmospheric heatwaves were 
accompanied by an unusually low cloud cover, increasing solar radiation, leading to positive total 
net heat fluxes (Fig. Sup. 2). Wind speed showed no distinct pattern that might have contributed 
to the MHW; in fact, they were stronger than usual and directed northward when the event began.  

3.3.8.3. Long lasting period of MHWs: 2016-2017 

The years 2016-2017 experienced prolonged MHW conditions, with events spanning from late 
December 2015 to early Arpil 2016 and mid-May 2016 to late July 2017, interrupted by just one 
month without MHW activity during austral summer.  

The first MHW began west of Chiloé Island in late 2015, quickly spreading to the Inner Sea by 
January 2016, driven by strong positive solar radiation anomalies (>+180W/m² on the 7th of 
January 2016) and exceptionally low cloud cover, leading to positive total heat fluxes of about 100 
W/m² centred on Northern Patagonia, and positive air temperature anomalies on both land and 
ocean (Fig. Sup. 3). By the 20th of January, the entire area was experiencing MHW with SST 
anomalies of +1.5°C to +2°C, peaking at +3°C in Puyuhuapi and Aysén Fjords (Fig. 32B). Strong 
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winds in February induced negative heat flux, weakening the MHW which fully dissipated by late 
February, except south of Desertores Islands where it lasted until early April.  

March and April were hit by various events of strong winds and strongly negative total net heat flux 
anomalies. However, by mid-May, weakened winds led to positive heat flux, triggering another 
MHW near Desertores Islands, gradually spreading north, west and south by June. Anticyclonic 
conditions accompanied the MHW, but declined in July with the arrival of a low-pressure system. 
Summer and spring 2016 were marked by toxic algal blooms attributed to the atmospheric 
heatwave and reduced rainfall (Garreaud, 2018b; León-Muñoz et al., 2018; Díaz and Figueroa, 2023) and 
causing strong economic losses in aquaculture farms (León-Muñoz et al., 2018), coinciding with the 
MHWs observed here. 

Throughout winter and spring 2016, the MHW persisted intermittently along the continental east 
coast of the Inner Sea, with SST anomalies around +0.5°C. It pulsed sporadically across the Inner 
Sea until almost vanishing in December. However, a new intense MHW emerged west of Chiloé 
Island at the end of December, classified as category IV. The MHW spread to the northern half of 
the study area, and peaked on the 27th of January 2017 with SST anomalies of +3°C at its centre 
(Fig. 32C). Similar anomalies appeared in Ancud Gulf and Reloncaví Sound but were classified 
only as category II events due to the greater temperature variability in these areas in summer.  

The intense 2017 event was linked to positive heat flux and atmospheric heatwave, though these 
conditions alone could not fully explain its strength compared to previous events in 2008 and 
2013. The 2016-2017 MHWs align with those described by Pujol et al. (2022), noting winter 2016 
and particularly intense ones west of Northern Patagonia in summer 2017. The MHW shrank but 
pulsed again in the southern Inner Sea in late February, continuing intermittently in March, April 
and May around the Chonos Archipelago and Desertores Islands before fully dissipating by the 
end of July. The years 2016 and 2017 were impacted by a particularly strong El Niño event, linked 

Figure 32: MHWs and MCS categories (respectively shades of reds and blues) on the peak day and 
the corresponding SST anomalies indicated by the thin black lines. 
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to reduced precipitations, atmospheric heatwaves and harmful algal blooms (Garreaud, 2018a, b), 
but also registered as being part of MHW triggering around Chilean Patagonia (Pujol et al., 2022).  

3.4.    Conclusion 

In this study, we presented a new methodology for detecting MHWs and MCSs. It involves basing 
the climatology on long-term in situ data (1948-2022) while calculating the threshold and the daily 
temperature using satellite data over the study period of 2003 to 2023.  

A key issue in MHW and MCS detection is that the climatology should be based on long-term data 
to take into account multi-decadal temperature trends. Although the climatology is generally 
calculated using satellite data, this was not feasible for our study area, the Chilean Northern 
Patagonia. Indeed, long-term satellite data lack the spatial resolution required to resolve intricate 
fjords, gulfs and channels of Northern Patagonia. Consequently, we decided to use in situ data to 
build the climatology, incorporating over 3 million sparse samples. These data were interpolated 
spatially and temporally to produce a monthly and daily-derived climatology of the sea 
temperature of the Northern Patagonia with a spatial resolution of 900m at 32 different depths. 
This daily-derived climatology was then used to detect MHWs and MCSs at high resolution, 
appearing consistent with the available literature.  

This methodology enabled us to detect surface MHWs and MCSs individually and to analyse their 
different metrics. We found that every location experiences MHW and MCS at least once a year, 
and that they do not show similar or opposite spatial patterns. MCSs are particularly frequent in 
the northern part of Northern Patagonia, more precisely in Ancud and Reloncaví Gulfs, as well as 
Comau fjord, whereas MHWs are more frequent in the southern part of Northern Patagonia. 
Regarding the mean intensity, both MHWs and MCSs are significantly more intense in the most 
enclosed basins, such as Reloncaví Sound, Comau, Aysén and Puyuhuapi Fjords. The higher 
intensities of MHWs and MCSs in these regions reflects the water column structure: these regions 
are the most stratified, receiving high freshwater inputs, and forming a shallow surface layer more 
prone to rapid warming. MCS duration is also generally longer (between 10 and 25 days) than 
MHWs (10 to 20 days). 

Seasonal patterns reveal that MHWs are more frequent in summer, when water column 
stratification is higher, and absent in winter, while MCSs are more frequent in winter and absent 
in summer. When looking at the intensity, both phenomena exhibit similar seasonal patterns, 
tending to be more intense during summer months. 

By analysing several case studies, we observed that in Northern Patagonia, MHWs can be 
triggered and/or accompanied by atmospheric heatwaves, reduced winds, reduced cloud cover 
and positive El Niño Southern Oscillation phase. Conversely, MCSs are triggered by low-pressure 
systems, stronger winds and negative phase of El Niño Southern Oscillation (La Niña).  

Trends over the 2003-2023 period indicate that MCSs are becoming less frequent but more 
intense, whereas MHWs are becoming more frequent (except in Corcovado Gulf) but less intense. 
The intensity trend of MCSs is positive everywhere and particularly homogeneous, in contrast to 
the MHW trend which shows more basin-specific variability, both positive and negative. 
Regarding duration, MCSs are becoming longer around Desertores Islands and Chonos 
Archipelago, whereas MHWs are very slightly becoming shorter overall except around Desertores 
Islands where they also tend to be longer.  
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This study highlights the importance of examining MHWs and MCSs at high resolution in coastal 
environment: these events are far from homogeneous across the Northern Patagonia, as is likely 
the case for other complex coastal regions. Enclosed basins such as Reloncaví Sound, Puyuhuapi 
and Comau Fjords, are more likely to be prone to intense events, whereas Corcovado Gulf 
appears relatively resilient, with low intensity events. High-resolution detection of these events is 
crucial for gaining a comprehensive understanding of MHWs and MCSs dynamics in coastal 
areas, enabling better analysis of their consequences on ecosystems and assisting local 
stakeholders in mitigating such events.  
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CHAPTER 4.      Subsurface MHWs and MCSs 

Foreword 

The two previous chapters established how surface MHWs and MCSs develop along the Chilean 
coats, from large-scale offshore patterns (Chapter 2) to finer-scale dynamics within the fjords 
and channels of Northern Patagonia (Chapter 3). Together, these chapters provided new insights 
into the surface expression of extreme events and highlighted the atmospheric drivers that 
sustain them.  

However, these analyses were limited to the surface layer. Understanding the vertical structure 
and development of extreme events is particularly important, especially in Northern Patagonia 
which is composed of different basins where, as we saw in Chapter 3, the spatial variability of 
extreme temperature events is principally linked to the stratification and topography.  

This chapter therefore complements the surface-based approach by providing the first overview 
of subsurface MHWs and MCSs in Northern Chilean Patagonia over the last 30 years, based on a 
hydrodynamic model. It investigates the vertical and temporal extension of these events, their 
links between surface and subsurface events, temperature, salinity, and water masses, and 
considers how their occurrence might affect ecosystems and aquaculture.  

This chapter has not been submitted to publication as the content is not sufficient to constitute 
a standalone paper.  
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4.1.    Introduction 

Marine heatwaves (MHWs) and marine cold spells (MCSs) are extreme sea temperature events, 
defined as periods of anomalously warm or cold conditions that exceed a threshold for at least 
five consecutive days (Hobday et al., 2016; Schlegel et al., 2021). They have been detected and 
studied in every ocean and at any depth, from surface to seafloor (Amaya et al., 2023b; Elzahaby and 
Schaeffer, 2019; Hu et al., 2021; Lien et al., 2024; Zhang et al., 2023).  

While MHWs have received considerable scientific attention over the past decade, MCSs remain 
comparatively much less studied, particularly at depth (He et al., 2024; Schlegel et al., 2021; Sun et 
al., 2024b). Most studies have focused on surface MHWs, largely because they can be effectively 
monitored using high or low spatial resolution satellite data, reanalysis products or models 
(Dzwonkowski et al., 2020; Gupta et al., 2024; Marin et al., 2021; Pilo et al., 2019; Wang et al., 2022b). In 
contrast, subsurface events are more challenging to assess, particularly in coastal areas, as they 
often require high resolution datasets or long-term in situ data (Dalsin et al., 2023; Elzahaby and 
Schaeffer, 2019; Guo et al., 2022; Hayashida et al., 2020b; He et al., 2024; Li and Donner, 2022; Scannell 
et al., 2020). Subsurface MHWs and MCSs are often examined using monthly temperature data, 
as subsurface dynamics tend to evolve more slowly than at the surface (Amaya et al., 2023b; 
Scannell et al., 2020; Zhang et al., 2025).  

Subsurface extremes may be even more consequential than their surface counterparts: their last 
longer and can be more intense than at the surface (Amaya et al., 2023b; Xu et al., 2024), and their 
impacts can directly affect benthic, demersal and pelagic communities. For example, bottom 
water temperature anomalies have been linked to population decline in Pacific cod in the Gulf of 
Alaska (Barbeaux et al., 2020), spatial redistribution of lionfish in the southeast of United States  
(Fogarty et al., 2008), massive coral bleaching (Bell et al., 2024; Fordyce et al., 2019) and decrease in 
abundance and biomass of many benthic invertebrates (Pansch et al., 2018).  

Yet, in Chile, although surface events have been recently assessed (Carrasco et al., 2023; Pujol et 
al., 2022, 2025), subsurface extremes remain almost entirely unstudied, despite the presence of 
one of the world’s most important upwelling system (Chavez et al., 2008; Cooley et al., 2022; Pietri et 
al., 2021). This represents a major knowledge gap, especially given the potential for strong 
interactions between local hydrography, climate variability and extreme events (Carrasco et al., 
2023; Garreaud et al., 2013a; Garreaud and Aceituno, 2007; Pujol et al., 2025).  

Northern Chilean Patagonia provides a particularly interesting setting to investigate subsurface 
events. Located on the western side of southern South America, it is characterised by a highly 
complex topography, with a central Inner Sea connected to an intricate network of fjords and 
channels. Oceanographic circulation is strongly influenced by buoyancy forcing, as large 
freshwater inputs from rivers, rainfall and glacial melt reduce surface salinity (León-Muñoz et al., 
2024; Pérez-Santos et al., 2014; Sievers and Silva, 2008; Valle-Levinson et al., 2007). Each of these water 
mass entering Northern Patagonia can be identify from its salinity signature, with the least saline 
at the surface and the most saline at the bottom (Linford et al., 2024; Sievers and Silva, 2008; Silva et 
al., 2009). The upper layer, known as Estuarine Waters (EW), is typically 20 to 30 m  thick (Pérez-
Santos et al., 2014; Sievers, 2008; Sievers and Silva, 2008), exhibits low salinity, and responds rapidly 
to solar radiation, vertical mixing and freshwater discharge (Pérez-Santos et al., 2014; Sievers, 2008; 
Sievers and Silva, 2008). Below, lies the Subantarctic Water (SAAW), an oxygen-rich layer generally 
extending to about 150 m depth (Pérez-Santos et al., 2014; Sievers and Silva, 2008). It plays a key role 
in renewing deep waters in the different fjords (Pérez-Santos, 2017; Sievers and Silva, 2008). This layer 
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eventually mixes with the estuarine one to form Modified SubAntarctic Water (MSAAW) that has 
an intermediate salinity (Sievers and Silva, 2008; Silva, 2008). The deepest water mass is named the 
Equatorial Subsurface Water (ESSW). It originates from the Equatorial Pacific Oxygen Minimum 
Zone, bringing dense low-oxygenated waters to Northern Patagonia (Linford et al., 2023; Palma and 
Silva, 2004). It is constrained by the topography and therefore fills only the deepest basins and 
fjords of Northern Patagonia (Sievers and Silva, 2008).  

This study provides the first assessment of subsurface MHWs and MCSs in Northern Chilean 
Patagonia. The main objectives are to characterise the occurrence and development of 
subsurface events in a region of complex topography and strong freshwater influence, and to 
understand their interactions with salinity and water masses. To achieve this, we used the global 
model GLORYS12V1 which has a spatial resolution of about 8 km (European Union-Copernicus 
Marine Service, 2018). We characterised the spatiotemporal variability of temperature and salinity 
anomalies across the different subregions of Northern Patagonia, and their implications for 
MHWs and MCSs development.  

4.2.    Material and Methods 

4.2.1. Data and study area 

To investigate subsurface temperature variability and development of warm and cold anomalies 
in Northern Patagonia, we used the outputs from the Global Ocean Reanalysis and Simulations 
GLORYS12V1 product. This eddy-resolving product is based on the NEMO ocean model, and is 
distributed by the Copernicus Marine Service Environment Monitoring Service (CMEMS, European 
Union-Copernicus Marine Service, 2018). The dataset provides ocean physical parameters, including 
the sea water potential temperature, salinity, and mixed-layer depth, with a spatial resolution of 
1/12° (~8 km), and 50 vertical levels, making it well-suited for exploring mesoscale oceanographic 
variability and subsurface processes (Amaya et al., 2023a).  

However, the spatial resolution of GLORYS12V1 presents some limitations in the context of 
Northern Patagonia’s complex coastal region (Fig. 33). While Reloncaví, Ancud, Corcovado, 
Moraleda and Elefantes Channel are resolved, many smaller-scale features are not. For example, 
Chonos Archipelago appears as a single landmass, Desertores Islands are not represented and 
the Chacao Channel is missing resulting in an artificial connection between Chiloé Island and the 
mainland. Furthermore, no fjords are resolved. Despite these limitations, the product remains 
valuable for providing a regional overview of how temperature anomalies develop and propagate 
across the broader Northern Patagonia domain.  

We used the daily sea potential temperature, salinity and mixed layer depth fields from January 
1993 to December 2024 that we monthly averaged in order to capture only the most persistent 
and intense warming or cooling periods. The study domain covers the Northern Patagonia region, 
from 41°S to 47°S and 72°W to 76°W, encompassing both the inner sea of Northern Patagonia and 
adjacent sectors of the Southeast Pacific Ocean. For the vertical dimension, we selected the 
upper 30 levels available in the dataset, corresponding approximately to the 0 to 380 m depth, 
capturing most of all the deepest basins of Northern Patagonia.  

Monthly temperature anomalies were calculated for each level depth by subtracting the long-
term monthly climatology (based on the full 1993-2024 period) from the original temperature time 
series. Same was realised to calculate salinity anomalies. To explore vertical an temporal 
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dynamics, anomalies were analysed both at individual depth levels and across aggregated depth 
layers, defined as: ([0-10m], [10-20m], [20-30m], [30-40m], [40-50m], [50-75m], [75-100m], [100-
150m], [150-200m], [200-300m], [300-400m]). The aggregated depth layers were used to 
calculate the depth range at which the temperature anomalies are the strongest and to estimate 
their duration.  

4.2.2. Water masses 

Four principal water masses can be identified in Northern Patagonia on the basis of their salinity 
characteristics (Linford et al., 2024; Sievers and Silva, 2008; Silva et al., 2009). At the surface, the 
Estuarine Waters (EW) form generally a thin layer (20 to 30 m) that is defined by salinities 
below 31, reflecting strong influences from freshwater inputs. Beneath this, the Modified 
SubAntarctic Waters (MSAAW) appears as a transitional layer in which the salinity of the 
SubAntarctic Waters has been reduced through mixing with overlying estuarine waters, resulting 
in intermediate values between 31 and 33. The SubAntarctic Waters (SAAW) proper occupy the 
next depth range and are characterised by salinities from 33 up to 34.3, representing a relatively 
stable intermediate mass that isolates surface layers. Finally, at greater depths, the Equatorial 
Subsurface Waters (ESSW) are present, distinguishable by their comparatively high salinity and 

Figure 33: (A) Key basins of Northern Patagonia. (B) Bathymetry of Northern Patagonia, limited to 
400 m. The pink dots represent all the areas resolved by the model GLORYS12V1, highlighting that 
only the largest basins are resolved. 
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are generally associated with lower oxygen concentrations in comparison to the upper layers. The 
ESSW has been defined with different salinity signature according to how far in Northern 
Patagonia the water mass has entered. (Linford et al., 2023) define it for instance as a water mass 
of salinity superior to 33.8 in Puyuhuapi Fjord due to the high freshwater influences, therefore 
restricting the SAAW to salinities between 33 and 33.8. We will however consider that the ESSW 
is defined in the entire domain by the salinity it has while entering Guafo Mouth, which means 34.3 
(Silva et al., 2009).  

4.2.3. Definition of MHW and MCS 

MHWs and MCSs were identified following the definition proposed by (Hobday et al., 2016) and 
extended by (Schlegel et al., 2021). These events are defined as prolonged periods of anomalously 
warm or cold water temperature, during which the temperature exceeds a predefined threshold 
for at least 5 consecutive days. Typically, the threshold for MHWs is set as the 90th percentile of a 
historical temperature baseline, while the MCS threshold is set as the 10th percentile of the same 
historical temperature baseline.  

In this study, we applied this approach using the temperature, temperature anomaly, and 
thresholds calculated from the monthly dataset of GLORY12V1 ocean reanalysis product from 
CMEMS. The monthly temporal resolution is used to detect only the most persistent and large-
scale events, more specifically those lasting at least for 1 month. This method does not capture 
the occurrence of shorter events occurring on daily to weekly timescales as they cannot be 
resolve with this approach.  

To detect the MHWs and MCSs, we first calculated the monthly climatological mean and the 
corresponding 90th and 10th percentiles threshold over the period 1993 to 2024 for each grid cell 
and depth level. A MHW (or MCS) was identified when the monthly temperature exceeded (or fell 
below) the respective threshold for at least one month. Events detection was performed 
independently at each depth level, allowing the capture of the vertical structure of each event. In 
addition, the average duration and frequency of MHWs and MCSs across the full time period were 
analysed, but over averaged aggregated depths, as for temperature anomalies: [0-10m], [10-
20m], [20-30m], [30-40m], [40-50m], [50-75m], [75-100m], [100-150m], [150-200m], [200-300m], 
[300-400m].  

4.3.    Results 

4.3.1. Temperature 

From 1993 to 2020, the region experienced a sequence of alternating thermal phases (Fig. 34). 
Warmer conditions predominated between 1993 and 1998, followed by a colder phase from 1999 
to 2002. A return to warmer conditions was observed from 2003 to 2006, succeeded by a 
prolonged cold period from 2007 to 2014. Another warm phase extended from 2015 to at least 
2018. While this alternation is evident across most of the study area, the regions north of 
Desertores Islands, more precisely Ancud and Reloncaví Gulfs, display a clear disconnection 
between surface and subsurface events. In Ancud, subsurface temperature anomalies remained 
slightly positive (below 0.5°C) from 1994 to 2007, shifted to negative values between 2008 and 
2016-17 (always superior to -0.5°C), and turned positive again after that (Fig. 34E). A similar trend 
occurred in Reloncaví Sound, where positive temperature anomalies were present from 1995 to 
2012, followed by a negative phase until 2024 (Fig. 34F). Interestingly, below approximatively 



78 
 

Figure 34: Sea temperature anomalies spatially averaged over west of Chiloé Island (A), Guafo 
Mouth (B), Corcovado Gulf (C), Moraleda Channel (D), Ancud Gulf (E) and Reloncaví Sound 
(F), from 1993-2024. 
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Figure 35: Sea temperature spatially averaged over west of Chiloé Island (A), Guafo Mouth (B), 
Corcovado Gulf (C), Moraleda Channel (D), Ancud Gulf (E) and Reloncaví Sound (F). 
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100 m depth, temperature fluctuations are minimal (Fig. 35F), suggesting that except exceptional 
event, surface conditions in these gulfs may not have sufficient influence to affect deeper layers. 
Nevertheless, particularly in Ancud, the timing of subsurface warming and cooling corresponds 
to strong thermal events at the surface that seemed to have been strong enough to propagate at 
depth.  

Among the observed events, the 1997-1998 warming stands out as the most intense. During this 
period, positive temperature anomalies affected the entire water column across the entire study 
area. In Guafo Mouth, between May 1997 and December 1998, the water column throughout the 
region exhibited persistent warming, with temperature anomalies exceeding 0.5°C from June 
1997 to September 1998. In winter 1998, anomalies above 1.5°C were observed from the surface 
to 100 m, reaching temperature superior to 11°C at 100 m depth (Fig. 35B & Fig. 36). This 
exceptional warming extended beyond Guafo Mouth. In Corcovado Gulf, warming greater than 
1°C was recorded between February and August 1998, reaching as deep as 220 m. Below 125 m 
depth, the anomalies registered in Guafo Mouth and Corcovado Gulf corresponded to a 
temperature of 10°C (Fig. 35). Moraleda Channel also showed strong warming, with anomalies 
exceeding 0.5°C from February 1998 to November at 250 m depth, and values over 1°C in the 
upper 175 m. The most pronounced warming in this channel occurred between surface and 
180 m, with anomalies superior to 1°C. Similarly, Elefantes Channel experienced widespread 
warming throughout the water column during autumn-winter 1998, with values greater than 1°C. 
North of Desertores Islands, in Ancud and Reloncaví Sound, the warming also extended 
throughout the water column, although the strongest anomalies were generally limited to the 
upper 100 m. At the surface, the warming corresponded to a temperature of 15°C and 16°C in 
Ancud Gulf and Reloncaví Sound (Fig. 35E-F). Overall, the 1997-1998 event was remarkable for 
its magnitude, duration and vertical extent, making it the most significant warming phase of the 
observed period. Another notable warm event occurred between 2015 and 2017. It initiated 
between autumn and winter 2015 and encompassed the entire water column everywhere except 
north of Desertores Islands. Along the west coast of Chiloé Island, temperature anomalies 
superior to 2°C were observed from surface to 30 m depth. In Corcovado Gulf, the temperature 
anomalies at depth persisted from June 2015 to October 2017, a duration of nearly 2 years and 4 
months. At depth, the most intense phase occurred between February and May 2016, when 
subsurface anomalies ranged between 0.5 and 1°C. At the surface, the warming fluctuated but 
intensified during autumn 2016, reaching over 1.5°C in summer 2017 near the surface in 
Corcovado Gulf and Moraleda Channel (Fig. 36). In Ancud and Reloncaví the warming was 
different than in the other regions. In Ancud, the warming was primarily in the upper layers, and 
slowly propagated to depth, reaching the deepest layers in 2018, while the surface layer was 
experiencing cold event. In Reloncaví Sound, the warming occurred only in the first 100 m, but 
was as intense at the surface as in the other regions. Overall, from Guafo Mouth to Reloncaví 
Sound, temperature was between 16°C and 17°C during summer 2017 at the surface and up to 
25 m depth in some regions (Fig. 35). 

In contrast, a major cold episode occurred in 2007-2008. This event propagated through the entire 
water column everywhere, except in Reloncaví Sound, where it remained confined to the upper 
100 m. In Ancud Gulf, the event at depth was delayed by one year, starting only at the beginning 
of 2008. The strongest negative anomalies reached -1.5°C outside of Northern Patagonia, in 
Guafo Mouth and Corcovado Gulf during summer 2008, corresponding to a temperature of 7°C 
(Fig. 35C). In Reloncaví Sound, although the temperature anomalies were between -0.5 and -1°C 
in the upper layer, they did not penetrate to the lower layers, remaining above 100 m depth, 
indicating differences in vertical penetration of the cold anomaly across the regions. Between 
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Figure 36: Transects through Guafo Mouth to Reloncaví Sound of the temperature anomalies 
during different periods corresponding to: MHW during June 1998, surface MHW and subsurface 
MCS in March 2008 and December 2008, MHW in January 2017, MCS in January 2024. Dotted 
lines indicate the mixed-layer depth.  
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January and April 2008 however, the surface (up to 30 m depth) switch to positive anomalies, 
everywhere in Northern Patagonia (Fig. 36). From 2019 to 2024, some successive short but cold 
event with anomalies above -2°C occurred between 10 and 60 m depth in different regions of 
Northern Patagonia, and were particularly pronounced in Ancud Gulf. In Moraleda, this period 
was also marked by a relatively stable mixed layer, whereas this region usually experiences strong 
changes between summer and winter. 

The vertical distribution of temperature anomalies across Northern Patagonia reveals that the 
most pronounced anomalies (both warm and cold) generally occur in the subsurface, rather than 
at the surface (Fig. 37). On average, over the entire study area, the strongest positive temperature 
anomalies are found between 30 and 50 m depth (except for Elefantes Channels that is deeper) 
with mean values around +0.47°C. Negative anomalies also peak between 30 and 40 m with an 
average intensity of -0.50°C. When individual subregions are considered, all areas except 
Elefantes Channels display maximum positive anomalies between 20 and 50 m. In contrast, 
Elefantes Channel exhibits its strongest warming at the bottom. The most intense average 
positive anomalies range from +0.40°C in Reloncaví Sound to +0.50°C in Ancud Gulf (Fig. 37B). 
Even stronger anomalies are observed outside Northern Patagonia, west of Chiloé Island, where 
maximal anomalies reach +0.54°C between 40 and 50 m depth. For cold anomalies, a similar 
patter emerges, with the strongest cooling typically observed between 20 and 50 m depth 
(Fig. 37A). Minimal average negative anomalies are found in Reloncaví Sound with -0.36°C, while 
the most extreme is found in Elefantes Channel, with -0.56°C. As with warm anomalies, the open 
ocean also shows quite pronounced anomalies, reaching -0.51°C between 30 and 40 m depth.  

Overall, the strongest thermal anomalies in Northern Patagonia are consistently observed in the 
subsurface layers, from 20 to 50 m depth, rather than at the surface. The deepest layers, 
particularly below 100 m remain the most stable, experiencing the least intense changes in 
temperature.  

Figure 37: Mean temperature anomaly for (A) only negative anomalies and (B) only positive 
anomalies. 
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4.3.2. Salinity and water masses 

Salinity distributions reveal the presence and variability of distinct water masses across Northern 
Patagonia. Offshore, SAAW typically extend from the surface to about 100 m depth, while ESSW 
dominate below this depth (Fig. 38A). A similar structure is observed at Guafo Mouth, although 
during winter SAAW often occupies the entire water column, with occasional incursions of 
MSAAW, particularly during the periods 1993-1997, 2007-2010 and 2017-2024 (Fig. 38B).  

In Corcovado Gulf and Moraleda Channel, SAAW generally spans the full depth range but they are 
regularly incursions of ESSW. At the surface, MSAAW is frequently detected, with an almost 
continuous presence between 0 and about 50 m depth from 2016 to 2014 (Fig. 38C, D). This 
feature was especially pronounced in Moraleda Channel, where even estuarine waters (salinity 
inferior to 31) were observed. During this period, SAAW did not reached the bottom layers of the 
Moraleda Channel.  

In Ancud Gulf and Reloncaví Sound, SAAW predominates throughout the water column, though 
exceptional intrusions of high salinity waters (superior to 34.3) were recorded, but they were not 
synchronised across the two basins (Fig. 39E,F). In Ancud Gulf, MSAAW was mostly present from 
autumn to spring, with reduced occurrence in summer, although from 2016 to 2024 extended 
periods with salinities below 31 were observed. In Reloncaví Sound, a clear estuarine surface 
layer (0-20m) is constantly present, with a relatively thin but persistent MSAAW underneath. 
Beneath, SAAW occupies the water column from about 30 m to depth, producing a distinct three-
layer structure.   

Salinity anomalies further highlight spatial and temporal variability. Offshore Northern Patagonia 
and Guafo Mouth display little interannual variation, whereas the inner basins exhibit much 
stronger anomalies due to their proximity to fjords and river inputs (Fig. 39). Between 2019 and 
2024, particularly strong negative salinity anomalies were recorded, most markedly in Moraleda 
Channel where values reached -2 (Fig. 39D). These anomalies were confined to the MSAAW and 
EW, extending from surface to depths superior to 50 m in Moraleda Channel and to about 10 m in 
Reloncaví Sound. This represents the lowest salinity recorded during the entire study period, with 
in Moraleda Channel values dropping below 31 compared with an average of 33.  

By contrast, positive salinity anomalies were observed during the periods 1998-2006 and 2012-
2016 in Moraleda Channel and, to a lesser extent, in Corcovado Gulf and Ancud Gulf. In Reloncaví 
Sound, while surface waters exhibited strong freshening during the 2019-2024 event, the MSAAW 
layer simultaneously showed positive anomalies of up to +1 (Fig. 40F). The warm episode of 1998-
1999 was also accompanied by strong positive anomalies, superior to +0.5 across much of 
Northern Patagonia, extending down to 30-50 m and corresponding to the saltiest conditions 
observed over the entire period studied. 

4.3.3. MHWs and MCSs 

The strongest temperature anomalies observed during 1997-1998 led to the development of a 
MHW that extended throughout the entire water column in the open Pacific, Guafo Mouth, 
Corcovado Gulf, Moraleda and Elefantes Channels. In Corcovado Gulf, below 100 m, the MHW 
lasted from December 1997 to October 1998, while in Moraleda Channel, it lasted from 
November 1997 to December 1999 (Fig. 40C, D). In Guafo Mouth, the mixed layer during winter 
1998 was deeper than it used to be, reaching 75 m depth (Fig. 36). In Ancud Gulf, the MHW began 
by the end of 1997 and initially reached down to approximately 150 m. It only extended into the 
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Figure 38: Salinity spatially averaged over west of Chiloé Island (A), Guafo Mouth (B), Corcovado 
Gulf (C), Moraleda Channel (D), Ancud Gulf (E) and Reloncaví Sound (F). The thin lines delimitate 
the salinity that define the different water masses: Estuarine Waters (0-31), Modified SubAntarctic 
Waters (31-33), SubAntarctic Waters (33-34.3), and Equatorial Subsurface Waters (>34.3). 



85 
 

Figure 39: Salinity anomaly spatially averaged over west of Chiloé Island (A), Guafo Mouth (B), 
Corcovado Gulf (C), Moraleda Channel (D), Ancud Gulf (E) and Reloncaví Sound (F). 
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Figure 40: Vertical development of MHWs (red) and MCSs (blue) over time in west of Chiloé 
Island (A), Guafo Mouth (B), Corcovado Gulf (C), Moraleda Channel (D), Ancud Gulf (E) and 
Reloncaví Sound (F). 



87 
 

deeper layers towards the very end of that year. Below 150 m, the warming persisted from January 
1999 until March 2000, indicating a delayed but prolonged subsurface response (Fig. 40E).  

Other extended MHWs were also detected at subsurface in both Ancud and Reloncaví. For 
example, in Ancud Gulf, a prolonged warm event lasted from November 2005 to January 2008, 
while in Reloncaví, this event was delayed and started in May 2006 at the subsurface and lasted 
until April 2008. Another significant episode occurred between 2015 and 2017. Initially, this warm 
event was mostly confined to the subsurface in Guafo Mouth and pulsed at the surface by mid-
2016. At the surface, it lasted from June 2016 until May 2017, and was mainly confined to the 
upper 50 m. It was at the surface and more generally in the upper layer, the longest MHW 
recorded (1 year), follow by the 1997-1998 event.   

A contrasting cold phase occurred in 2007, with negative temperature anomalies giving rise to a 
significant MCS. This event encompassed the entire water column in offshore regions, as well as 
in Guafo Mouth, Corcovado Gulf and Moraleda Channel, starting in June 2007 and vanishing 
during the second half of 2008 according to the region (Fig. 40). In contrast, in Ancud Gulf and 
Reloncaví Sound, the negative anomalies remained largely restricted to the upper layers, and the 
resulting MCSs were limited to the upper 100 m. Other notable and persistent subsurface MCSs 
occurred during the years 2011 to 2014, only in the subsurface. In Corcovado Gulf, the events 
lasted from June 2011 to November 2012, and from March 2013 to February 2014. In Ancud Gulf, 
a particularly long-lasting MCSs developed in the subsurface, persisting for over two years 
between February 2013 and February 2016 at 175 m depth. The event progressively deepened 
over time, reaching the bottom layer in January 2014. At depths below 200 m, this cold anomaly 
continued from January 2014 to December 2015. A similar sequence of events was recorded in 
Reloncaví Sound, where disconnected MCSs were observed from surface to 150 m, showing 
partial resemblance to the patterns identified in Ancud. Another particularly long MCS was 
recorded in Reloncaví Sound, lasting for 3 years and maybe more as it reached our time limit, from 
January 2022 to December 2024, from 150 m to bottom. The MCS reached the surface as well 
sporadically but always very briefly. Winter 2022 shown the lowest temperatures recorded: 7°C 
in July and August from surface to 15 m depth in Moraleda Channel (Fig. 35). In the upper layers, 
mainly below the surface, sequences of MCS occurred between 2022 and 2024 in the entire 
Northern Patagonia, due to cold successive temperature anomalies.  

Overall, both MHWs and MCSs are observed less frequently at depth compared to the surface. 
Nevertheless, while surface events tend to be shorter in duration, subsurface events tend are 
much longer, often persisting for several months of even years (Fig. 41). Quantitatively, the mean 
duration of both MHWs and MCSs remains relatively consistent in the upper 50 m, ranging 
between two and three months across all regions. Below 50 m depth, the duration of the events 
increases, particularly for MHWs. The longest MHW events are registered in Ancud Gulf where 
they last on average for more than 10 months between 200 and 300 m. It is notably due to the fact 
that deep MHWs were rare but particularly long. A similar pattern is seen for MCSs, with Reloncaví 
Sound registering the longest events at depth, with 36 months in duration. As in Ancud, this 
results from a unique very long event of prolonged MCSs rather than a high frequency of shorter 
events. Overall, it is possible to observe a disconnection between the first upper 50 m where the 
extreme events are 1.7 time more frequent than in the below layers. Events are on average two 
times longer below 50 m depth.  
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4.4.    Discussion 

4.4.1. Model 

The results presented in this chapter are based on the CMEMS GLORYS12V1 reanalysis product, 
a global ocean model with a horizontal resolution of 1/12° (~8 km). While this dataset provides 
valuable insights into large-scale oceanographic variability, the interpretations of our findings 
depend on the inherent limitations of this dataset, particularly with regards of unique 
characteristics of Northern Patagonia.  

One of the primary limitations is the model’s spatial resolution, which is insufficient to resolve 
the intricate network of fjords and channels that define Patagonian Inner Seas. Although the 
model adequately captures the broader structure of the main basin, it cannot represent the 
smallest hydrographic features and fine-scale circulation patterns that are crucial for 
understanding the region’s high spatial and temporal variability. These limitations are especially 
important in coastal and estuarine areas, where complex interactions between oceanic and 
freshwater processes occur. Although previous studies have demonstrated the performance of 
GLORYS12V1 in coastal environment (Amaya et al., 2023a), caution mut be exercised when 
applying the dataset to intricate regions. For example, although the product does incorporate net 
surface freshwater inputs (European Union-Copernicus Marine Service, 2018), it remains uncertain 
how accurately it captures the spatial and temporal variability of freshwater discharge in 
Northern Patagonia. Riverine inputs in this regions plays a critical role in shaping the upper water 
column through the formation of a distinct low-salinity surface layer known as the Estuarine 
Waters, that extends from several meters to a few tens of meters, having a strong impact on 
vertical stratification, mixing processes and the surface heat budget, and therefore affect the 
estimation of the temperature (Pérez-Santos et al., 2014; Sievers, 2008; Sievers and Silva, 2008). For 
example, (León-Muñoz et al., 2024) found a good correlation between GLORYS12V1 salinity and in 
situ observations in the northern sector of Northern Patagonia (Ancud and Reloncaví Sound), but 

Figure 41: Average duration of MCSs (A) and MHWs (B) over certain depth ranges. 
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the model showed a reduced correlation and a tendency to overestimate salinity in the more 
intricate southern region (Moraleda and Elefantes Channels), which means that it 
underestimates the freshwater inputs of this region. In addition, some studies have highlighted 
the fact that GLORYS12V1 tends overestimate long-term warming trends (Lellouche et al., 2021), 
which in return might influence the intensity and duration of MHWs and MCSs. For example, (Sun 
et al., 2023b) shown that GLORYS12V1 overestimates surface MHWs while underestimating 
subsurface events in comparison to other models such as HYCOM which identify a greater 
number of subsurface events.  

Another methodological consideration is the use of monthly averaged temperature data to 
calculate MHWs and MCSs. This approach highlights only the most persistent thermal anomalies 
and is therefore likely to miss shorter-lived events, which can still have ecological impacts (Jacox 
et al., 2020; Tanaka and Van Houtan, 2022). This lead for instance to an average duration of MHW and 
MCS events of 2 months at the surface, while Pujol et al. (2025) found that they last for 10 to 25 
days on average, due to the fact that MHWs shorter than 1 month are not taken into account. 
Despite using a coarser temporal resolution, this approach is considered appropriate for 
characterising major basin-scale MHWs and MCSs, particularly in the subsurface, where 
temperature anomalies tend to develop and persist over longer timescales than surface 
(Cervantes et al., 2024; Jackson et al., 2018). 

4.4.2. Large-scale climate modes 

The occurrence of MHWs and MCSs in Northern Patagonia appear to be closely related to large-
scale climate variability, particularly the ENSO. The strongest and most spatially extensive 
warming event in Northern Patagonia occurred during the 1997-1998 El Niño, which was in the 
top three of the most intense ever recorded (Huang et al., 2016). In Northern Patagonia, it triggered 
anomalous warming that extended trough the entire water column during at least 1.5 year in some 
regions, and a MHW that lasted for 1 year at depth (Fig. 34 and Fig. 40). Similarly, the 2015-2017 
period, also associated with a very strong El Niño event (Huang et al., 2016; Santoso et al., 2017), 
gave rise to the longest-lasting surface MHW recorded over the period 1993-2024. While the 
warming at depth was generally less pronounced than for the 1997-1998 event, it nonetheless 
marked a prolonged period of surface ocean warming, and a surface MHW that lasted for one 
year. These results are consistent with broader patterns reported across the southeast Pacific 
Ocean, where positive ENSO phases are typically associated with enhanced ocean warming, 
driven by large-scale changes in wind regimes, reduced precipitations and weaker upwellings 
(Ancapichún and Garcés-Vargas, 2015; Garreaud, 2018b; Pujol et al., 2022).  

In contrast, periods of strong negative temperature anomalies and MCSs in Northern Patagonia 
have coincided with La Niña events. For instance, the periods 2007-2008, 2010-2012 and 2020-
2023 were characterised by both prolonged and intense MCS and some of the most intense La 
Niña events that occurred during the past decades (Boening et al., 2012; Hu et al., 2014; Li et al., 
2023). These episodes led to significant MCSs, in some cases extending over the entire water 
column, as observed during the 2007-2008 MCS that lasted for 7 months below 150 m. The 
consecutive cold anomalies recorded between 2020 and 2024 in our study are very likely to be 
linked to different La Niña events, including the exceptional triple La Niña that occurred between 
2020 and 2023 (Li et al., 2023). During La Niña phases, winds are enhanced, coastal upwellings are 
stronger, and precipitations are increased, all factors that can promote the vertical mixing and 
contribute to cool waters of Northern Patagonia (Ancapichún and Garcés-Vargas, 2015; Montecinos 
and Gomez, 2010; Rind et al., 2001). 
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4.4.3. Surface and Subsurface events 

While it might be expected that the ocean surface would experience the most intense warmings 
and coolings, our results show that the strongest average temperature anomalies were actually 
found below the surface, particularly between 20 and 50 m depth. This findings aligns with recent 
research suggesting that subsurface MHWs can be stronger than their surface counterparts 
(Amaya et al., 2023b; Elzahaby and Schaeffer, 2019; Hu et al., 2021; Zhang et al., 2023).  

Another key observation is the disconnection between surface and subsurface events. Surface 
MHWs and MCSs were generally more frequent and shorter than the other events below 50 m 
depth. This may correspond to the presence of Estuarine Waters, a buoyant, low-salinity surface 
layer that forms due to freshwater inputs. Due to its distinct density and stratification, this layer 
tends to limit vertical exchanges with underlying water masses, making it more sensitive to rapid 
atmospheric forcings such as winds, solar radiation and precipitations. Consequently, surface 
layer is more prone to short-duration thermal anomalies, whereas subsurface waters exhibit 
greater thermal stability.  

Topography also plays an important role in shaping the distribution and development of extreme 
temperature anomalies in Northern Patagonia. For example, Desertores Islands act as a natural 
barrier, impeding the horizontal propagation of temperature anomalies at depth, limiting 
subsurface exchanges between the Pacific and the deeper parts of Ancud Gulf (Pinilla et al., 2021). 
Similarly, Reloncaví Sound has limited exchanges with Ancud Gulf, further restricting water 
exchanges. In contrast, some regions such as the open Pacific (west of Chiloé Island and Chonos 
Archipelago), Guafo Mouth, Corcovado Gulf and Moraleda Channel are very well connected and 
not separated by topographical features (Pinilla et al., 2019, 2021). This permits a facilitated water 
exchanges, leading to greater similarities and continuity in temperature anomalies and extreme 
events across these regions.  

Greater persistence of MHWs and MCSs at depth underscores the thermal inertia of subsurface 
layers, reinforcing the importance of subsurface monitoring when evaluating the full extent and 
ecological impact of extreme thermal events (Cervantes et al., 2024; Jackson et al., 2018). This is 
particularly relevant in regions with complex stratification, such as Northern Patagonia, where 
the strongest anomalies are located just below the surface. Although the anomalous layers 
observed in this study was much thinner than in deeper oceanic regions (Elzahaby and Schaeffer, 
2019), it holds significant implications for biological processes and for aquaculture.  

Several MHWs and MCSs identified in this work correspond to events previously described in Pujol 
et al. (2022 and 2025). In particular, the years 1997 and 1998 were described by Pujol et al. (2022) as 
having the highest frequency of surface MHWs over the last 40 years, consistent with our results 
that show intense and widespread positive temperature anomalies during this period.  

The MCSs of 2007 and 2008 were also recorded at the surface by Pujol et al. (2025) who described 
this period as a sequence of alternating cold and warm events: a MCS from May to December 
2007, followed by a MHW in January-February 2008, another MCS from April through winter 2008, 
and then a second MHW from September 2008 to January 2009. Our analysis confirms this 
sequence and further reveals that the MCS events impacted most of the water column, lasting for 
one year at 75 m depth, with the exception of deeper layers in Ancud and Reloncaví Gulfs, where 
positive anomalies persisted below 100 m. The first MHW of early 2008 was also detected in our 
data but was confined to the upper 30 m (Fig. 36), consistent with the interpretation of (Pujol et al., 
2025) who attributed the warming to increased solar radiation during a MCS dominant period. The 
shallowness of this event delimited by negative underlying anomalies probably contributed to its 
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rapid dissipation, quickly giving way to a new MCS, as suggested by both our data and (Pujol et al., 
2025). The quick return of surface MCS conditions might be explained by the fact that the 
underlying negative anomalies never disappeared, and that increased winds have helped to the 
dissipation of the warm anomalies (Pujol et al., 2025). The second MHW, that peaked in December 
2008, was likewise confined to the upper water column, between 30 m in the northern part and 
70 m in the Guafo Mouth area. During this time, the mixed layer depth across Northern Patagonia 
was approximately 10 m, which may have favoured the development of intense but shallow 
warming, and why it was able to dissipate so rapidly. 

The 2016 MHW event, also described by Pujol et al. (2022, 2025), was characterised as a particularly 
long-lasting event. Our results show that positive temperature anomalies were present almost 
continuously throughout the entire water column, except in the deeper layers of Ancud and 
Reloncaví Gulfs, where negative anomalies persisted. The extensive vertical reach of the warming 
likely contributed to the longevity of this MHW at the surface, acting as a thermal reservoir. 
However, the MHW itself remained confined to the upper layers and did not spread vertically as 
much as the 1997-98 event. This MHW was particularly important for Northern Patagonia as is 
was accompanied by drought, atmospheric heatwaves and harmful algal blooms (Garreaud, 
2018b; León-Muñoz et al., 2018; Pujol et al., 2025).  

By contrast, the brief but intense summer MHW of 2013, although reported by Pujol et al. (2025), 
was too short to be captured in our analysis, which is based on monthly averaged temperature 
data. Nonetheless, we did detect positive anomalies below 1°C in February 2013, mainly 
confined to the upper 30 m in most regions. This limited vertical extent and shallow development 
likely explain why the event was so short-lived and quickly dissipated.  

In addition, particularly strong temperature anomalies were registered along the west coast of 
Chiloé Island during summer 2017. These anomalies may reflect a weakening of the upwelling 
system that typically develops in this area during austral summer (Narváez et al., 2019), therefore 
contributing to the MHW. This could help explain why the MHW reported by Pujol et al. (2022, 2025) 
reaching such intensity and extended so close to the coast of Chiloé Island. Conversely, in April 
2008, a MCS was detected at both surface and subsurface, being particularly strong off Chiloé 
Island. This event coincided with strong northward winds (Fig. Sup. 1; Pujol et al., 2025), favourable 
to upwelling formation. The anomalies observed both at the surface and depth along Chiloé 
Island are therefore consistent with an intensification -or onset- of upwelling during a period that 
would normally be characterised by downwelling (Narváez et al., 2019). 

4.4.4. Potential impacts on bottom ecosystems 

MHWs pose a significant threat to both natural ecosystems and aquaculture in Northern 
Patagonia, particularly due to their increasing frequency, intensity and persistence in surface and 
subsurface (Pujol et al., 2025).  

In aquaculture, salmon farming is especially vulnerable, as salmon cages typically extend from 
surface to 60 m (Ministerio de Economía, Fomento y Reconstrucción and Subsecretaría de Pesca, 2009), 
which coincides with the depth range where the most pronounced thermal anomalies are 
observed (Fig. 39). Atlantic salmon (Salmo salar), a key species in regional aquaculture 
(SUBPESCA, 2025), has a relatively narrow optimal growth temperature range of 12 to 18°C (Elliott 
and Elliott, 2010). Exposure beyond this range can lead to physiological stress, reduced growth 
rates, and increases susceptibility to diseases and pathogens (Calado et al., 2021; Hevrøy et al., 
2012; Meng et al., 2022; Wade et al., 2019; Yáñez et al., 2017a). In recent years, innovative submersible 
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cage technologies have been tested in Chile, allowing the salmons to be relocated to deeper, 
cooler and more oxygenated waters during adverse conditions such as algal blooms or surface-
confined MHWs (Glaropoulos et al., 2019; Salmonexpert, 2020b). Such adaptive systems may provide 
an effective mitigation strategy against the surface impact of MHWs and their associated 
consequences (Glaropoulos et al., 2019; Warren-Myers et al., 2024). Another species of aquacultural 
important, the native mussel Mytilus chilensis, is typically found in the subtidal zone, down to 
depths around 15 m (Molinet Flores et al., 2015; SUBPESCA, 2025). Although it is less directly affected 
by thermal temperature increases, the combined effects of warming and ocean acidification can 
affect their shell dissolution and their larval staged (Duarte et al., 2014; Navarro et al., 2016). 

Chilean Patagonia supports over 1650 benthic species, with molluscs, cnidarians, annelids and 
sponges representing the groups with the highest biomass (Haüssermann and Försterra, 2009). 
Subsurface MHWs have the potential to severely affect benthic ecosystems, including cold-water 
coral communities. For instance, the cold-water coral Desmophyllum dianthus, distributed from 
shallow (7m) to deep waters (225m), has a thermal tolerance range of 4 to 17.5°C (Försterra et al., 
2014; Jantzen et al., 2013; Naumann et al., 2013). In Comau Fjord’s mouth, monthly averaged 
temperatures in the first 20 m reached 17°C during summers MWHs in 2017 and 2022, 
approaching the upper thermal tolerance of this species. Within the fjord which is naturally 
warmer than its mouth (Linford et al., 2024; Pujol et al., 2025), localised temperature spikes may 
have exceeded 18°C during intense short-lived events, posing a serious threat to survival. 
Elevated temperatures can increase coral metabolic rates while simultaneously depleting energy 
reserves, meaning that sustained warming could critically undermine their resilience and long-
term viability (Beck et al., 2024; Chapron et al., 2021; Gómez et al., 2022).  

Macroalgal forest, dominated in Northern Patagonia by the giant kelp Macrocystis pyrifera, also 
face increasing vulnerability. This foundation species, essential for coastal biodiversity and 
ecosystem structure (Almanza and Buschmann, 2013), lives in an optimal temperature range of 12 
to 17°C. MHWs-induced temperature above these thresholds can affect the kelp’s reproduction 
(Hollarsmith et al., 2020). Its upper thermal tolerance lies between 18°C and 25°C depending on 
local acclimatisation (Ladah and Zertuche-González, 2007; Le et al., 2022; Peters and Breeman, 1993; 
Solas et al., 2024).  

The development of surface harmful algal blooms should also be feared, since MHWs are 
particularly favourable to their development and because Northern Patagonia is a harmful algal 
bloom hot spot (Díaz et al., 2019; León-Muñoz et al., 2018; Smith et al., 2021, 2023b). Indeed, blooms 
frequently occur during or shortly after MHWs, as for example in 1997, 1998, 2009, 2016 and 2017 
(Chap. 5; Aguilera-Belmonte et al., 2013; Barría et al., 2022; León-Muñoz et al., 2018). In Northern 
Patagonia, harmful algal blooms can affect both shellfish and fishes, including Mytilus chilensis 
and the Atlantic salmon, two important species of Chilean aquaculture, having repercussions for 
human health in the form of intoxications and even death (Díaz et al., 2019; Yáñez et al., 2017a). This 
MHWs-harmful algal blooms compound have also lead to particularly important economic 
losses leading for instance in summer 2016 to the death of 24 million salmons, resulting in loss 
of US$800 million, closure of shellfish harvesting, and 4000 unemployed persons (Barría et al., 
2022; Díaz et al., 2019; Yáñez et al., 2017a).  
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4.5.    Conclusion 

This study highlights the complex interplay between large-scale climate variability, local 
oceanographic dynamics, and the vertical structure of extreme thermal events in Northern 
Patagonia. ENSO-related variability seems to play a central role in modulating the most extreme 
events, by amplifying the duration, intensity and depth penetration of MHWs and MCSs. El Niño 
conditions tend to favour prolonged and widespread MHWs while La Niña phases are often linked 
to deep, persistent cooling events. Interestingly, the northern basins (Ancud and Reloncaví Gulfs) 
seem to be less affected by ENSO, suggesting a stronger influence of local processes in shaping 
their thermal extremes.  

The vertical study of the development of MHWs and MCSs offers valuable insights beyond those 
obtained from surface-based analyses. Events that penetrate deeply into the water column tend 
to persist for months or even years, whereas those confined to the upper layers can develop 
rapidly, reach high intensities but generally dissipate quickly. This vertical structure not only 
controls the longevity and stability of surface anomalies but also has profound implications for 
ecosystem responses.  

Along Chiloé Island, upwelling regime appears to play an important role in the formation of MHWs 
and MCSs. However, further research is needed to better understand how variations of upwelling 
influence the development and intensity of such extreme temperature events in that region.  

Given the limitations of the CMEMS GLORYS12V1 global product used in this study (more 
particularly its inability to resolve the fjords, narrow channels and islands of the region), future 
research should focus on the development and use of higher-resolution regional models, capable 
of capturing the fine-scale processes unique to Northern Patagonia. This would allow to better 
represent the impacts of river discharge on local circulation, estuarine dynamics and complex 
bathymetry, in order to improve our capacity to understand and mitigate the impacts of extreme 
thermal events in this sensitive coastal environment, and improve the sustainability of 
aquaculture in Northern Patagonia. Indeed, in a context of increasing MHWs trends, local species 
and ecosystems are being more and more threaten by extreme thermal events, reaching for some 
species their upper thermal limits. Aquaculture production could also be threatened, as 
decreases in productivity could be expected due to the higher temperature.  
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CHAPTER 5.      MHWs and Alexandrium 

catenella bloom formation  

Foreword 

The previous chapters introduce a novel high-resolution methodology designed to detect MHWs 
and MCSs at high resolution in the complex coastal environment of Northern Patagonia. This 
approach provided for the first time a detailed characterisation of the spatial and temporal 
dynamics of extreme thermal events within the intricate fjords and channels of the region, 
overcoming the limitations of coarse reanalysis data and satellite observations.  

Building on this methodological framework, the present chapter examines how such extreme 
events can influence ocean properties and, in turn, affect ecosystems and human activities. A 
key parameter directly linked to ecosystem functioning is phytoplankton biomass. Although 
phytoplankton forms the base of the marine food web, some species can produce toxins, and 
when proliferating, leading to the formation of HABs. These events can disrupt marine biodiversity 
and have severe socio-economic consequences, particularly for aquaculture, which is a major 
activity in Northern Patagonia.  

By applying the high-resolution detection of MHW, this chapter investigates the relationship 
between sea temperature anomalies, the occurrence of MHWs and the development of the 
dinoflagellate Alexandrium catenella in this highly dynamic coastal environment. The general 
objective is to improve our understanding of how MHWs can shape the occurrence of 
Alexandrium catenella blooms in such intricate ecosystems, providing crucial insights for the 
monitoring and management of the phenomena in the context of intense aquaculture.  

This chapter was submitted to Marine Pollution Bulletin in September 2025. 
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5.1.    Introduction 

The Patagonian Fjord System has been identified as global “hotspot” of HAB events, among then 
species of the genus Alexandrium, Dinophysis and Pseuso-nitzschia (Díaz and Figueroa, 2023; 
Mardones, 2021). Alexandrium is one of the most important Harmful Algal Bloom (HAB) producing 
genera in the world, in terms of diversity, distribution and socio-economic and human health 
impacts (Anderson et al., 2012). In southern Chile, HABs of Alexandrium catenella -associated with 
Paralytic Shellfish Poisoning (PSP) due to the saxitoxins (STX) production- have been a recurrent 
problem since 1972, when the first episode of this species was recorded in the Magallanes region 
(Gúzman and Lembeye, 1975). In the Aysén region (44°S), Northwest (NW) Patagonia, the first 
records date back to 1992, generating important episodes from 1995 onwards, even reaching the 
Los Lagos (41°S) region during 2002 (Molinet et al., 2003) and Los Ríos region (39°45’S) in 2016 
(Álvarez et al., 2019; Díaz et al., 2024; Hernández et al., 2016). Recently, vegetative cells in the water 
column and resting cysts in sediments of this toxic dinoflagellate were detected in the Bío-Bío 
region (37°S) confirming the rapid and worrying towards the north of Chile (Paredes-Mella et al., 
2021; Rodríguez-Villegas et al., 2024). 

PSP events have varied interannually, alternating years with little or rare occurrence to years with 
more than 1106 cells L-1 of A. catenella and toxin concentrations of up to 30103 μg STX eq. 100 
g-1 flesh recorded in filter-feeders natural beds (Molinet et al., 2003). The high concentrations of PSP 
recorded in this area with a maximum toxicity in mussels Mytilus chilensis of 143103 µg STX eq. 
100-1 g in 2018 (Díaz et al., 2019), have caused serious effects on human health, resulting in the 
severe intoxication of >500 people, 37 of them with fatal consequences as of December 2024, in 
addition to significant economic losses (Barría et al., 2022; Díaz et al., 2019). Some authors suggest 
that such inter-annual trends in shellfish toxicity are associated with large-scale climate 
variability (Moore et al., 2009). In Chile Guzmán et al. (2002) and Molinet et al. (2003) suggested that 
events such as El Niño and the Antarctic Circumpolar Wave, respectively, could modulate the 
variation of HABs. 

Marine heatwaves (MHW) are anomalously warm event observe in every ocean, lasting from at 
least 5 days to several weeks, sometimes months (Hobday et al., 2016). Their frequency and 
intensity have increased during the last decades, in relation to the global warming (Capotondi et 
al., 2024; Frölicher and Laufkötter, 2018). They alter environmental conditions by directly raising the 
temperature and enhancing stratification, causing severe impacts on the marine ecosystems 
(Holbrook et al., 2019). The impacts include mass mortality events, habitat loss following the die-
off of key species such as kelp forests and coral reefs, shifts in species distribution, and 
economic repercussions for fisheries and aquaculture industries (Smith et al., 2023b). 

By altering the environmental conditions, MHWs can also create favourable conditions for the 
onset and proliferation of HAB, which thrive in warm, stratified waters (Gobler, 2020; Trainer et al., 
2020). The co-occurrence of MHWs and HABs have been recorded in different regions of the world 
(e.g., (Kuroda et al., 2021; Lim et al., 2021; McCabe et al., 2016), but not in Chile, although HABs and 
MHWs have been frequently reported independently (Díaz et al., 2024; Garreaud, 2018b; León-Muñoz 
et al., 2018; Pujol et al., 2022, 2025). These HAB events have devastating consequences, including 
the death of 25 million aquaculture salmon with a total biomass of 40,000 tons, resulting in an 
estimated economic loss of 800 million US$ (Buschmann et al., 2016; León-Muñoz et al., 2018; 
Mardones, 2021). 

The co-occurrence of MHWs and HABs have never been specifically studied in Northern 
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Patagonia. Although this region supports an important aquaculture industry of fishes (especially 
salmons) and shellfish (mussels), that are particularly sensitive to HABs (Díaz et al., 2019; Díaz and 
ueroa, 2023). This paper analyses the interannual trends in the occurrence and intensity of A. 
catenella events recorded in the NW Patagonia (Aysén and Los Lagos regions) between 2003 and 
2023 and their relationship with hydroclimate anomalies, more particularly MHWs. Thus, warmer 
temperatures for longer time periods caused by climate change favour some HAB taxa and may 
be improving their competitive fitness over other non-harmful algal taxa (Gobler et al., 2017). 

5.2.    Material and methods 

5.2.1. Study area 

The fjord and channel system of the Northwest Patagonia is characterized by complex coastal 
morphology, including large bathymetric gradients and an irregular shoreline, that influence the 
circulation of oceanic water (Pickard, 1971). The water column stratification is determined by 
runoff from ice-melt in late spring (November–December), and by persistent rainfall 
(>3000mm/year) (Sauter, 2020). Rainfall is largely produced by synoptic systems (Pérez-Santos et 
al., 2019) and atmospheric rivers (Díaz et al., 2023a) embedded in the westerly wind belt that 
impinges upon southern Chile year-round (Aguirre et al., 2012; Saldías et al., 2019). On interannual 
time scales, climate in NW Patagonia is modulated by the El Niño Southern Oscillation (ENSO) 
and the Southern Annular mode (SAM) (Garreaud et al., 2013a). 

Northern Patagonia is administratively divided into two regions: the region of Los Lagos from 
Reloncaví Sound to the south of Corcovado Gulf, and the region of Aysén from Moraleda Channel 
and top of Chonos Archipelago to the south of the study area (Fig. 42). At the northern section of 
Northern Patagonia, the Desertores Islands are one of the main geographic features that 
contribute to the transport and exchange of water masses within the Chiloé Inland Sea, in 
particular the exchange of freshwater between Gulf of Ancud and the Gulf of Corcovado (Strub et 
al., 2019). Meanwhile, in the southern section, the Moraleda Channel divides a highly stratified 
zone to the east, where the fjords (e.g., Pitipalena, Puyuhuapi, Aysen) are located, and a zone with 
high oceanic influence on the west, where the Los Chonos Archipelago is located. The entirety of 
the Northern Patagonia Inland Sea system is dominated by semidiurnal tides with amplitudes 
increasing from south to north, reaching up to 7 m in the Reloncaví Sound during spring tides. In 
contrast, the tidal range in the Guafo Mouth –the main connection of the fjords and channels of 
Patagonia to the Pacific Ocean– is approximately 2 m (Aiken, 2008).  

5.2.2. Alexandrium catenella databases   

Data on Alexandrium catenella cell densities at 234 sampling stations from inner sea of Northern 
Patagonia (Fig. Sup. 4) were obtained from monthly reports of phytoplankton distribution from the 
Fisheries Development Institute (IFOP) HABs Monitoring Programme. Under the framework of this 
program, integrated water-column samples for quantitative analyses of phytoplankton are 
collected with a dividable hose sampler from 0 to 10 and 10 to 20 m (Lindhal, 1986) and 
immediately fixed with acidic Lugol's solution (Lovegrove, 1960). For quantitative analyses of 
phytoplankton, 10 mL of the hose-samples are left to sediment overnight and analysed under an 
inverted microscope (Olympus CKX41) using the method described in Utermöhl (1958). To 
enumerate large but less abundant species, such as A. catenella, the whole surface of the 
chamber is scanned at a magnification of ×100, so that the detection limit is 100 cells L-1. Monthly 
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A. catenella cell densities were analysed for every summer period (November to March) from the 
beginning of the monitoring program in 2006 to summer 2023.  

To obtain better temporal resolution during A. catenella events, cell densities of this 
dinoflagellate collected at several sampling stations positioned within salmon farms along the 
coast of the inner sea of the Los Lagos and Aysén region (Fig. Sup. 4) were obtained from the 
Phytoplankton Monitoring Program (PROMOFI: Programa de Monitoreo de Fitoplancton) from 
January 2003 to December 2023. Under the framework of this program, Niskin bottles (2 L) were 
used to collect water samples from four depths (0, 5, 10, 15 m) for quantitative analyses of fish-
killer species, including A. catenella. The preservation and analysis of the samples is identical to 
that described above. 

Figure 42: Map of the study area in the NW Patagonia. The scale bar shows the bathymetry. The 
main names sector used in the text were included. 
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5.2.3. Marine Heatwaves (MHWs) detection 

MHWs are defined by Hobday et al. (2016) as anomalously warm events that persist for at least 5 
days. An anomalously warm event occurs when the local sea temperature exceeds a threshold, 
typically the 90th percentile of a temperature dataset, for at least 5 consecutive days, with no 
more than two consecutive below-threshold days. The concept involves comparing local Sea 
Surface Temperature (SST) to a long-term climatology (Fig. 43).  

MHWs are commonly characterised by several metrics: frequency (event/year), mean and 
maximal intensity (°C) and duration (days). In addition, MHWs are classified into category based 
on their intensity: a Category I (moderate) event has an intensity between 1 and 2 times the 
difference between the threshold and the climatology, Category II (strong) corresponds to 2 to 3 
times the difference, Category III (intense) to 3 to 4 times, and Category IV (extreme) to 4 times 
and more (Fig. 43) (Hobday et al., 2018a).  

The detection of MHWs generally relies on long-term satellite data Hobday et al. (2016), in order to 
capture long-term trend and decadal modes affecting sea temperature. Given the geographical 
complexity of Northern Patagonia, spatial high-resolution data are necessary to detect MHWs in 
the region’s narrow channels and fjords. However, satellite products may be compromised by 
land-sea interferences and by the high precipitation associated with this region. Therefore, we 

Figure 43: Description of a MHW and its principal metrics (duration, intensity and maximal 
intensity). Dash line represents the threshold, and bold line the climatology. The dotted lines 
represent multiples of the difference between the threshold and the climatology. The shades 
represent MHWs classification: moderate for category I, strong for category II, intense for category 
III and extreme for category IV. 
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adopted the method described in Pujol et al. (2025) which involves using in situ data to calculate a 
long-term climatology at a suitable resolution for fjord environment, and to use satellite data to 
calculate the threshold.  

We used the datasets for MHWs detection available on 
https://doi.org/10.5281/zenodo.14845077. Their climatology is based on in situ data collected 
between 1948 and 2022 and spanning ‐75.1°E to -72.0°E and -41.4°N to -46.7°N. They 
interpolated spatially and temporally these data using DIVAnd (Data-Interpolating Variational 
Analysis in n dimensions), a tool designed to interpolate sparse and inhomogeneous data into a 
continuous field, typically for generating climatologies (Barth et al., 2014; Troupin et al., 2010). The 
MHW threshold is based on the 90th percentile of daily temperature MODIS-AQUA satellite data, 
calculated over the period 2003-2023. Daily SST values used for comparison with the climatology 
were obtained from the same satellite dataset as the threshold. The SST anomaly (SSTa) was 
calculated by subtracting the climatology to the daily SST. All datasets have a resolution of 
approximately 900m, and we conducted the MHW detection at the sea surface from January 2003 
to May 2023.  

The MHWs detection was realised using the m_mhw Matlab toolbox developed by Zhao and Marin 
(2019). To represent the spatial extent of MHWs, we choose to illustrate the monthly maximal 
extent, and the highest category reached during each MHW event. This approach allows for a 
better comparison with the monthly phytoplanktonic distribution data. Therefore, this 
representation does not correspond to a single day’s extent, nor does it reflect an average over 
the month, but well captures all pixels that were affected by a MHW during any moment of the 
month and assign every pixel the maximum category that occurred during that period.  

5.3.    Results  

5.3.1. Temperature anomalies 

The temperature anomalies in Northern Patagonia highlight relatively warm summers during the 
periods 2004 to 2009, 2013, 2016 to 2018, and 2022 (. 3). Notably, warm years include the year 
2004 which experienced exclusively positive temperature anomalies, with 9 months showing 
anomalies exceeding +0.25°C. The years 2015 and 2016 also stand out, with 11 months of positive 
anomalies each; in 2016, 6 of those months recorded anomalies superior to +0.5°C. In 2020, 10 
months exhibited positive anomalies, while the years 2003, 2017 and 2021 shown 9 months with 
positive anomalies. Conversely, the data also highlights particularly cold periods, including the 
particularly cold winter and spring of 2007, as well as the winters and springs from 2009 to 2013 
and 2018. The winter of 2022 was the coldest, with temperature anomalies falling below ‐0.75°C 
for seven consecutive months. When examining the Los Lagos and Aysén regions separately, 
similar patterns emerge, with the same with the same cold and warm years standing out (Fig. 44). 

5.3.2. Twenty years of marine heatwaves 
Over the period 2003-2023, MHWs in Northern Patagonia exhibit subtle yet distinct regional 
patterns in terms of duration, frequency, and intensity. On average, these events persisted for 16 
days. They tend to last longer in the Aysén region, with a mean duration of 18 days, compared to 
15 days in the region of Los Lagos, suggesting a potential influence of regional oceanographic 
and/or climatic conditions that modulate MHWs persistence (Fig. 45). Despite their shorter 
duration, Los Lagos registered a higher mean frequency of events, with 1.7 event per year, while 

https://doi.org/10.5281/zenodo.14845077
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Aysén region experienced an average of 1.4 event per year. Across Northern Patagonia as a whole, 
MHWs frequency is 1.5 event per year. In terms of intensity, MHWs’ mean and maximal intensity 
was relatively consistent between the two regions. Aysén recorded the highest values, with a 
mean intensity of 1.06°C and a maximal intensity of 1.52°C, whereas Los Lagos registered a mean 
of 1.03°C and a maximal intensity of 1.47°C. Overall, MHWs in Northern Patagonia had a mean 
intensity of 1.05°C and a maximal intensity of 1.5°C. 

When examining MHWs annual variability, certain years emerge as particularly significant in 
terms of frequency, duration and intensity. Overall, the year 2016 recorded the highest frequency 
of MHWs, with an average of 4.5 events, peaking at nearly 6 events in Los Lagos and 3.5 in Aysén 
(Fig. 45A). This was followed by 2004 with an average of 3 events and then 2017 and 2008 with 2.5 
events each. In terms of duration, 2016 again stood out, with MHWs lasting an average of 29 days 
in NW Patagonia (Fig. 45B). The years 2017 (25 days), 2008 (21 days) and 2013 (20 days) followed. 
Notably, the average number of days under MHWs varied significantly between the regions of Los 
Lagos and Aysén, with Los Lagos experiencing far more prolonged events than Aysén (Fig. 45C). 
In 2016, the regional disparity was particularly stark: Los Lagos endured MHWs for an average of 
60 days, compared with just 15 days in Aysén, resulting in an overall average of 35 days. The next 
most affected years were 2017 (17 days on average, 33 in Los Lagos and 7 days in Aysén), 2008 

Figure 44: Monthly average SST anomaly (°C) for Northern Patagonia from 2003 to May 2023. 
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(15 days), and 2005 (10 days). Regarding 
intensity, 2008 was the most notable year, 
with an average MHW intensity of 1.3°C (Fig. 
45D). This was followed by 2005, 2012, 2013 
and 2023, all of which recorded mean 
intensities of around 1.2°C. By contrast, 
2016 was not among the most intense 
years, averaging just 0.9°C. When 
examining maximal intensities, 2008 
remained the most severe, with an average 
maximum of 2°C, ahead of 2005 (1.9°C), 
and then 2012, 2013 and 2016, all at 1.7°C 
(Fig. 45E). The maximal intensities reached 
by the strongest MHW observed are shown 
in Fig. Sup. 5.  

When looking at MHWs spatial extent in 
Northern Patagonia, February was the 
month during which the greatest coverage, 
affecting on average of 41% of the region. 
This is followed by the month of January, 
during which on average 38% of Northern 
Patagonia is covered by MHWs, March 
(24%), December (22%) and November 
(11%). Independently, Los Lagos and Aysén 
Regions show similar patterns, with 
relatively comparable percentages. 

To assess the broader regional impact of 
MHWs, their spatial extent was analysed 
monthly over the 245-months period from 
January 2003 to May 2023. This perspective 
highlights how widespread MHWs were 
across Northern Patagonia during each 
month (Table 4). Overall, MHWs exhibited 
limited spatial extent across most of the 
study period. In more than 150 months, 
MHWs -when present- affected less than 
10% of Northern Patagonia. Notably, in 90 of 
these months, the spatial coverage was 
below 1%, indicating near-total absence of 
MHWs. By contrast, months in which MHWs 
reached a broader spatial extent were far 
less frequent. If a threshold of 10% spatial 
coverage is used to define a region-wide 
MHW, then Northern Patagonia 
experienced MHWs for 95 months out of the 
245 analysed. However, only 32 months 
saw MHWs affecting more than half of the 

Figure 45: MHWs’ average metrics for each year: 
Frequency (A), Duration (B), Days per year (C), 
Mean Intensity (D), Maximal Intensity (E). The 
regions analysed are represented in different 
colours: Northwestern Patagonia (black), Los 
Lagos Region (green), and Aysén Region (red). 
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region, and just 6 months recorded extreme events with over 90% spatial coverage. These 
findings suggest that, although MHWs occur regularly in Northern Patagonia, their spatial 
footprint is usually limited. Widespread events remain relatively rare over the two-decade period. 

Table 4: Monthly spatial coverage (%) of MHWs in Northwest Patagonia over the 245-months 
period from January 2003 to May 2023. No data are available in December 2022. Values greater 
than 50% are highlighted in bold. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Average 

(monthly) 

2003 37.99 24.15 15.85 3.57 0.27 0.55 0.94 9.89 4.27 5.76 1.33 0.28 8.74 

2004 28.75 91.17 59.98 23.97 17.8 29.6 0.72 21.4 12.96 45.87 29.09 43.03 33.7 

2005 25.43 94.74 71.34 1.73 0.85 0.93 0.37 0.32 1.65 7.6 23.97 76.66 25.47 

2006 53.18 55 5.67 0.16 0.59 1.84 9.58 9.07 1.32 3.98 0.87 5.39 12.22 

2007 57.16 41.04 7.93 0.45 0.86 0.04 0.04 0.01 0.04 0 0 8.59 9.68 

2008 89.11 91.3 47.59 1.24 0.77 0.82 1.12 1 21.79 22.07 33.18 92.07 33.51 

2009 8.89 18.17 10.45 2.13 1.86 1.43 0.61 0.2 0.19 0.2 0.12 0.24 3.71 

2010 7.3 1.44 2.01 0.1 0 0.01 0.02 0.09 0.2 0.77 0.59 2.16 1.22 

2011 4.69 8.65 11.58 0.05 0.12 0.15 0.28 0.32 0.28 0.52 0.46 25.24 4.36 

2012 73.36 1.79 3.12 0.29 0.31 0.33 0.02 0 0.02 0.66 0.19 0.64 6.73 

2013 78.07 87.31 8.87 6.53 4.55 0.63 0.07 0.08 0.11 0.46 0.2 18.79 17.14 

2014 4.35 4.76 3.3 0.01 0.03 0.11 0.39 1.46 26.44 18.99 0.07 0.51 5.04 

2015 29.49 14.68 6.76 2.83 20.88 32.03 6.45 35.87 27.96 5.44 34.85 25.38 20.22 

2016 96.1 95.78 27.28 10.7 56.21 74.24 36.46 85.62 72.5 84.56 62.92 46.67 62.42 

2017 59.64 72.57 89.74 87.77 61.76 41.14 19.32 27.46 2.2 1.41 1.38 3.91 39.03 

2018 31.78 17.74 12.69 0.26 0.53 3.96 0.44 0.22 0.21 0.3 1.82 4.74 6.22 

2019 0.69 11.11 0.39 0.31 0.69 1.31 1.03 1.75 2.72 0.84 0.99 1.47 1.94 

2020 21.98 3.87 53.9 51.92 31.82 15.45 27.3 26.85 0.61 0.11 11.73 26.3 22.65 

2021 34.19 57.85 19.29 19.96 20.03 16 0.61 20.54 0.83 18.69 6.18 71.18 23.78 

2022 33.32 58.88 49.01 0.05 0.25 0.36 0.33 0.1 0.12 0.16 15.38   13.16 

2023 25.01 6.75 3.54 0.7 2.67               7.73 

Average 
(2003-2023) 

38.12 40.89 24.3 10.23 10.61 11.05 5.31 12.11 8.82 10.92 11.27 22.66 17.1 
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When examining the Los Lagos and Aysén regions separately, similar patterns are observed; 
however, Los Lagos shows a tendency toward more extreme coverage. In Los Lagos, MHWs 
affecting more than 90% of the region occurred during 11 of the 245 months analysed, compared 
to only 4 months in Aysén. Likewise, extreme absence of MHWs (defined as spatial coverage 
below 1%) was more common in Los Lagos, occurring 113 months, whereas Aysén recorded 72 
such months. Moderate spatial extent was typical in both regions: MHWs covered less than 10% 
of the region in 150 months in Los Lagos and 149 months in Aysén. Conversely, more extensive 
events where MHWs affected more than 50% of the region were recorded in 34 months in Los 
Lagos and 29 months in Aysén. Coverage exceeding 70% occurred during 21 months in Los Lagos 
and 19 months in Aysén. 

5.3.3. MHWs and Alexandrium catenella 
The analysis of co-occurrence between MHWs and the proliferation of A. catenella generally 
reveals a positive correlation. During summers 2008, 2009, 2016 and 2017, an increase in cell 
density was observed during or shortly after a MHW. Conversely, in summers 2014, 2015 and 
2018, cell density increased in the absence of major MHW but coincided with positive anomaly 
of Sea Surface Temperature (SSTa). Minor MHWs were however detected in Aysén region during 
those summers before the development of the blooms. These observations suggest that surface 
temperature plays a major role in blooms dynamics, and that MHWs may contribute to the 

Figure 46: Range of cell density (cell L-1) of Alexandrium catenella (A-E) and maximal extension 
and category of MHW (F-J) for the months of November (A, F) and December (B, G) 2008, January 
(C, H), February (D, I), and March (E, J) 2009. 
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initiation or intensification of A. catenella blooms. 

In contrast, years without MHWs did logically not exhibit any notable increase of cell density, as 
for summers 2010, 2019 and 2020. This supports the idea that the absence of significant thermal 
stress is generally associated with lack of proliferation. However, this correlation is not 
consistent across all years. For instance, MHWs were recorded in summers 2012, 2013, 2022 and 
2023, but no increase of A. catenella cell density was detected. This indicates that MHWs alone 
are not sufficient to trigger blooms, and that other environmental factors likely influence bloom 
development.    

The year 2007 is particular as high cell densities were registered as early as November (superior 
to 5,000 cells L-1, and locally superior to 50,000 cells L-1). Due to insufficient A. catenella data, no 
reliable analysis can be conducted for summers 2011 and 2021. 

It is also worth noting that no A. catenella blooms were reported during summers dominated by 
negative SSTa. The most intense blooms (2008, 2009, 2018) were associated with either 
significant MHWs or short periods of strong positive SSTa resulting in brief MHWs. These results 
highlight the complexity of environmental drivers behind A. catenella blooms, and in particular 
the importance of considering both SST, SSTa and MHWs for a better understanding of bloom 
dynamics.  

The following sections examine selected key years in more details, focusing on the co-evolution 
of SSTa, MHWs and the presence or absence of A. catenella blooms. 

5.3.4. Bloom occurrence following MHW events 

To better understand the mechanisms underlying the co-occurrence of MHWs and A. catenella 
blooms, the following section focuses on the years 2009 and 2016 where a bloom clearly followed 
the development of a MHW.  

Summer 2009 experienced very strong bloom of A. catenella (Fig. 46). The microalgae were 
already present in the entire Aysén Region in December 2008 in relatively low cell densities, 
generally below 500 cells L-1 and occasionally between 501 and 5,000 cells L-1. By February, A. 
catenella had proliferated significantly, particularly in the southern part of Aysén Region, with cell 
densities between 50,000 and 500,000 cells L-1, and exceeding 500,000 cells L-1 at one station 
located close Costa Channel (Fig. 46D). These high cell densities persisted through March in 
Elefantes, Costa and Moraleda Channels, as well as in Chonos Archipelago. Alexandrium 
catenella was also detected in the Puyuhuapi Fjord and Jacaf Channel but the cell densities were 
below 5,000 cells L-1. No presence of A. catenella was detected in Los Lagos Region. 
Unfortunately, IFOP monitoring program during summer 2009 was inconsistent: November 2008 
was not sampled at all, Aysén Region was not sampled in January 2009, and in February data 
availability was limited in the entire study area. However, PROMIFI monitoring programme 
recorded A. catenella cell densities at higher frequency (Fig. 47). The first report from these 
monitoring programmes was on 15 January, and an exponential growth started on 26 February. 
The maximal cell density was recorded on 9 March, reaching 3,402 × 103 cells L-1. Subsequently, 
cell densities declined progressively until the end of March (Fig. 47A). 

Summer 2009 also witnessed early MHW activity (Fig. 46), which began in November 2008 in 
some channels of Chonos Archipelago, where it immediately reached category III status, and 
around Desertores Islands. By the end of the month, the MHW had spread across the entire study 
area, intensifying to category II and III in Los Lagos Region and Chonos Archipelago. It reached 
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peak intensity by mid-December (Fig. S5), with SSTa of at least +1.5°C everywhere (corresponding 
to an absolute temperature of 13°C in Moraleda Channel), exceeding 2.5°C in southern Ancud 
and Corcovado Gulf, and Puyuhuapi Fjord, and surpassing +3°C in western Ancud Gulf and 
Reloncaví Sound (respectively a temperature of 14°C and 17°C). The average SST in Aysén Region 
was between 12.5°C and 13°C (Fig. Sup. 6). In December, the MHW was covering 91% of Northern 
Patagonia (Table 4). The MHW progressively faded, except in Chonos archipelago and around 
Desertores Islands where it subsisted until end of December. From January to March, positive 
temperature anomalies continued in Chonos Archipelago, Moraleda Channel, Jacaf Channel and 
Puyuhuapi Fjord, reaching +1°C in the different channels and fjords east of Chonos Archipelago. 
Nonetheless, the few MHWs present in February and March were limited in extend and duration, 
and sporadic in occurrence.   

Summer 2016 was also marked by an intense A. catenella bloom (Fig. 48). Early presence of the 
microalgae was recorded by November 2015 in Aysén Region only, with low cell densities (below 
500 cells L-1). Cell density gradually increased over summer, reaching in January values between 
500 and 5,000 cells L-1 in northern Chonos Archipelago, Moraleda Channel and Puyuhuapi Fjord; 
higher cell densities in Jacaf Channel ranged between 5,000 and 50,000 cell L-1, while the head of 
Puyuhuapi Fjord peaked between 50,000 and 500,000 cell L-1. In February, the bloom extended 
northward, reaching the southern coasts of Chiloé Island. Almost every station in Aysén reported 
cell densities exceeding 500 cell L-1. By March, cell densities have declined, falling below 5,000 

Figure 47: Reported presence of Alexandrium catenella in cell density (x10³ cell L-1) in different 
stations of Northwestern Patagonia for summers 2009 (A), 2016 (B) and 2018 (C). 
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cell L-1 everywhere except at two stations, one in western Chono Archipelago and the second at 
the entrance of Jacaf Channel.  

When looking at the development of the bloom at higher temporal resolution, event showed an 
increase in cell densities from 26 January to 3 March, with a peak on that day of 5,800 cells L⁻¹ 
followed by a gradual decline (Fig. 47B).  

In summer 2016, MHW activity was already evident by November 2015 around Desertores 
Islands, Chonos Archipelago, Moraleda Channel, and Puyuhuapi and Aysén Fjords. Although it 
weakened in December, it persisted in some channels of Chonos Archipelago (Fig. 48F). In 
November and December, temperature anomalies were positive almost all the time. The MHW 
pulsed again in January 2016 around Desertores Islands and in Chonos Archipelago (category II), 
expanding to cover entirely the study area from mid-January to February. On average, the MHW 
covered 96% of the region in January and 95% in February (Table 4). During this peak phase, 
temperature anomalies exceeded +1°C everywhere, and +1.5°C around Desertores Islands, 
Reloncaví Sound, Chonos, Moraleda and Jacaf Channels, and the Comau, Puyuhuapi and Aysén 
Fjords (Fig. S5). Anomalies above +1.5°C were also recorded offshore in the open ocean. It 
corresponds for instance to a SST of 12°C in Chono Archipelago, 13°C in Moraleda Channel and 
16°C in Puyuhuapi Fjord (Fig. Sup. 6). The average temperature in Aysén Region in January, was 
for instance of 13.5°C. By late February, the event started to recede, though it persisted into mid-

Figure 48: Range of cell density (cell L-1) of Alexandrium catenella (A-E) and maximal extension 
and category of MHW (F-J) for the months of November (A, F) and December (B, G) 2015, January 
(C, H), February (D, I), and March (E, J) 2016. 
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March in northern Chonos and southern Desertores, and until early April in King Channel (Chonos 
Archipelago).  

5.3.5. Strong bloom, minor MHWs 

In some years, A. catenella blooms have occurred despite the absence of major MHW, suggesting 
that positive SSTa alone may be sufficient to initiate bloom events. The following section 
examines such a case in detail. 

Summer 2018 was also notably affected by the development of an intense A. catenella bloom in 
Aysén Region (Fig. 49). The bloom developed progressively, with in November no or low presence 
of A. catenella, increasing in December reaching between 5,000 and 50,000 cells L-1 in Puyuhuapi 
Fjord and Jacaf Channel. In January, A. catenella had bloomed in the entire region, even spreading 
to the southern coast of Chiloé Island. The entire southern part of Aysén Region recorded cell 
densities between 50,000 and 500,000 cells L-1 (Fig. 49C). In the northern part of Aysén Region, 
cell densities varied between 5,000 and 50,000 cells L-1. One station in the southern Chonos 
Archipelago registered values superior to 500,000 cells L-1. Cell densities then decreased 
progressively in February, with the highest values observed in Moraleda Channel. By March, cell 
densities had dropped to bellow 5,000 cell L-1 across the entire region. Data from the PROMOFI 
monitoring programme evidenced A. catenella high cell densities from 16 January, with a sharp 

Figure 49: Range of cell density (cell L-1) of Alexandrium catenella (A-E) and maximal extension 
and category of MHW (F-J) for the months of November (A, F) and December (B, G) 2017, January 
(C, H), February (D, I), and March (E, J) 2018. 
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rise to a maximum of 2,216 × 10³ cells L-1 on 25 January (Fig. 47C). After this peak, cell densities 
dropped below the levels recorded on 16 January and remained low until 11 March (Fig. 47C). 

November 2017 shown mostly negative temperature anomalies, and reverse in December, being 
superior to 0.5°C in Moraleda Channel, and superior to 1°C in Puyuhuapi and Aysén Fjords, as 
well as in Jacaf Channel. SSTa are higher in early January, being superior to 1.5°C in Moraleda 
Channel. The temperature anomaly, although lower, maintained during January and February and 
finally become newly negative in March. In January, when the bloom peak was observed, average 
SST was around 12°C (Fig. Sup. 6). Although the presence of positive anomalies, MHWs were still 
minor and localised in certain channels and Fjords (Fig. 49F-J). They started to pulse in some 
Channels of Chonos Archipelago (where the highest A. catenella values will be found later), 
Puyuhuapi and Aysén Fjords in December, and another MHW developed in January between 
Desertores Islands and Moraleda Channel. It however was relatively short, except in the southern 
part of Moraleda Channel where the MHW maintained until March.  

5.3.6. Absence of blooms in the absence of MHWs 

Not all years were marked by bloom activity or thermal extremes. This section focuses on those 
quieter periods, where lack of MHWs coincided with the absence of A. catenella proliferation.  

Summer 2019 experience a continuous weak cell densities of A. catenella in the Aysén Region, 

Figure 50: Range of cell density (cell L-1) of Alexandrium catenella (A-E) and maximal extension 
and category of MHW (F-J) for the months of November (A, F) and December (B, G) 2018, January 
(C, H), February (D, I), and March (E, J) 2019. 
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with values generally remaining bellow 500 cells L-1 (. 9A-E). While localised areas did experience 
densities exceeding 500 cells L-1, the conditions insufficient to classify the event as a bloom. By 
March, A. catenella was absent from the whole region, except for Costa Channel, the entrance of 
Aysén Fjord and at the far southern of Moraleda Channel.  

After summer, the year 2018 did not experience any major MHW. In fact, temperature anomalies 
were predominantly negative. In December 2018, weak and sporadic MHWs appeared in 
Moraleda and Jacaf Channels, as well as in Puyuhuapi and Aysén Fjords (Fig. 50G). These events 
were associated with temperature anomalies of 0.5°C to 1°C in Moraleda Channel and up to 3°C 
in Puyuhuapi Fjord and lasted only a few days. January 2019 experienced mostly negative 
temperature anomalies, although some sparse and week MHWs occurred in Elefantes and Costa 
Channels, in northern Chonos Archipelago, and in Puyuhuapi, Aysén and Quitralco fjords 
(Fig. 50H). Although some of these events persisted locally for up to two weeks, they remained 
highly confined and did not extend beyond the channels or enclosed areas in which they 
originated. Overall, the months of December, January and March were free of MHW in Northern 
Patagonia.  

Summer 2020 was characterised by the almost entire absence of A. catenella (Fig. 51). Indeed, 
most of Northern Patagonia did not register its presence, except in a few locations within the 
Aysén Region, where values remained below 500 cells L-1 from November to February (note that 

Figure 51: Range of cell density (cell L-1) of Alexandrium catenella (A-E) and maximal extension 
and category of MHW (F-J) for the months of November (A, F) and December (B, G) 2019, January 
(C, H), February (D, I), and March (E, J) 2020. 
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no sampling campaigns were conducted in March).  

At the very end of December 2019, a MHW in the Pacific Ocean and briefly extended into Northern 
Patagonia, affecting the southern coast of Chiloé Island and Aysén Channels for only 5 days in 
January 2020 (the minimum duration required to be classified as a MHW) before dissipating 
(Fig. 51G). By late February started a MHW offshore and within the Chonos Archipelago. It spread 
sporadically through various channels of Aysén Region and, by the end of March, reach 
Corcovado Gulf (Fig. 51I). In some southern channels of Chonos Archipelago as well as west of 
the archipelago, and in Guafo Mouth, the MHW persisted the entire month of March. However, in 
most other parts of Aysén Region, it lasted for less than 10 days (Fig. 51J). Temperature anomalies 
were predominantly negative in November and December, before becoming positive by late 
December and early January, when occurred the small MHW.  

5.4.    Discussion 

Among the environmental factors involved in the formation, maintenance, and decline of HAB-
forming microalgae populations, temperature has been identified as a key variable (Gobler, 2020; 
Wells et al., 2015, 2020). Recently, Díaz and Figueroa (2023) reviewed the recurrence of toxic algal 
blooms in the Chilean Patagonian Fjords system suggesting the processes that may be affected 
by temperature changes in a dinoflagellate life cycle. These authors describe that in species that 
present resistance stages, such as A. catenella, changes in ambient temperature affect the 
following processes: i) division cell; ii) gamete fusion; iii) excystment; iv) long-term encystment. 

Our study shows for the first time the positive association between A. catenella blooms and 
MHWs in NW Patagonia, a toxic algal bloom “hot spot”. A general positive correlation between 
SSTa and A. catenella blooms, with increased cell density often occurring during summers of 
positive SSTa (i.e. in 2008, 2009, 2014, 2015, 2016, 2017, 2018). All those years were associated 
with at least short period of MHWs, and 4 of them with particularly intense and long MHWs (i.e. 
2008, 2009, 2016, 2017). In contrast, years without MHWs or with negative SSTa in Aysén Region 
shown little to no bloom activity (i.e. 2010, 2019, 2020). Still, the correlation is not consistent, 
since some years with MHWs did not show any bloom development (i.e. 2012, 2013, 2022, 2023).  

5.4.1. MHWs facilitating A. catenella proliferation  

Our analysis shows that large Alexandrium catenella blooms in NW Patagonia are frequently 
associated with marine heatwaves (MHWs), yet these events alone are not sufficient to explain 
bloom development. Instead, MHWs appear to act as catalysts whose effects depend on 
hydrographic and climatic context.  

The summers of 2009 and 2016 demonstrate this pattern. In both years, intense and long-lasting 
MHWs preceded extensive A. catenella proliferation, with cell densities reaching exceptional 
levels (Mardones et al., 2010). The warm average SST in the Aysén Region during 2009 ranged 
between 12.5 and 13°C, which corresponds to the optimal thermal window for A. catenella 
growth (Aguilera-Belmonte et al., 2013). In addition, salinity values above 30 psu were recorded 
where the bloom was strongest, matching known growth optima (Aguilera-Belmonte et al., 2013; 
Avila et al., 2015). In addition, during summer 2009, higher concentrations of silicic acid, promoting 
phytoplanktonic blooms, were measured associated with inputs of low-salinity waters (Montero 
et al., 2017). In comparison, summer 2008 also shown the development of MHWs but no bloom, 
was associated with lower concentration of silicic acid (Montero et al., 2017).  
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A similar combination of drivers occurred in 2016, when the bloom coincided with a widespread 
MHW that started in November 2015 and intensified through summer. This event happened in the 
context of a positive ENSO phase, with elevated SST, weaker winds, reduced precipitations, and 
weaker vertical stratification (Díaz et al., 2024; Hernández et al., 2016; León-Muñoz et al., 2018). 
Reductions in freshwater inputs weakened the stratification of the upper layer enabling the 
upward advection of saline, nutrient rich waters which, combined with higher insolation, favoured 
A. catenella proliferation (Aguilera-Belmonte et al., 2013; León-Muñoz et al., 2018). Both 2009 and 
2016 blooms spread beyond NW Patagonia and had severe consequences, including salmon 
mortality a several human intoxications (Álvarez et al., 2019; Armijo et al., 2020; Barría et al., 2022; Díaz 
et al., 2024; Hernández et al., 2016). 

Blooms in 2018 followed a similar but weaker pattern in terms of MHWs. SST anomalies were 
positive from December to February, reaching +1.5°C locally, yet MHWs were shorter and more 
spatially restricted than the 2009 and 2016 events. A. catenella reached high densities earlier in 
the summer, and as for the events described previously, this bloom also caused aquaculture 
losses (Barría et al., 2022; Díaz et al., 2019). 

Conversely, summers with unstable or negative SST anomalies (therefore not leading to MHWs) 
did not sustain blooms. In 2019 and 2020, A. catenella cell densities remained low despite 
presence of short-lived anomalies. Both years were characterised by an alternating positive and 
negative SSTa, as well as lower salinity linked to increase precipitations, creating less favourable 
conditions for bloom development by decreasing exchanges with nutrient-rich lower layers 
(Crawford et al., 2021; Saldías et al., 2024). This pattern is consistent with observations that surface 
layers in Patagonian fjords are often nitrate-limited unless vertical mixing or intrusions of deeper 
more saline waters occur (Iriarte et al., 2010). These cases highlight that prolonged and stable 
warming, rather than transient anomalies, is required to sustain bloom proliferation.  

However, some years (e.g. 2012, 2013, 2022, 2023) illustrate that even strong MHWs do not 
always translate into blooms. This suggests that temperature is not the sole determinant of A. 
catenella dynamics. Instead, MHWs likely amplify pre-existing environmental conditions. For 
example, Cuevas et al. (2019) and Martínez et al. (2015) showed that where oceanic nutrient intrude, 
rather than river-dominated inputs, and if the nutrient ratio is favourable, warm periods are more 
likely to translate into productive blooms. This supports the idea that MHWs act as catalysts with 
nutrients acting as gatekeepers. In addition, recent hydroclimatic changes alter the nutrient 
balance: changes in the stratification and in nutrient delivery have been observed following 
changes in quantity and timing in freshwater inputs, creating years where SST is high but surface 
nutrients remain too low to sustain blooms (León-Muñoz et al., 2021, 2024). Hayashida et al. (2020) 
demonstrated that bloom response to MHWs depend strongly on nutrient availability: nutrient-
poor regions tend to exhibit weak or no MHWs-related blooms, whereas nutrient-rich waters are 
more likely to experience strong proliferations. Other factors such as water column stratification 
and freshwater inputs also precondition the system (Aguayo et al., 2019). The 2016 bloom, for 
example, has been linked to reduced freshwater discharge, higher salinity and nutriments, and 
increased stratification where estuarine influence are lowers, all favourable to A. catenella 
(Garreaud, 2018b; León-Muñoz et al., 2018; Mardones et al., 2010).  

In this study, we followed the definition from Hobday et al. (2016), detecting MHWs using a moving 
threshold whereby the SST must exceed the 90th percentile of a long-term climatology for at least 
5 consecutive days. This moving threshold is calculated independently for each day of the year, 
considering seasonal cycles. An alternative approach could have been to use a fixed threshold, 
based on a constant temperature reflecting the thermal physiology of A. catenella. However, the 
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onset of a bloom does not depend solely on sea temperature but also on environmental factors 
such as nutrient availability and stratification (Glibert and Burford, 2017; Glibert, 2020). For example, 
between December 2008 and February 2009, the average temperature in Aysén Region ranged 
from 12.5°C to 13°C, yet the bloom did not begin until end of February, despite similar 
temperatures in the preceding months (Fig. Sup. 6). Aguilera-Belmonte et al. (2013), using A. 
catenella strain isolated from the outbreak occurring in 2009, evaluated the combined effect of 
salinity and temperature on the growth and toxin content of this species. These authors 
evidenced that growth parameters (growth rates and maximum cell densities) were higher at a 
salinity of 35 psu and a temperature of 15°C, supporting the idea that temperature alone is an 
insufficient predictor.  

Taken together, these findings suggest that MHWs are important but not deterministic in shaping 
A. catenella dynamics. Blooms arise when warming coincides with optimal environmental 
factors. This has critical implications under climate change, as MHWs are projected to become 
more frequent and intense (Oliver et al., 2018a; Pujol et al., 2025). 

5.4.2. Future perspectives in a Patagonian climate scenario 

Climate change is fundamentally altering key oceanic properties, including enhanced 
stratification (Li et al., 2020), shallower and warmer mixed layer (Richards et al., 2021), increased 
heat content (Yao et al., 2022) and reduced sea ice (Deser et al., 2024). The physical changes 
significantly influence MHWs drivers, thereby changing their characteristics and behaviour 
(Capotondi et al., 2024). In response to these changes, MHWs are projected to intensify in future 
climate scenarios (Deser et al., 2024), and occur with increasing frequency (Frölicher et al., 2018; 
Oliver, 2019). 

Chile and in particular NW Patagonia is highly vulnerable to the impacts of climate change 
(Marquet et al., 2023). During the past decade, Chile has been exposed to droughts, wildfires, a 
glacial retreat, and extreme weather conditions (Garreaud, 2018b). Global climate models for 
Patagonia project that by 2070, and assuming a scenario of moderate change in greenhouse gas 
concentrations (RCP 4.5), average temperature will increase from 0, 9 to 1.4 °C and precipitation 
will decrease between 5.5 and 116 mm on average (Marquet et al., 2023). A decade ago, Wells et al. 
(2015) proposed a conceptual model of how environmental change may affect different HAB 
types. The selected climate change stressors, included the increasing temperature, predicted a 
positive response in toxic flagellates such as Alexandrium catenella. Likewise, (Moore et al., 2009) 
predicted the window of opportunity for A. catenella development in Puget Sound, USA, under 
future climate scenarios. These authors demonstrated that the period that A. catenella occur 
annually may also expand because of climate change and specifically by an increase in SST. 

The climate trend and projections for the coming decades suggest that the northern Patagonian 
fjord system will continue to be the scene of intense blooms of toxic dinoflagellates, including A. 
catenella. 
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5.5.    Conclusions  

This study highlights the complex interplay of environmental factors in the development of HABs, 
specifically the dinoflagellate Alexandrium catenella blooms in NW Patagonia, a region prone to 
such events, where MHWs act as a catalyst. This study is the first to show a positive association 
between A. catenella blooms and MHWs in NW Patagonia, and the key role of sea temperature in 
the development and the intensification of A. catenella blooms. Summers with stable positive 
SST anomalies generally coincided with significant A. catenella blooms, particularly in years with 
strong and prolonged MHWs (summers 2008, 2009, 2016, 2017), which exhibited very high cell 
density (3,402× 10³ cell L-1 in 2009). Conversely, years with unstable temperature conditions, 
resulting in no MHW or weak and short MHWs (summers 2010, 2019, 2020), shown no bloom 
activity, though low-density early presence A. catanella was recorded. However, some 
exceptions were observed (summers 2012, 2013, 2022, 2023), where MHWs occurred without 
subsequent bloom development. This inconsistency suggests that while temperature acts as a 
catalyst, other environmental conditions are crucial for bloom development, particularly the 
nutrient availability. Thus, while sea temperature and MHWs strongly promote A. catenella 
blooms, they are not the sole drivers, as bloom initiation and progression depend on their 
interactions with other environmental factors, such as salinity and nutrient availability and 
biological interactions. 
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CHAPTER 6.      General discussion  

6.1.    Main results 

This thesis provides the first assessment of MHWs and MCSs in Central and Southern Chile, with 
particular emphasis on Northern Patagonia.  

The first part of the work focused on a large-scale analysis of surface MHWs using the OISSTv2 
satellite data (Huang et al., 2021a), the most widely employed product for MHWs detection (Dowd 
et al., 2025; Hobday et al., 2016; Holbrook et al., 2019; Peal et al., 2023; Schlegel et al., 2021; Smith et al., 
2024). We carried out the first systematic assessment of warm events over the period 1982-2020 
from 29°S to 55°S, dividing the region into three sub-areas: central Chile, Northern Patagonia and 
Southern Patagonia. The aim was to identify MHWs characteristics in each of the three areas. The 
results revealed marked regional contrasts: MHWs in Southern Patagonia are on average the 
longest but the least intense, while those in Central Chile are the most intense but also the 
shortest in duration. Certain years were particularly affected by MHWs such as 1998, 2008 and 
2016, although the regional responses varied and a single year did not impact all areas the same 
way. Importantly, we also identified a progressive increase in both duration and intensity of 
MHWs across all three regions during the study period. A special focus was placed on 2016-2017 
period to examine the mechanisms driving the development of exceptionally long and intense 
MHWs. Finally, trends in SST and MHW frequency were evaluated, revealing a clear increase, 
particularly in Northern Patagonia. 

Building on these large-scale patterns, the second part of the thesis focused specifically on 
Northern Patagonia, in order to explore the limitations of coarse-resolution data. While the first 
analysis provided an essential regional overview, it could not resolve the fine-scale variability 
inherent to coastal systems, particularly in fjords and channels. To address this, a new 
methodology combining in situ and satellite observations was developed to detect MHWs and 
MCSs at very high resolution, allowing to capture the spatial variability within the Inner Sea and 
across individual fjords and channels. The results demonstrate that MHWs do not follow a 
uniform pattern, but instead respond strongly to local topography and basin dynamics. Even 
within a single fjord or basin, events were found to be highly heterogeneous. The trend identified 
were broadly consistent with those obtained from coarser resolution datasets, but the high 
resolution approach provided crucial insights into localised dynamics. Key events and their 
drivers were described in detail, including the major 2016-2017 MHWs, which display a similar 
large-scale development to what was observed in the low-resolution data, but for which high-
resolution analysis revealed much greater complexity and variability that were invisible at lower 
resolution.  
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Having characterised the spatial heterogeneity of surface events, the third part of the thesis 
extended the analysis to the subsurface, using the GLORYS12V1 reanalysis product at an 
intermediate resolution of 8 km (European Union-Copernicus Marine Service, 2018). This step was 
motivated by the recognition that surface anomalies only provide a partial view of thermal 
extremes, and that the underlying vertical structure may have distinct dynamics. The objective 
was therefore to investigate how surface-detected MHWs and MCSs propagate with depth. The 
results show a partial decoupling between surface and subsurface events, with only exceptional 
climatic conditions such as ENSO, producing events that extend throughout the entire water 
column. In contrast to surface MHWs, subsurface events are lasting for much longer, and their 
maximal intensity is typically observed below the surface layer rather than at the surface itself. 
Topography was also shown to play a key role in constraining the spatial extent of subsurface 
anomalies. 

Finally, the fifth chapter connected these physical findings with ecological implications by 
examining the influence of MHWs on the development of the toxic dinoflagellate Alexandrium 
catenella. This analysis represents a logical extension of the previous chapters, moving from the 
characterisation of physical processes to their biological consequences. We found that while this 
species is favoured by the thermal preconditioning associated with MHWs, and often proliferate 
during of shortly after such events, MHWs alone cannot explain bloom dynamics. The 
interactions of temperature with other environmental factors such as salinity and nutrient 
availability can modulate or limit bloom development.  

Taken together, these chapters provide a coherent framework linking large-scale patters, local 
dynamics subsurface processes and ecological consequences, demonstrating the complexity of 
extreme events dynamics in Chilean waters. The following sections discuss the methodological 
approach, compare the findings with broader studies, critically assess the limitations of the 
methods, propose further reflexions, and finally consider how such events may affect 
ecosystems and key species.  

6.2.    Trends and changes in extremes 

The thesis demonstrates that Northern Patagonia is undergoing notable changes in SST trends 
and in the occurrence of MHWs and MCSs. Long-term analysis revealed a significant warming 
trend of approximately +0.1°C per decade over the period 1982-2020 (Chapter 2), leading to 
positive trends in MHWs occurrence, consistent with global ocean warming patterns (Capotondi 
et al., 2024; Frölicher et al., 2018; Oliver et al., 2018a; Peal et al., 2023; Wang et al., 2022c).  

By complementing low-resolution satellite-based analysis with high-resolution fjord-scale 
analysis (Pujol et al., 2022, 2025), we confirmed that offshore Northern Patagonia exhibits a 
consistent increase in both SST and MHW frequency over similar periods. This coherence across 
scales validates the methodology developed in Chapter 3 and highlights its ability to capture 
large-scale changes while resolving fine-scale variability. Within Northern Patagonia however, 
the response is more heterogeneous. MCS frequency is declining across most of the Inner Sea, 
with losses of up to -2 events per decade in the Aysén Region and Ancud Gulf. Conversely, MHW 
frequency is rising by approximately +1 event per decade in many areas, although exceptions 
exist: for instance, Corcovado Gulf exhibits a decrease of nearly -1 event per decade. Trends in 
intensity further illustrate this complexity. While MCS are becoming less frequent, they tend to be 
more intense when they occur. MHWs by contrast, are more frequent but show a tendency 



116 
 

towards weaker intensity across much of Northern Patagonia. These results suggest that fjord 
systems do not simply mirror the global signal of intensifying MHWs (Oliver et al., 2018a), but 
instead respond in ways that reflect their unique hydrography, freshwater inputs and local 
circulation.  

6.3.    Methodological advances and strengths  

We choose to focus on Northern Patagonia, characterised by a highly complex bathymetry, strong 
freshwater inputs, and intricate fjord networks (Pantoja et al., 2011; Rodrigo, 2008; Strub et al., 2019), 
to study MHWs and MCSs more in details. We developed a methodology relying on in situ and 
satellite data to detect MHWs and MCSs at very-high resolution in Northern Patagonia. Derived 
from more than 30 years of data and with a horizontal resolution of ~900 m, the approach 
reproduced the climatology of the temperature of Northern Patagonia, the temperature anomaly 
and the detection of extreme events at the surface with high accuracy in a region where fjords and 
channels are particularly intricate. It represents the first of its kind for this region. Since each 
region of Northern Patagonia exhibits a unique response to external forcings and topographic 
influences (such as winds, freshwater inputs, water residency time, or temperature), it was 
therefore essential to accurately represent local variations in sea temperature in order to better 
characterise MHWs and MCSs (Kilpeläinen et al., 2011; Pinilla et al., 2019, 2021; Soto et al., 2019). This 
represents a major advance compared with previous studies that rely on coarser products that 
tend to homogenize the fjords region and miss the variability of enclosed basins (León-Muñoz et 
al., 2024; Saldías et al., 2019; Strub et al., 2019). In contrast, the high-resolution methodology applied 
here revealed local patterns of intensity, frequency and duration, including events trapped within 
specific fjords or separated topographic features such as sills and islands. Seasonal or annual 
climatologies of the sea surface temperature of Northern Patagonia have been produced 
previously, but were based on shorter time period (Saldías et al., 2021; Strub et al., 2019).  

By resolving the fjord-scale variability, our methodology demonstrates that MHWs and MCSs 
cannot be considered as uniform regional events. Instead, they are shaped by fine-scale 
hydrodynamics, freshwater inputs and bathymetric constraints. This level of resolution also 
highlights contrasts between adjacent fjords: although Puyuhuapi and Aysén Fjords are 
separated by only 50 km, they show markedly different climatologies and extreme event 
characteristics, with Aysén Fjord remaining significantly cooler in summer due to higher 
snowmelt influence (León-Muñoz et al., 2024). Even within individual basins, high-resolution 
detection captures fine-scale variability: Reloncaví Sound, only about 40 km wide displays 
differences of 0.6°C in mean intensity and a doubling in MHW density between its northwest and 
southeast coasts. The Reloncaví Sound is indeed strongly influence at its southeast by the 
Reloncaví Fjord and the connections with Ancud Gulf, and dominant winds tend to accumulate 
waters on the northwest side of the gulf (Soto-Mardones et al., 2009). Similarly, in Puyuhuapi Fjord, 
mean MHW intensities reach about 2.5°C in the head and centre compared with only 1.25°C at 
the mouth. Fjords in general exhibit different characteristics between their head and their mouth 
due to local topographic effects (Kilpeläinen et al., 2011). Puyuhuapi Fjord follows this global 
pattern with distinct influences of freshwater inputs and winds along its length (Schneider et al., 
2014), explaining why such variations of temperature are observed. Stratification plays a central 
role in modulating MHWs and MCSs: the fjords with the most complex hydrography and highest 
freshwater inputs, such as Puyuhuapi, Reloncaví, Aysén and Comau (Castillo et al., 2012; Schneider 
et al., 2014; Valle-Levinson et al., 2007), consistently show the strongest variability in intensity of 
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extreme events. These examples underline the critical importance of working at very high 
resolution scale, when analysing extremes in fjord systems, as all of these features would be 
invisible at coarser resolution. Although the main MHW were initially identified using coarse 
resolution satellite data in Chapter 2, the high resolution developed in Chapter 3 revealed much 
greater spatial variability, including features that were entirely absent at coarser scales. This 
demonstrates the value of multi-resolution approaches to fully capture the structure of extreme 
events.  

In addition to the surface detection, we used the GLORYS12V1 reanalysis product to investigate 
subsurface development of the extreme events. This dataset has a resolution of about 8 km, it 
covers only the main Inner Sea and does not resolve the fjords and channels. The results reveal 
Northern Patagonia as a region of pronounced spatial and vertical variability in the occurrence of 
MHW and MCS. Subsurface events are also basin-dependant, developing at different times and 
progressively extending towards the bottom. Among them, the 1997-1998 MHW was probably the 
most remarkable as it was lasted for more than 1.5 year, and spread almost immediately though 
the entire water column in several regions, although a lag was observed in Ancud Gulf, likely due 
to topographic constraints (Pinilla et al., 2021). This period has also been widely reported in other 
parts of the world as one of exceptional intensity, both at the surface and in the subsurface 
(Holbrook et al., 2020a; Zhang et al., 2025). In the case of MCSs, the 2015-2016 event was particularly 
noteworthy. It evolved differently across basins: it was almost absent outside Northern 
Patagonia, it appeared as two separate events in Corcovado Gulf and Moraleda Channel, it was 
exceptionally long in Ancud Gulf, where it spread progressively to depth and persisted for nearly 
three years in some layers, and was finally weak and confined to the upper half of the water 
column in Reloncaví Sound. These differences demonstrate that, even at depth and in the largest 
basins, temperature anomalies do not propagate uniformly but remain strongly dependant on 
local dynamics and topography. The general tendency for longer-lasting warming and cooling at 
depth is consistent with previous observations, including in fjord systems where prolonged cold 
or warm anomalies are often associated with restricted circulation and topographic barriers that 
limit water mass renewal (Amaya et al., 2023b; Bianucci et al., 2024; Fragkopoulou et al., 2023; Jackson 
et al., 2018; Scannell et al., 2020; Yao and Wang, 2024). 

The vertical patterns further show a disconnection between surface and subsurface events, a 
phenomenon frequently reported worldwide (Amaya et al., 2023b; Li et al., 2025; Zhang et al., 2023). 
While surface MHWs and MCSs are generally short-lived, lasting on average 10 to 25 days 
according to the results in Chapter 3, subsurface extremes can persist for months, sometimes 
years. This decoupling typically emerges at around 50 m depth, corresponding to the transition 
between estuarine-influenced surface waters and (Modified) Subsurface Antarctic Waters (Pérez-
Santos et al., 2014; Sievers, 2008; Sievers and Silva, 2008). To fully investigate the origins of these 
anomalies would require higher temporal resolution data, capable of distinguish water masses 
and tracking the vertical propagation of signals. Our analysis also highlighted the role of the 
topography in constraining spatial propagation. For example, the Desertores Islands act as a 
barrier that separates the Corcovado and Ancud basins, preventing the development of extreme 
events below the sill formed by the island chain (Bao and Moffat, 2024; Pinilla et al., 2021; Sievers and 
Silva, 2008). These findings again underscore the complexity of Northern Patagonia and fjord 
systems more generally, where the development of MHWs and MCSs, both at the surface and 
subsurface, is shaped by a combination of local dynamics and topography.  

The analyse of salinity and water masses also revealed a distinct pattern since the year 2016, 
characterised with lower salinities, creating a change in water structure. Linford et al. (2023) 
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reported an intensification Equatorial Subsurface Waters (ESSW) in Northern Patagonia between 
2016 and 2022, which we also detected in Moraleda Channel, where it reinforced the 
stratification. They further linked this process to the observed deoxygenation of Northern 
Patagonia. In addition, they documented a marked decline in salinity at Guafo Mouth during 
winter and spring 2020, which we also noticed. Saldías et al. (2024) also identified particularly low 
salinity levels offshore Northern Patagonia around summer 2019, coinciding with the onset of 
strong anomalies within the Inner Sea (Chap. 3). Their EOF analysis also confirmed a sustained 
shift towards less saline conditions from 2016 onwards. Despite these convergent findings, we 
did not identify any study that might explain this change over this period. One plausible 
mechanism could be an increase in precipitations, however local studies indicate a  general 
tendency towards declining rainfall (Castro and Gironás, 2021; León-Muñoz et al., 2024; Saldías et al., 
2024), consistent with the more positive state of the SAM which alters the large-scale climate 
patterns (León-Muñoz et al., 2021). The coincidence of positive SAM and El Niño event has been 
shown to amplify the droughts phenomenon, especially during the years 1998 and 2016 (Garreaud, 
2018b; León-Muñoz et al., 2021). Another hypothesis could be the accelerating glacier melting due 
to poleward shifts of subtropical high-pressure systems. Such phenomena could over short 
timescales enhance freshwater discharge into Northern Patagonia’s fjords (Noël et al., 2025). 

6.4.    Limitations and knowledge gaps 

The development of a new methodology for high-resolution detection of MHWs and MCSs 
(Chap. 3) represents a significant advance. This approach is particularly valuable in regions where 
satellite observations alone are insufficient. It establishes a solid foundation for future research 
in an area that is inherently complex, even for well-studied and apparently straightforward 
variables such as temperature (Pinilla et al., 2019, 2021; Soto et al., 2019). Future work could, for 
instance, focus on further increasing the spatial resolution beyond the ~900 m used here, which 
was constrained by computational performance. Although most of the region is resolved and 
much of the fjord-scale variability is captured, finer resolution would allow better representation 
of the most intricate systems, such as the narrowest channels of the Chonos Archipelago, and 
clarify the connections currently unresolved between Reloncaví Fjord and Sound, or between 
Jacaf Channel and Puyuhuapi Fjord.  

In addition to the surface climatology developed in Chapter 3 and used for the detection of 
surface MHWs and MCSs, equivalent climatologies were also computed at 31 additional depth 
levels, extending down to 400 m. These multi-depth climatologies have been made available 
online (https://doi.org/10.5281/zenodo.14845077), but they were not integrated into the core 
analysis presented in this thesis. The initial plan was to develop and run a fjord-resolving 
hydrodynamic model for Northern Patagonia over selected periods corresponding to major 
MHWs or MCSs. Model outputs could then have been compared with the multi-depth 
climatologies in order to estimate temperature anomalies and identify subsurface extreme 
events with greater precision. However, due to time constraints, this approach could not be fully 
implemented. Instead, we relied on outputs from the existing GLORYS12V1 product, which, while 
offering global coverage, operates at a much coarser spatial resolution and is therefore less 
suited to resolving the fine scale hydrography of fjords and channels.   

The GLORYS12V1 reanalysis product used for subsurface analysis, although valuable, also 
imposed notable limitations. Its spatial resolution too coarse to resolve the narrow fjords and 
channels that characterise Northern Patagonia, while the monthly temporal resolution limited 

https://doi.org/10.5281/zenodo.14845077
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the characteristics of the event, by first smoothing their intensity and limiting the detection only 
to event of at least one month. Developing dedicated hydrological models in specific fjords such 
as Puyuhuapi, Comau or Reloncaví could therefore provide more accurate insight dynamics of 
subsurface anomalies. Identify the role of water masses in fjords would also help to quantify the 
influence of bathymetric sills and complex circulation patterns in trapping or dispersing 
anomalies.  

Different drivers were identified as contributing to the formation and development of MHWs and 
MCSs, including large-scale atmospheric anticyclones and low-pressure systems, water masses 
advection, changes in cloud cover and solar radiation, reduced or increased winds and changes 
in heat budget (Pujol et al., 2022, 2025). For that purpose, we used ERA5 reanalysis data to identify 
the drivers involved in MHW and MCS development. Its coarse resolution (~25 km) is unable to 
capture fjord-specific dynamics, and allow an understanding of atmospheric drivers at regional 
scale only. Fjords, however, represent particularly complex systems where local processes play 
a decisive role. Among the different local drivers, there is the topography that modulates synoptic 
winds intensity and direction (Sundfjord et al., 2017), katabatic winds (Gierens et al., 2020), 
freshwater that vary according to the different rivers discharge into each fjord and influence the 
density gradient, and in return the local circulation (León-Muñoz et al., 2024; Soto-Riquelme et al., 
2023; Sundfjord et al., 2017), the different oceanic influences (Cisek et al., 2017), or the cloud and 
precipitation formation due to orography (Gierens et al., 2020; Lenaerts et al., 2014). On-site 
observation of atmospheric data remain scarce in Northern Patagonia, limiting the ability to 
interpret the detected events with local in situ data. Atmospheric data with higher resolution 
could allow to have better results and maybe more basin-specific interpretations. Finally, large-
scale climate modes act as additional modulators of variability. Teleconnections such as ENSO 
strongly influenced the duration and intensity of MHWs, with notable events in 1998 and 2016 
(Holbrook et al., 2020a; Huang et al., 2016). SAM also played a role by creating favourable conditions, 
particularly through weakened Westerly Winds, that promoted MHW development, a mechanism 
consistent with findings across the southern hemisphere (Gurumoorthi and Luis, 2025; Su et al., 
2021a). Overall, fjords are influenced by drivers operating at different scales, leading to unique 
climatic conditions in each fjords (Crosswell et al., 2022; Iriarte et al., 2014). Taken together, these 
results emphasise that while local stratification and topography govern the fine-scale 
manifestation of extremes within fjords, regional to basin-scale climate drivers provide the 
background conditions that modulate or supress their development.  

The methodology developed in Chapter 3 relies exclusively on in situ data freely accessible 
online, the majority of which originates from local monitoring campaigns funded by public 
institutions. However, considerable amounts of high-resolution data are also collected by private 
companies whose activities depend on marine environment. Aquaculture farms, for example, 
continuously record key parameters such as temperature, salinity and oxygen concentration at 
multiple depths, often at hourly or sub-hourly frequency. Despite the fact that such 
measurements would not reveal commercially sensitive information, they are rarely made 
publicly available. Greater collaboration and data sharing between the private sector and the 
scientific community would provide substantial mutual benefits advancing public research while 
also offering private stakeholders improved environmental knowledge, forecasting capacity and 
long-term sustainability strategies.  
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6.5.    Extreme events on ecosystems and aquaculture production 

The fragile ecosystems of Northern Patagonia are expected to be strongly affected by climate 
change (Häussermann et al., 2023), and could be an important natural laboratory for studying the 
impacts of global warming on benthic organisms (Betti et al., 2021). Chilean Patagonia host 1650 
benthic species, among which molluscs, cnidarians, sponges and annelids representing the 
most biodiverse groups (Haüssermann and Försterra, 2009). At the same time, this region developed 
an important aquaculture industry, particularly in salmon farming (SUBPESCA, 2025), which 
coexists with the rich natural ecosystems and is equally vulnerable to the environmental changes 
(Iriarte et al., 2010; Soto et al., 2019; Yáñez et al., 2017a). This section explores the potential impacts 
of MHWs and MCSs on both native biodiversity and species cultivated for aquaculture purposes, 
with a particular focus of some emblematic species that are central to the ecosystem functioning 
of very important from an economic point of view.  

6.5.1. Algae 

Marine macroalgae often dominate shallow-water ecosystems, where they form extensive 
marine forests that provide habitat and shelter for entire ecosystems (Macreadie et al., 2017; 
Steneck and Johnson, 2013; Wernberg and Filbee-Dexter, 2019). The effects of global change and 
MHWs on these systems are varied and species-specific, with kelp forests, extensive systems 
dominated by large laminarian seaweeds (Steneck and Johnson, 2013; Wernberg and Filbee-Dexter, 
2019), being particularly sensitive (Pecuchet et al., 2025; Straub et al., 2019). A common observed 
trend is the shift from kelp-dominated ecosystems to turf-dominated systems (Gao et al., 2021; 
Straub et al., 2019). Documented consequences include reduced biomass, impaired reproduction, 
dieback of meadows and forests, and changes in distribution and abundance (Filbee-Dexter et al., 
2020; Liu et al., 2025; Smale et al., 2019; Wernberg et al., 2016). These changes cascade to the wider 
ecosystems, altering species interactions, competition, grazing dynamics, and other ecological 
processes (Arafeh-Dalmau et al., 2019; Ferreira et al., 2025; Franco et al., 2015; Smale et al., 2019; 
Wernberg et al., 2016). The severity of MHW impacts depends on multiple factors, including the 
resilience, recovery, and recolonisation capacity of the affected macroalgae, its position relative 
to thermal safety margin, interaction with external stressors such as eutrophication, grazing 
pressure, and the characteristics of the MHW itself (Straub et al., 2019). In Chile, marine 
macroalgae play a fundamental ecological and economic role, with diverse species forming 
extensive coastal forests that are increasingly exposed to the impacts of climate change. 

Macrocystis pyrifera is a giant kelp naturally distributed along the entire coast of Chile, with 
highest densities in southern Chile (Graham et al., 2007; Thompson‐Saud et al., 2024). It is the largest 
algae and benthic organism, reaching lengths of more than 40 m, and forming dense underwater 
forests (Graham et al., 2007; Thompson‐Saud et al., 2024). It plays a particularly important ecological 
role, serving as engineer species offering food resources, habitat, shelter and other services to a 
myriad of organisms (Thompson‐Saud et al., 2024). It has also a considerable economic value: 
harvested mainly by small-scale fisheries from natural beds, it supports coastal communities 
and is used in aquaculture for the agro-food industry and pharmaceutical applications (Márquez 
Porras, 2019; Purcell-Meyerink et al., 2021). This giant kelp has a complex life cycle, with an anchored 
thallus and reproductive parts that may detach and survive drifting at the surface of the ocean for 
up to three months, allowing long-distance dispersal of over 2 000 km via currents and winds 
(Bernardes Batista et al., 2018; Graham et al., 2007). Laboratory studies have shown optimal growth 
between 12 and 17°C, while growth slows above 20°C, and increased irradiance may exacerbate 
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thermal stress, leading to detachment and mortality. In the case of already detached individuals, 
more rapid disintegration was observed (Ladah and Zertuche-González, 2007; Peters and Breeman, 
1993; Rothäusler et al., 2009; Solas et al., 2024). In Central Chile, summer conditions of high 
temperature and solar radiation have caused reproductive tissues to die, severely limiting 
reproductive capacity (Rothäusler et al., 2009). Such kind of environmental conditions were for 
example reached during the summer 2017 MHW, detailed in Pujol et al. (2022). Similarly, at 
temperatures superior to 20°C, the floating algae disintegrated at faster rates than algae present 
in cooler waters (Rothäusler et al., 2009). Observations in New-Zealand further suggest a thermal 
threshold for M. pyrifera distribution, as it is found only where waters never exceed 18°C (Hay, 
1990). Increasing ocean warming and frequency and intensity of MHW could therefore remap M. 
pyrifera’s distribution in Chile, and maybe cause physical damages and reduced its geographical 
through rafting during the strongest MHW events. In Mexico, alteration in M. pyrifera’s associated 
communities was observed after ENSO-associated MHWs, as well as mortality of the kelp (Arafeh-
Dalmau et al., 2019), which could also be expected to happen in Chile. Some emblematic species 
and the risks they might face during MHWs and MCSs are described below. Another species, 
Macrocystis integrifolia, present in Northern Chile, appears to benefit from MCSs associated with 
intensified upwellings, which provide cooler temperatures and higher nutrient concentrations, 
creating favourable condition for its growth, which could also be suggested for M. pyrifera (Alonso 
Vega et al., 2005; Gonzalez‐Aragon et al., 2024). 

Another large brown algae, the bull-kelp Durvillaea antarctica (locally called Cochayuyo), 
occupies the low intertidal zone of wave-exposed coasts (Velásquez et al., 2020), ranging from 30°S 
to the extreme south of Chile, and even subantarctic regions (Mansilla et al., 2017; Tala et al., 2013). 
It plays both an important ecological and economic role: its strandings can sustain up to 89 
associated species in central Chile (López et al. 2018), and it is the most heavily harvested alga in 
the country, with nearly 10 000 tonnes collected in 2015 (Velásquez et al., 2020). Historically 
consumed by coastal populations since centuries, it is now also used in agro-food industries, 
with emerging applications in biotextiles (European Food Safety Authority (EFSA) et al., 2025; Figueroa 
et al., 2023; Parra Núñez, 2024; Velásquez et al., 2020). Like M. pyrifera, it reproduces via anchored 
thalli and detached parts that drift and disperse spores, with floating specimens remaining viable 
for over a month in moderate seasons (Graiff et al., 2013; Velásquez et al., 2020). However, high 
temperatures and solar radiation reduce the persistence of rafts, accelerating biomass loss, 
disintegration, and sinking, thereby limiting dispersal capacity (Graiff et al., 2013; Tala et al., 2016, 
2019). Warm conditions also generally induce metabolic deficiencies and tissue degradation 
(Graiff et al., 2013). More frequent, intense and prolonged surface MHWs, often driven by increased 
solar radiation (Pujol et al., 2025), are therefore expected to exacerbate damage to D. antactica. 
Severe impacts have already been documented in New Zealand, where a 23°C MHW event 
caused the local extinction of populations with no recovery after five years (Montie, 2023; Montie et 
al., 2024; Salinger et al., 2019; Thomsen et al., 2019). Although such extreme temperatures have not 
yet been reached in Chilean Patagonia, they may occur under future warming. Laboratory 
experiments further show that even short-term exposure to 20°C, already recorded during MHWs 
in central Chile (Pujol et al., 2022), could exacerbates the detrimental effects of solar radiations on 
the algae and induces physiological reactions due to the thermal and oxidative stress, even after 
short-term exposure of a few hours (Cruces et al., 2013).  

In Northern Patagonia, both D. antarctica  and M. pyrifera reproduce mainly during winter with 
little activity in summer (Tala et al., 2016, 2019). This makes winter prolonged MHWs, such as those 
observed during the years 1997-1999 or 2016-2017, a potential threat to reproductive success. In 
addiction, to thermal stress, grazing pressure (sometimes increased during warm temperatures) 
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may further compromise their resilience under climate change (Rothäusler et al., 2009). 

Beyond individual stressors, the increasing frequency of compound events such as simultaneous 
atmospheric and marine heatwaves or MHW and extreme ocean acidification event poses and 
even greater risk for intertidal organisms. The absence of recovery or “cooling” periods during 
such events can cause mass mortality and accelerate biogeographic redistributions across 
stress gradients (Salinger et al., 2019; Thomsen et al., 2019; Weitzman et al., 2021; Whalen et al., 2023). 
This highlights the importance of considering compound climate extremes, rather than single 
drivers, when assessing the vulnerability of Patagonian ecosystems.  

Patagonia and central Chile also support aquaculture of the native red seaweed Agarophyton 
chilensis (formerly named Gracilaria chilensis), primarily cultivated for agar extraction 
(Buschmann et al., 2017). Domestication of this species began only a few decades ago, yet genetic 
and phenotypic differences between farmed and wild populations are already evident (Guillemin 
et al., 2008). A. Chilensis is naturally distributed along Chilean coasts between 30°S and 45°S, 
even if farmed populations extend up to the extreme north of the country (Guillemin et al., 2008). 
Although human selection have led to a loss of genotypic diversity in farmed populations, the 
general-purpose genotypes selection have generated the non-anticipated selection of organisms 
more resistant to warm temperatures compared to wild individuals (Usandizaga et al., 2019). This 
particularity could greatly help this seaweed to resist to future MHWs and climate change. 
Nevertheless, structured breeding programs and cultivar selection strategies to strengthen 
resilience under global change have not yet been implemented in Chile, and long-term 
management plans are therefore urgently required to ensure sustainability use of A. chilensis 
under warming conditions (Usandizaga et al., 2019). 

6.5.2. Molluscs and crustaceans 

Marine benthic invertebrates are also highly sensitive to MHWs, being affected by both direct and 
indirect impacts (Michaud et al., 2022). Their vulnerability is largely due to their limited or non-
existence capacity for migration and their dependence on key habitat-forming species such as 
kelp forest (Michaud et al., 2022). The consequences of MHWs in these systems include shifts in 
invertebrate community structure, species invasions, declines in richness and abundance, and 
habitat loss (Caputi et al., 2019; Michaud et al., 2022). Among molluscs and crustaceans, MHWs 
have been associated with increased mortality, stock reductions, recruitment failure, heat 
stress, and spawning collapse (Caputi et al., 2016, 2019; Chandrapavan et al., 2019; Ishida et al., 2023; 
Marochi et al., 2022; Shanks et al., 2020). Nevertheless, some species appear to benefit from these 
conditions: for instance, invasive gastropods that either tolerate higher temperatures or 
outcompete native fauna have shown marked proliferation under MHW (Ishida et al., 2023; Michaud 
et al., 2022). 

In Chile, beyond algae, molluscs and crustacean are also particularly important for the economy, 
yet they are threatened by increasing temperature. Mytilus chilensis, a mussel species naturally 
present in the intertidal zone of Northern Patagonia at depths of 3 to 20 m (Molinet Flores et al., 
2015), is the most widely cultivated mollusc in Chilean aquaculture (SUBPESCA, 2025). This mussel 
typically prospers in fjords, where the freshwater inputs imply reduced salinity, giving it a 
competitive advantage over other species (León-Muñoz et al., 2024). For aquaculture purposes, 
mussel’s larvae are captured from natural beds in the Reloncaví and Comau Fjords using long-
line systems, before being transported to distinct areas, mostly Chiloé Island, for fattening 
process (Jahnsen-Guzmán et al., 2021; León-Muñoz et al., 2024; Molinet et al., 2021). These fjords 
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therefore act as natural hatcheries for the aquaculture industry (León-Muñoz et al., 2024). However, 
declining freshwater inputs observed in Northern Patagonia (León-Muñoz et al., 2024; Molinet et al., 
2025) may reduce the competitiveness of M. chilensis, allowing the more resilient mussel 
Aulacomya atra to dominate (Molinet et al., 2025). Compound event of reduced freshwater inputs 
and MHWs, which often co-occur, could place particular stress on M. chilensis larvae. Over 
longer time-scales, the combined trends of increasing MHWs and decreasing freshwater inflows 
could drive shifts  in the habitat and distribution of this species (León-Muñoz et al., 2024; Molinet et 
al., 2025; Molinet Flores et al., 2015; Pujol et al., 2025). In addition to the direct thermal stress caused 
by the increased temperatures, the combined effects of MHWs and ocean acidification may 
further weaken M. chilensis, with increased dissolution of shell compromising growth and 
survival (Duarte et al., 2014). 

Other bivalves in Chile also exhibit vulnerabilities. Urban (1994) investigated the effects of rapid 
warming during ENSO events, often considered to analogous to MHWs, on molluscs distributed 
along the coasts of Peru and Chile. The study found that the bivalve Gari solida exhibited mortality 
rates of around 10% at temperatures of 20°C. More recently, Martel et al. (2022) examined the 
interactive effects of elevated pCO2 and temperature on the clam Ameghinomya antiqua, 
another species naturally distributed along the coasts of Chile. While temperature alone did not 
directly impact survival, in combination with increased pCO2, it is the temperature that 
determines the amount of shell loss by decalcification, potentially raising concerns for the 
sustainability of this important artisanal fishery resource (Martel et al., 2022). The sea snail Trophon 
geversianus, present in the entire Patagonia, has also shown alteration of its shell at 18°C, 
associated with mortality (Vilela et al., 2024). 

The southern king crab, Lithodes Santolla, is a cold-eurythermal species, present in Chile from 
41°S to 55°S (Anger et al., 2004; Molinet et al., 2020). It is the most exploited king crab in South 
America, with about 67% of the catches occurring in Chilean waters (Molinet et al., 2020). In the 
oceanic zone between 41°S and 46°S, L. Santolla is most abundant at 150-200 m depth, where 
temperature remain around 8 to 9°C (Molinet et al., 2020). Conversely, in Northern Patagonia, most 
catches are concentrated between 15 and 50 m depth (Molinet et al., 2020), although the species 
is also caught as deep as 200 m in Puyuhuapi Fjord (Figueroa-Muñoz et al., 2021). They effectuate 
seasonal reproductive migrations toward shallow waters, and their recruitment occurs above 
40 m, being closely related to the distribution of the giant kelp Macrocystis pyrifera (Tapella and 
Lovrich, 2006). It has been shown that thermal tolerance of L. Santolla varies considerably with age 
(Paschke et al., 2013). Its lower tolerance has been reported between 1°C and 4.2°C (Anger et al., 
2004; Paschke et al., 2013), which is well below the temperature currently observed in Northern 
Patagonia, even during the strongest MCSs (Chap. 4), although cold extremes in Southern 
Patagonia may approach these values (Iriarte et al., 2014; Landaeta et al., 2011). By contrast, 
warming during MHWs may present greater risks: while development rates increase at higher 
temperatures, survival rates declines with mortality observed at 15°C during moulting period, and 
complete larval mortality at 18°C (Anger et al., 2004; Calcagno et al., 2005). Such values are reached 
in the upper layers during MHWs (Chap. 4; Pujol et al., 2025). Reproductive processes also appear 
vulnerable: in the Reloncaví Sound, seminal recovery of males is significantly faster at 9°C than 
at 12°C, suggesting that warming may aggravate the risk of seminal depletion, particularly under 
conditions of intense fishing pressure on male individuals (Pretterebner et al., 2019). MHWs could 
therefore affect various life stages of L. Santolla when present in shallow waters. Vertical 
migration to deeper cooler waters may provide refuge during MHWs as suggested by similar 
behavioural responses in others Lithodes species of Northern Pacific to escape heat (Figueroa-
Muñoz et al., 2021; Hall and Thatje, 2009). However, such shifts could reduce catchability in artisanal 
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fisheries, which largely operate in the upper layers of Northern Patagonia (Molinet et al., 2020). 

In contrast, recent experiments on the Chilean crab Metacarcinus edwardsii (locally called jaiba 
marmola) conducted in the Valdivia estuary (~40°S) revealed more nuanced responses to MHWs 
(Bruning et al., 2024). M. edwardsii is the most important crab species in Chilean artisanal fisheries, 
representing about 70% of national landings (Rojas-Hernandez et al., 2016). This species 
undertakes spatial migrations between estuaries, where it completes its larval stages, and 
oceanic coastal waters as adults, performing vertical migrations, and being found mostly above 
50 m depth (Figueroa-Muñoz et al., 2021; Pardo et al., 2020). Experimental exposure of larvae to 
typical Valdivian MHWs (14°C) shown that the timing of warming within the moulting cycle was 
critical: early MHW increased survival and accelerate development, whereas latter exposure 
reduced survival and prolonged development (Bruning et al., 2024). These results suggest that 
moderate warming above the average ambient temperature may enhance larval performance 
under certain circumstances. However, as elevated temperatures increase energetic demands 
(Ren et al., 2021), it has been suggested that MHWs may exacerbate food requirements, creating a 
risk of energetic deficiency and unsuccessful moulting if food is limited (Bruning et al., 2024).  

6.5.3. Cold-water corals 

Corals have been widely impacted by MHWs, causing bleaching and mortality by reducing 
calcification, causing the loss of their symbiotic zooxanthella, and promoting the emergence of 
diseases (Leggat et al., 2019; Marzonie et al., 2023; Sully et al., 2019; Yao and Wang, 2022). Continental 
Chile does not host tropical corals due to the low sea temperature of its coasts. However, 
Northern Patagonia is host to cold-water corals, which, unlike their tropical counterparts, thrive 
in cold conditions, either at depth or in naturally temperate environments (Cordes and Mienis, 2023; 
Häussermann et al., 2023). In 2007, 63 species of cold-water corals were described in Chilean 
Patagonia, including gorgonians (Häussermann and Försterra, 2007). Although few studies have 
been conducted, current evidences suggest that they are also likely to be affected by climate 
change, with different responses between species (Chapron et al., 2021; Dodds et al., 2007; Jantzen 
et al., 2013; Rodolfo‐Metalpa et al., 2015). Higher temperature can alter their behaviour, reduce 
energy reserves and skeletal growth, disrupt bacterial associations, lower physiological activity, 
and lead to mortality (Chapron et al., 2021; Dodds et al., 2007; Gori et al., 2016). 

Among the species present in Northern Patagonia, Desmophyllum dianthus, is probably one of 
the most studied. It has been recorded in Comau Fjord from 7 to 225 m depth (Försterra et al., 2014; 
Jantzen et al., 2013), and has a thermal tolerance ranges between 4 and 17.5°C (Naumann et al., 
2013). However, according to findings in Chapter 4 with GLORYS12V1 reanalysis data, 
temperature at the mouth of Comau Fjord was of 17°C in 2017 from surface to 20 m depth, and 
according to non-shown data from Chapter 3, sea surface temperature was above 17°C inside 
the fjord, and above 18°C in February 2008 during another MHW, already approaching the 
species’ upper thermal limit. In 2013 and 2022, very short but intense surface MHWs lead to 
temperatures exceeding 19°C. Yet, it has been observed that D. dianthus shows lower 
calcification rates at temperatures of 15°C, and that thermal stress can impact them even more 
than ocean acidification (Gori et al., 2016). In addition, elevated temperatures are known to 
increase corals’ metabolic activities and to decrease their energy reserves (Dodds et al., 2009; 
Dorey et al., 2020; Gómez et al., 2022). As a result, during MHWs, cold water coral populations might 
face challenges in accumulating sufficient energy reserves and resisting future changing 
environmental conditions (Anthony et al., 2009). 
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Another important representative cold-water coral in Northern Patagonia is Caryophyllia 
huinayensis. This species is distributed along the Chilean coast from 37°S to the southern 
Patagonia (Rossi et al., 2017). In Comau Fjord, it is present between 11 m and at least 265 m depth, 
while on the continental slope has been found between 740 and 870 m (Sellanes et al., 2008). 
Laboratory experiments indicate that elevated temperatures (~15°C) have strong negative effects 
on its metabolism and health, leading to moribund or dead corals after three months of exposure 
(Beck et al., 2023). The three month delay was attributed to the time required for the corals to 
deplete their energy reserves. Adults appear to be less resilient than juveniles in these conditions 
(Beck et al., 2023). Moreover, high temperature were shown to reduce juvenile calcification more 
severely than food limitation (Beck et al., 2023). (Beck et al., 2023) suggest that C. huinayensis can 
tolerate 15°C up to 3 months maximum, especially if warm temperatures are coupled with other 
stress factor. In Comau Fjord, surface temperatures exceed 15°C during summer, and 
temperature superior to 15°C can be observed up to 30 m depth for a couple of months. In this 
context, prolonged recurrent MHWs could represent a major threat to C. huinayensis, as they may 
push environmental temperatures beyond the species’ tolerance limits for extended periods. The 
persistence of C. huinayensis in shallow regions could therefore suggest that some degree of 
thermal acclimatization may occur in these populations, which is used to experience much more 
variable conditions compared to deeper habitats (Beck et al., 2023; Heran et al., 2023). However, the 
increasing trends of MHWs’ frequency and intensity in Comau Fjord (Pujol et al., 2025) could 
exceed its capacity, ultimately compromising the persistence of local populations. At the mouth 
of Comau Fjord, with the reanalysis GLORYS12V1 data, even during MHWs, we never registered 
temperatures superior to 14°C below 80 m depth. This could suggest that individuals located at 
higher depths could be protected from MHWs influence. 

6.5.4. Cetaceans, plankton, fishes and other pelagic species 

Pelagic species are also affected by MHWs, although generally less severely than sessile 
organisms because of their ability to migrate to avoid thermal stress, either horizontally 
(longitudinally or latitudinally) or vertically toward deeper layers (Deutsch et al., 2015; Freitas et al., 
2016; Rutterford et al., 2015; Smith et al., 2023b). When migration is not possible, as in the case of 
planktonic species, adaptative strategies may be employed, such as reducing reproductive 
investment or increasing feeding effort to compensate for higher energy demand associated with 
thermal stress (Barbeaux et al., 2020; Caputi et al., 2016; Gunderson and Leal, 2016).  

About half of the cetacean species worldwide have been registered in Chilean waters (Lobo et al., 
1998). Northern Patagonia seasonally hosts many cetaceans species (Viddi et al., 2010), including 
blue and humpback whales, killer whales, and several species of dolphins, some of which can be 
found in fjords and channels (Viddi et al., 2010). In many regions of the world, different whales 
species have changed their behaviour during MHWs, either by attempting to avoid elevated 
temperatures or by migrating following lower food availability due to changes in phytoplankton 
biomass (Barlow et al., 2023; Kohlman et al., 2024; Pecuchet et al., 2025; Santora et al., 2020). Similar 
conditions in Northern Patagonia could cause comparable impacts, as this region serves as an 
important nursing and feeding ground (Galletti Vernazzani et al., 2017; Hucke-Gaete et al., 2004; 
Hucke‐Gaete et al., 2013; Seguel and Pavés, 2018). While yet no evidence exists of MHW-driven delay 
or disruptions in their migrations in Chile, unusual mass strandings were reported during the 
2015-16 El Niño event, linked to HABs (Alvarado-Rybak et al., 2020; Häussermann et al., 2017). As 
MHWs have been associated with enhanced HAB formation (Chap. 5; Trainer et al., 2020), the risk 
of mass strandings in Patagonia could increase under warming conditions.  
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At the planktonic level, MHWs often lead to reduction in taxonomic richness, as observed in the 
Gulf of Alaska (Batten et al., 2022), and to restructuration of the ecosystems by altering the food-
chain (Gomes et al., 2024). In some cases, increased zooplankton abundance has been reported, 
though largely as a consequence of reduced predation rather than population growth (Batten et 
al., 2022; Piatt et al., 2020). In the South Pacific, MHWs have been linked to changes in plankton 
dynamics (Morato et al., 2020), and rapid winter warming off central Chile has been associated with 
jellyfish blooms (Castro et al., 2000). Although planktonic dynamics changes are less well 
documented along the Patagonian coast, the risk of altered plankton regimes remains.  

Forage fishes, linking plankton to higher trophic level, play a crucial role in sustaining marine food 
webs (Nissar et al., 2023; Pikitch et al., 2014). However, declines in forage fish populations have been 
documented during MHWs, often linked to reductions in zooplankton availability (Arimitsu et al., 
2021). In Chile, the jack mackerel (Trachurus murphyi), locally known as jurel, extends from Peru 
to southern Chile and is typically associated with waters below 15°C influenced by the Peru-Chile 
upwelling (Bertrand et al., 2016; Rollins, 1988). During the 1997-1998 El Niño, its distribution shifted 
southward, with nurseries displaced beyond 40°S, adults forced to coastal areas where the 
upwelling was stronger, and modified migratory routes (Arcos et al., 2001). During the MHW, 
juveniles predominated offshore south Chile, while adults were largely absent, delaying their 
return to feeding zones of the northern upwelling system and causing reduced catches (Arcos et 
al., 2001). The Peruvian anchovy, Engraulis ringens, named in Chile anchoveta, is another key 
forage species distributed from Peru to Northern Patagonia (Silva et al., 2016; Valdivia et al., 2007). 
Its life cycle is closely tied to upwelling areas, where productivity is high (Cubillos, 2001). 
Anchoveta typically reproduces in cooler waters offshore of Central Chile (Valdivia et al., 2007), but 
warming has already driven poleward shifts during their reproduction period (Bustos et al., 2008). 
Future declines are projected in Central Chile, particularly during winter, due to elevated 
temperatures (Silva et al., 2016). Long-lasting winter MHWs such as in 2016 (Pujol et al., 2022) may 
exacerbate these trends, pushing anchoveta populations further into Northern Patagonia. 
Moreover, jellyfish proliferation triggered by warming can increase predation pressure on 
anchoveta larvae (Castro et al., 2000). Conversely, MCSs linked to La Niña events appear to favour 
anchoveta abundance (Lazo-Andrade et al., 2024). In the case of the common sardine (Strangomera 
bentincki), abundance and recruitment are closely associated with cooler conditions and 
increased upwelling (Cubillos and Arcos, 2002; Gomez et al., 2012). During El Niño-driven MHWs, 
reduced upwelling and warmer waters led to lower recruitment (Gomez et al., 2012). Given annual 
catches of up to 840 000 tonnes, (Silva et al., 2015), MHWs may have particularly detrimental 
consequences for sardine fisheries, whereas MCSs could have positive impacts.  

Other pelagic species also display vulnerabilities. The South Pacific endemic Genypterus 
maculatus (congrio negro), important for fisheries and aquaculture, experiences thermal stress 
and altered gill immune responses under MHWs exposure (Becerra et al., 2025). The swordfish 
Xiphias gladius, harvested in Chile by both artisanal and industrial fleets (3000 to 6000 tonnes 
annually; Silva et al., 2015), also shows indirect sensitivity to MHWs and MCSs. In the northeast 
Pacific, swordfish modified their diet during the 2014-2016 MHW in response to prey availability 
(Preti et al., 2025). Similar consequences have been observed in central Chile, where swordfish 
shifted diet composition between the 2015-2016 El Niño MHW and the cooler La Niña year of 2017 
(Lazo-Andrade et al., 2024). During cold anomalies, the anchoveta E. ringens contributed more 
significantly to swordfish diets, consistent with its La Niña-driven abundance of this forage fish 
(Lazo-Andrade et al., 2024). The southernmost distribution of the swordfish in Chile also 
corresponds to the southern distribution of the anchoveta (Espíndola et al., 2009); the southward 
displacement of anchoveta may in turn drive shifts in swordfish distribution.  
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Overall, MHWs and MCSs have the potential to reshape pelagic ecosystems in Northern 
Patagonia and Central Chile, altering plankton communities, shifting in forage fish distribution 
and cascading upwards to predators such as swordfish and cetaceans. While the mobility of 
pelagic species offers some resilience, the dependence of fisheries on a few key species means 
that even moderate changes in abundance, recruitment or distribution could have substantial 
ecological and socio-economic consequences (SUBPESCA, 2025). Indeed, the jack mackerel, 
anchoveta and common sardine are the three most harvested species in Chile, representing 
1.5 millions of tonnes of biomass in 2024, with the jack mackerel alone valued to 513 millions 
US$ in exportations (SUBPESCA, 2025). 

6.5.5. Salmon industry 

Atlantic salmon (Salmo salar) is not native to Chilean Patagonia, having been introduced for 
farming purposes in the 1970s (Ceballos‐Concha et al., 2025). This cold-temperate water species 
spends its early life in freshwater environments before migrating to the open ocean (Birnie-Gauvin 
et al., 2019; Hansen and Quinn, 1998). Northern Patagonia provides particularly favourable 
conditions for salmon aquaculture, with extensive fjords and rivers systems, and average 
temperatures that closely match the species’ developmental requirements (Korus et al., 2024; 
Salgado et al., 2015).  

Despite this suitability, salmon farming in the region is increasingly affected by climate change. 
Salmons are vulnerable to different stressors that are exacerbated by warming, including direct 
increase of temperature, HABs, low water oxygen levels, or diseases and parasites (Nuic et al., 
2025; Sajid et al., 2024). An example is for instance Newfoundland in 2020, where approximately 
450 000 farmed salmons died following sustained high water temperatures combined with 
hypoxia and sea lice infestation, species of copepods parasite of salmons (Burt et al., 2013). 
Elsewhere, mass mortality events of both wild and farmed salmons have been associated with 
MHWs in Canada, Tasmania, New-Zealand and Alaska (Calado et al., 2021; Cook et al., 2025; Wade 
et al., 2019; Westley, 2020).  

The direct impact of temperature on salmon survival has been extensively studied. Although 
showing signs of stress and reduced performance and growth at temperature above 18°C (Soto et 
al., 2019), salmons can be able to resist to temperature above 22°C over long-term period and 
26°C over short periods (Benfey et al., 2024; Gamperl et al., 2020, 2021; Ignatz et al., 2023). However, 
some mortality has been observed at 21-22°C and sustained exposure to temperatures above 
18°C in combination with hypoxia or parasitic infection can lead to large-scale death (Gamperl et 
al., 2020; Godwin et al., 2020; Sajid et al., 2024). Behavioural response has been observed to such 
conditions, with salmons tending to move deeper within their cages during warm periods (Gamperl 
et al., 2021). For the moment, water temperatures exceeding 18°C remain rare in Northern 
Patagonia. However, temperatures exceeding 19°C can be observed in summer in Reloncaví 
Sound, Reloncaví Fjord, Comau Fjord, Puyuhuapi Ford and Jacaf Channel. Temperatures 
exceeding 21°C is extraordinarily rare, but occurred during certain MHWs in Reloncaví Sound, 
Reloncaví Fjord and Puyuhuapi Fjord, as during the 2013 summer MHW (Chap. 3 not shown). 
Nonetheless, such extremes are exceptional and last only for a few days, although Reloncaví 
Fjord can show longer-lasting very high temperatures, and affect only precise regions of Northern 
Patagonia, remaining confined. The main concern, therefore, lies in the interaction of moderate 
warming with other stressors such as HABs and hypoxia.  

In Chile, mass mortalities of salmons have been most often associated with HABs and decrease 
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in oxygen concentration. The most catastrophic event occurred in summer 2016, when a severe 
drought coincided with atmospheric and marine heatwaves, triggering a bloom of 
Pseudochattonella sp.. This resulted in the death of 25 million fishes, 94% of them were Atlantic 
salmon, representing 40 000 tonnes of biomass and involving half of the aquaculture companies 
(Armijo et al., 2020; Garreaud, 2018b; Pujol et al., 2025; Souto Cavalli et al., 2023). Other major losses 
have since followed in Northern Patagonia. In 2019, another bloom of Pseudochattonella caused 
123 tonnes of mortalities (SERNAPESCA, 2019; Souto Cavalli et al., 2023). In 2020, several toxic algal 
outbreaks, including Cochlodinium sp., some of them associated to low-oxygen conditions, lead 
to further deaths totalling 40 tonnes (Salmonexpert, 2020a; SERNAPESCA, 2020; Souto Cavalli et al., 
2023). In 2021, four mass mortality events were recorded: Lepidodinium chlorophorum caused 
the death of 162 000 fishes (600 tonnes) with an estimated loss of US$3.5 million); Heterosigma 
akashiwo killed 1 300 tonnes of fish; and two further HABs, including multi-species blooms, 
caused losses of more than 6 000 tonnes combined (FishfarmingExpert, 2021a, b; SERNAPESCA, 
2021a, b, d, c; Souto Cavalli et al., 2023). The year 2022 was also particularly severe, with almost 
5 000 tonnes of mortality linked to several species of toxic algae and decrease in dissolved oxygen 
(SERNAPESCA, 2022a, b, c). More recently, in summer 2024, another Pseudochatonella sp. 
outbreak resulted in the loss of approximately 3 800 tonnes of Atlantic and coho salmon (Gairn, 
2024). The 2016 crisis was clearly associated with a prolonged MHW that lasted during the whole 
summer and parts of autumn and winter, facilitating the development of the HAB and probably 
reducing salmon resilience (Pujol et al., 2022, 2025; Chap. 5). More recent events also occurred in 
similar conditions; for example the 2022 toxic blooms coincided with MHWs the Aysén Region, 
while in 2021, blooms developed during warm temperature anomalies corresponding to MHWs 
in several areas (Chap. 4; Chap. 5; not shown data from Chap. 3).  

Cold water events have also caused severe mortality in Atlantic salmon aquaculture. In eastern 
Canada, large-scale losses were reported in 2014, 2015, 2019 and 2020 (Vadboncoeur, 2023). 
When temperatures reach 6°C, a diminution of the food intake is observed in salmon populations, 
metabolisms changes at 4-5°C, and short-term cold shocks (0-3°C) cause complete cease of 
food intake and alter metabolism but do not cause significant mortality if lasting for no more than 
one day (Vadboncoeur, 2023). According to our results, such conditions are not reached during 
MCSs in Northern Patagonia (Pujol et al., 2025). However, prolonged exposure to temperature 
below 8°C has been linked to moribund and dead fishes (Vadboncoeur, 2023). Temperatures below 
8°C can eventually be reached in Aysén Region of Northern Patagonia in winter in Moraleda 
Channel, Puyuhuapi and Aysén Fjords, and sometimes even lower temperatures, dropping to 6°C 
in the cold Elefantes Channel and Quitralco Fjord (Pujol et al., 2025). For example, during winter 
2022, a MCS caused surface to 15 m temperature in Moraleda Channel to drop to 7°C between 
July and August, and at the surface, temperatures in Puyuhuapi, Aysén and Elefantes Channel 
also dropped to 7°C (Chap. 3; Chap. 4). Prolonged MCS in these fjords and channels could 
therefore strongly impact the health and salmons production.  

In addition, disease outbreaks add another layer of vulnerability for salmons. In 2007-2008, Chile 
experienced a severe outbreak of Infectious Salmon Anaemia (ISA) virus, which reduces red 
blood cell counts, leading to anaemia, diminishing oxygen transport (Falk and Aamelfot, 2017; 
SERNAPESCA, 2008). Besides, it is known that ISA virus spread more effectively at low 
temperatures (Groves et al., 2023; Tunsjø et al., 2007). The outbreak began in June 2007, coinciding 
with the onset of a MCS that caused temperatures of 7°C in some parts of Aysén Region, spread 
exponentially during another MCS in autumn 2008, and peaked in December 2008 during a strong 
MHW (Chap. 4; Godoy et al., 2013; Pujol et al., 2025; SERNAPESCA, 2008). The most severely 
aquaculture centres were in central and southern Chiloé Island, which corresponded to the 
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regions where the 2007 MCS and the 2008 MCS and MHW were the strongest (Pujol et al., 2025; 
SERNAPESCA, 2008). This sequence suggests a strong link between extreme temperature events 
(both warm and cold) and increased disease vulnerability, with MCSs and MHWs likely 
exacerbating the spread and lethality of pathogens such as ISA virus.  

6.5.6. Invasive species 

Chilean Patagonia may face increased risk of non-indigenous species introductions and 
proliferation following MHWs and, more broadly, as a consequence of rising temperatures. 
Chilean coasts are already subject to non-indigenous species colonisation and pressure (Castilla 
et al., 2005; Stowhas Salinas et al., 2023; Valiñas et al., 2022), some of them via boat hull fouling 
facilitating the transport of both native and non-native species, including cold-water species well 
adapted to Chilean waters (Oyarzún et al., 2024; Pinochet et al., 2023). Although biogeographic 
boundaries such as upwellings, sea temperature, salinity and interspecies competition might act 
as partial barriers (Galván et al., 2022; Oyarzún et al., 2024), the increasing temperature and 
occurrence of MHW might facilitate the implantation and proliferation of alien species (Atkinson 
et al., 2020; Félix-Loaiza et al., 2022). In addition to the risk of non-native species invasions, Chilean 
Patagonia may also face the spatial expansion of native species from other regions of Chile, 
facilitated by the rising temperatures, as already observed in Argentinian Patagonia and in other 
regions of the world such as New-Zealand and North America (Galván et al., 2022; Lonhart et al., 
2019; Spyksma et al., 2024). This process, known as the tropicalisation of temperate environment 
(Galván et al., 2022), has parallels in Arctic fjords, where warming processes have been linked to 
the “borealisation” of ecosystems, with boreal species expanding poleward and outcompeting 
native assemblages (Fossheim et al., 2015; Gorska et al., 2023). These dynamics suggest potential 
analogues for the fjord ecosystems of Southern Chile. Furthermore, in Chilean Patagonia, 
invasive species are already threatening indigenous species, and, in some cases, causing 
economic impacts on commercially important species, as for the urchin Loxechinus albus, 
outcompeted by an alien anemone (Stowhas Salinas et al., 2023). However, interactions between 
native and introduced species remain highly complex and can in some cases not be completely 
negative (Valiñas et al., 2022). 

6.5.7. Oxygen and MCSs/MHWs 

MHWs and MCSs are key modulators of biogeochemical processes, with significant implications 
for dissolved oxygen concentrations. Elevated temperatures during MHWs can exacerbate 
hypoxic conditions through several mechanisms: reducing oxygen solubility, enhancing 
metabolic oxygen demand across trophic levels and strengthening water column stratification, 
thereby restricting vertical mixing and oxygen renewal (Brauko et al., 2020; Fan et al., 2025; Gruber et 
al., 2021; Keeling et al., 2010). In addition, Fan et al. (2025) shown that deoxygenation is more 
probable to occur during MHWs than during a temperature warming that does not imply a MHW. 
Conversely, MCSs may temporarily enhance oxygen availability by cooling the surrounding waters 
and increasing their solubility (Walter et al., 2024). In Northern Patagonia, the deoxygenation risk is 
higher in the most enclosed areas, such as Reloncaví Sound and Fjord, Moraleda Channel and 
Jacaf and Puyuhuapi Fjord, where water renewal is very low (Linford et al., 2023; Quiñones et al., 
2019). 

Observations from Patagonia highlight the interplay between temperature and oxygen availability. 
Between, mid-May and late June 2015, dissolved oxygen concentrations at 122 m depth in 
Puyuhuapi Fjord shifted from hypoxic conditions (~1.5 mL/L) to oxic conditions (~2.8 mL/L) within 
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a short period, before returning to hypoxic conditions in July (Pérez-Santos, 2017). This fjord is 
known for its low oxygen conditions, being most of the time an hypoxic fjord (Schneider et al., 2014). 
Our analysis of the temperature outputs from the reanalysis GLORYS12V1 in Chapter 4 indicates 
that this event coincided with positive temperature anomalies between Guafo Mouth and 
Elefantes Channel, associated with a MHW. At Puyuhuapi’s mouth, warming first appeared in 
April, extending from surface to 60 m depth. By May, the warming had intensified and reached 130 
m with sea surface temperature anomalies of 0.5°C. In June, warming propagated to 185 m depth 
and maximum anomalies of +1°C were observed between 75 and 110 m. Although the water 
column cooled in August, positive anomalies persisted around Puyuhuapi’s mouth. During the 
warming period, the mixed layer deepened from 30 m to 70 m and a MHW was identified between 
May and August at depth of 65 to 155 m. These changes in the water column structure were 
attributed to variations in the Modified Subantarctic Waters (MSAAW) which deepened, creating 
a ventilation event (Pérez-Santos, 2017). Interestingly, this intrusion coincided with both a MHW 
and higher concentrations in oxygen, contrary to the commonly held assumption that warming 
necessarily promotes lower oxygen concentrations. It underlines the complexity of interactions 
between thermal anomalies, water mass dynamics, and oxygen availability in Patagonian Fjords, 
and would require a more in depth analyse to understand how temperature anomalies developed 
inside Puyuhuapi Fjord.  

In addition, in Northern Patagonia, the high solar radiation often associated with surface MHWs 
(Pujol et al., 2025), coupled to increased temperatures and enhanced stratification, can lead to 
more frequent and widespread phytoplankton blooms (Chap. 5; Díaz et al., 2023b; Garreaud, 2018b; 
León-Muñoz et al., 2018; Marquet et al., 2023). When the bloom vanishes, the sinking microalgae are 
decomposed by bacteria, a process that consumes oxygen and that can trigger hypoxic events, 
leading to stress of marine organisms and potentially in mortalities (Mayr et al., 2014; Pérez-Santos 
et al., 2018).   

Several species are particularly vulnerable to the combined effects of warming and oxygen 
depletion. For example, salmon experience physiological stress under elevated temperatures 
when oxygen is reduced, whereas temperature alone would not have induced thermal stress, 
making them less able to tolerate additional environmental stressors (Gamperl et al., 2020, 2021; 
Sajid et al., 2024). Similarly, cold-water corals are sensitive to oxygen depletion. Studies on the 
emblematic cold-water coral Lophelia pertusa (although not present in Chilean Patagonia) 
suggest that oxygen availability is a major factor limiting the distribution of cold-water corals in 
general (Dodds et al., 2007). Increasing temperatures combined with hypoxia or anoxia are 
expected to pose severe threats to these organisms, possibly exceeding the risks associated with 
ocean acidification (Jantzen et al., 2013). 

6.6.    Management  

Mitigating the impacts of MHWs on ecosystems and aquaculture in a warming world is becoming 
more and more necessary, before economic and ecological losses become too important.  

Some studies suggest that the establishment of marine protected areas may buffer the effects of 
MHWs on native species, supporting faster recovery following such event (Kumagai et al., 2024; 
Ziegler et al., 2023). Although marine protected areas do not shield species from the occurrence of 
MHWs, they can facilitate post-disturbance recovery (Kumagai et al., 2024; Ziegler et al., 2023), even 
if this effect is not observed systematically across systems (Freedman et al., 2020; Smith et al., 
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2023a). Chile hosts several marine protected areas and marine parks where human activities are 
restricted, including in the regions of Los Lagos, Aysén and Magallanes (Ministerio de Economía et 
al., 2004). In Patagonia, marine protected areas cover 6% of coastal marine zone, and National 
Protected Areas System cover 35% of the coastal zone (Tecklin et al., 2023). Evaluating the 
ecological state of these protected areas following MHW events could provide valuable insights 
into their potential role in enhancing ecosystems resilience. If a buffering effect is confirmed, this 
would further strengthen the need of expanding protected areas in the region. In addition, 
restrictions on extraction following MHWs have also been shown to promote stronger recovery 
from heatwave-induced damage (Caputi et al., 2016). Implementing such measures in Northern 
Patagonia could help alleviate pressure on native populations.  

In the case of aquaculture, different methodologies and technologies have been developed in the 
recent years to counter warming effects. For mussel farming, transplanting individuals between 
aquaculture lines at different depth has shown positive results, likely due to the thermal buffering 
provided by deeper waters (Jahnsen-Guzmán et al., 2021). A similar approach in salmon 
aquaculture could involve the use of deeper cages, which could reduce thermal stress by 
allowing natural vertical migration to enable the fishes to avoid the warmer and less oxygenated 
surface waters (Gamperl et al., 2021). Recently, new technologies have been developed in Chile, 
including submersible salmon cages that can be lowered to deeper layers during HAB, extreme 
weather or low-oxygen events, thereby offering an adaptative response to surface MHWs 
(Salmonexpert, 2020b, 2021).  

At the farm-management level, practices that enhance water quality and reduce stress are 
critical. Lowering stocking densities within cages can decrease overall oxygen consumption 
(Berntsson et al., 2025; Poston and Williams, 1988), reduce pathogen transmission (Jones et al., 2015), 
and allow individuals more freedom to migrate vertically in response to surface warming (Gamperl 
et al., 2021). In addition, maintaining high water quality through regular net cleaning to improve 
water flow, installing farms in areas with strong water flow if tolerated by the species and low 
susceptibility to hypoxia and HAB development, and relocating sites if environmental risks are 
detected can reduce environmental stress. Supplemental oxygenation within cages during 
hypoxia or elevated surface temperature has also been successfully applied (Sajid et al., 2024).  

Disease prevention remains another key challenge, particularly under warmer temperatures, as 
pathogens tend go better propagate under such conditions (Cascarano et al., 2021; Combe et al., 
2023). Selective breeding and genetic selection of individuals more tolerant to elevated 
temperatures of high pCO2 could be another approach to deal with warming temperatures, as it 
has for example been observed with the seaweed Agarophyton chilensis (Benfey et al., 2024; Ignatz 
et al., 2023; Usandizaga et al., 2019). However, care must be taken to avoid reducing genetic 
diversity, as this can compromise the population’s resistance to pathogens and other stress 
factors, and limit future adaptative potential (Robinson et al., 2013).  

Finally, large-scale spatial strategies, such as shifting farms to higher latitudes could provide 
long-term protection by exploiting cooler waters that are less exposed to extreme heat events 
(Pujol et al., 2022). However, such relocation must account for regional constraints, as for example 
the cultivation of Mytilus chilensis is regularly prohibited in the Aysén Region due to the high risk 
of paralytic shellfish poisoning (Ministerio de Salud and Secretaría Regional Ministerial Región de Los 
Lagos, 2024; Ministerio de Salud and Subsecretaría de Salud Pública, 2022). Together, these measures 
(ranging from technological innovations and improved farm management to genetic strategies 
and spatial planning) offer a multi-layered approach to mitigate the growing threat of MHWs to 
aquaculture under climate change. 
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CHAPTER 7.      Summary, Conclusions, future 

directions and implications 

This thesis presents the first assessment of marine heatwaves (MHWs) and marine cold spells 
(MCSs) across Central Chile and Chilean Patagonia (29°S-55°S) over the period 1982 to 2024, with 
a particular emphasis on Northern Chilean Patagonia. The key strength of this work lies in its 
multi-scale approach, combining datasets of different origins and resolutions to characterise 
events of varying importance. 

At larger scale, satellite data reveals that Central Chile, Northern Patagonia and Southern 
Patagonia respond differently to MHWs, shaped by distinct atmospheric drivers acting at different 
time, creating a regional variability. In both Central Chile and Northern Patagonia, the past 
decade experienced the most severe conditions. Among the three regions, Northern Patagonia 
emerges as the most vulnerable, showing the strongest trends of SST warming and the greatest 
increase in MHWs occurrence. 

Focusing on Northern Patagonia, this thesis provides the first detailed characterisation of MHW 
and MCS dynamics in a region that is both ecologically sensitive and economically important due 
to its aquaculture and fisheries. Despite this economic significance, its exposure to MHWs and 
MCSs had not previously been quantified. To address this gap, a novel methodology was 
developed to detect thermal extremes in highly coastal systems, combining in situ and satellite 
data resulting in an analysis at a spatial resolution of 900 m for surface events. The results reveal 
pronounced spatial variability in the occurrence, intensity and duration of MHWs and MCSs, even 
between adjacent fjords such as Puyuhuapi and Aysén. This variability is driven by a combination 
of global and local atmospheric, oceanic and remote forcings, strongly influenced by the 
topography. To our knowledge, this is the first study to highlight such fine-scale variability of 
MHWs and MCSs across a same region.  

Overall, in Northern Patagonia, the findings point to a general decrease in MCSs and an increase 
in MHWs, though variations are observed across basins, with for example Corcovado Gulf and 
experiencing negative trends for both events. Fjords and semi-enclosed areas as Reloncaví 
Sound are particularly prone to stronger anomalies due to local circulation and stratification 
process. Subsurface analyses further reveal that MHWs and MCS can be more intense below the 
surface layer and persist much longer in the subsurface, such as the three-year long MCS in 
Reloncaví Sound from 2022 to 2024 and the two-year long MHW in Ancud Gulf from 2006 to 2008. 
Historical extremes illustrate the complex dynamics: the 1997-1999 ENSO-related MHW event 
was particularly strong, and penetrated rapidly to bottom layers in homogeneous basins, while it 
extended to the deep layers months later in Ancud and Reloncaví Gulfs due to topographic 
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constrains. On the contrary, whereas the ENSO-related 2016-2017 MHW was particularly long 
and intense, especially in the Inner Sea, it remained confined to the upper 50 m.  

These findings underline both the limitations of global-scale models in capturing local dynamics 
and the necessity of regional approaches to understand the formation, drivers and impacts of 
marine thermal extremes in coastal systems. The results also highlight the indispensable 
contribution of in situ measurements for identifying MHWs in highly complex environment, 
including fjords areas, where satellite data and hydrodynamic models can be unreliable or 
insufficient. Although large-scale detection of MHWs and MCSs provides valuable insights into 
global dynamics, this thesis shows the importance of adequately resolving these processes, 
which display particularly high variability in coastal areas, and demonstrates the value of high-
resolution approaches in complex coastal systems. The methodology developed here not only 
advances the detection of MHWs and MCSs in Northern Patagonia but can also be applied to 
other fjords and coastal regions worldwide, when in situ data are available. By revealing the 
heterogeneity of thermal extremes, such approaches provide valuable tools for aquaculture and 
fisheries management, as well for conservation planning. Identifying hotspots of extreme 
variability, alongside potential refugia where conditions remain comparatively stable, is essential 
for designing adaptation strategies in a world of changing climate.  

These changes in MHWs carry significant implications for Patagonia’s fragile ecosystems, where 
even small temperature anomalies may alter community structure, oxygen, oceanic dynamics, 
harmful algal blooms (HAB) formation and trophic stability. Increasing exposure to MHWs may 
also facilitate the spread of invasive species better adapted to warmer conditions, while cold-
water native species and commercially important resources may experience growing stress. The 
consequences of MCSs on local species and ecosystems remain quite limited, as most native 
species are cold-water organisms already adapted to cooler conditions in a warming world. 
Overall, the vulnerability of Patagonian benthic, pelagic and coastal organisms to climate change 
cannot be understood solely in terms of temperature rise. For many species, it is the combination 
of warming with other stressors (such as reduced freshwater inputs, ocean acidification, or 
declining oxygen availability) that drives the strongest biological impacts. These compound 
events often exacerbate physiological stress, reduce survival or reproductive success and may 
accelerate shifts in species distributions. Importantly, while the upper thermal tolerance of 
several organisms may soon be exceeded in Northern Patagonia, the lower thermal limits of most 
species remain well below the temperatures typically reached during MCSs. This contrast 
suggests that Southern Patagonia, where oceanic conditions are colder even during MHWs, could 
act as a critical refuge for species displaced from northern habitats. For fisheries and 
aquaculture, this highlights the urgent need for diversification strategies and for research focused 
on species-specific thermal sensitivities at different life stages. Protecting these ecosystems, 
while also developing adaptive strategies for aquaculture and fisheries, will be essential to 
maintain biodiversity and sustain human livelihoods strongly dependant of the marine resources. 
Importantly, this study did not present single temperature threshold to characterise ecological or 
economic risk, as vulnerability differs across basins, ecosystems and species. A summary of this 
thesis is available in Figure 52. 

Finally, while this work focused on Northern Patagonia, the methodology developed here can be 
extended to Central Chile, Southern Patagonia, and any other coastal region worldwide where 
sufficient in situ data are available. Future studies should address the cascading ecological 
effects of MHWs, particularly their interactions with oxygen availability and trophic dynamics, in 
order to anticipate long-term impacts on ecosystems stability and socio-economic activities.  
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Figure 52: Summary figure of marine heatwaves (MHWs, red) and marine cold spells (MCSs, dark blue) in a typical fjord system, such as Northern Patagonia. In our case, 
the shallow basin is comparable to Corcovado Gulf, the islands chain to the Desertores Islands, the deep basin to Ancud Gulf, and the fjord to Comau Fjord. Extreme 
events can propagate horizontally through advection (restricted to the upper layers when passing through a shallow physical barrier), and can penetrate deeper layers 
through vertical heat transfer or mixing. MHWs are favoured by increased solar radiation and reduced winds, which reduce the heat transfer from the ocean to the 
atmosphere, conditions that often occur under high-pressure system (H), and are further intensified during positive phases of ENSO (El Niño) or SAM, and may also 
develop when upwelling weakens. MHWs increase stratification, can trigger harmful algal blooms (HABs) and toxicity, reduce oxygen levels, and affect marine organisms 
by altering plankton dynamics, causing vertical or horizontal migrations, facilitating species shifts and proliferation, impairing reproduction and recruitment, enhancing 
disease spread and generally causing physiological stress. In contrast, MCSs are driven by wind-induced mixing, often under low-pressure systems, which enhance 
vertical mixing and heat transfer from the ocean to the atmosphere, and are typically intensified during negative ENSO (La Niña) or SAM, and may also arise from 
intensified upwelling. Their ecological impacts on the cold-water ecosystems, such as those of Northern Patagonia, are generally more limited, although they can favour 
the development of certain species. 
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CHAPTER 8.      Supplementary materials 

Table Supplementary 1: Total number of samples collected at the sea surface (0-1m depth), 
separated into mooring and non-mooring sources, along with the 5% of each group set aside for 
validation. 

Month Total 
samples 

Mooring 
samples 

Mooring 
validation 

Non-mooring 
samples 

Non-mooring 
validation 

Jan 8792 8693 435 99 5 
Fev 14680 13685 684 995 50 
Mar 13921 13711 686 210 11 
Apr 8534 8373 419 161 8 
May 10081 9478 474 603 30 
Jun 9409 9077 454 332 17 
Jul 9825 9331 467 494 25 

Aug 9022 8557 428 465 23 
Sep 10289 9540 477 749 37 
Oct 9659 9174 459 485 24 
Nov 8712 7701 385 1011 51 
Dec 9238 9020 451 218 11 
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Figure Supplementary 1: Atmospheric parameters anomalies (calculated over the period 1993-2023) 
preceding the onset of a MCS. Low and total cloud coverage are dimensionless, representing from 0 to 1 the 
proportion of the pixel covered by clouds. 
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Figure Supplementary 2: Atmospheric parameters anomalies (calculated over the period 1993-
2023) preceding the onset of a MHW. Low and total cloud coverage are dimensionless, 
representing from 0 to 1 the proportion of the pixel covered by clouds. 
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Figure Supplementary 3: Monthly average atmospheric parameters anomalies (calculated over the period 
1993-2023) during the MHW. Low and total cloud coverage are dimensionless, representing from 0 to 1 the 
proportion of the pixel covered by clouds. 
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Figure Supplementary 4: Location of the different monitoring stations of Alexandrium 
catenella from the IFOP monitoring system (A) and PROMOFI (B).  
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Figure Supplementary 5: Representation of MHWs on the day of their maximal intensity reached 
(colours) and the associated temperature anomaly on that day (thin lines). 
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Figure Supplementary 6: Monthly average of SST (°C) for Aysén Region from January 2003 to May 
2023. 
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CHAPTER 11.      Annexes 

This section presents additional material, while not essential for a general understanding of the 
work, might be of interest to readers seeking a more detailed description of the in situ-based 
temperature climatology introduced in Chapter 3.  

Annexes contain vertical profile plots of the temperature from the in situ-based climatology, 
maps of the temperature climatology for the entire Northern Patagonia at every depth computed, 
and the list and origin of all the in situ data used for the construction of the climatology. 

Annexes are available only for the PDF version of this thesis. 
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1.Profile plots  

Here, the vertical structure of Northern Patagonia is illustrated using the in situ-based 
climatology. A map showing the locations of the different profile plots is first presented, followed 
by the corresponding profiles.  

  

Figure Annexe 1: Location of the different profile plots following this 
figure. 
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Figure Annexe 2: Profile plots of the monthly temperature from the in situ-based climatology 
at Reloncaví Fjord's head (point 1 on the map). 

Figure Annexe 3: Profile plots of the monthly temperature from the in situ-based 
climatology in Reloncaví Sound (point 2 on the map). 
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Figure Annexe 5: Profile plots of the monthly temperature from the in situ-based 
climatology between Reloncaví Sound and Ancud Gulf (point 3 on the map). 

Figure Annexe 4: Profile plots of the monthly temperature from the in situ-based 
climatology in Ancud Gulf (point 4 on the map). 
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Figure Annexe 7: Profile plots of the monthly temperature from the in situ-based climatology 
East of Chacao Channel (point 6 on the map). 

Figure Annexe 6: Profile plots of the monthly temperature from the in situ-based 
climatology in Comau Fjord’s mouth (point 5 on the map). 
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Figure Annexe 9: Profile plots of the monthly temperature from the in situ-based 
climatology in Corcovado Gulf (point 8 on the map). 

Figure Annexe 8: Profile plots of the monthly temperature from the in situ-based climatology 
West of Chacao Channel (point 7 on the map). 
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Figure Annexe 10: Profile plots of the monthly temperature from the in situ-based 
climatology in south Corcovado Gulf (point 10 on the map). 

Figure Annexe 11: Profile plots of the monthly temperature from the in situ-based 
climatology in Guafo Mouth (point 9 on the map). 
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Figure Annexe 12: Profile plots of the monthly temperature from the in situ-based 
climatology in Puyuhuapi Fjord (point 12 on the map). 

Figure Annexe 13: Profile plots of the monthly temperature from the in situ-based 
climatology in Moraleda Channel (point 11 on the map). 
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Figure Annexe 15: Profile plots of the monthly temperature from the in situ-based 
climatology in Puyuhuapi Fjord’s head (point 13 on the map). 

Figure Annexe 14 : Profile plots of the monthly temperature from the in situ-based 
climatology in Aysén Fjord's Mouth (point 14 on the map). 
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Figure Annexe 17: Profile plots of the monthly temperature from the in situ-based 
climatology in Aysén Fjord's head (point 16 on the map). 

Figure Annexe 16: Profile plots of the monthly temperature from the in situ-based 
climatology in Aysén Fjord (point 51 on the map). 
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Figure Annexe 18: Profile plots of the monthly temperature from the in situ-based 
climatology in the Pacific Ocean west of Chiloé Island (point 18 on the map). 

Figure Annexe 19: Profile plots of the monthly temperature from the in situ-based 
climatology in Elefantes Channel (point 17 on the map). 
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Figure Annexe 20: Profile plots of the monthly temperature from the in situ-based 
climatology in the Pacific Ocean West of Chonos Archipelago (point 19 on the map). 
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2.Spatial representation of the temperature climatology 

This section provides the full temperature climatology corresponding to section 3.3.2 of the 
manuscript. While only 3 depths are presented there (0, 30 and 100m), here the results are shown 
for all depths at which the monthly climatology has been calculated.  

 

 

Figure Annexe 21: Monthly climatology of the sea temperature at 0m depth. 
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Figure Annexe 22: Monthly climatology of the sea temperature at 2.5m depth. 

Figure Annexe 23: Monthly climatology of the sea temperature at 5m depth. 
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Figure Annexe 25: Monthly climatology of the sea temperature at 10m depth 

Figure Annexe 24: Monthly climatology of the sea temperature at 7.5m depth. 
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Figure Annexe 26: Monthly climatology of the sea temperature at 12.5m depth. 

Figure Annexe 27: Monthly climatology of the sea temperature at 15m depth. 
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Figure Annexe 28: Monthly climatology of the sea temperature at 17.5m depth. 

Figure Annexe 29: Monthly climatology of the sea temperature at 20m depth. 
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Figure Annexe 31: Monthly climatology of the sea temperature at 30m depth. 

Figure Annexe 30: Monthly climatology of the sea temperature at 25m depth. 
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Figure Annexe 32: Monthly climatology of the sea temperature at 35m depth. 

Figure Annexe 33: Monthly climatology of the sea temperature at 40m depth. 
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Figure Annexe 34: Monthly climatology of the sea temperature at 45m depth. 

Figure Annexe 35: Monthly climatology of the sea temperature at 50m depth. 
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Figure Annexe 37: Monthly climatology of the sea temperature at 70m depth. 

Figure Annexe 36: Monthly climatology of the sea temperature at 60m depth. 
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Figure Annexe 39: Monthly climatology of the sea temperature at 80m depth. 

Figure Annexe 38: Monthly climatology of the sea temperature at 90m depth. 
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Figure Annexe 41: Monthly climatology of the sea temperature at 125m depth. 

Figure Annexe 40: Monthly climatology of the sea temperature at 100m depth. 
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Figure Annexe 43: Monthly climatology of the sea temperature at 175m depth. 

Figure Annexe 42: Monthly climatology of the sea temperature at 150m depth. 
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Figure Annexe 44: Monthly climatology of the sea temperature at 200m depth. 

Figure Annexe 45: Monthly climatology of the sea temperature at 225m depth. 
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Figure Annexe 46: Monthly climatology of the sea temperature at 250m depth. 

Figure Annexe 47: Monthly climatology of the sea temperature at 275m depth. 
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Figure Annexe 49: Monthly climatology of the sea temperature at 300m depth. 

Figure Annexe 48: Monthly climatology of the sea temperature at 325m depth. 
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Figure Annexe 51: Monthly climatology of the sea temperature at 350m depth. 

Figure Annexe 50: Monthly climatology of the sea temperature at 375m depth. 
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Figure Annexe 52: Monthly climatology of the sea temperature at 400m depth. 
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3.Availability of in situ data 

In section 3.2.2, we described the use of in situ data to build the temperature climatology. The 
following table lists all the sources of the in situ data, along with information on the platform type, 
the institute that conducted the campaigns (if available), and the spatial and temporal extent of 
the samples.  

 

Table Annexe 1: Origin and information about the in situ data used for the construction of the 
climatology. 

Source/ 

Provider 
Platform type Institute Temporal 

extent 
Spatial 
extend References 

CMEMS 

Drifters 

/ 

1950-01-01 
to  

2021-12-31 

All study 
area 

Szekely et 
al., 20231 CTD 

 

Pangaea Shallow water 
monitoring stations 

Wagner 
institute 
Huinay 

Scientific Field 
Station 

2009-04-07 
to  

2014-02-11 

Fjord 
Comau 

2 to 54 

Fjord 
Renihue 

Fjord Piti 
Palena 

Repollal 
Islands 

 

EMODnet Drifting buoys / 

2016-09-20 
to  

2021-05-31 

All study 
area 

55 to 59 

 

World Ocean 
Database 

(WOD) 

CTD (conductivity 
temperature depth) 

/ 

1948-11-23 
to  

2020-05-12 

Open 
Ocean, 

West of the 
Sea of 
Chiloé 

Boyer et al., 
201860 

OSD (ocean station 
data) 

XBT (expandable 
bathythermograph) 

MBT (Mechanical 
Bathythermograph) 

APB (Autonomous 
Pinniped 

Bathythermographs



xxxi 
 

) 

PFL (Profiling 
Floats) 

 

Centro de 
datos 

oceanográficos 
y 

meteorológico
s (CDOM) 

Anchored buoy COPAS Sur-
Austral 

2013-03-09 
to  

2014-06-19 

Reloncaví 
Fjord 

(Cochamo) 

-72,31E, 

-41,52N http://cdom.
cl/ 

2010-07-01 
to  

2018-04-06 

Puyuhuapi 
Fjord 

-72.72E, 

-44.58N 

 

Centro de 
investigaciónes 

i~mar 
Anchored buoy 

Centro de 
investigaciones 

i~mar 
2017-04-28 

to  

2023-09-01 

Reloncaví 
Sound  

-72.8345E, 

-41.6364N 

http://cdom.
cl/ 

COPAS Sur-
Austral 

 

Centro de 
investigaciónes 

i~mar 

CTD 

Centro de 
Instrucción y 
Capacitación 

Maritima 
(CIMAR) 

1970-03-20 
to  

2022-09-01 

All study 
area 

(especially 
interior Sea 
of Chiloé) 

… 

Microprofiler 

Centro de 
investigaciones 

i~mar 

Instituto de 
Fomento 
Pesquero 

(IFOP) 
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The following pages list the different sources and/or DOIs for the in situ data shown in the table 
above.  

3.1 CMEMS  
1Szekely Tanguy, Gourrion Jerome, Pouliquen Sylvie, Reverdin Gilles (2023). CORA, Coriolis 
Ocean Dataset for Reanalysis. SEANOE. https://doi.org/10.17882/46219 

 

3.2 Pangaea 

Coming from shallow depth monitoring stations in different fjords of the north of the Inner Sea of 
Chiloé. Listed by localisation. 
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Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
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42012 Fillinger, Laura; Richter, Claudio (2013): Physical oceanography during expedition 
Comau2012. Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, 
Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.811832  

52012 phys oce Fillinger, Laura; Richter, Claudio (2013): Physical oceanography during 
expedition Comau2012. Alfred Wegener Institute, Helmholtz Centre for Polar and Marine 
Research, Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.811832  

62013 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter; Goehlich, Henry (2017): 
Physical oceanographic profiles of 14 CTD casts from Gulf of Ancud into Comau Fjord in 2013. 
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
PANGAEA, https://doi.org/10.1594/PANGAEA.874259 

72014 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter; Goehlich, Henry (2014): 
Physical oceanographic profiles of seven CTD casts from Gulf of Ancud into Comau Fjord in 
2014. Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
PANGAEA, https://doi.org/10.1594/PANGAEA.832187 

 

Huinay 

82010 Laudien, Jürgen; Baumgarten, Sebastian; Jantzen, Carin; Richter, Claudio; Steinmetz, 
Richard; Häussermann, Verena; Försterra, Günter (2012): Water temperature at station Huinay, 
Comau Fjord, Patagonia, Chile in 2010. Alfred Wegener Institute, Helmholtz Centre for Polar and 
Marine Research, Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.783633 

92012-13 Laudien, Jürgen; Jantzen, Carin; Häussermann, Verena; Försterra, Günter (2013): 

https://doi.org/10.1594/PANGAEA.783633
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Water temperature at time series station Huinay Jetty, Comau Fjord, Patagonia, Chile in 
2012/2013. Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, 
Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.843752 

102013-14 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2014): Water temperature 
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Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.843753 

112014-15 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2015): Water temperature 
at time series station Huinay Jetty, Comau Fjord, Patagonia, Chile in 2014/2015. Alfred Wegener 
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https://doi.org/10.1594/PANGAEA.843770 
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Water temperature at time series station Huinay Jetty, Comau Fjord, Patagonia, Chile in 
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Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.872935 
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Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.783296 

142011-12 Laudien, Jürgen; Jantzen, Carin; Häussermann, Verena; Försterra, Günter (2012): 
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Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
PANGAEA, https://doi.org/10.1594/PANGAEA.777752 

152012-13 Laudien, Jürgen; Jantzen, Carin; Häussermann, Verena; Försterra, Günter (2013): 
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Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
PANGAEA, https://doi.org/10.1594/PANGAEA.818388 

162013-14 Laudien, Jürgen; Jantzen, Carin; Häussermann, Verena; Försterra, Günter (2014): 
Water temperature at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2013/2014. 
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
PANGAEA, https://doi.org/10.1594/PANGAEA.830086 

172014-15 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2015): Water temperature 
at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2014/2015. Alfred Wegener 
Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.843773 

182015 02 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2015): Water temperature 
at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2015-02. Alfred Wegener 
Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.845259 

192015-16 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2017): Water temperature 
at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2015/2016. Alfred Wegener 
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Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.872161 

202016-17 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2017): Water temperature 
at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2016/2017. Alfred Wegener 
Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.872121 

212017-18 Laudien, Jürgen; Häussermann, Verena; Försterra, Günter (2021): Water temperature 
at time series station Liliguapi, Paso Comau, Patagonia, Chile in 2017/2018. Alfred Wegener 
Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
https://doi.org/10.1594/PANGAEA.933275 
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Verena; Försterra, Günter; Richter, Claudio (2017): Water temperature at time series station 
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https://doi.org/10.1594/PANGAEA.872483
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Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA, 
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Richard; Häussermann, Verena; Försterra, Günter (2012): Water temperature at station SWALL, 
Comau Fjord, Patagonia, Chile in 2010. Alfred Wegener Institute, Helmholtz Centre for Polar and 
Marine Research, Bremerhaven, PANGAEA, https://doi.org/10.1594/PANGAEA.783302 
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https://doi.org/10.1594/PANGAEA.783284 

322011-12 Laudien, Jürgen; Jantzen, Carin; Häussermann, Verena; Försterra, Günter (2012): 
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3.3 EMODnet 

The dataset was extracted from the Ocean Browser EMODnet (European Marine Observation 
and Data Network, URL: https://emodnet.ec.europa.eu/en/physics/; last access in 2022) 
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