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Summary

Extreme weather events, such as heatwaves, droughts, and floods, can severely impact human and
environmental systems. Many of these events have become more frequent and intense, causing
damage to systems that are not adapted to withstand such extreme conditions. Extreme events
occur not only on land, but also in the ocean, manifesting as abnormally high temperatures, high
acidity, or low oxygen. These events can directly cause negative impacts on marine organisms
and potentially alter ecosystems. Recognising this, many studies have investigated the occur-
rences and impacts of extreme high temperatures at the ocean surface, known as marine heat-
waves (MHW). However, relatively few have examined conditions below the surface, within the
upper ocean where many marine organisms reside. Few studies have also explored biogeochem-
ical extremes, such as ocean acidity extremes (OAX) and low oxygen extremes (LOX). This gap
in the understanding of subsurface and biogeochemical extremes can be largely attributed to the
lack of long-term observational data necessary to establish baseline conditions. However, this gap
is an essential one to fill, since many marine species are impacted not only by temperatures at the
ocean surface, but are vulnerable to stressors in acidity and oxygen within their vertical habitat.

In this thesis, I aim to fill this gap by developing a framework to study the compounding of
multiple stressors within the upper water column of the ocean. To achieve this, I used a 60 year
hindcast simulation of the global ocean with a physical-biogeochemical ocean model (CESM-
BEC). Analysing the properties of temperature, hydrogen ion concentration (H*), and dissolved
oxygen concentration (O,), I defined the Column-Compound eXtreme (CCX). CCX occurs when
a considerable fraction of the water column is occupied by extremes in multiple stressors. Glob-
ally, I found that the volume of CCX has increased from approximately 1% to more than 45 %
between 1960 and 2020. In 2020, such extreme events typically lasted longer than 30 days, oc-
cupying up to 40 % of the water column, thereby significantly contracting the habitats of marine
organisms. Additionally, I also showed that CCX exhibit distinct spatial patterns, inferring their
drivers from the underlying ocean conditions. For instance, I found a high propensity for MHW
to occur with OAX near the surface in the subtropics, where high ocean temperatures drive an
increased acidity. In the Tropics and eastern boundary upwelling systems (EBUS), I identified a
tendency for co-occurring OAX and LOX, driven by anomalous upwelling of deep waters typi-
cally high in H" and depleted in O,. Furthermore, I demonstrated that some types of CCX occur
more frequently during El Nifio Southern Oscillation (ENSO) modes, suggesting a certain degree
of predictability. Characterising and understanding the formation of CCX represents a critical
first step toward assessing the exposure of pelagic marine organisms to compound extremes.
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Then, I detected CCX in the Southern Ocean using a 40-year hindcast simulation with a re-
gional ocean model (ROMS-BEC). With a higher spatial resolution compared to CESM-BEC, I
characterised CCX across the Antarctic, Subantarctic, and Northern zones. I found that column-
compound MHW and OAX events increased in all zones, with the Antarctic zone experiencing
the greatest increase in volume fraction, from approximately 5% to more than 50 %. This was
accompanied by a nearly three-fold increase in the MHW and OAX anomalies relative to the
climatological mean. Furthermore, among the Antarctic Marine Protected Areas (MPAs), the
Ross and Weddell Seas experienced greater increases in CCX volume, duration, and anomaly
compared to the Antarctic zonal mean. In the vertical dimension, differences in the expression of
CCX between zones were identified. In the Northern zone, surface MHW events commonly co-
occurred with subsurface OAX, leading to a significant contraction of vertical habitable space by
up to 80 %. In contrast, in the Antarctic zone, MHW and OAX frequently co-occurred in the sub-
surface, occupying a relatively smaller vertical fraction. These CCX in the Antarctic zone also
represented the laterally largest extreme events, spanning more than 200000 km? across ocean
basins and lasting over 500 days. The vertical and lateral sizes of these CCX have significant im-
plications for marine biota, directly affecting metabolism and physiology, and have the potential
to cause impacts to populations and ecosystems.

Finally, I identified the drivers of CCX by examining concurrent anomalous changes in the
physical and biogeochemical state of the Southern Ocean. To achieve this, I first clustered CCX
based on the vertical locations of MHW and OAX, resulting in four distinct clusters across
the three zones. For each cluster and zone combination, I analysed mean decadal changes, H*
anomaly decompositions, and logistic regressions to determine the primary mechanisms leading
to CCX. This analysis revealed that a large proportion of CCX are driven dynamically. Specifi-
cally, a major subsurface source of anomalous heat and acidity was attributed to the upwelling of
the Circumpolar Deep Water (CDW), which is modulated by the strength and position of the cir-
cumpolar westerlies and sea ice extent. Decadal variations in these properties were further linked
to leading climate modes such as the Southern Annular Mode (SAM) and ENSO. Outside the
Antarctic zone, CCX often consisted of surface MHW co-occurring with subsurface OAX. Here,
MHW was primarily ocean-driven, while increased primary production in the surface layer led
to remineralisation and OAX at depth. These examples illustrate the complexity of CCX onset in
the Southern Ocean, which may arise from local processes or large-scale climate variability. The
association of CCX with observable properties such as wind speed, sea ice extent, and SAM lays
the groundwork for future seasonal to decadal predictions of these events.

Overall, this thesis expands the current state of marine extremes in two key directions. By
considering multiple stressors, it accounts for conditions in which biological impact may occur
through multiple or synergistic pathways. In addition, consideration of the water column accounts
for the vertical habitat of pelagic organisms. Thus, CCX better constrains the exposure of marine
biota to extreme conditions, compared to focusing only on a single stressor on the surface. As
subsurface observations of temperature and biogeochemical properties become more widespread,
I anticipate that this thesis will provide a foundation for characterising and analysing column ex-
treme events. Improving our understanding of these events is critical, especially as anthropogenic
climate trends continue to drive the oceans toward a warmer, more acidic, and hypoxic state.



Zusammenfassung

Extreme Wetterereignisse wie Hitzewellen, Diirren und Uberschwemmungen konnen menschliche
und okologische Systeme erheblich beeintridchtigen. Viele dieser Ereignisse sind hiufiger und
intensiver geworden, was zu Schiaden in Systemen fiihrt, die nicht an solche extremen Bedingun-
gen angepasst sind. Solche extremen Ereignisse treten nicht nur an Land, sondern auch im Ozean
auf, beispielsweise in Form von ungewohnlich hohen Temperaturen, hohem Siuregehalt oder
niedrigem Sauerstoffgehalt. Diese Ereignisse konnen direkte, negative Auswirkungen auf ma-
rine Organismen haben und moglicherweise Okosysteme verindern. In Anbetracht dessen haben
viele Studien die Haufigkeit und Auswirkungen extrem hoher Temperaturen an der Meeresober-
flache, bekannt als marine Hitzewellen (MHW), untersucht. Relativ wenige Studien haben jedoch
die Bedingungen in der oberen Wassersiule untersucht, wo zahlreiche marine Organismen leben.
Ebenso selten wurden biogeochemische Extreme wie extreme Ozeanversauerung (OAX) oder
niedrige Sauerstoffextreme (LOX) erforscht. Diese Wissensliicke in Bezug auf das Ozeaninnere
und biogeochemische Extreme ist grosstenteils auf den Mangel an langfristigen Beobachtungs-
daten zuriickzufiihren, die notwendig sind, um Basisbedingungen zu definieren. Diese Liicke ist
jedoch entscheidend, da viele marine Arten nicht nur durch die Temperaturen an der Meeresober-
flache, sondern auch durch Stressoren wie Siduregehalt und Sauerstoff innerhalb ihres vertikalen
Lebensraums gefidhrdet sind.

In dieser Dissertation strebe ich an, diese Liicke zu schliessen, indem ich eine Methode zur
Untersuchung von kombinierten Stressoren in der oberen Wassersdule des Ozeans entwickle.
Dafiir nutzte ich eine 60-jdhrige historische Simulation des globalen Ozeans mit einem physikalisch-
biogeochemischen Ozeanmodell (CESM-BEC). Anhand der Eigenschaften von Temperatur, Wasser-
stoffionenkonzentration (H") und gelostem Sauerstoff (O,) definierte ich das Konzept der Column-
Compound eXtreme (CCX). CCX tritt auf, wenn ein erheblicher Teil der Wassersidule von Ex-
tremen in mehreren Stressoren geprigt ist. Global zeigte sich, dass das Volumen der CCX zwis-
chen 1960 und 2020 von etwa 1 % auf mehr als 45 % angestiegen ist. Im Jahr 2020 dauerten solche
extremen Ereignisse typischerweise lidnger als 30 Tage und nahmen bis zu 40% der Wasser-
sdule ein, was die Lebensrdume mariner Organismen erheblich einschrinkte. Zudem zeigten sich
deutliche raumliche Muster der CCX, die auf die treibenden Faktoren der zugrunde liegenden
ozeanischen Bedingungen hinwiesen. Zum Beispiel fand ich eine hohe Wahrscheinlichkeit fiir
das gleichzeitige Auftreten von MHW und OAX nahe der Oberfliche in den Subtropen, wo hohe
Meerestemperaturen thermodynamisch einen erhohten Sauregehalt antreiben. In den Tropen und
in Ostlichen Auftriebsgebieten (EBUS) zeigte sich eine Tendenz fiir das gleichzeitige Auftreten
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von OAX und LOX, verursacht durch anomalen Auftrieb von Tiefenwasser mit hohem H*- und
niedrigem O,-Gehalt. Dariiber hinaus wies ich nach, dass bestimmte Arten von CCX héufiger
wihrend El Nifio-Southern Oscillation (ENSO) Phasen auftreten, was eine gewisse Vorhersag-
barkeit nahelegt. Die Charakterisierung und das Verstidndnis der Entstehung von CCX stellen
einen wichtigen ersten Schritt dar, um die Exposition pelagischer Organismen gegeniiber kom-
binierten Extremen zu bewerten.

Anschliessend detektierte ich CCX in der Siidpolarregion anhand einer 40-jdhrigen historischen
Simulation mit dem regionalen Ozeanmodell ROMS-BEC. Mit hoherer rdumlicher Auflosung im
Vergleich zu CESM-BEC charakterisierte ich CCX in den antarktischen, subantarktischen und
Zonen nordlich davon. Ich fand heraus, dass column-compound MHW- und OAX-Ereignisse in
allen Zonen zunahmen, wobei die antarktische Zone den grossten Anstieg des Volumenanteils
verzeichnete, von etwa 5% auf mehr als 50 %. Dies ging mit einer nahezu dreifachen Zunahme
der MHW- und OAX-Anomalien im Vergleich zum klimatologischen Mittel einher. In antark-
tischen Meeresschutzgebieten (MPAs) zeigten die Ross- und Weddell-See grossere Zunahmen in
CCX-Volumen, -Dauer und -Anomalien im Vergleich zum antarktischen Zonenmittel. Vertikal
zeigten sich Unterschiede im Ausdruck von CCX zwischen den Zonen. In der nordlichen Zone
traten Oberflichen-MHW hiufig zusammen mit Bedingungen unterhalb der Oberfliche auf, die
durch OAX gekennzeichnet waren, was zu einer erheblichen Verringerung des vertikalen Leben-
sraums um bis zu 80 % fiihrte. In der antarktischen Zone traten MHW und OAX hingegen héufig
unterhalb der Oberflache auf und nahmen einen relativ kleineren vertikalen Anteil ein. Diese
CCX in der antarktischen Zone stellten auch die flaichenmissig grossten Extremereignisse dar,
die mehr als 200 000 km? der Ozeanbecken hinweg umfassten und iiber 500 Tage andauerten. Die
vertikale und laterale Grosse dieser CCX hat erhebliche Auswirkungen auf marine Biota, da sie je
nach Migrationsmuster Stoffwechsel und Physiologie beeinflussen und potenziell Auswirkungen
auf Populationen und Okosysteme haben konnen.

Schliesslich identifizierte ich die Treiber von CCX, indem ich gleichzeitige anomale Verén-
derungen im physikalischen und biogeochemischen Zustand des Siidlichen Ozeans untersuchte.
Dazu habe ich CCX zunichst basierend auf den vertikalen Positionen von MHW und OAX in
vier unterschiedliche Cluster iiber die drei Zonen hinweg gruppiert. Fiir jede Cluster- und Zo-
nenkombination analysierte ich die mittleren dekadischen Verdnderungen, die Zerlegung von
H*-Anomalien, und logistische Regressionen, um die priméren Mechanismen zu ermitteln, die
zu CCX fithren. Diese Analyse ergab, dass ein grosser Teil der CCX dynamisch getrieben
ist. Insbesondere wurde eine wichtige Quelle fiir anomale Wirme und Sdure auf den Auftrieb
des Zirkumpolaren Tiefenwassers (CDW) zuriickgefiihrt, das durch die Stirke und Position der
zirkumpolaren Westwinde sowie das Ausmass des Meereises moduliert wird. Dekadische Varia-
tionen dieser Eigenschaften wurden zudem mit fithrenden Klimavariabilititen wie dem Southern
Annular Mode (SAM) und ENSO in Verbindung gebracht. Ausserhalb der antarktischen Zone
bestanden CCX oft aus Oberflichen-MHW, die mit OAX im Ozeaninnern zusammenfielen. Hier
waren MHW hauptsichlich ozeanisch getrieben, wihrend erhohte Primérproduktion in der Ober-
flachenschicht zur Remineralisation und zu OAX in der Tiefe fiihrte. Diese Beispiele verdeut-
lichen die Komplexitit des Auftretens von CCX im Siidlichen Ozean, die sowohl aus lokalen
Prozessen als auch aus grossskaliger Klimavariabilitit resultieren kann. Die Verbindung von



vii

CCX mit beobachtbaren Eigenschaften wie Windgeschwindigkeit, Meereisausdehnung und SAM
bildet eine Grundlage fiir zukiinftige saisonale bis dekadische Vorhersagen dieser Ereignisse.

Insgesamt erweitert diese Dissertation den aktuellen Kenntnisstand zu marinen Extremen in
zwel wesentlichen Richtungen. Durch die Beriicksichtigung mehrerer Stressoren trigt sie den
Bedingungen Rechnung, unter denen biologische Auswirkungen durch multiple oder synergistis-
che Prozesse auftreten konnen. Dariiber hinaus beriicksichtigt die Einbeziehung der Wassersédule
den betroffenen Lebensraum vertikal wandernder pelagischer Organismen. Die Charakterisierung
von CCX in dieser Arbeit schrinkt daher die Exposition mariner Biota gegeniiber extremen Be-
dingungen besser ein, als wenn nur ein einzelner Stressor an der Oberfliche betrachtet wiirde.
Da Beobachtungen von Temperatur und biogeochemischen Eigenschaften unterhalb der Ober-
flache immer weiter verbreitet werden, bietet die in dieser Dissertation vorgestellte Arbeit eine
Grundlage fiir die Charakterisierung und Analyse von column-extreme Ereignissen. Ein besseres
Verstdndnis dieser Ereignisse ist entscheidend, insbesondere da anthropogene Klimatrends die
Ozeane in Richtung eines wirmeren, saureren und hypoxischen Zustands treiben.
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Chapter 1

Introduction

1.1 Marine extremes in a changing climate

Since the beginning of the industrial revolution, human activities have dramatically increased
atmospheric levels of carbon dioxide (€O This has caused global warming and an increase

in the dissolution of C@in the oceans, leading to increased ocean temperatures and acidity
and decreased dissolved oxygen (Figure 1.1a-c, Masson-Delmotte et al., 2021). Under contin-
ued anthropogenic C{emissions, oceans are expected to absorb more heat andexjosing
vulnerable marine environments to a greater magnitude in these stressors (Oschlies et al., 2018
Kwiatkowski et al., 2020; Fox-Kemper et al., 2021; Findlay, 2023).

In addition to long-term trends, the short-term variability in these stressors causes extreme
events, which can occur both on land and in the oceans (Seneviratne et al., 2021; Clarke and
Rendell, 2007; Gruber et al., 2021). For example, anomalous temperatures or precipitation on
land can cause extremes such as heatwaves, droughts, and oods. These events have immediat
and tangible environmental and socioeconomic consequences. However, the impacts of extremes
that occur in the ocean are less immediately apparent. Extreme high ocean temperature events
can push marine organisms beyond their thermal and metabolic limits, causing biological impacts
such as sh mortality and coral bleaching (Gruber et al., 2021). Meanwhile, the impacts of acidic
and hypoxic events can be more insidious, affecting the metabolism and physiology of marine
species Kohn et al. (2022); Hofmann Elizondo et al. (2024). When extremes in multiple stressors
are compounded, that is, occurring together, impacts on marine organisms may be exacerbatec
(Gruber et al., 2021), further deteriorating habitable conditions in the ocean. These impacts may
result in consequences for marine biodiversity, ecosystem services, and socio-economic impact
(Smale et al., 2019; Smith et al., 2021).

Although an increasing number of studies have explored the occurrences and impacts of ex-
treme ocean temperatures, few have investigated marine extremes with respect to high acidity

1



2 Introduction

Figure 1.1 Long-term changes in global oceanic properties. (a) Sea surface temperature trends
between 1993 and 2021, (b) surface pH trends between 1985 and 2022, (c) dissolved oxygen trends
in the upperl000 m between 1960 and 2013, (d) Difference in marine heatwave (MHW) days
between 1925-1954 and 1987-2016, where hatching denotes a signi cant difference. Data and
gures taken from (a-b) E.U. Copernicus Marine Service Information (CMEMS). Marine Data Store
(MDS). (2023b,a), (c) GOBAI-O2, Sharp et al. (2023), (d) Oliver et al. (2018).

and low oxygen, particularly in the subsurface. Even fewer have focused on extremes that in-
volve compounded stressors. Under current anthropogenic climate trends, the increasingly warm,
acidic, and hypoxic conditions of the ocean are expected to cause extreme events to become more
frequent, persistent, and intense (Figure 1.1d, Frolicher et al., 2018; Frolicher and Laufkotter,
2018; Oliver et al., 2018). This underscores the importance of understanding compound events
and their effects on habitable space. This thesis therefore aims to utilise ocean models to im-
prove our understanding of such biogeochemical extremes, how they are compounded, and their
potential impact on habitable space in the upper ocean.

1.2 Marine extremes events

1.2.1 Rapid advancements in the study of surface marine heatwaves

Marine heatwaves (MHW) are de ned as discrete, prolonged, and anomalously warm water
events (Hobday et al., 2016). They have been observed before this de nition (Garrabou et al.,
2009; Eakin et al., 2010; Pearce et al., 2011), and increasingly so after (Holbrook et al., 2019;
Sen Gupta et al., 2020; Oliver et al., 2021). Although de nitions differ in early studies, all agree
that persistent anomalous temperatures have an impact on marine biology, including coral bleach-
ing, mortality, and geographical and phenological shifts of marine species.
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The widespread and observable effects of MHW have drawn increasing attention in the last
decade (Oliver et al., 2021; Capotondi et al., 2024). Between 2013 and 2015, a large and persisten
MHW known as "The Blob' occurred in the North Paci ¢ (Freeland and Ross, 2019). The anoma-
lously warm waters during this event caused ecosystem disruptions through low phytoplankton
productivity, northward migration of sh, and mortality of mammals and seabirds (Smith et al.,
2023). This led to an acceleration in the detection and investigation of MHW occurring around
the globe. Since then, many studies have also quanti ed their drivers (Holbrook et al., 2019; Vogt
et al., 2022), impacts (Benthuysen et al., 2020; Smith et al., 2021), projections (Frolicher et al.,
2018), and forecasts (Jacox et al., 2022; Mogen et al., 2024).

Figure 1.2 Drivers and ecological impacts of major MHW. A subset of major MHW events since
1995. The MHW intensity scale, from moderate to extreme, represents conditions corresponding to
the peak date of the event, with categories identi ed successively as multiples of the 90th percentile.
Figure taken from Holbrook et al. (2020).

These studies on MHW have been enabled by the availability of satellite observed sea surface
temperatures (SST) since 1979 (Figure 1.2, Holbrook et al., 2019; Oliver et al., 2021). Several
hotspots of large, long and intense MHW emerge, such as in the tropical Paci c, north Paci c,
western boundary currents, and the Mediterranean Sea. MHW in many of these hotspots have
been linked to the El Nifio Southern Oscillation (ENSO), which is the leading mode of global
SST variability. ENSO has also been identi ed as a key driver of MHW in the tropical Paci c
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and other basins through atmospheric teleconnections. (Figure 1.2, Gregory et al., 2024a; Artana
etal., 2024; Feng et al., 2024). Beyond ENSO, regional studies have identi ed drivers and impacts
of MHW on smaller scales (Villasefior-Derbez et al., 2024; Darmaraki et al., 2024; Gregory et al.,
2024b), which are crucial to the response and adaptation of affected local communities. The
availability of long-term satellite data has also enabled the study of extremes in other stressors
such as sea level (Marcos et al., 2015; Muis et al., 2016), chlorophyll concentration (Le Grix
et al., 2021; Di Biagio et al., 2020), and sea ice extent (Stabeno and Bell, 2019; Parkinson and
DiGirolamo, 2021). This increased focus on marine extremes in recent years has improved our
understanding of anomalous ocean conditions that we do not directly experience.

1.2.2 Increasing focus on acidity and low oxygen extremes

Extremes in acidity and oxygen are also receiving growing attention because of their direct phys-
iological and metabolic impacts on marine life. Ocean acidity events (OAX) are characterised by
an anomalously high concentration of the hydrogen iof) (Burger et al., 2020; Desmet et al.,
2022). Due to the rapid uptake of anthropogenic,@Cthe upper ocean (DeVries, 2014; Gruber

et al., 2023), OAX has become nearly permanent across the globe when compared to the early
industrial period (Gruber et al., 2021; Burger et al., 2022). At the surface, OAX have been shown
to coincide with MHW in the Tropics and Subtropics (Burger et al., 2022), whereas at depth they
tend to be located in the Oxygen De cient Zones (ODZ, Kéhn et al., 2022), posing risks to marine
organisms inhabiting the upper ocean.

A variant of acidity extreme has been de ned by anomalous changes in the aragonite satu-
ration state (Hauri et al., 2013, 2016; Kwiatkowski and Orr, 2018; Desmet et al., 2023). Marine
calci ers such as shelled pteropods rely on thermodynamically favourable saturation conditions
in aragonite to maintain their shells (Bednarsek et al., 2012). Undersaturation extremes can occur
in the upper ocean during the shoaling of the saturation horizon, causing impacts on shell solu-
bility and metabolism (BednarSek et al., 2023; Hofmann Elizondo et al., 2024). These extremes
have been identi ed in the Southern Ocean and the California Current system and are expected
to prolong and intensify in the future (Hauri et al., 2013, 2016; Damien et al., 2024).

Low oxygen extremes (LOX) are characterised by anomalously low concentrations of dis-
solved oxygen (. They have been shown to be highly correlated with OAX and tend to oc-
cur during upwelling events, and shifts in gradients within ODZs or mesoscale eddies (Machu
et al., 2019; Kohn et al., 2022; Atkins et al., 2022). Although LOX has received less attention
than MHW and OAX, partly due to a relatively smaller deoxygenation trend compared to its
variability (Schmidtko et al., 2017; Stramma and Schmidtko, 2021), they have the potential to
cause metabolic stress in marine ectotherms, especially when compounded with other stressors
(Sampaio et al., 2021). OAX and LOX were also observed during the Paci ¢ Blob MHW event
(2013-2015), suggesting that its extensive impact may be partly caused by anomalously high
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acidity and low oxygen (Gruber et al., 2021; Mogen et al., 2022).

So far, the study of OAX and LOX has been largely limited to model studies, due to the lack
of spatially and temporally abundant observations of pH apdH®wever, the increasing num-
ber of observations from Biogeochemical (BGC) Argo oats and gridded products has improved
the quanti cation of these properties in recent years, though not without limitations (Gregor and
Gruber, 2021; Mazloff et al., 2023; Sharp et al., 2023). In the context of extremes, these observa-
tional datasets are useful for validating models (Wong et al., 2024) and potentially characterising
extremes.

1.2.3 Detecting extremes on a local scale

A widely applied method for detecting MHW is that of Hobday et al. (2016), which relies on

a seasonally varying relative percentile threshold and is re ective of the framework de ned for
atmospheric heatwaves (Perkins and Alexander, 2013). The baseline temperature climatology is
rst calculated based on a chosen period of 30 years, allowing for long timescales of variability.
The threshold is then de ned as the 90th percentile of temperature values in an 11-day window
for each day of the year. Furthermore, Hobday et al. (2016) requires that events be prolonged and
discrete, recommending a minimum duration of ve days and lling in gaps of up to two days
between events. Subsequent studies have adjusted these temporal and percentile threshold criter:
but have retained the general approach of a seasonally varying relative threshold (Frdlicher et al.,
2018; Kohn et al., 2023). An example of such a MHW is shown in Figure 1.3b, where the event
occurs whenever the seasonal threshold is exceeded. This method has been adapted and used
detect OAX (Burger et al., 2020; Desmet et al., 2023), LOX (Kdhn et al., 2022), low chlorophyll
(Di Biagio et al., 2020; Le Grix et al., 2021), and aragonite undersaturation events (Desmet et al.,
2022).

This de nition of MHW is a relatively new concept and the scienti c community has grap-
pled with the choice of these criteria. A signi cant discussion has arisen about the choice of
the baseline on which the percentile thresholds are calculated (Amaya et al., 2023b; Sen Gupta,
2023). The xed baseline methodology de ned by Hobday et al. (2016) re ects the increasing
threats posed by MHW on slowly (or non) adapting species, including the effect of the warming
trend. A moving baseline re ects MHW as an extreme event relative to the conditions of the
period in which it occurs by removing the climate trend and is relevant for ecosystems with faster
adaptation or greater mobility (Oliver et al., 2021; Rossell6 et al., 2023). It is also useful for
investigating the drivers of MHW apart from global heating (Jacox, 2019). Either choice can be
relevant and useful, depending on the scienti ¢ question being addressed.

The choice of threshold is less discussed, but remains relevant to the ecological impact of ex-
tremes. The relative percentile threshold quanti es the exceedances of a limit beyond its seasonal
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Figure 1.3 Different methods of de ning MHW thresholds. (a) Fixed threshold and climatol-
ogy—de ned either by an absolute temperature or a xed percentile threshold over all temperatures
in the chosen period. (b) Seasonally varying percentile thresholds and climatology. Figure inspired
by Oliver et al. (2021).

norm and can be seen as a seasonally moving baseline. Thus, a MHW indicates a deviation from
seasonally normal temperatures to which marine organisms are adapted. However, some species
exhibit a clear thermal threshold and in these species-speci ¢ cases, the choice of an absolute
threshold may be appropriate (Figure 1.3a; Oliver et al., 2021; Marzonie et al., 2023). Absolute
thresholds are also relevant when considering hypoxic and calci cation limits in low oxygen and
low aragonite saturation conditions (Hauri et al., 2013; Atkins et al., 2022; Damien et al., 2024).
The choice of threshold should be motivated by its potential biological impact. In the case of rela-
tive percentile thresholds, the resulting impact is less species-speci ¢ but can be applied generally
as anomalous conditions to a wide range of organisms.

1.3 Variability, trends, and extremes in the Southern Ocean

The Southern Ocean is home to unique biodiversity and ecosystems underpinned by complex in-
terconnected food webs (Grif ths, 2010; McCormack et al., 2021). These ecosystems not only
support societies and economies, but are also connected to food webs across the Southern Hemi-
sphere (Murphy et al., 2021). Increasing anthropogenic pressures on the Southern Ocean is likely
to impact its ecosystems (Morley et al., 2020; Henley et al., 2020), however, there is currently
limited research on marine extremes in this region. Hence, one objective of this thesis is to inves-
tigate marine extremes in the Southern Ocean. This section aims to characterise the large-scale
physical and biogeochemical state of the upper Southern Ocean, along with its dominant modes
of variability and long-term trends, as likely drivers of extreme events from seasonal to decadal
timescales. At the end of this section, a review of existing research on marine extremes in the
Southern Ocean is provided.
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1.3.1 The physical and biogeochemical state of the Southern Ocean

The dynamical state of the Southern Ocean is dominated by the eastward owing Antarctic Cir-
cumpolar Current (ACC) between the Subantarctic and Southern ACC Fronts (Figure 1.4, Nowlin
and Klinck, 1986; R. Rintoul et al., 2001; Chapman et al., 2020). The ACC is driven by strong
westerlies which induce mixing in the upper ocean layer and is characterised by deep mixed layer
depths (MLD) during Austral winter. Along the ACC, heat gained at the surface in its northern
segments (Sun and Watts, 2002) may drive MHW in poleward ows. Furthermore, strong surface
mixing incorporates deeper waters with high dissolved inorganic cabpm{o the upper layer
(Garabato et al., 2004; Thompson and Garabato, 2014), which potentially drives OAX. Westerlies
also drive northward Ekman transport in the surface layer (Figure 1.4), resulting in a circumpo-
lar upwelling along the Antarctic continent (Morrison et al., 2015). The source of the upwelled
waters is the Circumpolar Deep Water (CDW), which is relatively warm and acidic. As CDW
upwells poleward, they can potentially drive MHW and OAX.

Figure 1.4 Schematic of the Southern Ocean's large-scale circulation, where the ocean colours
indicate the density, ranging from lighter (dark orange) to denser (dark blue) waters, and isopycnal
contours are the interfaces between the layers. The horizontal gradients in density are correlated
with largely geostrophic currents, including the Antarctic Circumpolar Current (ACC) and Antarc-

tic Slope Current, above the shelf slope/break. Antarctic Bottom Water is generated by convection
and brine rejection on the continental shelf and ows down into the abyssal ocean. Warmer Circum-
polar Deep Water is upwelled in the mid-depths and plays a key role in the melt rate of glacial ice
shelves. These processes collectively form the Southern Ocean component of the upper and abyssal
overturning cells, as indicated by the dashed lines. Farther to the north, at the density fronts of the
ACC, are the formation sites of northward owing mode and intermediate waters. The topography,
isopycnals, and glacial ice shelf pro le on the southern side of the schematic are from observations
in the Ross Sea, although they are arti cially extended to the north to represent a more typical con-
dition for the ACC. Note that the depth scale is not linear. Figure taken from Bennetts et al. (2024).
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In the sea ice zone, the seasonal formation of sea ice and brine rejection destabilises the water
column and deepens the MLD, enabling isopycnal upwelling of CDW (Figure 1.4, Ackley et al.,
1996; Evans et al., 2018; Morrison et al., 2020). The warm CDW upwelled to the surface may
cause the melting of sea ice and the formation of polynyas (Hirabara et al., 2012; Campbell et al.,
2019), further driving buoyancy losses and deep convection due to heat losses to the atmosphere.
Variations in the extent of the sea ice edge have also been shown to modulate the strength and
position of the westerlies, in turn driving changes in Ekman upwelling (Ramadhan et al., 2022).
These identi ed variabilities in the upper overturning cell have the potential to drive extremes in
the upper water column.

1.3.2 Climate modes of variability

The leading climate modes of atmospheric variability in the Southern Ocean are the Southern
Annular Mode (SAM) (Limpasuvan and Hartmann, 1999; Gong and Wang, 1999) and ENSO
(Neelin et al., 1998). SAM and ENSO are known to induce variability in wind stress, sea ice
extent, and surface air temperatures, in turn modulating extremes through some of the processes
described in the previous subsection.

The effect of SAM on the Southern Ocean can be characterised by an approximately circular
dipole in the mean sea level pressure (SLP) betwee8 45d 60S, with a decorrelation time of
approximately 10 days (Fogt and Marshall, 2020). A positive SAM is typically associated with in-
tensi ed and contracted westerlies at S5driving higher northward Ekman transport, upwelling
in the Antarctic zone, and downwelling in the Subantarctic zone (Lovenduski and Gruber, 2005;
Godoi and Torres Junior, 2020). The increased upwelling at high latitudes is associated with
CDW intrusions into the surface layer (Fogt and Marshall, 2020). Furthermore, SAM is known to
cause zonally asymmetric anomalies in sea ice extent (Lefebvre et al., 2004), leading to changes
in surface heat and momentum uxes, further driving changes in buoyancy that may cause anoma-
lous upwelling or strati cation. Changes in circulation during positive and negative SAM events
are a key driver of variability in temperature and carbon gradients, potentially driving extremes.

ENSO events also drive some variability in the Southern Ocean through atmospheric telecon-
nections on an interannual timescale. ENSO is positively correlated with SST in the Amundsen
and Bellingshausen seas (Ciasto and Thompson, 2008) and is typically associated with a reduced
sea ice extent (Stammerjohn et al., 2008; Fogt et al., 2011). The Southern Ocean has also shown
a signi cant response to the combined phases of positive (negative) SAM and negative (positive)
ENSO, leading to anomalies in SLP, SST, and sea ice concentration (SIC) (Fogtetal., 2011; Wang
et al., 2023a). These anomalies may drive extremes through local ux anomalies or changes in
the upper overturning circulation.
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1.3.3 Long-term trends in temperature, pH, and sea ice

Driven by heat uptake during the historical period, the waters in the upper 1 km within and north
of the ACC have signi cantly warmed at a faster rate than the global ocean (Frolicher et al., 2015;
Sallée, 2018; Auger et al., 2021). The waters close to the Antarctic continent have also increased
in temperature, though this has been primarily attributed to an increased upwelling of old and
relatively warm CDW (Schmidt et al., 2014) instead of atmospheric heat uxes. The increase
in upwelling has been attributed to a trend toward stronger westerly winds and a positive SAM
(Marshall, 2003), which led to increased northward Ekman transport. In contrast, the surface
ocean south of the ACC has experienced little to no warming (Armour et al., 2016). This absence
of a warming trend has occurred in conjunction with an increase in the Antarctic sea ice area up
to 2015 (Vaughan et al., 2013; Turner et al., 2015; Eayrs et al., 2021).

With the uptake of anthropogenic GCthe surface pH has experienced a decreasing trend
between 1981 and 2021 (Lauvset et al., 2015; Ma et al., 2023). In the subsurface, Mazloff et al.
(2023) reported a trend of decreasing pH across all zones in the 4@pen of the Southern
Ocean. The trend is weakest in the Antarctic zone, likely due to the presence of old upwelled
CDW that has not yet been exposed to the anthropogenic forcing g{kaaxloff et al., 20223.
These trends are in agreement with Muller and Gruber (2024), who showed a near linear rela-
tionship between atmospheric g@nd the increase in'Hn the uppes00 m with the smallest
change in the subsurface of the Antarctic zone.

Antarctic sea ice extent has been on an increasing trend since 1979 (Massom and Stam-
merjohn, 2010; Parkinson and Cavalieri, 2012), until a sharp decline from 2016 (Eayrs et al.,
2021). Various studies have attributed the paradoxical increase amidst warming SST to enhanced
westerlies (Turner et al., 2009), surface strati cation (Bronselaer et al., 2018), and delayed sur-
face warming (Armour et al., 2016), among other explanations (Blanchard-Wrigglesworth et al.,
2021). Regionally, the trends between 1979 and 2016 were not homogeneous. Most of the sea
ice increase occurred in the Ross Sea, while the Bellingshausen and Amundsen seas experience
signi cant decreases. These trends in sea ice can potentially modulate the decadal variability of
extremes through changes in surface uxes and strati cation.

1.3.4 Marine extremes in the Southern Ocean

In addition to global studies, which typically exclude the Antarctic zone, there have been a few
recent studies on MHW in the Southern Ocean. Fernandez-Barba et al. (2024) characterised
surface MHW across the Southern Ocean using satellite observed SST, nding an increasing
trend in the frequency, duration, and intensity of MHW between 1982 and 2021 within &-60

The increases are the most apparent in the Australian, Indian, and Atlantic sectors, with a larger
increase in the Subantarctic zone (405D These MHW hotspots have also been identi ed in
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other regional studies (Kajtar et al., 2021; Azarian et al., 2023; Gregory et al., 2024b; Artana
et al., 2024).

Some of these studies have identi ed and attributed the drivers of MHW found in the Southern
Ocean. They are mainly driven by anomalous air-sea heat uxes in the Subantarctic zone, and
vertical diffusion in the polar frontal zone (Fernandez-Barba et al., 2024; Gregory et al., 2024b).
Within the highly energetic ACC, mesoscale eddies have also been identi ed as key drivers and
modulators of MHW (He et al., 2023; Bian et al., 2023). The above drivers have further been
linked to climate modes such as ENSO, SAM, and the Indian Ocean Dipole (I0D) (Gregory
et al., 2024b; Feng et al., 2024). Identifying these drivers enables the forecast of MHW, which is
essential for a timely response of marine managers to minimise impact.

The growing focus on surface MHW in the Southern Ocean is well justi ed, as they have
been shown to induce changes in primary production (Montie et al., 2020; Fernandez-Barba et
al., 2024), shift habitats (Azarian et al., 2023), and cause negative impacts to ecosystems and
coral reefs (Samuels et al., 2021; Marzonie et al., 2023). These impacts are expected to be exac-
erbated under OAX, as extreme acidic conditions heighten the physiological and metabolic stress
on marine organisms. A global model study identi ed an increasing frequency of OAX at the
surface along the Antarctic continent and80 min the Subantarctic zone (Burger et al., 2020).
Additionally, extremes in low aragonite saturation have begun to occur in the subsurface along
the continent and are expected to expand northward and towards the surface in the future (Hauri
et al., 2016). Although few, these studies highlight the importance of investigating OAX in the
Southern Ocean.

1.4 Biological impacts of extremes

1.4.1 Impacts of marine heatwaves

A growing body of literature has attributed a wide range of biological impacts to MHW. These
include records of direct and indirect impacts. At the individual level, MHW push organisms be-
yond their thermal niche, which is de ned by the thermal conditions in which they have evolved
(Smith etal., 2023). Higher temperatures increase basal metabolic rates and hence energy demand
(Latorre et al., 2023). High thermal stress can also cause cellular and physiological responses to
repair damaged cellular systems or conserve energy (Somero, 2020; Guppy and Withers, 1999).
In response to such stressors, organisms may cope by relocating to cooler waters (Freitas et al.,
2016; Jacox et al., 2020), increasing feeding (Gunderson and Leal, 2016), or reducing reproduc-
tion (Barbeaux et al., 2020). These induced shifts lead to changes in the habitat and phenology of
marine species, causing impacts further down the food chain and potentially impacting ecosys-
tem services (Holbrook et al., 2022). During the Paci ¢ Blob, this likely caused the observed
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distribution shifts in sh and mortality in seabirds and mammals (Cavole et al., 2016; Santora
et al., 2020). Several existing studies have already recorded instances in which MHW has caused
disruption of ecosystems and socioeconomic consequences (Wernberg et al., 2013; Harris et al.,
2018).

MHW also have the potential to cause indirect impacts by inducing harmful algae blooms
(McCabe et al., 2016; Gobler, 2020), which has been linked to sh mortality (Trainer et al.,
2020). Other indirect impacts include the loss of habitats through coral bleaching and decline
of seagrass meadows (Johnson et al., 2003; Diaz-Almela et al., 2007; Marba and Duarte, 2010),
and the establishment of favourable environmental conditions for non-native species (Ruesink
et al., 2005; Herbert et al., 2016). As these events increase in frequency and intensity, they may
potentially drive irreversible structural changes or even the collapse of ecosystems.

1.4.2 Impacts of high acidity and low oxygen extremes

There is relatively less documentation on the impacts of OAX, though much can be learnt from
the growing body of research on ocean acidi cation. At an individual level, acidi cation pri-
marily causes physiological impact by disrupting the acid-base state of extracellular body uid
(Portner et al., 2004; Portner, 2008; Le Quesne and Pinnegar, 2012). Organisms incapable of reg-
ulating pH are more vulnerable to increased metabolism and reduced growth and tness (Pértner
et al., 2004; Kroeker et al., 2010). Another major effect of acidi cation is the additional im-
pact on marine calci ers, where reduced calci cation potentially leads to lower tness (Hofmann

et al., 2010; Doney et al., 2009, 2020). Though these effects are sub-lethal, they also act to in-
crease the metabolic demands of the organisms and may decrease overall tness and reproductior
(Engstrom-Ost et al., 2019; Lattuca et al., 2023; Pan et al., 2015; Tai et al., 2021).

LOX can cause metabolic suppression (Seibel, 2011; Seibel et al., 2016; Gille, 2013) and
potentially direct mortality of marine organisms (Vaquer-Sunyer and Duarte, 2008; Koslow et al.,
2011). Although they are likely less prevalent in the global surface ocean compared to MHW,
LOX tend to occur in upwelling regions of high productivity, which are an important habitat for
marine sh. In these regions, an anomalous upwelling can bring waters high in nutrients and
low in oxygen into the upper ocean. Productivity at the surface and remineralisation at depth are
enhanced, further driving hypoxic conditions and causing a shift in habitats (Koéhn et al., 2022;
Gilly et al., 2013).

1.4.3 Potential biological impacts of extremes in the Southern Ocean

In the Southern Ocean, a particular species of interest is Antarctic Eulpl{fausia superha
hereafter: krill), identi ed as a keystone species in the Southern Ocean ecosystem (Quetin and
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Ross, 2009; Flores et al., 2012). Krill eggs sink to depthsdtf 1000 mbefore hatching, and

the hatched larval krill migrate upward to the surface sea ice to overwinter (Ross and Quetin,
1986; Kawaguchi et al., 2013; Meyer et al., 2017). This migration through deep water already
exposes the larvae to more acidic conditions. An expansion or intensi cation of these conditions
during OAX is likely to negatively impact the hatching success and physiology of larval krill,
which have a limited capacity to regulate acidic conditions (Kawaguchi et al., 2011, 2013). The
reliance of krill on sea ice for grazing and overwintering adds an additional layer of vulnerability.
An anomalous upwelling of warm CDW can decrease sea ice extent, diminishing a critical habitat
for larval and juvenile krill (Atkinson et al., 2019). Furthermore, heightened temperatures during
MHW can push krill toward their metabolic limits and cause distribution shifts (Michael et al.,
2021). These stressors have been associated with a positive SAM and have been linked to declines
in krill recruitment and abundance (Atkinson et al., 2019; Ryabov et al., 2023).

The metabolic and physiological impacts on krill during MHW, OAX, and reduced sea ice
extent can have similar effects on other plankton and nekton species in the Southern Ocean (Arndt
and Swadling, 2006; Constable et al., 2014; Henley et al., 2020) and are especially detrimental
to early life stages (Flynn et al., 2015; Manno et al., 2016). In addition, shelled pteropods are
also vulnerable to shell dissolution under low aragonite saturation conditions (Orr et al., 2005;
McNeil and Matear, 2008; Figuerola et al., 2021). During an anomalous shoaling of the aragonite
saturation horizon, habitats contract and can cause extensive shell dissolution (Bednarsek et al.,
2012; Hauri et al., 2016).

These identi ed impacts of extremes on individual species cause changes in growth, tness,
and recruitment. On longer timescales and worsening extremes under climate change, they have
the potential to cause population collapse, irreversible ecosystem shifts, and biodiversity loss
(Grif ths, 2010; Kawaguchi et al., 2013; Harris et al., 2018). These potential impacts in the
Southern Ocean motivate the study of marine extremes beyond surface MHW.

1.5 Extremes beyond the surface

The relevance of extremes occurring below the surface layer has been alluded to in the previous
sections. Extremes detected on the surface are generally present throughout the mixed layer,
affecting the organisms that inhabit it. However, MLD is seasonally variable outside the tropics
(Holte et al., 2017) and is typically shoaled during surface MHW (Schlegel et al., 2021). Thus,
the vertical extent of the surface detected extremes is also variable.

Furthermore, marine organisms that inhabit the water column below the mixed layer are still
vulnerable to subsurface extremes, which are insuf ciently characterised by surface-only extreme
studies (Elzahaby and Schaeffer, 2019). In particular, many species of zooplankton and micronek-
ton conduct diel vertical migration (DVM) up to depths 490 mto avoid predators during the



1.5. Extremes beyond the surface 13

day, returning to the surface to graze at night (Lampert, 1989; Bianchi et al., 2013; Bianchi and
Mislan, 2016). These organisms experience the full range of environmental conditions in the wa-
ter column on daily timescales. Some species have been shown to avoid these extreme conditions
limiting their range of migration (Jorda et al., 2020; Lim et al., 2022; Sabal et al., 2023), while
others continue to enter extreme conditions and cope with the resulting physiological damage
and increased metabolic demand (Riquelme-Buguefio et al., 2020). In either case, extremes in
the water column can potentially shift habitats and limit the ef cacy of DVM and its associated
biological functions (Seibel and Birk, 2022).

These examples highlight not only the relevance of extremes in the subsurface, but also the
vertical extent over which extreme conditions are present. It is therefore crucial to consider
extremes in the upper ocean as impacting the entire habitat, consisting of both surface and sub-
surface expressions. To date, a growing number of studies have analysed MHW in the subsurface
using both observations and models, whereas subsurface OAX and LOX have been investigated
primarily through models. In the following section, we assess the current state of research on
subsurface extremes.

1.5.1 Emerging work on subsurface MHW

MHW below the surface have been detected by a wide range of instruments and tools, including
moorings (Schaeffer and Roughan, 2017), ocean models (Ryan et al., 2021; Kéhn et al., 2023),
pro ling oats (Elzahaby and Schaeffer, 2019; Scannell et al., 2020; Zhang et al., 2023), and
re-analysis products (Amaya et al., 2023a; Sun et al., 2023b). Across the various study regions,
similar descriptions of subsurface MHW have been made. Surface MHW enter the subsurface
through various pathways, including diabatic subduction, lateral advection, and isopycnal heav-
ing (Scannell et al., 2020; Kohn et al., 2023). These subsurface MHW typically last longer and
have higher maximum intensities than MHW con ned to the mixed layer (Schaeffer and Roughan,
2017; Kohn et al., 2023). They have also been associated with the Paci c Blob event and were
found to persist after 2016, when the surface MHW had ended (Figure 1.5). In addition to the
previously identi ed impacts of such MHW, Fragkopoulou et al. (2023) also found intense sub-
surface MHW coinciding with the warm range edge of species distributions, potentially causing
impacts on global marine biodiversity.

1.5.2 Detection of subsurface OAX and LOX with models

Acidic and hypoxic waters are often found in the subsurface, linked to older water masses and
the remineralization of organic matter. Consequently, studies on these extremes typically focus
on processes occurring within the water column. Due to the lack of long-term subsurface ob-
servations, most rely on ocean circulation models to detect OAX and LOX. Hauri et al. (2013,
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Figure 1.5 MHW at a selected location during the Blob in a model hindcast simulation. Panels (a)
and (b) show time-depth sections of the temperature anomaly relative to the climatology (panel a)
and the corresponding intensity index (panel b) at 145°W, 44°N. White lines in both panels indicate
the mixed layer depth (MLD). Figure adapted from K&hn et al. (2023).

2016) analysed extreme shoaling events of the aragonite saturation state in the California conti-
nental shelf and the Southern Ocean, which are upwelling regions that have already experienced
an acidi cation trend (Jones et al., 2017; Feely et al., 2016; Negrete-Garcia et al., 2019). An
anomalous upwelling event causes a greater fraction of the upper ocean to be undersaturated with
respect to aragonite, leading to less habitable conditions for calcifying organisms. The concept
of shoaling events has also been applied to LOX (Espinoza-Morriberdn et al., 2019; Kéhn et al.,
2022). Kohn et al. (2022) found a compression of the aerobic habitat by 5@ t@0 %in the

Eastern Paci ¢ during such events. Upwelling regions are typically areas of high productivity but
are also co-located with ODZs. Thus, the expansion of these less habitable ODZs into the upper
ocean poses signi cant risks to ecosystems dependent on the productivity of these regions.

1.6 Compound extremes

Another extension from surface MHW is the consideration of compound marine extremes (Gruber
et al., 2021). This can manifest as two or more extreme stressors occurring together at the same
location (Le Grix et al., 2021; Hader and Gao, 2023), or consecutively, where one event primes
the impacts of another (Gunderson et al., 2015). Compound extremes are particularly concerning
because hazards can interact synergistically, amplifying biological impacts compared to when
stressors act independently (Gunderson et al., 2015; Pirotta et al., 2022). The previously discussed
impacts of MHW, OAX, and LOX highlighted cellular, physiological, and metabolic effects on
individual species. When compounded, these changes are likely to worsen the growth, tness,
and survival of marine species.

A direct example of this is the increased metabolic demand in ectotherms during conditions
of high temperature and low oxygen (Deutsch et al., 2015; Clarke et al., 2021). The increase
in temperature during MHW directly increases the oxygen demand of organisms, which may al-
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ready be reduced when LOX is compounded. Under a critical threshold, organisms must suppress
metabolic activity or initiate anaerobic metabolism, both of which are physiologically unsustain-
able (Deutsch et al., 2015). Under such conditions, critical activities such as feeding, defence,
growth, and reproduction can be suppressed. These extreme conditions may then result in short-
term aerobic habitat compression (Howard et al., 2020) and biogeographic changes (Deutsch
et al., 2020; Morée et al., 2023; Bandara et al., 2024). The critical thresholds in the metabolic
index or the aerobic growth index are potential criteria of compound extreme events, though they
would be species-speci ¢ (Deutsch et al., 2015; Clarke et al., 2021).

Biological impacts of other compound stressors have also been found with respect to tem-
perature and acidity (Portner, 2008; Lattuca et al., 2023), acidity and low oxygen (DePasquale
et al., 2015; Gobler and Baumann, 2016; Steckbauer et al., 2020), and the three (Bednarsek et al.
2016). As the frequency of marine extreme events increases under current climate trends, com-
pound extreme events are also likely to become more common, warranting further investigation
into their characteristics, drivers, and impacts.

1.6.1 Existing work on compound marine extremes

Most studies have investigated extremes compounded on the surface using a combination of ob-
servational, model, and re-analysis data (Le Grix et al., 2021; Burger et al., 2022; Chen et al.,
2023; Hauri et al., 2024; Li et al., 2024). During the Paci c Blob event, Gruber et al. (2021)
found MHW, OAX, and LOX compounded in different combinations down to depth206fm
(Figure 1.6), covering up t80 % of the Northeast Paci ¢ between 2013 and 2016. The com-
pounding of stressors in the water column likely intensi ed the impacts on marine life, and the
observed effects of the Blob were likely driven in part by the concurrent OAX and LOX alongside
MHW. In a global study of compound MHW and low chlorophyll (LChl) events, Le Grix et al.
(2021) found a higher frequency of events in the tropics and subtropics. These events may signif-
icantly impact marine species living in conditions close to their upper thermal edge, as reduced
food availability during LChl events hinders their ability to meet increased metabolic demands.

1.6.2 Compounding in the vertical water column

These early studies on compound extremes highlight the challenges in quantifying the biological
responses of marine organisms to stressors compounded across space and time. Variations il
intensity, duration, and relative timing can result in physiological or behavioural responses of
different magnitudes.

One approach to address this challenge is to quantify extremes along the vertical dimension.
Much of epipelagic marine life experiences extremes not only on the surface but within the upper
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Figure 1.6 lllustration of the temporal evolution and four-dimensional nature of ocean extremes
using model simulation results for the 2013-2015 Blob. (a) Temporal evolution of the fractional
area (20N—60 N, 115 W-155 W) that is subject to a MHW or any compound event. An event
contributes to this metric when at least 25% of the top 100 m of the water column is considered
to be extreme for the considered properties. (b) Modelled spatial evolution of the temperature
characteristics of the Blob event. The colour- lled contours depict the average fraction of the top
100 m of the water column that is identi ed as a temperature extreme. The red and black contours
represent the L anomaly of temperature at the surface and at a depth of 100 m, respectively. They
therefore identify the extent of the Blob. The white box off the western seaboard in (b) indicates
the area over which the vertical pro le shown in (c) is averaged. Figure adapted from Gruber et al.
(2021).

water column. Furthermore, extremes can be compounded vertically, contracting their viable
habitat. This is illustrated conceptually using Figure 1.7. Vertically migrating organisms (Figure
1.7, right) experience MHW on the surface, and OAX and LOX in the subsurface, resulting in

a contracted non-extreme habitable space. When extremes occur across the entire water column
(Figure 1.7, left), most plankton are con ned to the extreme water mass, while nekton may be able
to migrate out, depending on the spatial extent of the extreme conditions. Expanding the classical
de nition of marine extremes to incorporate the vertical dimension enables us to better quantify
the exposure of marine organisms to extreme conditions as they inhabit and migrate within the
upper ocean layer.



1.6. Compound extremes 17

Figure 1.7 Conceptual diagram illustrating compound extremes in the vertical water column.
Left: Compound MHW and OAX affecting marine organisms that may be able to migrate out.
Right: MHW, OAX, and LOX compounded in the column, contracting the habitable space of verti-
cally migrating organisms. This gure has been designed using resources from Flaticon.com.
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1.7 Thesis structure

1.7.1 Objectives and research questions

In this thesis, | aim to de ne a methodology to analyse compound marine extremes in the water
column, expanding the view of marine extremes to include the water column and multiple stres-
sors. This framework will rst be applied on a global scale, showing how extremes can vertically
compound in different ways over various regions. Then, | aim to apply this methodology to MHW
and OAX in the Southern Ocean, characterising their properties and determining their drivers. In
the following chapters, | will address these research questions:

Q1. How can we de ne and study compound extremes in the vertical water column? Where
have they occurred in the global ocean and how do their regional characteristics vary? What
mechanisms led to their formation?

Q2. What are the spatial and temporal characteristics of marine heatwaves and ocean acidity
extremes compounded in the upper layer of the Southern Ocean? How do their frequency and
intensity vary in vertical and lateral space? In which regions of the Southern Ocean do such
extremes pose a greater hazard?

Q3. What are the underlying drivers and processes that lead to extremes of column com-
pounds in the southern ocean? How are they modulated by seasonal to decadal modes of variabil-
ity?

1.7.2 Approach

The detection of compound extreme events in the water column requires co-occurrent long-term
observations of temperature, pH, and oxygen, which are still scarce at the time of this study. To
ful | the objectives of the three research questions, | rely on a model-based approach.

In Chapter 2, to study CCX on a global scale, | use the Community Earth System Model
(CESM, Gent et al., 2011) Version 1.2. The ocean component consists of the Parallel Ocean
Program 2 (POP2, Smith and Gent, 2010), the Community Ice CodE 4 model (CICE4, Hunke
and Lipscomb, 2008), and the Biological Elemental Cycling model (BEC, Moore et al., 2004,
2013). The model has a nominal meridional resolution of @&ar the poles, re ned to 0.3
at the equator, and a nominal zonal resolution of The values of the Hconcentration are
calculated using the OCMIP2 routines (Orr et al., 2005). An evaluation of the model and its
ability to reproduce variability in the extreme stressors is presented in Chapter 2 and Appendix
A.

For Chapters 3 and 4, | use the UCLA-ETHZ version of the Regional Ocean Modelling
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System (ROMS) (Shchepetkin and McWilliams, 2005), coupled with the BEC model, con gured
for the Southern Ocean (Haumann et al., 2016, 2019; Nissen et al., 2018; Nissen, 2019). The
grid resolution is0:25 and the domain is east-west periodic. The hydrogen ion concentration
values are calculated using MOCSY 2.0 (Orr and Epitalon, 2015). The model parameters and an
evaluation of its ability to reproduce variability in the extreme stressors are presented in Chapter
3 and Appendix B.

1.7.3 Chapter overview

Chapter 2 addresses Q1 raised in Section 1.7.1 by rst detecting MHW, OAX and LOX in the
upper300 mof the global ocean between 1961 and 2020. Then, after de ning the "Column-
Compound Extreme' (CCX), this study examines the properties of CCX across different ocean
basins, quantifying their propensity of occurrence, vertical structures, and intensities, and other
characteristics, including their association with ENSO. Based on these characteristics, their po-
tential underlying drivers are inferred.

This study was published in AGU Advances\Weng, J., Munnich, M., & Gruber, N. (2024).
Column-compound extremes in the global ocean. AGU Advances, 5. doi:10.1029/2023AV001059.

Chapter 3 addresses Q2 raised in Section 1.7.1 by applying the methodology de ned in
Chapter 2 to a Southern Ocean hindcast spanning 1980 to 2019. CCX events are identi ed across
the domain, and their characteristics are quanti ed across the Antarctic, Subantarctic, and North-
ern zones of the Southern Ocean. The analysis highlights the most signi cant increases in CCX
frequency and intensity, with particular emphasis on Antarctic Marine Protected Areas (MPAS).
In addition, the vertical structures and lateral size of CCX are characterised to reveal the spatial
extent of CCX in the Southern Ocean.

This study has been submitted to Global Biogeochemical Cycl¥goag), J., Minnich, M.,
& Gruber, N. Compound marine heatwaves and acidity extremes in the Southern Ocean.

Chapter 4 addresses Q3 raised in Section 1.7.1 by rst clustering CCX events by their verti-
cal structure, characterising their differences by zone and seasons. These clusters are associate
with heat and carbon uxes, seaice concentration, and water column strati cation properties. Fur-
thermore, the relationship between the leading climate modes of the Southern Ocean and CCX
is examined. These associations then form the basis for the attribution of CCX drivers in the
Southern Ocean.

This study is in preparation for submission\&sng, J., Minnich, M., & Gruber, N. Drivers
of column-compound extremes in the Southern Ocean.

Chapter 5 synthesises the main ndings of Chapters 2 to 4 in response to the research ques-
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tions raised in Section 1.7.1. These ndings are critically approached, and some of their limita-
tions are discussed. Finally, | discuss an outlook for future research that can be done in marine
extremes on the basis of this thesis.

Appendices A, B, and Ccontain the supporting gures, tables, and text to Chapters 2, 3, and
4 respectively. Generally, they include detailed methodology, model evaluations, and plots of the
climatological state of the model hindcasts.
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Abstract

Marine extreme events such as marine heatwaves, ocean acidity extremes and low oxygen ex-
tremes can pose a substantial threat to marine organisms and ecosystems. Such extremes might
be particularly detrimental (i) when they are compounded in more than one stressor, and (ii) when
the extremes extend substantially across the water column, restricting the habitable space for ma-
rine organisms. Here, we use daily output of a hindcast simulation (1961-2020) from the ocean
component of the Community Earth System Model to characterise such column-compound ex-
treme events (CCX), employing a relative threshold approach to identify extremes and requiring
them to extend vertically over at led® m The diagnosed CCX are prevalent, occupying world-
wide in the 1960s about 1% of the volume contained within the3@pm Over the duration of

our simulation, CCX become more intense, last longer, and occupy more volume, driven by the
trends in ocean warming and ocean acidi cation. For example, the triple CCX expanded 39-fold,
now last 3-times longer, and became 6-times more intense since the early 1960s. Removing this
effect with a moving baseline permits us to better understand the key characteristics of CCX,
revealing a typical duration of 10-30 days and a predominant occurrence in the Tropics and high
latitudes, regions of high potential biological vulnerability. Overall, the CCX fall into 16 clusters,

re ecting different patterns and drivers. Triple CCX are largely con ned to the tropics and the
North Paci c and tend to be associated with the El Nifio-Southern Oscillation.

2.1 Introduction

Climate change has measurably heated the ocean, increased its acidity, and decreased its oxygen
content (Masson-Delmotte et al., 2021). These trends are punctuated by extreme events whose in-
tensities and rapid onsets may impact marine organisms and ecosystems more than slowly evolv-
ing trends (Collins et al., 2019; Gruber et al., 2021). The study of marine extremes has emerged
strongly in the last decade, with the vast majority of studies focusing on marine heat waves (Hob-
day et al., 2016; Holbrook et al., 2020; Oliver et al., 2021), their drivers (Holbrook et al., 2019;
Sen Gupta et al., 2020), and impacts (Smale et al., 2019; Smith et al., 2023). Receiving increased
attention are extremes in ocean acidity (OAX, Hauri et al., 2013; Kwiatkowski and Orr, 2018;
Negrete-Garcia et al., 2019; Burger et al., 2020; Desmet et al., 2022, 2023) and low oxygen
(LOX, Chan et al., 2008; Hofmann et al., 2011; Leung et al., 2019a; Kéhn et al., 2022), with a
particular emerging concern about compound marine extremes, when conditions are extreme in
more than one stressor (Gruber et al., 2021; Le Grix et al., 2021; Burger et al., 2022; Le Grix
et al., 2022a; Hauri et al., 2024).

Such compounded extreme events can have a large impact on marine biota. When different
stressors act synergistically, they can have a disproportionately larger impact than that of indi-
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vidual stressors (Crain et al., 2008; Boyd and Brown, 2015; Pirotta et al., 2022). A well-known
example is the increase in aerobic metabolic rates and oxygen demand with increasing temper-
ature (Portner and Knust, 2007; Deutsch et al., 2015), making ectotherms especially susceptible
to compounded MHW and LOX. BednarSek et al. (2018) also showed biological implications for
pteropods during anomalously high temperature and acidity events (the latter corresponding to
anomalously low pH events, with pH = - log[H and H" being the concentration of the hydrogen

ion). Multiple extremes occurring at the same time and place have been explored with properties
such as temperature and pH (Burger et al., 2022), temperature and chlorophyll (Le Grix et al.,
2021), pH and oxygen (Nam et al., 2011; Kohn et al., 2022), and for triple extremes involving
pH, oxygen, and temperature (Gruber et al., 2021).

Warming of the ocean in the past 150 years and the strong trend of ocean acidi cation have
led to substantial increases in MHW and OAX (Oliver et al., 2018; Gruber et al., 2021) and are
certain to increase in the future as long as these driving trends continue (Froélicher et al., 2018).
For example, Oliver et al. (2018) showed on a xed baseline approach that between 1925 and
2016, the frequency and duration of MHW increased by 34% and 17%, respectively, resulting
globally in a greater than 50% increase in the number of MHW days. For OAX, the trends
are even stronger, increasing from a pre-industrial situation of about 4 extreme days a year to
a nearly permanent state of extremes (Gruber et al., 2021; Burger et al., 2022). Corresponding
trends are also expected for LOX events driven by ocean deoxygenation (Gruber et al., 2021),
but global ocean deoxygenation trends tend to be smaller compared to the level of variability,
leading to smaller, and not yet well-established trends in LOX. As a consequence of these trends
in the single stressor extremes, increasing compound extremes naturally follow. For example,
Gruber et al. (2021) attributed the development of widespread double compound extremes in the
Northeast Paci c over the past 40 years, and especially the triple compound extreme at the height
of the 'Blob’ event (2013-2016), in part, to the underlying trends of ocean warming, acidi cation,
and deoxygenation. They speculated that part of the broad ecological impacts of the "Blob™" might
have been caused by these compound extremes. To better understand the mechanisms drivin:
these extremes, we remove the underlying trends using a so-called moving baseline (Oliver et al.,
2021; Burger et al., 2020; Gruber et al., 2021; Burger et al., 2022). Analysis of extremes and
especially compound extremes on a moving baseline is also appropriate when considering the
impact of these extremes on organisms that have the capacity to adapt to the more slowly evolving
changes in temperature, ocean acidi cation, and oxygen (see also the discussion by Sen Gupta
(2023)).

So far, the vast majority of MHW studies have focused on the surface ocean only, although
many organisms might have the potential to migrate to colder temperatures at deeper depths
when a surface heat wave affects them (Jorda et al., 2020). Furthermore, the habitat of vertically
migrating organisms can be considered to include the water column down toéiou(Bianchi
et al., 2013; Bianchi and Mislan, 2016). Detecting extremes across the vertical dimension is
thus an important step towards understanding the compression of habitable space during such
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extremes. Some MHW studies have looked into the subsurface (Schaeffer and Roughan, 2017;
Elzahaby et al., 2021; Scannell et al., 2020; McAdam et al., 2023; Fragkopoulou et al., 2023;
Amaya et al., 2023a; Koéhn et al., 2023), while the concept of habitat compression has been
considered with respect to temperature and oxygen changes (Jorda et al., 2020; Kbhn et al., 2022).
However, a consistent de nition of compound extremes in the column has yet to be de ned. The
well-studied surface MHW may extend into the subsurface, vertically compounding with OAX
and LOX to deteriorate the habitable conditions of the water column.

Marine extremes can be driven by various mechanisms, and the study of extremes com-
pounded in the vertical dimension increases the complexity of this task (Gruber et al., 2021). Sur-
face MHW are understood to be driven primarily from the atmosphere through anomalous air-sea
heat uxes, or oceanic processes such as lateral heat advection (Sen Gupta et al., 2020; Holbrook
et al., 2020; Marin et al., 2022) and mesoscale eddies (Bian et al., 2023). Such surface MHW
may cause higher strati cation in the upper ocean, suppressing the upwelling of carbon-rich and
low-oxygen waters and hence decreasing the likelihood of surface OAX and LOX. However,
temperature anomalies have been shown to in uence OAX occurrence by shifting the carbon-
ate chemistry equilibrium (Burger et al., 2022) and increasing or decreasingsbectively. At
depth, vertical or lateral displacement of waters across strong temperatu@, dxygen gradi-
ents tends to be an important driver of subsurface extremes, often coupled with other biological
mechanisms (Gruber et al., 2021; Kbhn et al., 2022; Desmet et al., 2022).

Taking into account the various physical, chemical, and biogeochemical processes in the
ocean, inferring the mechanisms behind compound extreme events can be a complex task. Ex-
tremes that are compounded may share a common driver, be driven by one another, or co-occur in
the column with different drivers (Gruber et al., 2021). With percentile thresholds, some detected
compound extremes may arise purely out of statistical chance (Burger et al., 2022). Extremes
with af liated drivers have a higher propensity of co-occurrence above such a random signal.
Such compound extremes are signi cant and merit investigation.

Extreme events across the globe have been linked to large-scale climate modes, the dominant
one being the El Niflo-Southern Oscillation (ENSO, Santoso et al., 2017; Holbrook et al., 2020).
The prevalence of ENSO in the study of marine extremes is due in part to the large area it affects
in the Paci c, but also to its teleconnections with other ocean basins (Roy and Reason, 2001; Luo
et al., 2010). ENSO events are triggered by changes in winds in the eastern tropical Paci c, but
they affect many remote regions through connected changes in large-scale ocean and atmospheric
circulations (aka teleconnections). Although ENSO might not directly cause the extreme, ENSO-
driven changes in the mean state can make the occurrence of extremes more likely or prolong
and intensify existing extremes. A good example is the 2013-2015 "Blob" marine heatwave
in the Northeast Paci ¢, which became one of the largest and longest lasting MHW owing to the
coalescence of regional circulation changes and ENSO-driven warming (Di Lorenzo and Mantua,
2016; Holbrook et al., 2019; Gruber et al., 2021). ENSO has also been associated with MHW
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in the Indian and Southern Oceans (Holbrook et al., 2019; Sen Gupta et al., 2020; Oliver et al.,
2021). Furthermore, ENSO has been shown to be strongly correlated with OAX and LOX in

the Paci ¢ Ocean, especially at depth (Turi et al., 2018; Leung et al., 2019b; Kéhn et al., 2022;

Desmet et al., 2023).

Here, we extend the existing work on marine extremes by simultaneously expanding our
analysis in two directions. We expand in depth by analyzing extremes across the upper water
column, and we expand in terms of stressors by focusing on compound events. Thus, we will
de ne and characterise column-compound extreme events in the vertical water column at the
global scale, and aim to understand their drivers. To this end, we will use results from a hindcast
simulation undertaken with a global ocean coupled physical-biogeochemical model, sampled at
high temporal frequency to permit us to identify extremes. We rely on model simulation results,
since there are no observational records available across all parameters or depth that would permi
us to undertake this study.

We also develop a framework to analyze such events, which we call Column-Single eXtreme
events (CSX) in the case of a single parameter being extreme across a good portion of the water
column, and Column-Compound eXtreme events (CCX) when more than one CSX is detected in
the same column at the same time. We will show that these events are prevalent in the ocean, pri-
marily occurring at low latitudes, and that their frequency, duration, and intensity have increased
in recent decades. Although we cannot yet identify the potential impacts of these extremes on
marine organisms and ecosystems, the compounding of extreme conditions in the water column
may have a detrimental effect. We will show the places and times where these column extremes
tend to occur, giving insight into where and when one should look for these potential ecological
impacts.

2.2 Detecting Extreme Events in the Water Column

No consistent de nition of single or compound marine extreme events exists so far, much less if
they are co-occurring in the same vertical column. We thus rst review the issues at hand and
then illustrate the framework we have used to identify the Column-Single eXtreme events (CSX)
and the Column-Compound eXtreme events (CCX).

A common issue to be resolved in all studies is the choice of thresholds and baselines. Re-
garding the threshold, MHW-related studies have relied on a relative percentile threshold ap-
proach, with the majority of studies using a seasonally-varying threshold (Oliver et al., 2018;
Holbrook et al., 2020), so that extreme conditions can be detected regardless of the season. Or
the contrary, absolute thresholds remain pertinent to extremes such as LOX, where the metabolic
requirement for organisms tends to be xed (Hofmann et al., 2011), with some degree of vari-
ability with temperature (Seibel, 2011; Deutsch et al., 2015). Absolute thresholds have also been
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used to detect extremes in aragonite saturation state (Hauri et al., 2013; Negrete-Garcia et al.,
2019; Desmet et al., 2022), where a thermodynamic threshold determines the state of dissolution
of the shells of calcifying organisms. Thus, there are clear grounds for using either relative or
absolute thresholds, and we make use of both in this study.

The baseline, that is, the time period used to identify thresholds, is also a critical choice in
detecting extremes (Jacox, 2019; Oliver et al., 2021; Sen Gupta, 2023). In the case of a xed
baseline, the thresholds remain invariant, such that trends in temperature, pH, and oxygen imply
an increase in the frequency and intensity of extreme events (Gruber et al., 2021). This could
be problematic when cold spells in subsequent years are potentially marked as heatwaves (Jacox,
2019), or when waters become classi ed as permanently extreme with respect to ocean acidi ca-
tion (Hauri et al., 2013; Burger et al., 2020, 2022; Gruber et al., 2021). An alternative is the use
of a moving baseline, that is, where the reference period used to identify the relative thresholds is
shifting in time with the analysis, or where the thresholds are computed based on detrended data.
An analysis with such a moving baseline gives equal weight to extreme events throughout the
time period (Burger et al., 2020; Rossello et al., 2023), and is more suitable for the investigation
of drivers (Chiswell, 2022). It is also more relevant to organisms that are able to adapt to the
gradually changing conditions (Holbrook et al., 2020; Oliver et al., 2021), but are still affected by
sudden changes in conditions during an extreme event. In this study, we rst present our results
on a xed baseline, illustrating the response of extreme events to the climate trend. Then, we
primarily use the moving baseline to analyse extreme events and postulate drivers. A quadratic
moving baseline is chosen to t the long-term trend in the three variables (Text A.1 and Figures
A.1-A.2, Hauri et al., 2021).

The next choices concern the vertical structure and compounding of the stressors. For the
vertical structure, we de ne columns to be Column-Single eXtreme events (CSX) of a particular
type (MHW, OAX, or LOX) when the grid cells considered extreme with respect to this particular
parameter occupy more th&0 mof the uppeB00 mof the water column. For the compounding,
we identify columns to be Column-Compound eXtreme events (CCX) when more than one CSX
is detected in the same column at the same time. This leads to three types of double stressor
CCX, that is, MHW-OAX, MHW-LOX, and OAX-LOX, and one type of triple stressor CCX,

i.e., MHW-OAX-LOX.

In Figure 2.1a, a conceptual sketch of the various types of de ned extremes is shown for a
single column over time. Grid cell extreme events are coloured within the time-depth diagram,
where they occur. However, this does not necessarily mean that a column extreme is occurring.
For example, a CSX-MHW starts at day 20 from the surface, while a CSX-OAX and CSX-LOX
start from the bottom of the column at days 35 and 47 respectively. The durations of the CSX and
CCX are marked with arrow ranges below Figure 2.1b.
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Figure 2.1 lllustration of the concepts used to detect and analyze column compound extremes.
(a) Idealized diagram illustrating the time-depth evolution of extreme conditions in a hypothetical
water column from the surface down 890 m depth. The coloured regions within the plot are
considered extreme, with the colours brown, green and blue representing pure MHW, OAX and
LOX, respectively. The areas where the different extremes overlap are given colours according to
the mixing diagram in panel (b). (b) Timeseries of the total vertical extent (within th8@0pn of

the water column) for each extreme type. When the vertical extent for a particular type of extreme
exceed50m, we call it aColumn-single eXtreme evef@SX) of this parameter and when more
than one of these occur at the same tinteodumn-Compound eXtreme evéGLCX). The duration

of the four different types of CCX is indicated by arrows.
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2.3 Methods

2.3.1 Model Simulations

To identify the CSX and CCX, we used results from a hindcast simulation performed with the
ocean component of the global Community Earth System Model Version 1.2 (CESM, Gent et al.,
2011). The ocean component consists of the Parallel Ocean Program 2 (POP2, Smith and Gent,
2010) that simulates ocean circulation and mixing, the Community Ice CodE 4 (CICE4) model,
also known as the Los Alamos Sea Ice Model (Hunke and Lipscomb, 2008) simulating the pres-
ence and thickness of sea ice, and the Biological Elemental Cycling model (BEC, Moore et al.,
2004, 2013) representing ocean ecology and biogeochemistry. The model has a nominal merid-
ional resolution oD:5 near the poles, re ned t0:3 at the equator, and a nominal zonal resolu-

tion of 1 . There are 60 depth levels in the vertical dimension, extending from the surface to 5375
m. BEC includes three phytoplankton functional types that are grazed by one zooplankton type.
Temperature and dissolved oxygen elds are prognostic variables of the coupled model, while the
hydrogen ion concentration (on the total scale) was obtained from the simulated inorganic carbon
parameters by applying calculations of the carbonate system based on the OCMIP2 routines (Orr
et al., 2005). Details of the model can be found in Yang and Gruber (2016).

The model simulation started from a spun-up preindustrial state (Yang and Gruber, 2016) and
was brought forward from 1850 to 1957 with cyclically repeated 3-hourly atmospheric forcing
from the Japanese 55-year Re-analysis (JRA-55) product (Ebita et al., 2011) and atmospheric
CO, prescribed according to observations provided by the Global Carbon Project (Friedlingstein
et al., 2022). The hindcast simulation was then produced with daily output for the years 1958 to
2020 also using the historical JRA-55 forcing. To allow the ocean state to relax from the cyclic
atmospheric forcing during the spinup, we discard the rst three years and limit our analysis to
the 60-year period between 1961 and 2020. The results of this simulation were also used for the
Global Carbon Budgets 2020 and 2021 (Friedlingstein et al., 2022), in Hauck et al. (2020) and in
RECCAP2 papers (DeVries et al., 2023; Hauck et al., 2023).

Table 2.1 Single extremes and the thresholds used for their detection

. : Percentile Additional
Single Extreme Type Va”ableThreshold Absolute Threshold
Marine Heatwave (MHW) T > 95" -

Ocean Acidi cation Extreme (OAX) H > ogh -

Low Oxygen Extreme (LOX) Q < gh <150 M
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2.3.2 Extreme Events Detection

In the rst step, single extreme events of MHW, OAX, and LOX are detected for each grid cell
for each day. For MHW and OAX, a 95th percentile threshold is applied to temperature"and H
respectively, using seasonally-varying thresholds. For LOX, we require the oxygen concentration
to be below the 5th percentile value (again seasonally varying), after which valuesl&ifiowd

( 3:5ml=L) are masked. The absolute threshold for LOX was added because LOX at high oxy-
gen levels have very little biological impact. The chosen value is the hypoxic threshold of some
larger sh species such as yellow n and skipjack tuna, marlin, and sail sh (Braun et al., 2015;
Leung et al., 2019a; Rose et al., 2019). The absolute threshold for LOX is applied directly on
the (non-detrended) model output. The detection thresholds for single events in the grid cell are
summarised in Table 2.1. In this work, we do not impose additional criteria, such as minimum du-
ration (Hobday et al., 2016), since one goal of this study is to identify drivers behind exceedances
of the threshold. For xed baseline thresholds, the data are detrended with a quadratic trend to
a reference year of 1958 prior to computing the percentile thresholds. For the moving baseline
results, the thresholds change with time with respect to the tted quadratic trend. A detailed de-
scription of the detrending for xed and moving baselines and the computation of thresholds can
be found in Text A.1.

Figure 2.2 lllustration of different types of column-extreme events within the water column. (a)
Column-single extreme (CSX), (b) CSX with discontiguous grid cells of extreme type X', (c)
Column-compound extreme (CCX), (d) CCX with discontiguous grid cells of extreme type "Y',
(e) CCX with overlapping 'X' and "Y' type extremes.
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