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A B S T R A C T

As human emissions alter atmospheric CO2 concentrations, surface
temperatures and other major climate components are changing. In
this thesis, I focus on one of these systems, the Atlantic Meridional
Overturning Circulation (AMOC), to investigate the concurrent im-
pacts this circulation may have on surface temperatures. Using an
Earth system modelling approach, I jointly consider plausible CO2

and AMOC changes (past, upcoming, and long-term) and address
diverse impacts on surface temperatures that have been overlooked
thus far.

In a first study, I investigate the past influence of the AMOC inter-
annual variability on European winter cold extremes. I use a single-
model large ensemble approach to analyse the changes in such ex-
tremes and the physical mechanisms involved. I find that AMOC in-
terannual variations can shift the distributions of cold extremes. How-
ever, this shift is much less evident in the recent period compared to
a preindustrial climate. I explain the early shift and the contrast in
the late period by changes in sea surface temperatures, sea ice, heat
fluxes, and Euro-Atlantic winter circulation regimes.

Second, I focus on the AMOC carbon feedback, not only to quan-
tify it, but also to project its economic impact until the end of the cen-
tury. The approach is to first design Earth system model simulations
(which combine carbon cycle feedback and freshwater hosing experi-
ments), and later incorporate the assessed feedback into an integrated
assessment model. The results indicate that an AMOC weakening lin-
early leads to reduced ocean carbon uptake. This reduction in uptake
would give rise to economic damages, possibly turning AMOC weak-
ening into a net cost to society.

Third, I inspect the long-term evolution of European heat extremes
in the context of net-zero emissions and a recovering and stabilising
AMOC. This analysis is carried out in a set of net-zero emissions
simulations that extend for 1000 years and allow for evaluating the
effect of delays in emissions cessation. The findings suggest that the
intensity and frequency of these extreme heat events might remain
constant for many centuries, and that any delay in emissions cessa-
tion will bring significantly more intense extremes.

Ultimately, I argue that combining such interdisciplinary ap-
proaches across timescales is essential for mitigating climate change
and adapting to its uncertain impacts in the context of a changing
AMOC.
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Z U S A M M E N FA S S U N G

Da menschliche Emissionen die atmosphärischen CO2-Konzentratio-
nen verändern, werden sich die Oberflächentemperaturen und an-
dere wichtige Klimakomponenten voraussichtlich verändern. In die-
ser Arbeit konzentriere ich mich auf eine dieser Komponenten, die
Atlantische Umwälzströmung (Atlantic Meridional Overturning Cir-
culation, AMOC), um zu untersuchen, welche zusammenwirkenden
Auswirkungen diese Strömung auf Oberflächentemperaturen haben
kann. Unter Verwendung eines Erdsystemmodellierungsansatzes be-
trachte ich plausible CO2- und AMOC-Änderungen in der Vergan-
genheit, in der nahen Zukunft und auf längeren Zeitskalen und ge-
he auf verschiedene Auswirkungen auf die Oberflächentemperaturen
ein, die bisher übersehen wurden.

In einer ersten Studie untersuche ich, welchen Einfluss die interan-
nuelle Variabilität der AMOC in der Vergangenheit auf winterliche
Kälteextreme in Europa haben konnte. Ich verwende einen großen
Ensemble-Ansatz mit einem einzigen Klimamodell, um die Verän-
derungen der Extrema und die beteiligten physikalischen Mecha-
nismen zu analysieren. Ich stelle fest, dass die zwischenjährlichen
AMOC-Variationen die Verteilung der Kälteextreme verschieben kön-
nen. Diese Verschiebung ist jedoch in der jüngeren Vergangenheit
im Vergleich zu einem vorindustriellen Klima viel weniger deutlich.
Ich erkläre diese Unterschiede durch Veränderungen der Meeresober-
flächentemperaturen, des Meereises, der Wärmeflüsse und der nord-
atlantischen Winterzirkulationsregime.

Zweitens konzentriere ich mich auf die AMOC-Kohlenstoffrück-
kopplung, nicht nur um sie zu quantifizieren, sondern auch um ihre
wirtschaftlichen Auswirkungen bis zum Ende des Jahrhunderts zu
projizieren. Die Methodik umfasst zunächst Erdsystemmodellsimula-
tionen (die Experimente mit Kohlenstoffkreislauf-Rückkopplung und
mit künstlichem Süßwassereintrag kombinieren). In einem zweiten
Schritt wird die untersuchte Rückkopplung in ein integriertes Bewer-
tungsmodell (integrated assessment model) mit einbezogen. Die Er-
gebnisse zeigen, dass eine Abschwächung der AMOC linear zu einer
geringeren Kohlenstoffaufnahme im Ozean führt. Ein plausibles wirt-
schaftliches Maß für diese Auswirkung deutet darauf hin, dass die-
se verringerte Aufnahme zu wirtschaftlichen Schäden führen würde,
wodurch sich der Nettobeitrag der AMOC-Abschwächung möglicher-
weise in Nettokosten für die Gesellschaft umkehrt.

Drittens untersuche ich die langfristige Entwicklung europäischer
Hitzeextreme im Kontext von Netto-Null-Emissionen und einer sich
potenziell erholenden und stabilisierenden AMOC. Diese Analyse
wird in einer Reihe von Netto-Null-Emissionssimulationen durchge-
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führt, die sich über einen Zeitraum von 1000 Jahren erstrecken und es
ermöglichen, die Auswirkungen von Verzögerungen bei der Beendi-
gung der Emissionen zu bewerten. Die Ergebnisse deuten darauf hin,
dass Intensität und Häufigkeit dieser Ereignisse über viele Jahrhun-
derte hinweg konstant bleiben könnten und dass jede Verzögerung
bei der Beendigung der Emissionen zu deutlich intensiveren Extre-
men führen wird.

Letztlich ist die Kombination solcher interdisziplinären und zeits-
kalenübergreifenden Ansätze unerlässlich, um die ungewissen Aus-
wirkungen einer sich verändernden AMOC in einem sich wandeln-
den Klima abzumildern und sich an sie anzupassen.
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Part I

U N I F Y I N G E S S AY





1
I N T R O D U C T I O N

“In nature nothing exists alone."

— Rachel Carson (1962)

Climate science has conclusively identified acute and multifaceted
impacts of anthropogenic climate change. These impacts are promi-
nent for the North Atlantic region, which drives and endures changes
across multiple timescales and processes. However, some physical,
biogeochemical, and economic impact dimensions related to the most
prominent Atlantic circulation system have been overlooked. Specifi-
cally, previous research has ignored or failed to quantify certain vari-
ability, weakening, and stabilisation effects of this circulation on sur-
face temperatures. These temperature impacts are uncertain and mod-
ulated by the background climate state, and therefore require an in-
tegrated framework that accounts for past and future plausible CO2

and circulation changes.

1.1 a changing climate

Global warming
with increasing CO2

Human emissions have increased atmospheric CO2 concentrations
by more than 50% since 1750 (from 278 to 419 parts per million,
Friedlingstein et al., 2025). This drastic increase in CO2 and other
greenhouse gases, along with additional anthropogenic forcings such
as aerosols, has warmed the Earth by 1.2°C (this decade relative
to 1850–1900, Forster et al., 2025). Projecting societal and climatic
changes to the end of the century yields a very likely probability of
an additional 0.2-1.0°C warming under low emissions (SSP1-1.9 sce-
nario, compared to 1995–2014) and 2.4–4.8°C under high emissions
(SSP5-8.5, Lee et al., 2021). Yet, these past and future global tempera-
ture changes emerge from a very complex interplay between external
anthropogenic forcings and internal processes at many temporal and
spatial scales (Ghil & Lucarini, 2020). While mean temperature shifts
are the most evident result of forced disequilibrium, climate change
is also manifested in more subtle but crucial interactions.

Internal variability
affected by
increasing CO2

First, forced climate change is concurrent with internal climate vari-
ability (Mitchell, 1976). Internal variability originates from the un-
even distribution of energy in Earth’s climate (e.g Lehner & Deser,
2023), arising from non-linear and chaotic (Lorenz, 1963) as well as
stochastic (Hasselmann, 1976) interactions. Despite being in part pre-
dictable, internal variability is considered an irreducible uncertainty
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4 introduction

(e.g. Hawkins & Sutton, 2009; Hawkins et al., 2016). Still, climate sci-
ence has developed tools, such as large ensembles of model simula-
tions (e.g Deser et al., 2020), to separate internal variability from the
forced response and quantify its relative relevance (e.g. Deser et al.,
2012; Marotzke & Forster, 2015; Thompson et al., 2015). Moreover,
internal variability can be modulated by external forcings, and thus
change in a warming climate (e.g. Huntingford et al., 2013; Brown
et al., 2017). Examples of internal variability changes are already ob-
served and projected for Arctic sea ice variability (e.g. Deser et al.,
2000; Olonscheck et al., 2019), interannual atmospheric modes such as
the El Niño Southern Oscillation (e.g. Latif & Keenlyside, 2009; Calla-
han et al., 2021), or the seasonal cycle of land ecosystems (Rodgers
et al., 2021). Such variability changes with changing forcing must
be considered to comprehensively represent climate change impacts
(Schwarzwald & Lenssen, 2022).

CO2-induced mean
changes can trigger
feedbacks

Second, forced changes induce mean changes in other climatic
variables that can result in amplifying or dampening feedbacks
with mean surface temperatures. Systems exhibit feedback responses
when initial perturbations (e.g. changes in CO2 concentrations) are at
a later stage enhanced or diminished by the internal dynamics of the
system (e.g. Goosse et al., 2018). Destabilising feedbacks are known as
"positive feedbacks" (e.g. the sea ice-albedo feedback, Budyko, 1969;
Curry et al., 1995), while stabilising feedbacks are termed "negative
feedbacks" (e.g. the Planck temperature feedback, Forster et al., 2021).
Some notable Earth system components with potential positive feed-
back mechanisms include ice sheet disintegration (Fyke et al., 2018),
permafrost thawing (Schuur et al., 2015), and Amazon forest dieback
(Gatti et al., 2021). As with internal variability, these feedbacks are
increasingly being investigated and characterised, but are still insuffi-
ciently incorporated in models and impact studies (e.g. Schädel et al.,
2024).

Stabilisation after
CO2 emissions
cessation

Third, delayed responses to forced climate change can lead to per-
sistent impacts even after forcings cease. While global temperature
deviations may be small after net-zero emissions (e.g. Borowiak et
al., 2024), significant regional temperature changes are projected over
land and at high latitudes (MacDougall et al., 2022). Besides, the cli-
mate will continue evolving on long-term timescales, influencing the
impacts associated with global temperature targets (e.g. Schaeffer et
al., 2012). These post-net-zero and long-term impacts are poorly un-
derstood, with a lack of appropriate experiments to address them
(King et al., 2021b, 2025a).

Altogether, these variability, feedback, and stabilisation effects are
integral to understanding climate impacts of CO2 changes. In this
thesis, I focus on how these effects of varying CO2 concentrations
impact surface temperatures in relation to North Atlantic processes.
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1.2 a changing north atlantic

Why is the Atlantic
relevant?

The Atlantic Ocean’s prominent role in climate science stems mainly
from two unique features. Typically, the surface ocean redistributes
excess heat from the tropics towards the poles. However, meridional
heat transport is different in the Atlantic Ocean, where the net heat
transport is northward in both hemispheres (e.g. Trenberth & Caron,
2001). Furthermore, the North Atlantic has the largest concentration
of anthropogenic carbon of any ocean region (e.g. Khatiwala et al.,
2013; Brown et al., 2021). Both characteristics, the unique heat and
carbon transports, largely result from a complex system of currents,
the Atlantic Meridional Overturning Circulation (AMOC).

What is the AMOC?The AMOC is a large-scale system encapsulating thermohaline and
wind-driven water transports in the Atlantic, characterised by balanc-
ing northward warm surface flow with cold southward flow at depth
(Buckley & Marshall, 2016). Aside from other driving mechanisms,
this circulation is "pushed" (Visbeck et al., 2001) by deep convection
of polar dense surface waters. The AMOC strength is often measured
as the maximum integrated water volume transport for all depths
at a given latitude (e.g. Frajka-Williams et al., 2019). This concept of
strength, often measured in Sverdrups (Sv, one million cubic meters
per second), gauges both the northward flow intensity and the rate
of deep water formation. The northward transport of warm and salty
waters brings heat to northern high latitudes, while the sinking of wa-
ters efficiently sequesters surface carbon. Thus, these two key North
Atlantic heat and carbon transports would be influenced if the AMOC
strength changes.

AMOC under
climate change

The AMOC strength is very likely1 to weaken this century as climate
change warms and freshens subpolar waters, but there is low confi-
dence2 regarding its exact evolution (Fox-Kemper et al., 2021). In the
most extreme scenarios, based on the system’s multiple stable equi-
libria first described by Stommel, 1961, several recent studies warn of
a potential AMOC collapse this century (e.g. Boers, 2021; Ditlevsen
& Ditlevsen, 2023; van Westen et al., 2024b). Nevertheless, Earth sys-
tem models from the Coupled Model Intercomparison Project Phase
6 (CMIP6) project a more gradual weakening this century, on aver-
age between 24% in lower emissions scenarios and 39% under higher
emissions (Weijer et al., 2020). While Earth system models are often
criticised as too stable to capture abrupt transitions (e.g. Valdes, 2011;
Liu et al., 2017; Swingedouw et al., 2022), recent studies suggest that
overturning circulations in other basins may help stabilise the AMOC

1 According to the Intergovernmental Panel on Climate Change (IPCC) calibrated lan-
guage, which expresses the likelihood of an outcome and its uncertainty, very likely
corresponds to 90-100% probability (Mastrandrea et al., 2010).

2 Again in the IPCC guidance language, and in contrast to probabilistic measures of
uncertainty, confidence in a finding reflects a qualitative assessment of the "type,
amount, quality, and consistency of evidence".
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(Baker et al., 2025; Årthun et al., 2025). In fact, whether the AMOC
has already weakened is still an open scientific debate (e.g. Caesar
et al., 2018; Latif et al., 2022; Volkov et al., 2024; Terhaar et al., 2025).
This conundrum arises in part from the short length of direct ob-
servational records (only 20 years for the RAPID project, Hirschi et
al., 2003), added to the substantial internal variability in the AMOC
strength (Hirschi et al., 2007; Mecking et al., 2015). Likewise, AMOC
variability at multiple timescales is expected to change in a warmer
climate (Drijfhout et al., 2008; Cheng et al., 2016; Ferster et al., 2025).
Collectively, all these elemental uncertainties in the AMOC evolution
underscore how impact studies must consider a collection of plausi-
ble past and future AMOC changes.

1.3 amoc variability impacts

AMOC strength
and variability affect
surface variability

The AMOC strength and its atmospheric impacts interact across mul-
tiple timescales. AMOC strength affects surface variability in the At-
lantic and Europe from seasonal (Gastineau & Frankignoul, 2012;
Frankignoul et al., 2013; Carvalho-Oliveira et al., 2021) and interan-
nual (Pohlmann et al., 2006; Svendsen et al., 2014; Borchert et al.,
2018), to decadal (Robson et al., 2014; Zhang & Zhang, 2015) and
multidecadal (Zhang & Wang, 2013; Tandon & Kushner, 2015; Zhang
et al., 2019) timescales. The ensuing impacts on surface variability
stretch further by affecting variability, for instance, of Arctic sea ice
(Mahajan et al., 2011), or Pacific temperatures and circulations (Zhang
& Delworth, 2005; Williamson et al., 2018; Orihuela-Pinto et al., 2022;
Liu et al., 2023a). The AMOC does not simply modulate changes in
short-term variability through its mean state, but AMOC observa-
tions also show strong interannual variability (e.g. Srokosz & Bryden,
2015; Frajka-Williams et al., 2019) that can have substantial repercus-
sions. For instance, observed AMOC interannual changes, such as the
strong negative anomaly in 2009/2010, resulted in a record negative
winter North Atlantic Oscillation (NAO) and a strong summer hur-
ricane season (Bryden et al., 2014). Importantly, such anomalies are
also driven by strong atmospheric variations (McCarthy et al., 2012;
Polo et al., 2014), highlighting the difficulties of decoupling ocean-
atmosphere interactions. Yet, the effect of short-term AMOC variabil-
ity on North Atlantic and European surface climate is apparent and
needs to be analysed in the particular context of variability in this
region.

A distinctive North
Atlantic atmospheric
variability

The North Atlantic region exhibits prominent atmospheric variabil-
ity and circulation patterns. Due to the relative relevance of the eddy-
driven jet in comparison to the subtropical jet, North Atlantic vari-
ability is less constrained than in similar regions (Woollings, 2010).
Variability across many temporal scales is largely attributed to the
NAO, its dominant variability mode (Hurrell et al., 2003). Its dipolar
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atmospheric pressure gradient accounts for more variance in winter,
when the flow is strongest and atmospheric anomalies are largest (e.g.
Hurrell & Deser, 2010). The phase and characteristics of the NAO
have clear connections with winter climate over Europe (e.g. Hurrell,
1995; Marshall et al., 2001b). Also, the NAO and other relevant circu-
lation modes such as the Scandinavian Blocking directly impact cli-
mate extremes (e.g. Marshall et al., 2001a; Scaife et al., 2008; Sillmann
et al., 2011). Ultimately, these modes of variability are not indepen-
dent of forcings, and have been shown to respond to climate change
(e.g. Corti et al., 1999; Mitevski et al., 2025; Liu et al., 2025). Therefore,
these forced changes and interactions with other major North Atlantic
components, such as the AMOC, determine the eventual imprint on
European climate.

European
temperatures and
extremes

Europe is the fastest-warming continent, warming twice as fast as
the global average in the last 30 years, (0.53°C/decade compared to
0.26°C/decade, Copernicus Climate Change Service (C3S) & World
Meteorological Organization (WMO), 2025). This additional warming
on top of the global warming signal is caused by local forcings (such
as aerosol emissions reductions, Acosta Navarro et al., 2016), feed-
backs (e.g. Arctic amplification, England et al., 2021; Rantanen et al.,
2022), and atmospheric circulation pattern changes (Corti et al., 1999;
Faranda et al., 2023). Beyond the mean temperature shift, the distribu-
tion shapes of European extreme temperature events are also affected.
On the one hand, heat extremes have also increased, notably over
some European regions (Patterson, 2023; Vautard et al., 2023), and al-
ready resulted in high-impact events (Stott et al., 2004; Barriopedro
et al., 2011; Sun et al., 2025). Heat extremes are projected to continue
to increase rapidly (Suarez-Gutierrez et al., 2023) and proportionally
for higher levels of global warming (King & Karoly, 2017; Tebaldi
& Wehner, 2018; Li et al., 2021). On the other hand, cold extremes
have decreased in frequency and intensity in the last decades (Black-
port et al., 2024). Despite global warming, these extremes, although
reduced in frequency, are projected to persist in intensity and dura-
tion in future climates for many European regions (Kodra et al., 2011;
Quesada et al., 2023). Taken together, the distinctive features of Eu-
ropean temperatures and extremes highlight the critical importance
of considering multiple perspectives and interactions when analysing
their climate change impacts.

AMOC and
European cold
extremes

The AMOC effect on extreme events in a changing climate has been
recently researched from a large AMOC weakening perspective. Such
weakening would impact cold extremes over Europe (Meccia et al.,
2024; van Westen & Baatsen, 2025), North (Yin & Zhao, 2021) and
South (Meccia & Blázquez, 2025) America, and Siberia/Asia (Wang
et al., 2022), as well as European heat (Meccia et al., 2025; Duarte et
al., 2025) and precipitation extremes (Ma et al., 2024). In particular,
cold extremes would be overall colder, due to the reduced meridional
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heat transport (Meccia et al., 2024). They would also be less likely,
as the increased meridional temperature gradient produces less per-
sistent atmospheric blocking systems. However, this large weaken-
ing is uncertain, and the observed AMOC does change on shorter
timescales, such as interannually, with associated atmospheric im-
pacts (e.g. Bryden et al., 2014). Interannual variations have also been
shown to potentially affect seasonal and mean temperatures over Eu-
rope (Pohlmann et al., 2006). However, the past AMOC interannual
variability effect on European extremes has not been addressed yet.
Particularly, whether this potential AMOC variability impact changes
in the context of recent forced climate change is still unknown.

1st research question In short, I have identified a notably neglected aspect of AMOC in-
fluence on European temperatures, where short-term AMOC variabil-
ity, Atlantic circulation modes, and extreme cold events meet. Specif-
ically, the gap pertains to past and present-day climates, where the
AMOC strength has not yet distinctly weakened, but where the vari-
ables mediating the surface impacts have already responded to in-
creased CO2 concentrations. Therefore, the first research question of
this thesis is:

Q1: What is the past AMOC interannual variability influence on
European extreme cold temperatures?

Before answering this research question on AMOC variability im-
pacts, I first derive the two other research gaps related to impacts
from a weakening and a stabilising AMOC. By doing so, I construct a
framework that better contextualises the challenges and implications
of each research question, as well as their joint significance.

1.4 amoc weakening impacts

Physical impacts of
AMOC weakening

Considerably more than past variability impacts, AMOC impacts
have been predominantly studied for large and often idealised fu-
ture weakenings. An overall AMOC weakening would result in
widespread effects across the climate system, as impacts in precipi-
tation (Jacob et al., 2005; Bellomo et al., 2023) and monsoon patterns
(Parsons et al., 2014; Sandeep et al., 2020; Ben-Yami et al., 2024b),
Arctic and Antarctic sea ice (Mahajan et al., 2011; Liu et al., 2020;
Diamond et al., 2025), terrestrial and marine ecosystems (Kuhlbrodt
et al., 2009; Ritchie et al., 2020; Boot et al., 2025), or sea level rise
(Levermann et al., 2005; Chen et al., 2019; Little et al., 2019), among
many others. Among all, the most widely studied impact is regional
cooling from reduced northward surface heat transport, particularly
over Europe and much of the Northern Hemisphere (e.g. Vellinga &
Wood, 2002; Stouffer et al., 2006; Laurian et al., 2010; Jackson et al.,
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2015; Bellomo et al., 2021). All these AMOC impacts contribute to the
broad consequences of climate change on socioeconomic systems.

Economic impacts of
climate change

Beyond the physical impacts of anthropogenic climate change, eco-
nomic impacts have also been extensively studied (Stern, 2006). Eco-
nomic impact is generally measured through the social cost of car-
bon (SCC) and quantified using integrated assessment models (IAMs).
IAMs combine natural and economic modules to calculate the SCC,
conventionally as the present (discounted) value of future damages
from an additionally emitted ton of CO2. While SCC estimates are ac-
tually used in decision-making, studies and experts believe that these
estimates are often too low (e.g. Rennert et al., 2022; Moore et al.,
2024). Beyond the difficulties, uncertainties, and normative choices of
modelling humans and markets, SCC estimates are also largely lim-
ited by the representation of physical processes beyond mean temper-
ature changes.

Economic impacts of
climate feedbacks

One clear deficiency in IAMs is that they largely omit climate feed-
backs (e.g. Moore et al., 2024). This behaviour, often related to climate
tipping elements (Lenton et al., 2009; Armstrong McKay et al., 2022),
is characteristic in the North Atlantic for the AMOC, presenting sev-
eral potential feedbacks (e.g. Swingedouw et al., 2007a; Zickfeld et
al., 2008; van Westen et al., 2024b). Recently, climate feedbacks have
started to be included in economic quantifications of climate change
damages (Cai et al., 2015, 2016; Dietz et al., 2021; Dietz & Koninx,
2022), but their AMOC representation has been controversial.

Oversimplified
economic impact of
AMOC weakening

Despite the numerous AMOC impacts already identified, they have
mostly not been incorporated into economic modelling. The impact of
a weakening AMOC has only been accounted for by its direct cooling
effect on the Northern Hemisphere (Anthoff et al., 2016; Dietz et al.,
2021). This effect is considered favourable for the economy as it would
counteract some of the surface warming from increased greenhouse
gas concentrations. Besides, this effect is modelled without an explicit
temporal dependence of AMOC strength on temperatures, but rather
with an idealised stochastic tipping behaviour that does not reflect fu-
ture AMOC projections. This limited representation has caused stark
criticism (Keen et al., 2022; Dietz et al., 2022), but AMOC economic
assessments have surprisingly not yet been extended to include other
AMOC impacts.

AMOC weakening
and ocean carbon

One evident effect to be added to economic assessments is the im-
pact of the AMOC carbon feedback. If CO2 concentrations increase,
global warming increases and the AMOC weakens. Then, reduced
deep water formation leads to a decrease in carbon uptake, and more
carbon stays in the atmosphere. The additional carbon produces more
surface warming, weakening AMOC further (Figure 1). Therefore, a
positive feedback between AMOC strength and ocean carbon uptake
is possible. Many studies have addressed the connection between the
AMOC and ocean carbon storage (Obata, 2007; Swingedouw et al.,
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Figure 1: Sketch of the positive AMOC carbon feedback.

2007a; Zickfeld et al., 2008; Pérez et al., 2013; Gruber et al., 2019;
Nielsen et al., 2019; Brown et al., 2021; Katavouta & Williams, 2021;
Liu et al., 2023b; Boot et al., 2024), but the exact year-to-year rela-
tionship between the AMOC strength and ocean carbon uptake is
unknown. This relationship, across different estimations of future
AMOC weakening, is needed for incorporating the AMOC carbon
feedback effect into economic estimates.

2nd research
question

AMOC weakening impacts on surface temperatures, except for the
direct Northern Hemisphere cooling, have been overlooked in eco-
nomic assessments. Economic assessments of climate feedbacks must,
among other impacts, also include a precise quantification of the
AMOC strength and ocean carbon uptake relationship. Therefore, the
second research question of this thesis is:

Q2: What is the projected economic impact of the AMOC carbon
feedback?

1.5 amoc stabilisation impacts

Committed changes
of net-zero emissions

Alongside conventional emissions scenarios, projecting climate evo-
lution in high-mitigation futures is equally relevant for understand-
ing the climatic consequences of policy decisions. A key associated
concept is achieving net-zero emissions, where anthropogenic green-
house gas emissions are balanced by anthropogenic removals. A fun-
damental response to net zero is the Zero Emissions Commitment
(ZEC), defined as the global temperature change after emissions ces-
sation (usually of CO2, Palazzo Corner et al., 2023). The Zero Emis-
sions Commitment Model Intercomparison Project (ZECMIP) designed
the most extensive modelling framework to date to identify the ZEC
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in idealised experiments (MacDougall et al., 2020), finding ZEC to
be small but significant (Borowiak et al., 2024, 2025). Post-net-zero
changes in regional temperatures have also been identified, and some
of the largest inter-model variance occurs over the North Atlantic
(MacDougall et al., 2022).

AMOC under
net-zero emissions

One of the most prominent mechanisms contributing to these vari-
able post-net-zero North Atlantic responses is the AMOC evolution.
The AMOC strength is expected to at least partly recover under net
zero (Sigmond et al., 2020; Schwinger et al., 2022a; MacDougall et
al., 2022; Lee et al., 2025). However, different models show diverg-
ing responses both in the timing and magnitude of recovery. Some
initial experiments showed a continued decline 10 years after net
zero, followed by a 150-year recovery, all independent of the emis-
sions scenario (Sigmond et al., 2020). Other models show longer
recovery times (Schwinger et al., 2022a), with large disagreements
even between ensemble members within the same model (Lee et al.,
2025). But, generally, models show a weaker final recovered state com-
pared to preindustrial strength. Simulations of climate overshoot un-
der net-negative emissions show similar disagreement in responses,
with potential final states stronger than preindustrial (An et al., 2021;
Schwinger et al., 2022a, 2022b; Lee et al., 2025). In any case, the
AMOC weakening and its magnitude and pace of recovery, despite
the wide range of possible responses, have a direct impact on post-net-
zero North Atlantic surface temperatures. While regional changes in
mean temperatures have been more systematically analysed, many of
the net-zero responses of extreme temperatures are still poorly char-
acterised.

European heat
extremes under
emissions mitigation

Due to the disproportionate recent increase in European heat ex-
tremes (e.g. Rousi et al., 2022), studies have analysed the impacts of
climate mitigation in reducing the intensity of such events. European
heat extremes have been characterised at different global warming
levels in transient climates, finding clear benefits from limited warm-
ing (e.g. Sillmann & Roeckner, 2008; King & Karoly, 2017; Suarez-
Gutierrez et al., 2018). Particularly for net-zero emissions, a recent
global study based on the ZECMIP found monthly maximum tem-
peratures to be reduced up to 40% in some regions (Cassidy et al.,
2024). However, there is no study yet with a regional focus on Europe
and with more realistic net-zero simulations than the ZECMIP exper-
iments, so that they can be put in context with 21st-century scenarios.
Also, regional temperatures and seasonal extremes have been found
to differ between transient and equilibrium warming levels following
certain emissions scenarios (King et al., 2020, 2021a), suggesting that
a long-term perspective might be relevant in the characterisation of
net-zero emissions futures.

Long-term
stabilisation

The timescales considered in end-of-century scenario projections
or in ZECMIP, 50-100 years after net-zero emissions, are too short to
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Figure 2: AMOC stabilisation under net-zero emissions in ACCESS-ESM-1.5
1000-year simulations.

also include stabilisation effects such as the AMOC recovery. Beyond
just being a theoretical exercise, understanding long-term stabilisa-
tion is needed to adequately quantify prominent temperature goals
such as the Paris Agreement targets (King et al., 2021b). While con-
stant atmospheric concentrations have been previously addressed in
long timescales (e.g. Rugenstein et al., 2019), they lead to a misinter-
pretation of committed warming and changes compared to net-zero
emissions due to the natural carbon sink (Matthews & Weaver, 2010).
Long-term net-zero emissions have been studied in models of inter-
mediate complexity (e.g. Zickfeld et al., 2013), but these do not ro-
bustly represent regional and extreme changes (King et al., 2025a).
Recently, a multi-centennial net-zero emissions framework of Earth
system Model simulations has been proposed and carried out (King
et al., 2024). These simulations signal long-term changes at multiple
regional scales and climatic variables. When analysing further these
experiments, I find that the AMOC needs many centuries to recover
(Figure 2). Despite these relevant changes, the evolution of tempera-
ture extreme events, particularly in Europe, has not been quantified.

3rd research
question

In short, I argue that, when compared to transient end-of-century
scenarios, European heat extremes have been overlooked for net-zero
emissions and long-term timescales relevant for climate stabilisation.
These extended timescales are critical given that the AMOC recovery
may require centuries, with corresponding impacts on surface tem-
peratures. This research gap can be formulated with the question:

Q3: What is the long-term evolution of European heat extremes
under net-zero emissions?
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Figure 3: Illustration of the three types of changes in AMOC strength and
atmospheric CO2 concentrations considered in this thesis.

1.6 overarching question

The three derived research questions address temperature impacts
related to CO2 forcing and AMOC changes (Figure 3). The first ques-
tion deals with CO2 increases until the present day while focusing on
AMOC variability. The second question tackles future projected CO2

increases this century and their interaction with a weakening AMOC.
The third question takes on long-term CO2 emissions cessation and a
recovering and stabilising AMOC. They all have a different impact fo-
cus, from mechanisms of North Atlantic variability for cold extremes,
through reduced ocean carbon uptake affecting global temperatures
and causing economic damages, to likelihoods of heat extremes in Eu-
rope; but they all address impacts that ultimately manifest through
surface temperature changes. Therefore, it is important to consider
the added value of combining this research, particularly for mitigat-
ing or adapting to climate change temperature impacts. For that rea-
son, the overarching question that will be used at the end to bring
together all three topics is:

What is the added value of jointly considering diverse and mul-
titemporal CO2 and AMOC changes to assess surface temperature
impacts?





2
A M O C VA R I A B I L I T Y A N D E U R O P E A N C O L D
E X T R E M E S

The first publication of this thesis (Article A), whose methods and
results are summarised in the following, addresses the research ques-
tion "What is the past AMOC interannual variability influence on Euro-
pean extreme cold temperatures?". I have motivated this question based
on clearly discernible interannual AMOC changes in the past. These
changes have also been connected to atmospheric variability over the
Atlantic Ocean and Europe. However, since the influence on cold ex-
tremes has only been characterised for idealised long-term AMOC
weakenings, the connection to realistic past AMOC variability and
involved physical mechanisms remains an overlooked scientific gap.

2.1 cold extremes influenced by interannual amoc

variations

Modelling with a
SMILE

As the goal is to quantify the changing likelihood of cold extremes,
many event occurrences of such events are required for a robust char-
acterisation. This is not feasible in observations, as the goal is to condi-
tion extremes (rare by definition) on AMOC interannual changes, for
which measurements span less than two decades (Moat et al., 2025).
For that reason, and also to be able to separate variability from the
forced signal (Maher et al., 2019; Rodgers et al., 2021), a single model
initial-condition large ensemble (SMILE) is the most suitable tool (Ma-
her et al., 2021). The model used is the Max Planck Institute Earth
System Model (MPI-ESM) in its low-resolution configuration, which
enables many climate realisations with slightly different initial con-
ditions to be simulated. This SMILE, denoted previously as the Max
Planck Institute Grand Ensemble (MPI-GE) for CMIP5 (Maher et al.,
2019), is now available for CMIP6 with 50 realisations for the histori-
cal experiment (MPI-GE CMIP6, Olonscheck et al., 2023) and used in
this study. It is initialised in 1850 from different plausible preindus-
trial conditions, and it simulates potential climates constrained by
realistic external forcings until 2014. With this setup, it is possible to
analyse the past evolution of the AMOC variability influence on Eu-
ropean cold extremes, as CO2 concentrations considerably increased
but the AMOC strength has not yet significantly declined.

Conditioning on
AMOC interannual
variations

The overall approach is to associate AMOC variations with the sub-
sequent temperature probability distribution functions (PDFs). The
idea is to compare the composites of strong and weak AMOC vari-
ations (as in Pohlmann et al., 2006), but in our study, the AMOC vari-

15
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ation temporally leads the changes in cold extremes. This is achieved
by detrending each analysed period and calculating ensemble-mean
composites following the interannual period (3-year means) with a
strong or weak AMOC, for variations surpassing one preindustrial
standard deviation (Figure 4). By computing the 1% coldest temper-
atures and their extreme value distributions, the influence of AMOC
variations is analysed.

1850 1879

3 2 1 0 1 2 3
Detrended 3-year AMOC strength @ 26°N [Sv]

weak AMOC (< ) strong AMOC (>+ )

1985 2014

Figure 4: Detrended interannual AMOC strength distributions for the 1850-
1879 and 1985-2014 periods in MPI-GE CMIP6. Weak (below one
preindustrial standard deviation) and strong (above one preindus-
trial standard deviation) variations are highlighted in blue and red,
respectively.

Distribution shift
but contrasting
periods

There are two main results from the cold extreme distributions
conditioned on AMOC interannual variations. First, in the early pe-
riod, there is a distribution shift, with colder extremes following weak
AMOC years in contrast to strong variations (Figure 5, left). This shift
is evident in the European mean distributions, with roughly a 1°C
shift. The shift between the distributions can be traced back spatially
and to the individual extreme distribution parameters. As a result,
the shift is explained by a significant difference in the location param-
eter, with the largest differences occurring over Northern and Eastern
Europe. The second main result is the contrast in the late historical
period, where shifts are much smaller (Figure 5, right). In this period,
the European mean extreme distributions are very similar as a result
of a much smaller and less significant difference in the location pa-
rameter. We turn to the analysis of physical mechanisms to explain
both the shift in the early period and the contrast between periods.

2.2 explaining shift and contrasting periods

Ocean-atmosphere
interface
mechanisms

Analogously to European cold extremes, mediating physical mecha-
nisms can be inspected by conditioning them on AMOC interannual



2.2 explaining shift and contrasting periods 17

Figure 5: Extreme cold distribution differences between interannual weak
and strong AMOC, for the early and late MPI-GE CMIP6 histor-
ical periods. Top row: Extreme value distributions of European
mean cold extreme temperatures during weak (blue, below −1σ)
and strong (red, above 1σ) 3-year AMOC variations. Bottom row:
Spatial difference in the location parameter of cold extreme tem-
peratures between weak and strong AMOC composites.

variations. We focus on seasonal averages during cold extreme win-
ters and first address variables at the ocean-atmosphere interface. The
analysis of sea surface temperatures (SSTs), sea ice concentrations, and
ocean-atmosphere heat fluxes largely reflects the analysed changes in
extremes (Figure 6). For the early period shift, and from the perspec-
tive following weak AMOC years, SSTs are colder over the subpolar
gyre (with a warmer region off the North American coast, consistent
with weak AMOC patterns), and over the Labrador, Nordic, and Bar-
ents seas. Sea ice concentrations confirm that the cold patterns over
the Arctic seas are related to extended sea ice extent at the location of
the sea ice edge. As a result, in regions where SSTs are colder follow-
ing weak AMOC years, latent and sensible heat fluxes into the atmo-
sphere are also reduced. These reduced fluxes favour the formation
of North Atlantic atmospheric blocking regimes, which would ulti-
mately lead to colder extremes over Europe. In the late period, while
the subpolar gyre pattern is similar, the SST, sea ice, and heat fluxes
changes over the sea ice edge regions are practically not present. The
hypothesis for this contrast in the later period is the retreated back-
ground sea ice state compared to a preindustrial climate, inhibiting
the influence of weaker AMOC at the sea ice edge. To understand
how these interface effects impact the more direct atmospheric influ-
ence on the extreme cold events, the analysis of mechanisms is com-
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Figure 6: Differences in sea surface temperatures (SSTs, top row), sea ice
concentrations (SIC, middle row), and heat fluxes (bottom row,
positive upwards) for weak (below −1σ) minus strong (above 1σ)
3-year AMOC variations in MPI-GE CMIP6. Left: 1850-1879; right:
1985-2014.

pleted with the characterisation of Euro-Atlantic atmospheric pres-
sure regimes.

Changes in winter
circulation regimes

Changes in AMOC and sea surface properties affect Euro-Atlantic
circulation regimes, as shown through the phase space analysis of
atmospheric pressure variability modes. Based on an Empirical Or-
thogonal Function (EOF) analysis, we focus on the three main modes:
the North Atlantic Oscillation (NAO), the Atlantic Ridge (AR), and the
Scandinavian Blocking (BLO), which together explain 70% of the win-
ter variance (40% of which is the NAO alone). In the early period, the
most consistent changes occur in the NAO distributions. The distribu-
tion of states slightly drifts towards NAO- phases (pattern inhibiting
westerlies, potentially bringing cold air over Northern Europe) after
a weak AMOC, and distinctly moves towards NAO+ after a strong
AMOC. These early period regime distribution drifts contrast with



2.2 explaining shift and contrasting periods 19

the response in the later period, where the NAO states following an
anomalous AMOC are not clearly favoured, especially the shift to-
wards NAO+ after a strong interannual AMOC. The last step in dis-
secting the mechanisms at play is to test the effect of each circulation
regime on cold extremes, as well as the changes in these effects when
conditioned on AMOC variations.

Extremes
conditioned on
AMOC and
circulation regimes

The analysis of winter circulation regime impacts on cold extremes
reveals that the NAO phase remains the primary driver for above- or
below-average cold extremes. The expected effect, colder extremes
with NAO- and warmer extremes with NAO+, is present in both
periods. When accounting for the preceding AMOC variations in the
early period, the NAO effect becomes more intense for NAO- and
weak AMOC (colder extremes) and for NAO+ and strong AMOC
(warmer extremes). This enhanced effect is also present in the late
period, but is reduced in magnitude. Taken together, these results
show that AMOC interannual variations affect both the likelihood
of winter pressure regimes and the effect these regimes have on the
intensity of cold extremes. These two effects combine to explain the
extreme cold distribution shift in the early period and the contrast
with the late period.

DiscussionAltogether, AMOC unforced variability can potentially influence
European extreme cold temperature distributions, but recent changes
in forcings modulate this relation. We carry out the analysis within
the framework of a single Earth system model, which could present
biases. While this approach is important to ensure consistency (e.g. of
absolute AMOC strengths or variability, which differ widely across
models) and accomplish a more in-depth mechanistic analysis, the
next step would be to reproduce the analysis with different mod-
els. The analysis of future changes in the analysed relationship is
another remaining gap, which will need a more careful consideration
of AMOC variability in the context of a larger weakening. With regard
to preceding studies, our overall results agree with the mean temper-
ature shifts evidenced for annual AMOC variability (Pohlmann et al.,
2006), but differ from the mechanisms of a large AMOC weakening
on cold extremes (Meccia et al., 2024). Overall, these differences for
other types of AMOC changes and the contrasting periods in our
results highlight the need to consider an ample diversity of AMOC
strengths, and to do it within appropriate climate backgrounds, when
assessing potential impacts.





3
E C O N O M I C I M PA C T O F T H E A M O C C A R B O N
F E E D B A C K

This thesis’s second publication (Article B) focuses on the AMOC
weakening until the end of the century to address the question "What
is the projected economic effect of the AMOC carbon feedback?". Filling
this gap requires not only estimating the feedback’s economic im-
print, but also the actual quantification of the relationship between
AMOC strength and ocean carbon uptake. Addressing such an in-
terdisciplinary topic involves the combination of models that can ac-
count for interactions between the physical, biogeochemical, and so-
cietal components of the climate system.

3.1 modelling the amoc carbon feedback

AMOC carbon
feedback in ESMs

The first step, quantifying the AMOC-carbon uptake relationship, is
realised using an Earth system model (MPI-ESM). The magnitude of
this relationship is calibrated for a broad range of AMOC strengths
first, to later be projected into the future according to multi-model
scenarios of AMOC weakening and incorporated into an integrated
assessment model.

Calibration with
BGC-only hosing
experiments

For the calibration, we use freshwater hosing experiments, where
an artificial freshwater flux is added to the model in the North At-
lantic. This freshwater flux (in practice, a negative salt flux) largely
stands for the lack of freshwater input from Greenland, as most Earth
system models to date lack interacting ice sheets. Freshwater weak-
ens the AMOC by increasing buoyancy and reducing deep convec-
tion. The magnitude of this flux is not meant to be realistic, but to
cover a wide range of AMOC strengths by varying its magnitude.
The shortcoming with existing hosing simulations is that they are gen-
erally performed under preindustrial forcings, to isolate the AMOC
weakening effects from those of global warming (e.g. Jackson et al.,
2023a). However, the representation of this effect under preindustrial
conditions would not be appropriate for assessing the present-day
and future carbon cycle, where CO2 concentrations are fundamen-
tally increased. We propose a novel approach (technically tested once
before by Zickfeld et al., 2008, in a model of intermediate complexity)
by combining freshwater hosing experiments with biogeochemically-
only coupled (BGC-only) experiments (Jones et al., 2016). BGC-only
experiments have widespread use in the carbon-cycle-feedbacks com-
munity (e.g. Arora et al., 2020; Katavouta & Williams, 2021), and de-
couple the radiative component of the model from any atmospheric
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CO2 increase. Therefore, in an experiment with freshwater hosing
and increasing CO2 concentrations, the changes in the ocean car-
bon cycle can be solely attributed to the AMOC weakening, as the
CO2 increase does not cause any warming. To gauge the influence
of the chosen freshwater hosing pattern, two different patterns from
the North Atlantic Hosing Model Intercomparison Project (NAHosMIP)
are tested. To also assess the potential dependence on the emissions
scenario, simulations under different pathways are carried out.

Changes in carbon
flux scale linearly
with AMOC
strength

The BGC-only hosing experiments showcase a clear relationship
between AMOC and ocean carbon storage (Figure 7a). The larger the
freshwater input, the more the AMOC weakens. In general, the in-
duced weakening is larger in experiments where the freshwater is
distributed all over the North Atlantic, compared to when it is only
around the coast of Greenland. In turn, for larger AMOC weakenings,
larger amounts of carbon are not stored in the ocean. Under consid-
erably higher emissions, the reduction of stored carbon is very simi-
lar, implying that the relationship solely depends on AMOC strength
for a wide range of possible future scenarios. This independence is
clearer when, instead of characterising carbon storage, the relation
with carbon fluxes is analysed. Carbon flux reductions further show
a remarkably linear relationship with AMOC strength (Figure 7b).
This depiction indicates that for every Sverdrup that the AMOC is
weaker, roughly 0.025 PgC less are taken up by the ocean each year.

3.2 social cost of carbon effect

The reduced ocean carbon uptake increases atmospheric CO2 con-
centrations, leading to additional surface temperature warming. To
calculate economic damages and the eventual SCC effect, we use the
assessed linear relationship, AMOC strength projections from several
Earth system models, and an integrated assessment model.

CMIP6 AMOC
projections

The magnitude of the future ocean carbon flux reduction is cal-
culated using projections of AMOC weakening from several CMIP6

models. For the SSP2-4.5 scenario, the available CMIP6 models esti-
mate a relative AMOC weakening between 20 and 50% by 2100. Using
each model’s AMOC projection and the previously assessed linear re-
lationship of the AMOC carbon feedback, the integrated changes in
ocean carbon storage range from 4 to 12 PgC. These values compare
to roughly half to one year of CO2 emissions at present-day rates.
While not a large effect, such an increase in CO2 concentrations will
further warm the surface, potentially with a negative economic im-
pact.

Economic modelling:
META

The IAM used, the Model for Economic Tipping Analysis (META),
is particularly designed to include the feedback effects of major cli-
mate system components such as the AMOC (Dietz et al., 2021). The
previously existing version, however, does simply include the direct
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Figure 7: AMOC carbon feedback calibration with MPI-ESM. a) Cumula-
tive carbon (top) and AMOC strength (middle) time series for
the different hosing BGC-only experiments along an SSP2-4.5 sce-
nario. b) Changes in carbon flux into the ocean as a function of
AMOC strength, with respect to years with a preindustrial AMOC
strength.

cooling effect of the AMOC, and it does it without an explicit repre-
sentation of AMOC strength evolution. In our study, this representa-
tion is now included, based on the projected AMOC strengths from
different models and scenarios. Given the AMOC strength in a given
year, the corresponding additional CO2 is added to the carbon cycle
of the climate module in the model, which calculates the resulting
global mean surface temperature change, given also the emissions
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from the particular scenario. For reference, the additional warming
from including the feedback in the different AMOC projections un-
der a SSP2-4.5 scenario ranges between 0.4 and 0.8 % in 2100. Once
the yearly global temperature change is estimated, the model’s eco-
nomic module downscales this global temperature change for each
country, and calculates country-specific damages (based on Burke et
al., 2015). This component then outputs the corresponding change
in utility and welfare. By comparing the results with and without the
AMOC carbon feedback implementation, the resulting change in SCC
can finally be assessed.

A potential net cost
to society

Compared to the previously assessed direct cooling effects, the SCC
changes from the additional warming caused by the AMOC carbon
feedback are of similar magnitude but reversed sign (Figure 8). The
SSP2-4.5 relative SCC changes for the different models range between
+0.5 and +1.6%, implying a significant relative increase in the social
cost of carbon. The central estimates of the direct cooling effect were
roughly a -1% change in Dietz et al., 2021, although both estimates
are not directly comparable due to the model changes and develop-
ments introduced in the carbon feedback representation. Repeating
the carbon feedback SCC estimation for different scenarios widens
the range from 0.2 to almost 4%. Remarkably, the effect becomes
larger for lower emissions scenarios. This apparent contradiction is
caused by similar AMOC weakening between scenarios until 2060,
resulting in a comparable AMOC-related increase in CO2, which is
then larger in relative terms under low emissions. Altogether, these
estimations show that already including one additional impact chan-
nel to the direct cooling effect, the AMOC carbon feedback, could flip
the SCC impact of a weakening AMOC from a net benefit to a net
cost to society.

Discussion In summary, we quantify the size of the AMOC carbon feedback
and show that an AMOC weakening would negatively impact the
economy. The size of the effect is opposite and about as large as the
previous estimate of a positive economic impact from the direct cool-
ing effect on the Northern Hemisphere. There are possible pitfalls in
the calculation of the relationship between AMOC and ocean carbon
uptake, such as only using one model or possible deviations from
the linear model. Nevertheless, we corroborate the approximate size
of the overall effect by constructing a multi-model AMOC carbon-
climate feedback (using the estimates from Katavouta & Williams,
2021) and also by similarity to recent studies (Boot et al., 2024). When
estimating the economic effect, large uncertainties apply to both the
representation of physical processes and the value judgments and
parameter choices that come with economic assumptions. We miti-
gate this latter impact by working with relative social carbon changes
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Figure 8: Relative SCC change due to the AMOC carbon feedback with
multi-model AMOC projections (SSP2-4.5 when not indicated).
Uncertainties are calculated by Monte Carlo sampling, drawing
from uncertainties in the climate module, the preindustrial AMOC
strength, internal variability around AMOC projections, and the
linear fit between AMOC strength and ocean carbon uptake.

(rather than absolute), reducing the sensitivity to normative assump-
tions. While the consideration of multiple scenarios and models for
possible weakening paths is a significant contribution from our study,
scenarios of rapid AMOC weakening or collapse are possible but not
accounted for, and could result in larger impacts. Nonetheless, we
show the large impact that adding a single impact channel can have,
laying the groundwork for the incorporation of more AMOC projec-
tions and impacts in the pursuit of a thorough economic assessment.





4
L O N G - T E R M E U R O P E A N H E AT U N D E R N E T Z E R O

The third and last publication of this thesis (Article C) concerns post-
net-zero climate stabilisation in multi-centennial timescales, partic-
ularly on the question: "What is the long-term evolution of European
heat extremes under net-zero emissions?". While European heat extremes
have been carefully studied in a plethora of future climate projections,
the existing net-zero frameworks have not yet thoroughly inspected
the expected changes in these events. Given that recent net-zero re-
search highlights the significance of long-term timescales and mitiga-
tion delay impacts on various climate system components, there is a
compelling rationale to investigate European heat extremes within a
similar paradigm.

4.1 extremes in long-term net-zero simulations

1000-year-long
ACCESS-ESM
experiments

Earlier, I briefly introduced a recently developed modelling frame-
work to answer long-term stabilisation under net-zero (King et al.,
2024). The innovative aspects of these experiments are that they focus
on net-zero emissions (not concentrations), extend beyond just one
or two centuries, branch from more realistic scenarios than idealised
experiments, and are available for different net-zero branching times
to analyse the effect of cessation delay. These experiments are per-
formed with the Australian Community Climate and Earth System
Simulator - Earth System Model (ACCESS-ESM), in its 1.5 version de-
veloped for CMIP6 (Ziehn et al., 2020). These experiments set CO2

emissions instantaneously to zero (from a high-emissions scenario) at
five-year intervals from 2030 to 2060. The rest of the anthropogenic
forcings are instantaneously returned to preindustrial levels. Hence,
while still idealised, this design and framework present a clear step
forward in understanding long-term post-net-zero climate changes.

Mean surface
temperature and
AMOC evolution
after net zero

In all experiments, global mean surface temperature first responds
to the drastic change in forcing by cooling slightly in the first decades,
but then slowly warms for the remaining centuries. As I show in Fig-
ure 2, the AMOC strength, after a decline of roughly 30% before net
zero, recovers slowly in all simulations to around 90% of its prein-
dustrial strength. Even though the recovery in each experiment is
statistically significant in less than a century, the AMOC trajectories
are not significantly different between the net-zero experiments (King
et al., 2025b). The AMOC strength similarity between experiments
could imply that, while the temperature impact of the AMOC recov-
ery will determine temperatures over Europe, it will likely not drive
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the temperature differences between experiments. In fact, European
temperatures follow a similar evolution to the global mean, but the
behaviour of heat extremes is, as justified in the derivation of the
research question, still unknown.

Extreme heat metric
and evaluation

This gap is mostly addressed using an intensity-based standard
index, the annual TXx (e.g. Sillmann et al., 2013). It represents the
hottest maximum daily temperature in each year. When analysing a
specific region, TXx is averaged separately over the whole of Europe
or over each of the four European regions in the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC AR6):
Northern Europe, Western and Central Europe, Northern Europe,
and the Mediterranean (Iturbide et al., 2020). While the TXx analysis
would quantitatively differ for other indices, conclusions are qualita-
tively robust for other indices (as we tested for the frequency-related
TX90p index). To better interpret the significance of this index in
comparison to current heat records, as well as the evaluation of the
model’s ability to represent the observed past, the same metric is com-
puted in the Fifth generation of the European Centre for Medium-
Range Weather Forecasts Retrospective Analysis (ERA5). The spatial
representation of ERA5 records indicates that the spatially-averaged
TXx records in European regions result from years where each spe-
cific region undergoes a very severe heatwave. For the spatial average
over the whole of Europe, the records often represent years with sev-
eral episodes in different regions. The model evaluation through rank
frequency analysis (a method to test initial-condition large ensembles,
e.g. Suarez-Gutierrez et al., 2018) shows that observed variability is
within the model range (in its initial-condition large ensemble of the
past climate, Figure 9). Eventually, we also use attribution metrics
such as risk ratios (RRs) or fractions of attributable risk (FARs) to quan-
tify the role of differences in experiments in changing likelihoods in
extremes above thresholds.

4.2 a stationary future and path dependence

Europe mean TXx
remains elevated for
centuries

The spatially-averaged time evolution of TXx shows a steady strength
over many centuries of net-zero emissions (shown here for the Eu-
ropean mean, Figure 10a). This remarkable stability also holds for
the mean over the different European regions. There is no long-term
trend but strong annual variability, which is largest over Northern
and Eastern Europe and smallest over the Mediterranean region. The
distributions of these extremes are significantly different from the
present-day distributions (Figure 10b). Moreover, the distributions
are also significantly different among each pair of net-zero experi-
ments. These differences imply that five-year delays in emissions ces-
sation along a high-emissions scenario (where five years are between
75 and 130 PgC of additional emissions) lead to consistently more
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Figure 9: European TXx evaluation through rank histogram analysis of the
ACCESS-ESM-1.5 historical+SSP5-8.5 ensemble with ERA5.

intense heat extremes for many centuries. These distribution shifts
also hold for the separate European regions, with the smallest abso-
lute but largest relative shift for the Mediterranean region. The likeli-
hoods above thresholds, as represented by risk ratios with respect to
the present-day distribution, also show significant increases (Figure
10c). These ratios, valuable in interpreting potential impacts, portray
observed records to be two to five times more likely for the next cen-
turies, with higher probabilities for later emissions cessation years.
Once again, the Mediterranean region stands out, with the likelihood
of events as current records becoming, in the net-zero simulations
with emissions cessation in 2060, up to 30 times more likely. Even
higher thresholds present larger increases in likelihood, meaning that
unprecedented extreme heat intensities will not only become possible
but much more likely unless CO2 emissions are promptly reduced.

Path dependence at
global warming
levels

While multiple studies have previously characterised European ex-
treme heat intensities at a transient global warming level (GWL), we
can use this long-term framework to test whether those results would
be applicable centuries after net-zero emissions. We use a similar
GWL definition as King et al., 2024, where a difference is made be-
tween a transient, an early stable, and a late stable climate at 1.5, 2,
and 3°C. The results of this approach clearly highlight that the tran-
sient extreme heat distributions are always at larger values than the
stabilised ones (Figure 11). This difference between transient and sta-
ble becomes larger at higher GWLs. When comparing the two stable
distributions, analysing a low GWL (1.5 and 2°C) at an early stable pe-
riod might already be a good estimate of the late-stable distribution.
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Figure 10: Characterisation of European TXx likelihoods in 1000-year
ACCESS-ESM-1.5 net-zero experiments. a) Time series. b) Prob-
ability distribution functions. c) Risk ratios.

However, this similarity breaks down at higher GWLs, emphasising
that an early evaluation could lead to an overestimation of future in-
tensities. In general, this global warming level analysis shows that
these distributions are path-dependent, showcasing even more the
value of long-term net-zero studies and experiments.
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Figure 11: Probability distribution functions of European mean annual TXx
anomalies at global warming levels of a) 1.5°C, b) 2°C, and c) 3°C
in ACCESS-ESM-1.5 net-zero simulations.

DiscussionWe find stationary intensities of European heat extremes for cen-
turies, even under net-zero emissions, as well as significant effects
from short delays in emissions cessation, and differences between
transient and stabilised climates, even at the same level of global
warming. Even though analysing the role of physical mechanisms is
not an explicit part of the study, research suggests that the recovering
AMOC trend (Figure 2) plays a crucial role in setting Northern Hemi-
spheric temperatures throughout the simulations. MacDougall et al.,
2022 show that the multi-model short-term temperature response to
net zero is highly variable over the Arctic and North Atlantic, partly
determined by the different AMOC responses. If the AMOC recov-
ers at different speeds or to different levels, the impact on surface
temperatures (and thus heat extremes) in Europe could differ (e.g.
Sigmond et al., 2020). The temperature impact of a recovering AMOC
under net-zero emissions is further controlled by mechanisms such as
heat fluxes and cloud dynamics (Schwinger et al., 2022a) or even de-
termined by salinity differences preceding emissions cessation (Lee
et al., 2025). All these variables possibly introduce more sources of
multi-model uncertainty. Since the setup of long-term net-zero sim-
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ulations used here only exists with one Earth system model, more
models are needed to understand the impact that different AMOC
strengths or other model differences could have on post-net-zero re-
sponses over Europe. Regardless, we provide with this study a first
in-depth characterisation of heat extremes under net-zero emissions
on long-term timescales, hoping to establish the foundation for future
extreme event studies.



5
C O N C L U S I O N S A N D O U T L O O K

5.1 answering the research questions

I have argued for three research questions on the surface tempera-
ture impacts of different combinations of AMOC and atmospheric
CO2 changes. I here summarise the main conclusions of the studies
addressing these individual research gaps.

Q1: What is the past AMOC interannual variability influence on
European extreme cold temperatures?

The first research question is framed in the context of past to present-
day CO2 increases and AMOC variability. The primary conclusions
we reach in Article A are:

• Interannual AMOC variations have the potential to change
the distribution of winter cold extremes in Europe. This
change, in a preindustrial climate, occurs mainly as a distribu-
tion shift of about 1°C over Scandinavia, Northern and Eastern
Europe.

• The shifts can be understood from changes in Atlantic winter
physical mechanisms at the ocean-atmosphere interface and
circulation regimes. For instance, strong interannual AMOC
variations lead to warmer sea surface temperatures over the sub-
polar gyre and Arctic regions along the sea ice edge. Reduced
sea ice concentrations follow, increasing heat fluxes to the atmo-
sphere, eventually resulting in more atmospheric anti-blocking
regimes that oppose the occurrence of cold extremes.

• There is a contrast with the present-day climate, where the dis-
tribution shift is largely reduced. The period contrast in mech-
anisms originates mainly over the sea ice edge region, where
AMOC variations no longer lead to shifts. We hypothesise that
a retreated sea ice state with climate change prevents AMOC
variations from influencing the sea ice edge, reducing the influ-
ence on the atmosphere and Europe.
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Q2: What is the projected economic effect of the AMOC carbon feed-
back?

This second research question focuses on a weakening AMOC and
projected CO2 increases until the end of the century. The main con-
clusions of Article B are the following:

• There is a robust linear relationship between AMOC weak-
ening and reduced ocean carbon uptake. For every Sverdrup
of AMOC weakening, each year approximately 0.025 PgC less
go into the ocean. This relationship is governed by the AMOC
strength, implying that it can be used to project the size of the
effect along different scenarios of CO2 emissions and AMOC
strengths.

• By the end of the century, and in an intermediate warming
scenario, between half and a full year of present-day CO2

emissions would stay in the atmosphere due to a weakened
AMOC. These cumulative reductions in ocean carbon storage
result from multi-model AMOC projections, where the AMOC
weakens between 20 and 50 % by 2100.

• The additional atmospheric CO2 would enhance surface
warming and lead to additional economic damages of around
1%. The social cost of carbon effect is of a similar magnitude
but opposite sign to the direct cooling effect, and larger in low-
emissions scenarios. Thus, the consideration of a single impact
channel could be enough to reverse the economic impact of
AMOC weakening into a net cost to society.

Q3: What is the long-term evolution of European heat extremes under
net-zero emissions?

The third question is posed in the context of a recovering AMOC in
long-term net-zero emissions futures. I answer this question in Article
C, concluding that:

• European heat extreme intensity and frequency might stay ele-
vated for centuries after net-zero emissions. While the AMOC
slowly recovers and global mean temperature gradually in-
creases, extremes over all European regions show no trend but
have large year-to-year variability.

• Short delays in emissions cessation result in significant shifts
towards more intense extreme heat distributions. These shifts
also apply to all individual European regions and are most pro-
nounced over the Mediterranean region.
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• Compared to today’s heat records, delaying emissions cessa-
tion will result in substantial intensity increases. For the Eu-
ropean mean, heat intensities will increase two- to five-fold. The
Mediterranean will experience the largest differences, reaching
up to 30-fold increases if emissions cessation is postponed until
2060.

• Comparing extreme heat distributions at global warming lev-
els shows path dependence, with different distributions be-
tween transient and stabilised climates. At warmer levels (i.e.
3°C), these differences are larger, with discrepancies even be-
tween early and late stable distributions.

5.2 outlook

Individual outlook of
each study

The three articles of this thesis provide a tentative but conclusive an-
swer to the associated research questions. In addition, each study’s
significance will reside in its capacity to encourage further related
research. For instance, Article A highlights the role of variability in
impacting extremes, inciting other studies to repeat the same analysis
with other models and types of extreme events. Article B is an inno-
vative example of how to combine experiments from different disci-
plines (AMOC and carbon cycle feedbacks) and how to coordinate
these results with economic modelling, hopefully stimulating novel
approaches that incorporate more impact channels of AMOC into
socioeconomic assessments. Article C asserts the value of swiftly re-
ducing CO2 emissions, motivating more analyses considering AMOC
and extreme events in plausible high-mitigation short- and long-term
scenarios.

Future modelling,
observational, and
theoretical efforts

Evidently, all parts of this thesis heavily rely on modelling. Mod-
elling the AMOC is here an essential strategy, and ample effort has
to be devoted to improving such modelling tools. Progress should
be directed at increasing the process representation, as well as im-
proving the computational capabilities towards better resolved mod-
els and with the capacity to perform multiple experiments (Jackson
et al., 2023b). Still, this strategy must come alongside a push for a
better theoretical and observational understanding of the AMOC. As
direct AMOC observational products extend further in time, robust
analyses of its changes and impact will become possible (e.g. Frajka-
Williams et al., 2023). Many of these discoveries can only be attain-
able when supported by solid theoretical frameworks and conceptual
models (Johnson et al., 2019), which have been and will continue to
be essential for foundational work on the AMOC.
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5.3 overarching question

While the three research questions conform to a clear temporal
framework, addressing past, future, and long-term CO2 and AMOC
changes, they also tackle rather distinct surface temperature impacts.
For that reason, I previously raised an overarching question encom-
passing all three studies:

What is the added value of jointly considering diverse and multi-
temporal CO2 and AMOC changes to assess surface temperature im-
pacts?

At first glance, the different impacts addressed here seem difficult
to combine. They affect diverse timescales (years, decades and cen-
turies), temporal resolutions (averages to extremes), seasons (both
summer heat and winter cold extremes) or even regions of influence
(European to global temperatures). Thus, I argue that the value of in-
tegrating these timescales is not in the specific way the three impacts
combine to form a singular response, but rather in the cross-temporal
and context-dependent framework of AMOC impacts they support.

These three papers highlight the importance of accounting for CO2

changes when assessing AMOC impacts. Notably, prominent impact
studies often consider AMOC weakening in isolation within a prein-
dustrial climate background (e.g. Jackson et al., 2015; Orihuela-Pinto
et al., 2022; van Westen et al., 2024b). This approach is present even
though the AMOC’s (and its impacts’) dependence on the CO2 state
and pathway has been clearly identified (e.g. Bellomo et al., 2021; Bel-
lomo & Mehling, 2024; Hankel, 2025). In that spirit, the first study
of this thesis already demonstrates how this consideration is key
even for past internal variability effects, with changing temperature
impacts as the climate background state evolves. The second and
third studies also show that different future scenarios and mitiga-
tion pathways yield substantially different results, even when AMOC
strengths are comparable. Therefore, while the broad conclusions on
the value of the climate background for different AMOC impacts are
not new, there has not been to date a unified frame of reference bring-
ing these impacts together across timescales.

Furthermore, combining these different AMOC impact studies
with changing CO2 concentrations across timescales adds value for
climate mitigation and adaptation strategies. Scattered knowledge
and deep uncertainties on AMOC changes are often used as a jus-
tification for inaction among policymakers. For instance, when the
United Kingdom Government recently admitted in a written answer
to Parliament that it "has not assessed the effect of any slowing or
collapse of the Atlantic Meridional Overturning Circulation (AMOC)
on economic planning" (UK Parliament, 2024). This disregard sim-
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ilarly motivated an open letter to the Nordic Council of Ministers
by more than forty climate scientists, warning about the risks of
AMOC changes (“Open Letter by Climate Scientists to the Nordic
Council of Ministers,” 2024). The many remaining questions around
the AMOC’s past and future evolution justify a deep-uncertainty
decision-making approach. In such an approach, the focus is not on
finding the most likely future scenario, but instead on considering
and assessing a broader set of responses (e.g. Gu et al., 2024; Lee et
al., 2025), while creating a more robust set of solutions and monitor-
ing strategies (Biesbroek et al., 2025). My main contribution with this
thesis is to highlight that adopting such a deep uncertainty frame-
work is imperative, and that AMOC and CO2 changes from multiple
timescales must be considered jointly.
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C H A N G I N G PA S T I N F L U E N C E O F I N T E R A N N U A L
A M O C VA R I A B I L I T Y O N E U R O P E A N C O L D
E X T R E M E S

The work in this chapter is to be submitted for publication on Geo-
physical Research Letters as:

Alastrué de Asenjo, E., Borchert, L. F., Sillmann, J., & Baehr, J. (in
preparation). Changing past influence of interannual AMOC
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ABSTRACT
Beyond a potential future weakening or collapse, the Atlantic Merid-
ional Overturning Circulation (AMOC) exhibits interannual vari-
ability, but whether this variability influences European winter cold
extremes remains unknown. We quantify this influence and mediat-
ing mechanisms using a large ensemble of historical simulations. In
the early historical period, weaker interannual AMOC strengths are
associated with colder European extreme temperatures. This distri-
bution shift is linked to colder sea surface temperatures, increased
Arctic sea ice concentrations, and reduced ocean-atmosphere heat
transport, favouring atmospheric blocking regimes. In the late his-
torical period, extreme temperature distributions barely shift when
conditioned on interannual AMOC variations. We hypothesise this
period contrast arises from a retreated background Arctic sea-ice
state, ultimately leading to no evident shift in pressure regimes. Al-
together, we show that short and unforced AMOC variability can
influence European extreme temperatures, while highlighting the
role of forced climate change in mediating this impact.

PLAIN LANGUAGE SUMMARY
The Atlantic Meridional Overturning Circulation (AMOC) is a major
ocean current system regulating heat transport in the climate system.
While most studies focus on its potential future collapse and associ-
ated impacts, scientists still debate whether it is currently in decline.
However, the AMOC also varies on short timescales, but how these
year-to-year changes affect the surface climate is not well known, par-
ticularly for extreme events. We quantify the influence of interannual
AMOC variations on European cold extremes using a large number
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of model simulations of Earth’s past. We find that, while AMOC
variations shift the distributions of European extreme cold events
in a preindustrial climate, this influence has disappeared in recent
decades. We trace the preindustrial shift and its absence in the recent
past by analysing mediating physical mechanisms, such as Arctic sea
ice, sea surface temperatures, ocean-atmosphere heat transports, and
winter pressure regimes. Overall, we show how natural AMOC vari-
ations can lead to changes in European cold extremes and highlight
that this internal influence depends on the changing background cli-
mate.

a.1 introduction

The Atlantic Meridional Overturning Circulation (AMOC), a crucial
system of ocean currents redistributing heat northward (e.g. Mecking
& Drijfhout, 2023), is often linked to its potential impact on surface
temperatures (e.g. Liu et al., 2017; Chen & Tung, 2018; van Westen
et al., 2024b). Previous studies investigate these impacts in the con-
text of a potential future large AMOC weakening, typically using
idealised modelling experiments (such as freshwater hosing, Stouffer
et al., 2006; Jackson et al., 2023a). For such long-term AMOC weak-
ening that reduces poleward oceanic heat transport, a mean cooling
was found over Europe, being strongest for winter (Jackson et al.,
2015; Bellomo et al., 2023; Ma et al., 2024). Only recently have studies
also investigated the potential impact of a large AMOC weakening
on winter extreme cold temperatures, for instance, over North Amer-
ica (Yin & Zhao, 2021) or Europe (Meccia et al., 2024; van Westen &
Baatsen, 2025). Yet, impacts from other timescales of AMOC variabil-
ity have not been so thoroughly investigated, even though the AMOC
exhibits variability across a wide range of timescales (e.g. McCarthy
et al., 2012; Buckley & Marshall, 2016). Among these, interannual vari-
ability is notably relevant for European winter weather, coinciding
with some major atmospheric modes of variability such as the North
Atlantic Oscillation (NAO). Despite this relevance, the effect of short-
term AMOC variability on European temperatures has only been pre-
viously investigated for annual mean temperatures (with idealised
simulations in coupled atmosphere–ocean models, Pohlmann et al.,
2006), remaining an open research question for extreme events such
as winter cold extremes.

Beyond quantifying this relationship, the physical mechanisms
linking European cold extremes with interannual AMOC variability
remain unclear. Sea surface temperatures (e.g. Tandon & Kushner,
2015; Borchert et al., 2018) and sea level pressures and regimes (e.g.
Frankignoul et al., 2013; Bryden et al., 2014) are plausible hypothe-
sised surface changes with AMOC variations, although the explicit
link to extremes has not been made for AMOC interannual variabil-
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ity. For a long-term large AMOC weakening, European cold extremes
get colder due to an overall colder North Atlantic, but also less fre-
quent as an advanced sea ice edge and an intensified meridional tem-
perature gradient strengthen the jet stream and reduce atmospheric
blocking (Meccia et al., 2024; van Westen & Baatsen, 2025). However,
as short-term AMOC variability might produce smaller and spatially
dissimilar mean temperature shifts, it is uncertain whether mecha-
nisms play the same role. Therefore, we examine the corresponding
differences in mediating oceanic and atmospheric variables, with a
particular focus on winter pressure regimes, to identify the physi-
cal mechanisms linking interannual AMOC variability and European
cold extremes.

a.2 data and methods

MPI-GE CMIP6

We probabilistically quantify the past and present-day influence of in-
terannual AMOC variability on European winter cold extreme events.
A robust statistical representation of variability and extremes requires
many occurrences, which observations cannot provide due to the rar-
ity of extremes and the short 20-year period of AMOC direct observa-
tions (by the RAPID project, Moat et al., 2025). Instead, we employ
a large ensemble of Earth system model simulations (with identi-
cal model and physics but different initial conditions), specifically
the Max Planck Institute Grand Ensemble in its latest version, the
MPI-GE CMIP6 (Eyring et al., 2016; Olonscheck et al., 2023). MPI-GE
CMIP6 uses the low-resolution version of MPI-ESM1.2 (Mauritsen et
al., 2019), with 1.8° resolution and 47 hybrid sigma-pressure levels
in the atmosphere, and 1.5° and 40 vertical levels in the ocean. To
study past and present variability, we analyse the 50-member his-
torical ensemble (1850-2014) and compare early (1850-1879, quasi-
preindustrial) and late (1985-2014, present-day) 30-year periods. For
the overlap with the RAPID observational period, the model AMOC
strength is within the observational range (Jungclaus et al., 2013), and
MPI-ESM1.2-LR performs notably well in correlations and mean bias
against other CMIP6 models (Alastrué de Asenjo et al., in prepara-
tion). We detrend all variables separately for each ensemble member,
removing the ensemble mean trend for each respective period (e.g.
Frankcombe et al., 2018).

Interannual AMOC variations

We characterise AMOC states using a widely adopted metric: the
AMOC strength (meridional streamfunction maximum for all depths)
at 26.5°N latitude (e.g. Frajka-Williams et al., 2019). The interannual
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AMOC is defined using a 3-year centred moving average. This 3-year
window captures interannual variability while avoiding annual alias-
ing caused by irregular seasonal cycles and preserving variability that
longer averaging windows would smooth out.

The method to analyse the AMOC variability effects on Euro-
pean cold extreme temperatures and mediating variables is inspired
by Pohlmann et al., 2006, i.e. conditioning variables on concurrent
anomalously weak or strong AMOC variations. To establish tempo-
ral precedence, we analyse other variables in the final year of each
3-year window. This approach ensures that AMOC variations tem-
porally lead the examined climate responses, while we acknowledge
that complex feedbacks between components and timescales (e.g. be-
tween AMOC and Arctic sea ice, Liu & Fedorov, 2022) prevent defini-
tive causal attribution with our methodology. We calculate composite
maps and probability distribution functions (PDFs) following weak
and strong AMOC years, defined as negative and positive variations
exceeding one reference standard deviation (σ, 0.90 Sv) from a 1000-
year preindustrial control simulation. Different thresholds character-
ising weak/strong AMOC variations do not qualitatively alter the
relationship with European temperatures (Figure A.S1), and the one-
sigma threshold balances a large enough signal with sufficient sam-
ple size. The detrended PDFs for 3-year AMOC variations are nearly
symmetric for both the early and the late period, enabling unbiased
comparisons between periods (Figure A.S2).

European cold extremes

We define cold extremes using daily-mean 2-meter air temperatures
over European land areas (all four IPCC AR6 European reference
regions, Iturbide et al., 2020). For each grid cell and each ensem-
ble member, we compute the 1st percentile of all daily temperatures.
While the definition of cold extremes influences the obtained results,
our findings are not particularly sensitive to small variations in the
chosen percentile. We employ a simpler extreme definition that cap-
tures both intensity and frequency changes, although standardised
cold extreme indices (i.e. TNn or TN10p, Sillmann et al., 2013) are
more common. We categorise each extreme cold temperature based
on its preceding anomalous 3-year AMOC variation and analyse
the events’ extreme value distributions separately, disaggregating the
changes in each distribution parameter (location, scale, and shape).

Physical mechanisms

We examine mediating mechanisms by comparing winter distri-
butions of relevant variables during weak and strong interannual
AMOC years. These mechanisms include winter oceanic surface vari-
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ables linked to AMOC changes, such as sea surface temperatures,
ocean-atmosphere heat fluxes, and Arctic sea ice concentrations (e.g.
Frankignoul et al., 2013; Tandon & Kushner, 2015; Liu & Fedorov,
2022). We also thoroughly inspect winter sea level pressures (extend-
ing as well over land), as these directly determine the atmospheric
systems that favour the occurrence of cold extremes (e.g. Straus et al.,
2016; Riebold et al., 2023). For sea level pressures, we identify winter
Euro-Atlantic circulation regimes using Empirical Orthogonal Func-
tion (EOF) analysis, computed over the region 20-90°N latitude and
80°E-40°W longitude using the algebraic method of singular value
decomposition. Considering the three dominant modes of variability,
we construct phase space diagrams to examine the distribution of
pairwise mode combinations.

a.3 results

Cold extremes

The distributions of European-averaged extreme cold temperatures
(detrended anomalies) during interannual weak or strong AMOC
years exhibit a notable contrast between both examined periods (Fig-
ure A1). In the early period (1850-1879), the distribution of extreme
cold temperatures is colder following weak interannual AMOC com-
pared to strong AMOC years (Figure A1, top left). A shift in the
same direction, with colder temperatures following weak AMOC, oc-
curs for annual mean temperatures (roughly 0.5°C, Figure A.S3), but
the magnitude is larger for extreme distributions, reaching approxi-
mately 1°C. In the late period, the distributions of cold extremes (and
also mean annual temperatures) show only a minor shift between
weak and strong interannual AMOC years (Figure A1, top right).

To find the disaggregated contributions to these spatially averaged
results, we repeat the same comparison of extreme cold distributions
during weak and strong AMOC at the grid point level. For each
location, we separately compute the difference (weak minus strong
AMOC years) for each extreme value distribution parameter (Figure
A1, bottom three rows): location (distribution position), scale (distri-
bution spread), and shape (distribution tail behaviour). In the early
period, the location parameter shifts in the same direction as the Eu-
ropean mean for virtually all grid points, with colder extremes for
weak AMOC variations. These cold shifts are largest (around 1°C)
over Scandinavia and parts of northeastern Europe, and also occur
for mean temperatures (Figure A.S3). The scale parameter also shows
some spatially coherent and significant shifts of the opposite sign
(warmer extremes for weak AMOC), but of smaller magnitude and
without a clear spatial pattern. The shape parameter differences are
small and exhibit no clear pattern resembling noise. In the late period,
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Figure A1: Daily extreme cold (1st percentile) surface air temperatures for
the detrended early (1850-1879, left), and late (1985-2014, right)
historical periods in MPI-GE CMIP6, conditioned on interannual
AMOC variations. Top row: Histograms and extreme value dis-
tributions of European mean cold extreme temperatures during
weak (blue, below −1σ) and strong (red, above 1σ) 3-year AMOC
variations. Bottom three rows: Difference in distribution param-
eters (location, scale, and shape) of cold extreme temperatures
between weak and strong AMOC years, per grid cell. Dots indi-
cate significance at the 99% level.

the location parameter shows smaller differences between weak and
strong years for most locations, with only a slight cold shift following
weak AMOC in some regions of central Europe. The scale parameter
increases in magnitude for weak AMOC, as in the early period, but
is now more clustered and significant over central Europe. The shape
parameter again exhibits a noisy pattern, suggesting that the type of
distribution tail is not substantially affected by the preceding interan-
nual AMOC variation. In summary, cold extreme distributions show
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location parameter shifts in the early period but minimal shifts in the
late period, prompting further investigation into the source of these
contrasting differences.

Ocean surface mechanisms

North Atlantic winter ocean surface properties (temperatures, heat
fluxes, and sea ice) differ between weak and strong interannual
AMOC years, with contrasting differences between early and late pe-
riods (Figure A2).

1850 1879 1985 2014

2 1 0 1 2
SST [°C], weak-strong AMOC

15 10 5 0 5 10 15
SIC [%], weak-strong AMOC

45 30 15 0 15 30 45
hf [W m-2], weak-strong AMOC

Figure A2: Differences in sea surface temperatures (SSTs, top row), sea ice
concentrations (SIC, middle row), and heat fluxes (bottom row,
positive upwards) for weak (below −1σ) minus strong (above
1σ) 3-year AMOC variations in MPI-GE CMIP6. Left: 1850-1879;
right: 1985-2014.

Sea surface temperatures (SSTs, Figure A2, top row) are generally
slightly colder following a weak AMOC in both periods. In the early
period, weak AMOC leads to notably colder SSTs in the Labrador,
Nordic, and Barents Seas, seemingly along the winter sea ice edge.
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At lower latitudes, weak AMOC also leads to a pattern of cooling
in the subpolar gyre and warming along the Gulf Stream extension.
This pattern roughly matches the dipole observed for longer-term
AMOC weakening (e.g. Caesar et al., 2018) and sustained in inter-
annual timescales for anomalous meridional ocean heat transport
anomalies in the North Atlantic (Borchert et al., 2018). In the late pe-
riod, the SST differences at the sea ice edge largely disappear (except
in the Barents Sea, where they dissipate and shift eastward) and the
subpolar gyre pattern persists, albeit diffused and reduced in magni-
tude.

Consistent with SST patterns, winter sea ice plays a key role in de-
termining the high-latitude contrast between the two periods, with
similar patterns found for sea ice concentrations (Figure A2, middle
row). In the early period, weak interannual AMOC years increase sea
ice concentrations where SSTs cool along the sea ice edge compared
to strong AMOC years. In the late period, this increase is virtually ab-
sent in the Labrador and Nordic Seas, and more spatially dispersed
in the Barents Sea. We hypothesise that this contrast between peri-
ods originates from the different background sea ice states. In the
late period, Arctic winter sea-ice area declined by 1.5-2 million km2

compared to the early period, possibly decoupling the dynamic and
thermodynamic processes through which interannual AMOC varia-
tions interact with the sea ice edge. Although an in-depth analysis
of sea ice changes and related processes would be needed to under-
stand how this decoupling occurs, previous studies already indicate
a changing relationship between AMOC variability and its effect on
sea ice (e.g. Liu & Fedorov, 2022).

The differences in winter SSTs and sea ice concentrations combine
to produce consistent changes in ocean-atmosphere heat exchange
(Figure A2, bottom row). In the early period, regions with increased
sea ice extent (and colder SSTs) following a weak interannual AMOC
show a decreased heat flux into the atmosphere. This decreased heat
flux stems from reductions in both sensible and latent heat fluxes
(Figure A.S4). Reduced latent heat flux also occurs in the subpolar
gyre region that cools during weak AMOC, and increased latent heat
flux accompanies warming along the Gulf Stream path. In the late
period, these heat flux differences are absent over sea ice edge regions
and reduced in the subpolar gyre.

Ultimately, these anomalous heat fluxes influence weather patterns
by affecting sea level pressure systems. For instance, reduced heat
flux to the atmosphere decreases vertical motion in the lower tro-
posphere, opposing low-pressure system development and altering
the prevalent pressure regime. However, since different regime types
respond differently to pressure anomaly location, we must analyse
surface pressures to understand the specific effects on predominant
winter regimes.
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Euro-Atlantic winter circulation regimes

Empirical Orthogonal Function (EOF) analysis reveals that the three
leading winter patterns are consistent across both periods (Figure
A.S5). The leading mode corresponds to the North Atlantic Oscilla-
tion (NAO) pattern, explaining approximately 40% of the variance.
The second and third modes are the Atlantic Ridge (AR) and the
Scandinavian Blocking (BLO), explaining 18% and 12% of the vari-
ance, respectively. Specific phases of these patterns promote atmo-
spheric blocking and potentially transport cold air over large parts of
Europe (e.g. Sillmann et al., 2011; Brunner et al., 2018): negative NAO
(decreased pressure gradient between the Azores High and Icelandic
Low), positive AR (high-pressure system over the central North At-
lantic), and positive BLO (persistent high pressures over Scandinavia).
Therefore, understanding how these regimes depend on interannual
AMOC states provides direct insights into cold extreme changes.

We analyse how winter regime distributions in two-dimensional
phase space change with interannual AMOC variations. The NAO|AR
phase space (two leading modes) exhibits substantial shifts when
conditioned on AMOC variations (Figure A3). During the early pe-
riod, the distribution of all years is radially symmetric. Weak AMOC
slightly shifts the distribution towards NAO-, while strong AMOC
shifts it towards NAO+/AR-. In the late period, weak AMOC pro-
duces only a slight shift towards AR+, and for strong AMOC, it
remains centred with increased spread in the AR+ direction. There-
fore, while the early period shows very distinct distributions, partic-
ularly favouring NAO- (NAO+) for weak (strong) AMOC, the late
period shows similar distributions for both AMOC variations. The
NAO|BLO phase space shifts, in the early period, towards more likely
NAO-/BLO- for weak AMOC and NAO+/BLO- for strong AMOC
(Figure A.S6). In the late period, weak AMOC still favours NAO-
(but not BLO-), while strong AMOC favours BLO- (but not NAO+).
Overall, winter regime distributions support the prevalence of atmo-
spheric anticyclonic (cyclonic) regimes for weak (strong) AMOC in
the early but not the late period, which experiences a reduced shift
towards NAO+ during strong AMOC.

Having established changes in mechanisms and winter regimes, we
now test whether winter regimes affect cold extremes as hypothe-
sised. We calculate composites of European cold extremes for each
quadrant of the two-dimensional phase space, defined by positive
or negative phases of the winter regimes. For all years, regardless
of AMOC state, effects on cold extremes are primarily controlled
by the NAO phase (Figures A4, A.S7, top row). In both periods,
winters dominated by NAO- exhibit colder extremes across most of
Europe (measured by the extreme distribution shift) compared to
all winters, while NAO+ winters show less severe cold extremes.
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Figure A3: Phase space diagrams of NAO|AR, from winter (DJF) sea level
pressures for early (1850-1879, left) and late (1985-2014, right) pe-
riods in MPI-GE CMIP6. Rows show distributions for all years
(black, first row), years following 3-year weak AMOC (below
−1σ, blue, second row), and strong AMOC (above 1σ, red, third
row). Circles indicate one standard deviation of the NAO index
for all years in each period.

When AR or BLO patterns have the same sign as the NAO, they
enhance the spatial extent and intensity of the NAO-induced shift.
Crucially, these regime-extremes relationships provide the basis sup-
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porting how AMOC-induced shifts in regimes lead to the inspected
shifts in extreme cold temperature distributions.
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Figure A4: Daily extreme cold (1st percentile) surface air temperatures com-
posites conditioned on that winter (DJF) NAO|AR phase, for the
detrended early (1850-1879, left), and late (1985-2014, right) peri-
ods in MPI-GE CMIP6. Rows of panels differentiate between all
years (black, first row), years in a 3-year weak (below −1σ, blue,
second row) or strong (above 1σ, red, third row) AMOC.

While these results support the hypothesised regime-extreme con-
nection, we now test whether AMOC variations further modulate this
relationship. The temperature effects of each regime combination are
indeed further enhanced during anomalous AMOC (Figures A4, A.S7,
bottom rows). The shift is larger in the early period, where weak
(strong) AMOC mainly determines if cold extremes will be colder
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(warmer). Among pressure regimes, the NAO phase remains dom-
inant for enhancing (and occasionally even reversing) the shifts in
extreme cold temperatures. In summary, AMOC variations influence
European cold extremes in two ways: by directly altering the like-
lihood of winter circulation regimes and by modulating the direct
temperature impacts of those regimes, with both effects substantially
decreasing in the recent past.

a.4 discussion and conclusions

We found that interannual AMOC variations significantly influence
extreme cold temperature distribution across Europe, with this influ-
ence diminishing in a warming climate. However, it is difficult to con-
trast these findings with existing literature, as no previous studies
analysed the effects of interannual AMOC variability. Nonetheless,
the general pattern of temperature responses to short-term AMOC
variations aligns with the results for annual variations reported by
Pohlmann et al., 2006. Recent studies examining European cold ex-
tremes related to the AMOC have instead focused on the effects of
long-term AMOC weakening, broadly agreeing that a weaker AMOC
results in colder overall temperatures but reduced atmospheric block-
ing - findings that contrast with our results. Meccia et al., 2024 and
van Westen and Baatsen, 2025 link this decreased blocking to an in-
creased meridional temperature gradient and strengthened jet stream
and storm track. Meccia et al., 2024 further link these changes to
less persistent cold extremes. For interannual variations, we find
no substantial jet stream position or strength changes (Figure A.S8)
nor changes in the length of cold spells (Figure A.S9). We hypothe-
sise that this contrasting atmospheric response results from distinct
AMOC-induced SST changes between interannual variations and
long-term weakening. Following a weak interannual AMOC, there
is no widespread meridional temperature gradient increase; instead,
changes are localised near the sea ice edge. Thus, while the overall
jet stream is less impacted, the likelihood of different low-pressure
regimes can change, ultimately leading to the resulting contrast in
extreme temperature distributions.

Our study has several limitations that also suggest directions for
future research. First, while the general effect of interannual AMOC
on cold extremes extends to large parts of Europe, it is not uniform
across all regions. A detailed subregional analysis would improve un-
derstanding of the link with winter regimes, as the location of atmo-
spheric pressure anomalies differently impacts specific parts of Eu-
rope. For such regional analysis, a large ensemble of high-resolution
simulations, when computationally feasible, would be ideal for char-
acterising small-scale features that might be insufficiently represented
in our low-resolution model. Second, our results are based on a single-
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model large ensemble and are therefore susceptible to model biases.
This approach, while motivated by the need to analyse many occur-
rences to characterise extreme events, could be repeated with other
existing large ensembles (e.g. Deser et al., 2020) to test for robust-
ness. However, other CMIP6 models may have substantially different
AMOC strengths and variability, making inter-model comparisons
difficult. Third, the historical simulations analysed here are suitable
for capturing the AMOC-extremes relationship under changing exter-
nal forcings, but are not optimal for separating the AMOC contribu-
tion from other interactions and feedbacks. Therefore, we acknowl-
edge that the relationships found here, although at least temporally
directional, are not causal and could be confounded by other factors.
Experimental designs such as freshwater hosing experiments (Jack-
son et al., 2023a) or deep-ocean thermohaline nudging simulations
(Oelsmann et al., 2020) are typically available only in small ensembles
or in preindustrial forcings, but could potentially be more suitable to
isolate the AMOC effect on extremes.

A fundamental question arising from our analysis is whether
the interannual AMOC influence on cold extremes will continue to
change in the future. Our methodology to study interannual vari-
ability (e.g. detrending) is likely unsuitable when the AMOC weak-
ens considerably, so we limit our analysis to past and present-day
climate where the AMOC has not yet substantially changed. How-
ever, increased warming is expected to substantially decrease not only
AMOC strength (Weijer et al., 2020) and Arctic sea ice extent (Notz
& SIMIP Community, 2020), but also the frequency and intensity of
cold extremes (Blackport et al., 2024). Even as the occurrence of these
events diminishes, understanding how they are affected by forced
climate change and internal variability will be challenging, but it re-
mains fundamental for adapting to their potential impacts. Likewise,
a weakening AMOC could also drive changes in other variables or ex-
tremes (such as heat extremes, Meccia et al., 2025; Duarte et al., 2025),
and our work may serve as a blueprint for determining how internal
variability may influence these changes in the future.

Ultimately, we show that even short-term AMOC variations are
associated with European extreme cold distribution shifts, but that
climate change might have altered this relationship, highlighting how
forced climate change can shape the impact of internal variability on
extreme events.

open research section

All variables from the historical experiment of the MPI-GE CMIP6

can be downloaded from the DKRZ’s ESGF server at https://esgf-
data.dkrz.de/search/cmip6-dkrz/. The scripts needed to analyse the
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data and produce the figures will be made available upon revision on
GitHub.
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Figure A.S1: Equivalent to top panel in Figure A1, but now each row repre-
sents the European mean annual SAT distributions considering
a different AMOC threshold for weak/strong variations: ±0.5,
±1, ±1.5, and ±2 σ (preindustrial standard deviations).



58 interannual amoc variability and european cold extremes
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Figure A.S2: Interannual (3-year) AMOC strength (at 26.5°N) distributions
for the 1850-1879 and 1985-2014 periods in MPI-GE CMIP6.
Weak (below −1σ, blue) and strong (above 1σ, red) strengths
are highlighted.
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Figure A.S3: Annual surface air temperatures (SATs) for the detrended early
(1850-1879, left), and late (1985-2014, right) periods in MPI-
GE CMIP6, conditioned on interannual AMOC strength vari-
ations. Top: PDFs and histograms of detrended annual Euro-
pean mean SATs, preceded by 3-year 26.5°N AMOC strength
stronger (red) or weaker (blue) than one preindustrial stan-
dard deviation (σ). The Kolmogorov-Smirnov test statistic and
p-value are computed between each strong and weak distribu-
tion. Bottom: SATs of weak minus strong AMOC for each grid
cell. Dots indicate significance at the 99% level.
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Figure A.S4: Equivalent to Figure A2, but now the first row displays sensible
heat fluxes, the second row latent heat fluxes, and the third row
the turbulent heat flux (sum of the previous two). Fluxes are
positive upwards, from the ocean to the atmosphere.
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Figure A.S5: First three EOFs of winter (DJF) North Atlantic (20-80°N, -80-
40°W) sea level pressures for the detrended early (1850-1879,
left), and late (1985-2014, right) historical periods in the MPI-
GE CMIP6. The first EOF/row is identified with the North At-
lantic Oscillation (NAO), the second with the Atlantic Ridge
(AR), and the third with the Scandinavian Blocking (BLO). Per-
centages represent the variance explained in each case.
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Figure A.S6: Equivalent to Figure A3, but for NAO|BLO phases.
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Figure A.S7: Equivalent to Figure A4, but for NAO|BLO phases.
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Figure A.S8: Distributions of anomalies of winter (DJF) North Atlantic jet

stream latitudes (top row) and maximum speeds (bottom row),
in the detrended early (1850-1879, left column), and late (1985-
2014, right column) historical periods in the MPI-GE CMIP6.
The jet stream is calculated from the maximum speed of zonal
wind averaged between the 925 and 700 hPa pressure levels,
and restricted to longitudes 0-60°W and latitudes 15-75°N.
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Figure A.S9: Histograms and PDFs for occurrences of different lengths of
consecutive daily extreme cold (1st percentile) surface air tem-
peratures (SATs), for the detrended early (1850-1879, left), and
late (1985-2014, right) historical periods in the MPI-GE CMIP6.
Red lines display temperature distributions preceded by 3-year
26.5°N AMOC strengths stronger than one preindustrial stan-
dard deviation (σ), while blue are those weaker than -1σ. The
Kolmogorov-Smirnov test statistic and p-value are computed
between each strong and weak distribution.
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ABSTRACT
A weakening of the Atlantic Meridional Overturning Circulation
(AMOC) has been found to be globally beneficial by economic assess-
ments. This result emerges because AMOC weakening would cool the
Northern Hemisphere, thereby reducing expected climate damages
and decreasing estimates of the global social cost of carbon dioxide
(SCC). There are, however, many other impacts of AMOC weakening
that are not yet taken into account. Here, we add a second impact
channel by quantifying the effects of AMOC weakening on ocean car-
bon uptake, using biogeochemically-only coupled freshwater hosing
simulations in the MPI-ESM Earth system model. Our simulations
reveal an approximately linear relationship between AMOC strength
and carbon uptake reductions, constituting a carbon cycle feedback
that leads to higher atmospheric CO2 concentrations and stronger
global warming. This AMOC carbon feedback, when incorporated
into an integrated climate-economy model, leads to additional eco-
nomic damages of several trillion US dollars and raises the SCC by
about 1%. The SCC increase is similar in magnitude, but of opposite
sign, to the SCC effect of Northern Hemisphere cooling. While there
are many other potentially relevant economic impact channels, the
AMOC carbon feedback alone could thus flip the consequences of
AMOC weakening into a net cost to society.

SIGNIFICANCE
The Atlantic Meridional Overturning Circulation (AMOC) is crucial
for controlling the state of the Earth system, and it is projected to
weaken within this century, with potentially dramatic global conse-
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quences. However, current economic impact studies focus solely on
AMOC-related surface cooling, the impact of which is seen as glob-
ally beneficial. By quantifying the AMOC-related reduction of ocean
carbon uptake, which leads to more atmospheric CO2 and more
global warming, we find economically negative effects that are not
yet accounted for in impact assessments of AMOC weakening. Our
study develops projections of the AMOC carbon feedback, estimates
the associated economic consequences, and provides a blueprint for
how different model types can be combined to comprehensively
assess impacts of future AMOC changes.

b.1 introduction

Assessments of the social cost of carbon dioxide (SCC) – the most im-
portant economic impact metric of climate change, which quantifies
the economic cost of an additionally emitted ton of CO2 (Nordhaus,
2014; Nordhaus, 2017; Carleton & Greenstone, 2022; Rennert et al.,
2022) – have started integrating climate feedbacks and tipping dy-
namics (Anthoff et al., 2016; Cai et al., 2015, 2016; Nordhaus, 2019;
Dietz et al., 2021). However, a recent expert survey and meta-analysis
on the SCC indicates that insufficient representation of Earth system
dynamics is still a major driver of underestimated SCC values (Moore
et al., 2024) – an issue also pointed out by the U.S. Environmental Pro-
tection Agency (EPA, 2023). We tackle this issue using the example
of economic impacts arising from the projected weakening of the At-
lantic Meridional Overturning Circulation (AMOC, Weijer et al., 2019,
2020). The AMOC is crucial for regulating the Earth’s climate, and its
projected weakening (Liu et al., 2017; Weijer et al., 2020; Boers, 2021)
could severely impact temperature and weather patterns across the
globe (Jackson et al., 2015; Liu et al., 2020). Yet, the economic assess-
ment of these impacts has been the source of heated debates (Keen
et al., 2022; Dietz et al., 2022).

The controversy stems from the fact that existing economic esti-
mates of the impacts of AMOC weakening only take into account
direct changes in surface temperature patterns (Anthoff et al., 2016;
Dietz et al., 2021). As the AMOC transports large amounts of heat
northward, its weakening would lead to large-scale cooling in the
Northern Hemisphere alongside warming in the Southern Hemi-
sphere. Pronounced cooling in the Northern Hemisphere locally re-
duces warming-induced climate damages and thereby decreases es-
timates of the global SCC (Dietz et al., 2021). But AMOC weakening
would have impacts far beyond cooling the Northern Hemisphere
(Jackson et al., 2015; Kopp et al., 2016; Armstrong McKay & Lori-
ani, 2023), for example on precipitation (Ben-Yami et al., 2024a), sea
levels (Levermann et al., 2005), or the carbon cycle (Sarmiento & Le
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Quéré, 1996; Obata, 2007; Swingedouw et al., 2007b; Zickfeld et al.,
2008; Boot et al., 2024) – all of which come with large uncertainties
and have yet to be incorporated into economic assessments. Here, we
focus on adding one key mechanism: the impact of AMOC weaken-
ing on ocean carbon uptake. The contribution of this paper is twofold;
first, we quantify the impact of AMOC weakening on ocean carbon
uptake with Earth system model (ESM) simulations; and second, we
assess the effect of carbon uptake reductions on the SCC with an in-
tegrated assessment model (IAM).

Carbon uptake is affected by AMOC weakening because the North
Atlantic currently takes up a large fraction of anthropogenic CO2

(Gruber et al., 2019; Brown et al., 2021), facilitated by the AMOC
transporting dense and carbon-rich water masses from the surface
to the deep ocean (Pérez et al., 2013; Khatiwala et al., 2013; DeVries et
al., 2017). As the AMOC is projected to weaken due to global warm-
ing, this uptake of atmospheric carbon is expected to weaken accord-
ingly (Swingedouw et al., 2007b; Obata, 2007; Zickfeld et al., 2008;
Nielsen et al., 2019; Katavouta & Williams, 2021; Liu & Fedorov, 2022;
Boot et al., 2024). Consequently, more carbon will remain in the atmo-
sphere and increase global warming. We call this the AMOC carbon
feedback. The approximate magnitude of the AMOC carbon feedback
can be inferred from existing studies that model AMOC weakening
alongside an interactive carbon cycle (Swingedouw et al., 2007b; Zick-
feld et al., 2008; Boot et al., 2024), but the exact relationship between
AMOC strength and the resulting reduction in carbon uptake is still
uncertain (Monteiro et al., 2021; Marotzke, 2023). In order to assess
the dynamics and the strength of this relationship, we conduct com-
bined carbon cycle and hosing simulations in the Max Planck Insti-
tute Earth System Model (MPI-ESM, version 1.2-LR, Mauritsen et al.,
2019). Specifically, we combine biogeochemically-only coupled experi-
ments, common in the carbon cycle feedback literature (Friedlingstein
et al., 2006; Jones et al., 2016; Arora et al., 2020), with freshwater hos-
ing experiments, common in the AMOC modeling literature (Stouffer
et al., 2006; Jackson et al., 2022). Based on these simulations, we es-
tablish an approximately linear relationship between AMOC strength
and the reduction of ocean carbon uptake.

This reduction in carbon uptake will – through the AMOC car-
bon feedback – lead to higher atmospheric carbon concentrations
and thereby higher global mean temperatures. The rise in global
mean temperatures increases expected economic damages from cli-
mate change and leads to an increase in the SCC, the economic met-
ric used to quantify the aggregate welfare impact of emitting an ad-
ditional ton of CO2. For estimating how strongly the AMOC carbon
feedback affects the SCC, we employ an IAM developed for inves-
tigating the economic effects of climate feedbacks and tipping dy-
namics, called Model for Economic Tipping Analysis (META, Dietz
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Figure B1: Overview of the modeling approach. (a) The MPI-ESM model
is used to simulate climate states with an artificially weakened
AMOC. (b) The resulting changes in annual ocean carbon storage
are then analyzed as a function of the simulated AMOC, yielding
a quantitative relationship between AMOC strength and changes
in carbon fluxes. (c) We use AMOC projections from CMIP6 mod-
els to estimate the strength of the AMOC carbon feedback until
2100 along the SSP2-4.5 scenario. (d) The economic impact of
these projected changes is then analyzed in the META IAM, by
calculating the relative change in SCC that follows from explicitly
incorporating the AMOC carbon feedback into the model struc-
ture.

et al., 2021). We include a new modular AMOC carbon component
into META, which we calibrate to our quantification of the AMOC
carbon feedback, as well as to CMIP6 projections of AMOC strength
over the 21

st century (Weijer et al., 2020). With this modular setup, we
can then assess the economic impact of including the AMOC carbon
feedback into META and compare it to the SCC effects of previously
studied AMOC-induced surface cooling (Anthoff et al., 2016; Dietz
et al., 2021).

Overall, our approach consists of four elements (Fig. B1). We start
by simulating AMOC weakening together with the carbon cycle in
MPI-ESM (a). We then use these simulations to quantify the depen-
dence of carbon fluxes on AMOC strength (b). With this, we proceed
to project the strength of the AMOC carbon feedback throughout the
21

st century based on CMIP6 models (c); and for each of these pro-
jections, we finally quantify the economic impacts using the META
integrated assessment model (d).

b.2 modeling a weakening amoc

Studying the carbon cycle effects of AMOC weakening requires ESM
simulations with varying AMOC strengths and realistic atmospheric
CO2 concentrations. Most ESM simulations of AMOC weakening are
conducted with preindustrial CO2 concentrations, which makes them
unsuitable for studying effects on the modern-day carbon cycle (Jack-
son et al., 2022). While there are ESM simulations of AMOC weaken-
ing that include the anthropogenic rise in atmospheric carbon along
with the resulting global warming (Swingedouw et al., 2007b; Boot et
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al., 2024), this warming will itself strongly affect ocean circulations. In
these simulations, it is therefore difficult to disentangle the carbon cy-
cle effects of AMOC weakening from the carbon cycle effects of global
warming. We circumvent this issue by combining freshwater hosing ex-
periments (Stouffer et al., 2006) for modeling AMOC weakening with
a biogeochemically-only coupled (BGC-only) setup (Friedlingstein et al.,
2006) for neutralizing the carbon cycle effects of global warming. In
freshwater hosing experiments, the AMOC is artificially weakened by
reducing the salinity of the North Atlantic (Methods, Jackson et al.,
2022). This freshening of high-latitude waters is supposed to account
for the melting of land ice, which is neglected in ESMs without inter-
acting ice sheets. It reduces the density of water masses in the North
Atlantic regions of deep water formation so that less water sinks into
the deep ocean and the AMOC as a whole is weakened. BGC-only
simulations, on the other hand, are a key element of carbon cycle feed-
back studies (Friedlingstein et al., 2006; Arora et al., 2020). Usually, a
fully coupled ESM simulation is compared to a BGC-only simulation,
in which the radiative module is decoupled so that rising carbon con-
centrations have no effect on temperatures. This comparison allows
to disentangle temperature effects from other changes affecting the
carbon cycle.

We leverage the BGC-only setup for estimating the effects
of AMOC weakening on the carbon cycle without picking up
temperature-related carbon cycle changes. In contrast to carbon
cycle feedback experiments, we do not compare the BGC-only simu-
lations with fully coupled simulations. Instead, we compare a set of
BGC-only simulations which vary in AMOC strength. The variation
in AMOC strength is generated by applying different magnitudes
and spatial patterns of freshwater hosing to BGC-only simulations
in MPI-ESM (Methods, Mauritsen et al., 2019; Jackson et al., 2022).
Because the rise in carbon concentrations is decoupled from global
temperature responses, ocean circulation and the oceanic carbon
cycle are only affected by changes in AMOC strength, not by other
mechanisms linked to warming. Thereby, we can cleanly identify
the effect that a certain amount of AMOC weakening has on carbon
uptake in the model.

We conduct our simulations for two different CO2 concentration
configurations. As is common in carbon cycle feedback studies, we
use an experimental setup where atmospheric CO2 concentrations
increase by 1% per year, until quadrupling after 140 years. However,
this so-called 1pct experiment exhibits much larger CO2 concentrations
than expected in reality. We therefore repeat our simulations with an
SSP2-4.5 scenario of CO2 concentrations (Fricko et al., 2017), which
can be seen as representing a future of intermediate warming (Haus-
father & Peters, 2020) and which is commonly used in SCC research
(Dietz et al., 2021). The results from these simulations show that, as
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expected, the model runs with the weakest AMOC are associated
with the lowest ocean carbon storage (Fig. B2). Remarkably, though,
in both the 1pct experiment and the SSP2-4.5 scenario, AMOC weak-
ening reduces ocean carbon storage by comparable amounts. This in-
dicates that, at least between 400 and 1120 ppm, the effect of AMOC
weakening on ocean carbon uptake barely depends on the CO2 con-
centration in the atmosphere.
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Figure B2: AMOC strength and difference in ocean carbon storage for the
1pct experiment (a, b) and the SSP2-4.5 scenario (c, d), as simu-
lated by MPI-ESM. Difference in ocean carbon storage describes
the change of ocean carbon storage in a hosing simulation com-
pared to the no-hosing simulation (Methods). The colored la-
bels denote six different hosing configurations: g and u stand
for Greenland and Uniform hosing pattern, whereas 01, 03, and
05 denote a freshwater flux of 0.1, 0.3, and 0.5 Sv, respectively
(SI Appendix, Table B2). Each hosing configuration is applied
throughout the modeling period.

By the end of the modeling period, AMOC weakening leads to
changes in ocean carbon storage of more than 30 PgC for the 1pct
experiment and more than 15 PgC for the SSP2-4.5 scenario (Fig. B2).
To contrast these findings with multi-model evidence, we construct
an AMOC-related carbon-climate feedback based on Katavouta and
Williams, 2021, which comprises only those carbon pools and ocean
basins for which the feedback strength correlates significantly with
the AMOC strength across models (Methods). For strong AMOC
weakening of 15 Sv, comparable to the u05 hosing run, this results
in carbon storage reductions of 32 PgC at the end of the 1pct experi-
ment. Thus, carbon-climate feedback estimates that harness variation
of AMOC strength among CMIP6 models yield very similar results to
our 1pct hosing experiments in MPI-ESM. The effects of AMOC weak-
ening on ocean carbon storage in SSP scenarios are also estimated by
Boot et al., 2024, who find carbon storage reductions of between 7.5
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and 15 PgC by 2100. Importantly, though, they compare hosing sim-
ulations against fully coupled simulations, which already exhibit a
weakened AMOC. The resulting carbon storage reductions are thus
only a partial estimate of the overall effect of AMOC weakening. Nev-
ertheless, these other two estimates – both of which come from ESM
simulations where AMOC weakening occurs alongside global warm-
ing – corroborate the effect size of AMOC-related carbon storage re-
duction that results from our own simulations in MPI-ESM.

b.3 amoc-induced carbon flux changes

Beyond the overall size of the effect on end-of-century ocean carbon
storage, the dynamics of AMOC weakening and carbon storage mat-
ter – that is, how exactly the change in carbon storage in a given year
depends on the AMOC strength. In order to quantify this relationship,
we compute year-on-year changes in ocean carbon storage, which we
refer to as carbon fluxes, for each simulation. By subtracting carbon
fluxes in the simulation without hosing from carbon fluxes in the
hosing simulations, we can define the change in carbon fluxes that is
directly caused by hosing – which we call the AMOC-induced carbon
flux change. We find that there is an approximately linear relationship
between the AMOC strength in a given year and the resulting change
of carbon fluxes into the ocean (Fig. B3). For illustration, if the AMOC
strength is 10 Sv, the yearly carbon flux into the ocean is reduced by
about 0.2 PgC, compared to an AMOC of preindustrial strength (19

Sv).
To capture the emerging relationship between AMOC strength and

carbon flux changes, we perform a linear regression for the 1pct exper-
iment and the SSP2-4.5 scenario (Fig. B3 and SI Appendix, Table B3).
The regression coefficient is slightly higher for the 1pct experiment
than for the SSP2-4.5 scenario (0.025 Pg

yr Sv vs. 0.023 Pg
yr Sv ), but the results

are remarkably similar. This provides further evidence that, under cli-
mate change, carbon fluxes into the ocean do not seem to be limited
by atmospheric CO2 concentrations, but rather by the transport of
carbon-rich upper-ocean water masses into the deep ocean. Because
the SSP2-4.5 scenario of CO2 concentrations is more realistic than the
1pct experiment, as well as for the sake of being conservative and
consistent with the SCC literature, we use the SSP2-4.5 coefficient of
0.023 Pg

yr Sv for further calculations. With this relationship at hand, we
can now proceed to 21

st-century projections of AMOC weakening,
whereby every annual value of AMOC strength can be associated
with a change of carbon fluxes into the ocean.
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Figure B3: Carbon flux changes as a function of AMOC strength for the
1pct experiment (a) and for the SSP2-4.5 scenario (b). Both the
AMOC strength and the carbon flux time series are smoothed
with a 10 year running mean (Methods, SI Appendix Fig. B.S1 for
different running mean windows). Vertical gray lines denote the
mean AMOC strength of the simulation without hosing. Black
lines are linear regressions with zero intercepts (Methods), and
gray shading is the 99% confidence interval of the regression co-
efficient.

b.4 projecting the amoc carbon feedback

CMIP6 models project a substantial amount of AMOC weakening
along the SSP2-4.5 scenario, but both initial AMOC strengths and
amounts of weakening vary strongly across models (Table B1, Fig. B4).
We compare CMIP6 projections based on their relative AMOC weak-
ening compared to preindustrial AMOC strength and use them to
calibrate a newly created AMOC carbon component of the META
model. In contrast to the existing AMOC component in META, we
do not define a probability for stochastic AMOC weakening, but in-
stead include an explicit representation of AMOC strength, which
can be calibrated to match projections by CMIP6 models (Methods).
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Figure B4: Projected reductions in ocean carbon storage. The top-left panel
shows all seven SSP2-4.5 ESM projections for AMOC strength
that are used in this paper. Each of them has at least three ensem-
ble members; the thick lines represent the ensemble mean and the
shading the ensemble standard deviation. The other panels show
one ESM projection each, together with the preindustrial strength
of the respective ESM. For the preindustrial AMOC strength,
the dotted line represents the mean strength and the shading
one standard deviation. The difference between projected AMOC
strength and preindustrial AMOC strength governs the strength
of carbon flux change, so the hatched area symbolizes the cu-
mulative amount of carbon that is not stored in the ocean by
2100. The labels on the hatched areas show this carbon storage
reduction in 2100, calculated with 10,000 Monte Carlo runs, with
the uncertainty range corresponding to one standard deviation.
Note that the reductions in ocean carbon storage are not exactly
proportional to the size of hatched areas in this plot, because
we model carbon flux changes as depending on relative AMOC
weakening compared to preindustrial AMOC strength, not on ab-
solute AMOC weakening as portrayed here.

Hereby, we make sure to only use CMIP6 models with several ensem-
ble members so that we can account for internal variability in our
projections (Schwarzwald & Lenssen, 2022). In our own projections
with the META model, we use the internal variability of CMIP6 en-
semble projections as well as a constrained parameter set of the FaIR
climate emulator (Leach et al., 2021) to obtain 10,000 Monte Carlo
parameter samples (Methods).

By the end of the century, the AMOC weakens between 20 and
50% in our projections along the SSP2-4.5 scenario (Table B1). As a
result of this AMOC weakening, the ocean carbon storage in 2100

is reduced by between 3.9 and 12.4 PgC (Fig. B4). For comparison,
yearly CO2 emissions from fossil fuels are currently at around 10

PgC (Friedlingstein et al., 2023). The projected reduction in ocean
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carbon storage corresponds to additional carbon in the atmosphere
(Goodwin & Lenton, 2009), which affects global temperatures. This
additional warming due to the AMOC carbon feedback is small, as
it leads to relative global temperature increases between 0.26% and
0.81% by 2100 (Table B1). Nevertheless, even this slight increase in
global temperatures has a non-negligible impact on economic dam-
ages from climate change. We aggregate the discounted future cli-
mate damages that occur between 2015 and 2200 due to the AMOC
carbon feedback with the damage function calibrated to Burke et al.,
2015 (Methods). This yields projected additional damages of between
3.1 and 8.4 trillion US dollars (Table B1). Beyond a projected increase
in expected climate damages, however, the AMOC carbon feedback
also affects the main metric with which the societal damage from an
additional ton of CO2 emissions is estimated: the SCC.

b.5 effects on the scc

The SCC increase of including the AMOC carbon feedback based on
SSP2-4.5 projections lies between 0.5% and 1.63% (Table B1), when
using the welfare and persistence parameters shown in the box of
Fig. B5. SCC effects are estimated by calculating the SCC in META
for both the base setup and a setup with AMOC carbon feedback and
then calculating the relative change in percent (Methods). The results
are robust to assumptions about the spatial pattern of warming; be-
cause AMOC weakening will impact surface temperature patterns,
we have also estimated these SCC effects against the backdrop of dif-
ferent AMOC-induced temperature patterns. We used the same four
spatial patterns as previous studies on the subject (Anthoff et al., 2016;
Dietz et al., 2021), which go back to transient hosing simulations un-
der greenhouse gas forcing (Vellinga & Wood, 2008; Swingedouw et
al., 2013), but none of these AMOC-induced temperature patterns af-
fect relative SCC changes caused by the AMOC carbon feedback (SI
Appendix, Table B4). Contrasting the impacts of the AMOC carbon
feedback with the previously studied AMOC cooling effects (Fig. B5,
left; Dietz et al., 2021) shows that the SCC effects of the AMOC car-
bon feedback are similar in magnitude, but of opposite sign, to the
SCC effects of AMOC-induced cooling.
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Figure B5: Percentage change in SCC due to AMOC effects. In the gray
panel (left), the relative SCC effects of AMOC-induced surface
cooling are reproduced based on Dietz et al., 2021. In the white
panel (right), the relative SCC effects of the AMOC carbon feed-
back are estimated based on different 21

st-century AMOC pro-
jections by CMIP6 models. Stochastic tipping refers to the way
in which the AMOC component is implemented in the META
model, whereby the probability of tipping increases with global
temperatures and, once the AMOC is tipped, surface temperature
patterns change over the course of 35 years (Dietz et al., 2021). On
the other hand, gradual weakening refers to our approach of cali-
brating AMOC scenarios to CMIP6 models, whereby the mod-
eled AMOC strength exactly follows ESM projections along a
given emission scenario. AMOC weakening describes the relative
AMOC decrease in the tipped state (stochastic tipping) or the rel-
ative AMOC decrease between preindustrial conditions and 2100

(gradual weakening). Boxes show interquartile ranges, with me-
dians in gray. Crosses mark the mean effect, and whiskers show
the 5th and 95th percentile. Each box covers a distribution of
results that emerge from 10,000 Monte Carlo results, with uncer-
tainty in the FaIR climate module, as well as about preindustrial
AMOC strength, AMOC projections, and the coefficient linking
AMOC strength to reduced carbon uptake. We show the full dis-
tribution of 10,000 Monte Carlo samples – versions with 0.1% or
1% of results trimmed at each tail are shown in the SI Appendix
(Fig. B.S5). The text box on the top left lists important parameters
for the SCC calculation, with η denoting the elasticity of intertem-
poral substitution, δ the rate of pure time preference, and φ the
persistence parameter (Methods, Dietz et al., 2021). BHM dam-
ages refer to the damage function based on Burke et al., 2015.

For the AMOC carbon feedback, there is a stable relationship be-
tween the amount of AMOC weakening that a certain model projects
and the resulting rise in SCC estimates (Table B1). This relation-
ship, however, breaks down when comparing changes along dif-
ferent socioeconomic scenarios. For the two models with weakest
and strongest SCC effect, respectively, we also calculated the SCC
effect of the AMOC carbon feedback along SSP5-8.5 and SSP1-2.6
(Fig. B5). For both models, the SCC increase is diminished under
a high-emission scenario and magnified under a low-emission sce-
nario. This disproportionate SCC effect of AMOC changes under low-
emission scenarios is caused by the fact that projections of AMOC
strength along different SSP scenarios are barely distinguishable un-
til late in the 21

st century (Weijer et al., 2020). At the same time,
global warming levels differ strongly across these scenarios. There-
fore, relative to the amount of global warming, AMOC weakening is
much more pronounced in low-emission scenarios (Table B1). Hence,
the AMOC carbon feedback becomes more economically relevant the
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more the world moves towards limiting global warming to interna-
tionally agreed levels.

b.6 discussion

We provide new estimates of the AMOC carbon feedback and find
an approximately linear relationship between AMOC strength and
carbon flux changes. This allows us to make projections for a range
of CMIP6 models, whose ScenarioMIP output currently does not cap-
ture the AMOC carbon feedback because of being forced by CO2

concentrations instead of CO2 emissions (Sanderson et al., 2024). As
a second contribution, we incorporate this relationship into an IAM,
with which we explore the economic impacts of the AMOC carbon
feedback. This yields SCC changes of a magnitude that could flip eco-
nomic impact assessments of AMOC weakening from a global benefit
into a global cost. Both parts of our study are subject to uncertainties
and limitations. The estimates of AMOC-induced carbon flux changes
rest on our simulations with the MPI-ESM model. Some features of
the ocean and carbon cycle dynamics would likely be different in
equivalent simulations with other ESMs, for example the late intensi-
fication of carbon uptake reductions in the 1pct experiment (Fig. B3

and SI Appendix, Fig. B.S2). This implies that the confidence interval
of our regression coefficient might not be capturing the full amount
of uncertainty. Nevertheless, the fact that multi-model evidence from
CMIP6 carbon cycle feedback experiments as well as other hosing-
based studies (Boot et al., 2024) yield similar results increases con-
fidence in the dynamics and magnitude of our findings. The eco-
nomic impact estimation is also subject to uncertainties as well as
normative and structural modeling choices (Moore et al., 2024). As
demonstrated by many studies, the SCC is very sensitive to choices
of discounting and damage function parameters (Dietz & Stern, 2015;
Howard & Sterner, 2017; Hänsel et al., 2020; Rennert et al., 2022; Nesje
et al., 2023). Our absolute SCC values, as well as the additional dam-
ages we estimate, are equally sensitive to these parameter choices
(SI Appendix, Table B5). For this reason, we focus on the relative
change in SCC as our main outcome variable. While the absolute SCC
value can change drastically, the relative SCC impact of including the
AMOC carbon feedback is more robust to alternative discounting and
damage function parameters (SI Appendix, Table B5).

Of all the possible impacts of AMOC weakening, the literature has
so far only included a single one: the change in surface temperature
patterns, which is dominated by Northern Hemisphere cooling. Here,
we add a second important mechanism that acts through the impact
of AMOC weakening on the carbon cycle. By considering a single ad-
ditional mechanism through which AMOC weakening might affect
the economy, we find SCC changes that might flip the sign of the
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overall effect. But there are many more potential impacts of AMOC
weakening, such as changes in precipitation, sea level, or North At-
lantic storm tracks. Therefore, our results should not be interpreted
as an impact estimate of AMOC weakening as such, but rather as
the second step of a long journey towards assessing the full eco-
nomic consequences of AMOC weakening. Recent studies have been
warning about the possibility of a complete AMOC collapse (Boers,
2021; Ditlevsen & Ditlevsen, 2023; van Westen et al., 2024a), a scenario
which we do not cover in this study. Our results are conservative, as
they are based on SSP2-4.5 AMOC projections from CMIP6 models
— none of which feature AMOC collapse. Using the same scenario
across all parts of this study is important for the internal consistency
of our results, but it should be noted that, in the event of stronger
AMOC weakening than projected by current models, SCC impacts
would increase considerably.

b.7 methods

ESM simulations

Freshwater hosing

We perform freshwater hosing experiments in the MPI-ESM1.2-LR
model (Mauritsen et al., 2019). There are two common ways of in-
troducing the freshwater flux (implemented as a negative salinity
flux) in these experiments (Jackson et al., 2022): either as a uniform
field across the whole Atlantic north of 50°N, or as a field around
Greenland that decays exponentially with distance to the coast. While
Greenland hosing is arguably the more realistic setup, uniform hos-
ing fields are more common in the literature; we therefore run both
types of hosing patterns. For both patterns, we use different hosing
strengths, corresponding to freshwater fluxes of 0.1, 0.3, and 0.5 Sv, re-
spectively. Given that 0.1 Sv is already on the higher end of estimates
of expected input from future Greenland ice sheet melting, these hos-
ing experiments should not be interpreted as a realistic freshwater
forcing, but rather as a means for generating internally consistent
model worlds that span a wide range of AMOC strengths.

CO2 forcing

In contrast to the hosing simulations studied in Jackson et al., 2022,
which are conducted against the background of preindustrial climate
conditions, we apply anthropogenic CO2 forcing. We do that in two
different experimental setups. In the first setup, we run one set of
simulations where atmospheric CO2 concentrations increase by 1%
per year, in accordance with the literature on carbon cycle feedbacks
(Jones et al., 2016). In the second setup, we prescribe more realistic at-
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mospheric CO2 concentrations, following a historical simulation first
and branching into the SSP2-4.5 emission scenario from 2015 until
2100 (Fricko et al., 2017). The hosing for the SSP2-4.5 setup is only
applied after 2015. All the conducted ESM simulations are listed in
the SI Appendix, Table B2.

Biogeochemical-only coupling

Our simulations feature freshwater forcing and CO2 forcing, both of
which affect the oceanic carbon cycle; the freshwater forcing by re-
ducing water mass density and weakening the AMOC, and the CO2

forcing by causing global warming which again causes changes in,
among others, solubility, carbonate chemistry, density, mixed layer
depth, and biological activity. For this study, we are exclusively inter-
ested in carbon cycle changes caused by AMOC-related reductions
in physical water mass transport into the deep ocean. All warming-
induced carbon cycle changes are potential confounders for this anal-
ysis, which we address by running biogeochemically-only coupled
(BGC-only) simulations. BGC-only simulations artificially decouple
atmospheric CO2 concentrations from the model’s radiation compo-
nent so that there is no warming impact from CO2. This ensures that
the ocean carbon cycle is not affected by CO2-induced warming, but
only by the AMOC changes we induce through freshwater hosing.
At the same time, the carbon cycle as such is undisturbed, and with
the 1pct experiment and the SSP2-4.5 scenario, we can study how dif-
ferent amounts of atmospheric CO2 concentrations influence carbon
fluxes into the ocean and how these depend on AMOC strength.

AMOC-related carbon-climate feedback

A second method for estimating the influence of AMOC strength on
ocean carbon uptake takes the overall oceanic carbon-climate feed-
back (Arora et al., 2020) and disentangles it by ocean basin and by
carbon pool in order to determine which parts of the carbon-climate
feedback depend on AMOC weakening (Katavouta & Williams, 2021).

Three carbon-climate feedback is differentiated by three carbon
pools: saturated carbon, which reflects changes in solubility governed
by warming and carbonate chemistry; disequilibrium carbon, which
reflects changing amounts of water masses sinking before reaching
chemical equilibrium with the atmosphere; and regenerated carbon,
which reflects changes in biological processes and residence times of
water masses in the ocean interior. Katavouta and Williams, 2021 find
that the carbon-climate feedbacks of the Atlantic disequilibrium car-
bon pool (γAtl, dis) and the carbon-climate feedbacks of the Atlantic re-
generated carbon pool (γAtl, reg) across different CMIP6 models both
correlate with the amount of AMOC weakening that the respective
model exhibits.
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We harness this correlation to construct an AMOC-related carbon-
climate feedback γAMOC

γAMOC = γAtl, dis + γAtl, reg (1)

Regressing this on AMOC strength at the end of the carbon cycle
feedback experiments yields the following equation (SI Appendix,
Fig. B.S3):

γAMOC = −0.58
PgC
SvK

(∆AMOC− 3.84 Sv)

To calculate end-of-simulation ocean carbon storage reductions, we
need to choose a value for AMOC weakening ∆AMOC and mul-
tiply γAMOC with global mean surface temperature at the end of
the simulation, as carbon-climate feedback values are normalized
with respect to temperature change. From Arora et al., 2020, we get
T1pct(140) = 4.87K, which simplifies the AMOC-related ocean carbon
storage reduction ∆CAMOC to

∆CAMOC(∆AMOC) = −γAMOC(∆AMOC) · T1pct(140) (2)

= 2.825
PgC
Sv

(∆AMOC− 3.84 Sv) (3)

Analyzing AMOC strength and ocean carbon storage

We define AMOC strength as the maximum meridional flow of water
at 26.5°N in the Atlantic Ocean for all depths z and integrated from
west to east:

AMOC(t) = max
z

{∫EAtl

WAtl

∫z
0

v(lat = 26.5◦N, lon, z) dz dlon

}
, (4)

where v(lat, lon, z) is the meridional northward velocity of water at
a specific point in the ocean.

We define global ocean carbon storage as the volumetric integral of
dissolved inorganic carbon (DIC) concentrations:

Cocean(t) = c

∫
V

DIC(t) dV , (5)

with c = 12.01 g
mol .

For both of these quantities, we extract annual values for all MPI-
ESM simulations, which form the basis of further calculations. The
annual dataset of AMOC strength and carbon storage is available as
part of our open-access code repository.
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AMOC-induced carbon flux changes

We define yearly global carbon fluxes F(t) as the year-on-year change
in Cocean(t). In order to investigate the impact of different AMOC
strengths on carbon fluxes into the ocean, we consider the difference
between yearly carbon fluxes in hosing simulations and yearly car-
bon fluxes in the respective simulation without hosing; we call this
quantity the AMOC-induced carbon flux change ∆FAMOC(t)

∆FAMOC(t) = Fhosing(t) − Fno hosing(t) (6)

To relate the carbon flux change ∆FAMOC(t) to the amount of AMOC
weakening, we plot it as a function of AMOC(t), as in Fig. B3. For
both ∆FAMOC and AMOC, we apply a 10-year running mean in order
to capture the overall dynamics rather than short-term fluctuations
in carbon storage and AMOC strength. The same results for different
running mean windows are shown in the SI Appendix, Fig. B.S1. We
then perform two linear regressions, which we call ∆F0 and ∆F1:

∆F0 = 0+ c0 · (AMOC−AMOC0) (7a)

∆F1 = c1 + c2 · (AMOC−AMOC0), (7b)

where AMOC0 is the average AMOC strength of the simulations
without hosing.

The difference between the two regressions is that ∆F0 has no
0th-order term so that the AMOC-induced carbon flux change van-
ishes by definition if the AMOC strength is unchanged. For in-
ternal consistency, this is a desirable property. Given that the lin-
ear regression coefficients c0 = 0.023 PgC

yr Sv

(
= 0.025 PgC

yr Sv

)
and c2 =

0.022 PgC
yr Sv

(
= 0.026 PgC

yr Sv

)
for the SSP2-4.5 scenario (the 1pct experi-

ment) are very similar (SI Appendix, Table B3), we use ∆F0 for further
calculations.

Impacts of the AMOC carbon feedback

Integration into META IAM

We use the most recent version of the META IAM (Dietz et al., 2021)
for assessing the 21

st-century impacts of the AMOC carbon feedback
on carbon storage, temperature, climate damages, and the SCC. The
META model has a base configuration that comprises socioeconomic
and emission scenarios, the FaIR 2.0.0 simple climate model (Leach
et al., 2021), pattern-scaling, a country-level damage function, and
a discounted utility component. On top of that, META has several
modules for tipping dynamics and climate feedbacks, among them
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the AMOC-induced cooling effect. We build a new AMOC carbon
module that differs from the existing AMOC cooling module in that
it does not follow stochastically triggered tipping dynamics, but in-
stead comes with an explicit representation of yearly AMOC strength,
which again depends on global temperatures. We introduce the vari-
able ∆AMOC, which describes AMOC weakening and depends on
the change in atmospheric temperatures since the beginning of the
scenario modeling period in 2015:

∆AMOC(t) = βAMOC(t) (Tatm(t) − Tatm(2015)) (8)

The parameter βAMOC describes the sensitivity of the AMOC to global
warming. For stylized scenario analyses, this parameter can be taken
to be constant, but it can also be calibrated such as to follow annual
projections of AMOC strength. Note that ∆AMOC is positive when
the AMOC weakens.

Absolute AMOC strength AMOC is obtained by

AMOC(t) = AMOC(2015) −∆AMOC(t) + ϵAMOC(t), (9)

where ϵAMOC is a random fluctuation in AMOC strength that can be
calibrated to AMOC projection uncertainty.

The AMOC-induced reduction in carbon uptake is formally equiv-
alent to additional emissions, which we model through the AMOC-
induced carbon flux change ∆FAMOC

∆FAMOC(t) = (c0 + ϵc0
) · (AMOCpi + ϵAMOCpi −AMOC(t))

·
AMOCpi,MPI

AMOCpi
.

(10)

Here, c0 relates AMOC strength to carbon flux changes (Eq. 7a, SI
Appendix Table B3), and ϵc0

represents the uncertainty about c0.
AMOCpi is the preindustrial AMOC strength of a given model that
the AMOC carbon module is calibrated to, and ϵAMOCpi the associ-
ated uncertainty. The second term in Eq. 10 describes AMOC weaken-
ing in year t, and the third term converts the weakening into equiv-
alent weakening in MPI-ESM. We model the carbon flux change as
dependent on the AMOC weakening with respect to preindustrial
values, not 2015 values, because in our MPI-ESM simulations, we
compare hosing-induced changes to no-hosing simulations that don’t
exhibit any warming; the appropriate reference is thus the preindus-
trial AMOC strength. Since our estimates of c0 are obtained with
MPI-ESM and absolute AMOC weakening differs widely between
ESMs, we convert model-specific weakening into equivalent weaken-
ing in MPI-ESM through the ratio of respective preindustrial AMOC
strengths. The additional CO2 flux ∆FAMOC is then passed on to the
emissions module of META, from where it influences global temper-
atures and climate damages.
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Calibration to CMIP6 AMOC projections

The AMOC carbon module of META can be calibrated to stylized
scenarios of AMOC weakening, but also to ESM projections. We col-
lected those historical and SSP2-4.5 simulations by ESMs participat-
ing in CMIP6 that are available from the Earth System Grid Federa-
tion (ESGF) node of the German Climate Computing Center (DKRZ)
and include the variable msftmz for calculating AMOC strength. Of
these, we use only the ones that have at least three ensemble mem-
bers. For MPI-ESM1.2-LR and NorESM2-LM, we additionally col-
lected SSP5-8.5 and SSP1-2.6 AMOC projections; here, we have only
one ensemble member of NorESM2-LM and hence no ensemble stan-
dard deviation. We also collected preindustrial control simulations
of all the models for which we have AMOC projections. From these
preindustrial control simulations, we get the mean and standard de-
viation of preindustrial AMOC strength.

For calibrating the AMOC carbon component, we first extract the
time series for global mean surface temperature from META along
the SSP2-4.5 scenario. Then we choose βAMOC(t) such that for every
year, the deterministic SSP2-4.5 temperature scenario leads to AMOC
weakening that exactly corresponds to a given ESM projection of
AMOC strength. This implies that for warming scenarios above (be-
low) the deterministic SSP2-4.5 in META, the AMOC will weaken
more (less) than projected by a given ESM.

Uncertainty treatment

For all projections and SCC calculations, we run 10,000 Monte Carlo
samples. For this, we sample parameters for the simple climate model
FaIR from the constrained parameter ensemble in Leach et al., 2021,
following the implementation in Errickson and Rennels, 2021.

To calibrate the uncertainty about the preindustrial AMOC strength
of a given ESM, we use the standard deviation of the distribution
of AMOC strength in the model’s historical experiment. For every
Monte Carlo sample, we draw from a normal distribution with this
standard deviation and use this draw as the value for ϵAMOCpi . To
calibrate the uncertainty about AMOC projections, we average the en-
semble standard deviation over time and then, for every year, draw
from a normal distribution with this standard deviation. This gives a
time series of ϵAMOC(t), which is able to emulate the year-on-year
fluctuations that we observe in both projections and observations of
AMOC strength. To calibrate the uncertainty about the carbon flux
change resulting from a certain AMOC strength value, we take the
standard error of the regression coefficient c0 in Eq. 7a and for every
Monte Carlo sample, we draw an ϵc0

value from a normal distribu-
tion.
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Economic damage estimation

To calculate additional climate damages caused by the AMOC car-
bon feedback, we extract the path of total climate damages from each
Monte Carlo simulation of the META model and then take the differ-
ence between total damages in a model configuration with the AMOC
carbon feedback and a model configuration without the AMOC car-
bon feedback. This time series of additional damages is aggregated
and discounted to 2015 net present values, which is when the SSP2-
4.5 scenario, and hence the AMOC weakening, starts. We use a social
discount rate based on the deterministic Ramsey rule, with elasticity
of marginal utility of consumption η = 1.05 and rate of pure time
preference δ = 0.5% as in META, and the global growth rate as pro-
jected by the SSP2-4.5 scenario. Because the META model variables
for consumption and damages are given in 2010 US dollar values, we
adjust them to 2024 US dollar values by multiplying with 1.44 based
on inflation rates.

For all economic calculations, we retain the parameter values of the
most recent version of META (Github, Dietz et al., 2021); the values
are also given in the text box of Fig. B5. The damage persistence pa-
rameter φ describes the amount of climate damage that is still felt in
the year after the damage is caused. A φ value of 1 means there is no
persistence; a φ value of 0 means there is full persistence. The value
φ = 0.25, as used in the META model, is calibrated based on Nath
et al., 2024. The results of a sensitivity analysis on η, δ, φ, and the
damage function coefficient are shown in the SI Appendix, Table S4.

Assessing SCC changes

The SCC effect of the AMOC carbon feedback is estimated in the base
META model, without any further feedbacks or tipping dynamics ac-
tivated. Since META does not optimize, this SCC estimate is contin-
gent on the underlying socioeconomic scenario, in our case SSP2-4.5
(and for two AMOC projections also SSP5-8.5 and SSP1-2.6). We al-
ways report values for the SCC in 2020.

We determine the relative SCC impact of including the AMOC car-
bon feedback through

∆SCC =
SCCAMOC − SCCno AMOC

SCCno AMOC
. (11)

We always compare the base META model (“no AMOC") and the
META model with the activated AMOC carbon feedback (“AMOC")
for the same Monte Carlo sample so that the difference between these
two values stems only from the inclusion of the AMOC carbon feed-
back, not from uncertain parameters that differ between runs. This re-
sults in 10,000 estimates of the relative SCC effect ∆SCC of the AMOC
carbon feedback, which are depicted in Fig. B5.

https://github.com/openmodels/META
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Code availability

All code used to analyze the data and produce the results and fig-
ures of this paper can be accessed at https://doi.org/10.5281/zenodo.
14290084. The ESM output data required to reproduce the results
are all located in the data subfolder of this repository. The modi-
fied version of the META model that is used to integrate the AMOC
carbon feedback can be found here https://doi.org/10.5281/zenodo.
14290001.
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(c) running mean window: 10 years
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(d) running mean window: 30 years

Figure B.S1: Each panel shows a version of Fig. B3 in the paper, but for dif-
ferent running mean windows. The main specification is a run-
ning mean window of 10 years, such that panel (c) corresponds
exactly to Fig. B4. The same running mean is applied to both the
AMOC strength and the carbon storage time series. Note that
panels (a) and (b) have wider y-axes due to higher fluctuations
in the unsmoothed data. The regression coefficients, as plotted
in each panel for both 1pct experiment and SSP2-4.5 scenario,
are recalculated in for each running mean window size and are
approximately constant across the different running mean con-
figurations.



92 weakening amoc , ocean carbon uptake , social cost of carbon

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.1

0.2 1% per year CO2 increase (years 0-100)
g01 hosing
u01 hosing
g03 hosing
u03 hosing
g05 hosing
u05 hosing

AMOC0,1pct

F1pct = 0.019 (AMOC AMOC0,1pct)
99% CI around F1pct

4 6 8 10 12 14 16 18 20
AMOC strength [Sv]

0.4

0.3

0.2

0.1

0.0

0.1 SSP2-4.5 CO2 increase (2015-2100)

AMOC0,ssp245

Fssp245 = 0.023 (AMOC AMOC0,ssp245)
99% CI around Fssp245

Ca
rb

on
 fl

ux
 c

ha
ng

e 
F

[Pg
C yr

]
a

b

Figure B.S2: A version of Fig. B3 in the paper, but omitting all data points
of the 1pct experiment between year 100 and year 140. The rea-
son for this robustness check is that between years 100 and 140,
most 1pct hosing simulations show a substantial increase in car-
bon flux reductions (see also Fig. B2 in the paper). When omit-
ting these 40 years of simulations, the linear regression coeffi-
cient weakens by around one quarter (0.019 rather than 0.025).
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Figure B.S3: AMOC-related carbon-climate feedback γAMOC as a function
of AMOC weakening ∆AMOC. All values are taken from
Katavouta and Williams, 2021, and as in Katavouta and
Williams, 2021, the CNRM model is omitted due to unrealis-
tic values for regenerated carbon. Two regression lines are es-
timated, the thick line as a linear linear regression with a con-
stant order term, and the dashed line while forcing the intercept
to be zero. For further calculations, we use the thick line which
provides a better fit of the model data.
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Figure B.S5: The effect of trimming the tails of Monte-Carlo-generated SCC
distributions. Fig. B5 in the paper shows the distribution of all
10,000 Monte Carlo samples. In order to test the robustness of
these results to trimming extreme values at the tails of the dis-
tribution, we here show two additional versions of Fig. B5 with
trimmed distributions. Panel (a) shows trimming of the 0.1%
most extreme values at each tail; panel (b) shows trimming of
the 1% most extreme values at each tail.
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ABSTRACT

Projections of European heat extremes have been widely explored
in the context of continued global warming. However, analyses of
recent Earth system model simulations point to substantial climatic
changes over multi-centennial timescales in net-zero emissions fu-
tures. Focusing on Europe, we address the gap in characterising heat
extremes in long-term net-zero stabilised climates. We quantify the
long-term effects of delayed mitigation on annual maximum daily
maximum temperatures (TXx) in European regions using 1000-year-
long stabilised simulations with ACCESS-ESM-1.5, reaching net-zero
CO2 emissions at different times over the coming decades. We eval-
uate ACCESS-ESM-1.5 against the ERA5 reanalysis for European
maximum temperatures using rank frequency analysis and compare
present-day maximum temperatures to their long-term future likeli-
hood. Across all European regions, any delay in achieving net-zero
emissions shifts the distribution to higher annual maximum temper-
atures, remaining elevated at the same levels for centuries. European
regions show two- to five-fold frequency increases for heat events
as strong as current records, while the Mediterranean region could
experience 30-fold increases if emissions cessation is delayed until
2060. When comparing extreme heat distributions at global warming
levels, we find substantial differences between transient and net-zero
emissions quasi-stable climate states, with larger differences at higher
warming levels. We provide the first comprehensive assessment of
European extreme hot temperatures in net-zero stabilised climates,
paving the way for further investigations of other extreme event types
or regions in net-zero futures.
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c.1 introduction

Although the goal of achieving net-zero emissions is among the
core concepts surrounding climate science and policy, temperature
responses to net-zero emissions are as yet largely uncertain, particu-
larly regional and local changes (e.g., MacDougall et al., 2022). Re-
gionally, mean temperatures vary under net-zero emissions, while ex-
treme temperature changes have not been comprehensively analysed.
Projected changes in temperature extremes under net-zero emissions
are of particular interest for Europe, where heat extremes have in-
creased faster than in any other mid-latitude region in recent years
(e.g., Rousi et al., 2022; Vautard et al., 2023). Existing analyses of heat
extremes in idealised net-zero simulations did not concentrate on Eu-
ropean regions and focused on monthly extremes rather than daily
timescales (Cassidy et al., 2024). Moreover, recent 1000-year-long net-
zero Earth system model future simulations suggest long-term tem-
perature changes not captured in shorter net-zero experiments (King
et al., 2024). Thus, the long-term evolution of European heat extremes
in stabilised net-zero futures remains an open question.

Several modelling frameworks have been used to improve under-
standing of post-net-zero changes. The main activity is currently
the Zero Emissions Commitment Model Intercomparison Project
(ZECMIP, Jones et al., 2019), focused on the committed amount of
global mean temperature change after emissions cessation. The resid-
ual between warming from oceanic thermal inertia and cooling from
the natural global carbon sink results in a small and uncertain com-
mitted global temperature change (MacDougall et al., 2020). Even
though this global temperature change is expected to be small, it
is significantly different from internal variability (Borowiak et al.,
2024), with substantial changes occurring regionally (MacDougall et
al., 2022).

Despite these efforts, existing net-zero emissions simulations per-
formed as part of the Coupled Model Intercomparison Project Phase
6 (CMIP6, Eyring et al., 2016) are not long enough to address cli-
mate stabilisation around policy-relevant temperature targets (King
et al., 2021b). Zero-emissions temperature commitments are often as-
sessed 50-150 years after emissions cessation despite recognising ad-
ditional long-term changes (Palazzo Corner et al., 2023). These long-
term changes imply that mitigation and adaptation measures around
temperature targets would be inconsequential beyond the end of the
century if they do not adequately address the eventual impacts of
cumulative emissions. A recent net-zero emissions modelling effort
was conducted with longer simulations, but focused on ocean circu-
lation responses (Sigmond et al., 2020). While there are long-term sta-
bilisation frameworks for constant atmospheric carbon dioxide con-
centrations (e.g., LongRunMIP, Rugenstein et al., 2019), they can-
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not be used to understand committed changes under net-zero emis-
sions (Matthews & Weaver, 2010), and therefore a long-term net-zero-
emissions modelling protocol is needed (King et al., 2021b).

King et al., 2024 bridge this gap by proposing extended net-zero
emissions simulations explicitly constructed to understand long-term
climate stabilisation and the effects of delayed mitigation. They intro-
duce net-zero Earth system model simulations spanning 1000 years,
a timescale proving crucial as significant changes continue after the
initial centuries (King et al., 2025a). Each simulation represents a net-
zero CO2 emissions trajectory beginning at different points in the
21st century. All simulations result in a slow but significant global
mean surface temperature increase (0.03-0.05°C/century), as South-
ern Ocean warming (slow response to CO2 forcing, Chamberlain et
al., 2024) continues, and most regions show weaker changes. Such
changes occur also over Europe, both for annual and summer mean
temperatures (King et al., 2024). Nonetheless, whether this extends to
European temperature extremes is as yet unknown.

European heat extremes have been thoroughly investigated as a re-
sult of their rapidly increasing likelihoods, intensities, and impacts,
particularly since the unprecedented 2003 European heatwave, which
resulted in thousands of excess fatalities (e.g., Christidis et al., 2015;
Rousi et al., 2022; Vautard et al., 2023). While European heat extremes
for different global mean temperature targets or decarbonisation sce-
narios show substantial benefits from stronger mitigation, these re-
sults are limited to transient simulations before the end of the century
(King & Karoly, 2017; Suarez-Gutierrez et al., 2018; Diffenbaugh et al.,
2023). A recent study based on ZECMIP net-zero emissions simula-
tions found frequencies of local continental heat extremes to globally
remain constant or decrease by up to 40% (Cassidy et al., 2024). How-
ever, this study did not focus on the effects on Europe or its regions,
and the ZECMIP simulations also have other limitations, such as start-
ing from a highly idealised concentration-driven 1pctCO2 experiment
(1% increase/year in CO2 concentrations) or a relatively short simu-
lation period of only about 100 years after emissions cessation.

Here, we study the long-term (multi-centennial) evolution of Euro-
pean heat extremes under net-zero emissions. We use the same frame-
work and 1000-year-long simulations from King et al., 2024; which
enable us to characterise heat extremes in European regions in quasi-
stable climates, understanding not only how they might change, but
also the consequences of delayed mitigation and the implications at
relevant global mean temperature targets.
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c.2 data and methods

c.2.1 Earth system model data

This study focuses on multi-centennial timescales in net-zero climates,
and therefore, we use the simulations introduced by King et al., 2024.
These extended net-zero CO2 emissions simulations are performed
with the Australian Community Climate and Earth System Simulator
(ACCESS) ESM version 1.5 (Ziehn et al., 2020). ACCESS-ESM-1.5, part
of CMIP6, has an atmospheric resolution of 1.875° longitude and 1.25°
latitude, 1° in the ocean, and 40 initial-condition ensemble members
for the historical experiment (1850-2014) and several concentration-
driven 21st-century scenarios (2015-2100). There are seven 1000-year
net-zero experiments, branched respectively from 2030 to 2060 in five-
year intervals. They are initialised from the same ensemble member
of a transient, emissions-driven future scenario, specifically the fossil-
fueled development and high-forcing SSP5-8.5 (O’Neill et al., 2016).
CO2 emissions are set to zero at the branching year, while other green-
house gases and anthropogenic aerosols are reset to 1850 levels.

c.2.2 Extreme heat and attribution metrics

To characterise European heat extremes, we use the annual TXx in-
dex. Annual TXx is defined by the Expert Team on Climate Change
Detection and Indices (ETCCDI, e.g., Sillmann et al., 2013) as the
annual maximum of daily maximum temperatures (variable tasmax
in CMIP6). This index is impact-relevant in multiple contexts (e.g.,
structural engineering), and it is more appropriate for large spatial
comparisons than threshold-based indices (Zhang et al., 2011). We
calculate this index for each grid cell and then average over a region
when appropriate. All values shown are anomalies relative to the ref-
erence period 1961-1990.

Attributing likelihoods of occurrence involves calculating metrics
such as risk ratios (RRs) and fractions of attributable risk (FARs). For
the attribution of events, we define the counterfactual world as the
period 1995-2024 in the historical and concentration-driven SSP5-8.5
concatenated 40-member ensemble. We adopt this 30-year period to
stand for a representation of the perceived present-day climate condi-
tions. This representation is largely scenario-independent, as scenar-
ios show a similar global mean temperature trajectory before 2035.
Other metrics or approaches could have been followed (i.e., causal
counterfactual theory; Hannart et al., 2016), but RRs and FARs are
more straightforward to interpret in an experimental setup not de-
signed specifically for the causal attribution of drivers. We compute

RR = PNZ

P0
and FAR = 1− P0

PNZ
,
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where PNZ and P0 are the probabilities above a given threshold in
the full net-zero experiments and the 1995-2024 historical+SSP5-8.5
ensemble, respectively (e.g., Stott et al., 2016).

c.2.3 Model evaluation with reanalysis data

To test whether ACCESS-ESM-1.5 appropriately represents the histor-
ical frequency and intensity of European annual TXx, we evaluate
it against the fifth generation of the European Centre for Medium-
Range Weather Forecasts Retrospective Analysis (ERA5, Hersbach et
al., 2020). We calculate annual TXx in ERA5 also from the maximum
of daily maximum temperature (mx2t variable). Spatial resolutions
differ between ERA5 and ACCESS-ESM1.5 (31 km grid for ERA5), but
regridding ERA5 data (through bilinear interpolation) to the coarser
ACCESS-ESM-1.5 grid did not alter the main conclusions presented
here.

We evaluate ACCESS-ESM-1.5 in the rank frequency analysis
framework (Suarez-Gutierrez et al., 2018, 2021). This framework
utilises initial-condition large ensembles to assess whether both their
forced and internal variability are compatible with observations (or
the ERA5 reanalysis, in this study). If that is the case, no ordered po-
sition that ERA5 annual TXx values take each year in comparison to
the ensemble values for that year (i.e., the rank) should be favoured.
If the resulting histogram is fairly flat, the model adequately cap-
tures observations, while a tilted histogram signals a systematic bias.
Therefore, ACCESS-ESM-1.5 can be evaluated based on the flatness of
a rank histogram of annual TXx ERA5 values compared to the large
ensemble. To assess flatness and establish some tolerance range, we
follow previous studies by smoothing the histogram, calculating its
slope with a 7-bin (one bin per rank) window rolling mean for each
rank. The expected flatness range given internal variability is calcu-
lated by repeating the process but now substituting ERA5 for each
ensemble member (known as perfect model approach), and using a
7-bin slope central 75% confidence range, i.e., the slope’s 12.5th and
87.5th ensemble percentiles for each rank. If the resulting ERA5 slope
lies within the perfect model range, the model can be considered to
appropriately represent annual TXx variability in ERA5.

c.2.4 Global warming levels definition

We also follow King et al., 2024’s approach to defining global warm-
ing levels (GWLs). It is based on time-slices around a particular global
mean surface temperature level (Schleussner et al., 2016). GWLs of 1.5,
2, and 3°C are considered relative to the 1850-1900 historical mean,
with a ±0.2°C tolerance around the target. Decadal global tempera-
ture values (10-year running means) are used to reduce the effects of
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internal variability. We differentiate between transient (SSP5-8.5 en-
semble), early stable (net-zero experiments, years 100-450), and late
stable (net-zero experiments, years 650-1000) GWLs. These conditions
result, for the net-zero experiments, in GWLs almost fully belonging
to a single experiment in each case and, as in King et al., 2024, we
restrict our definition of GWLs to those experiments.

c.3 results

Throughout the analysis, we consider both Europe as a whole and
also differentiate among four European reference regions according
to the AR6 WGI (Iturbide et al., 2020): Northern Europe (NEU), West-
ern and Central Europe (WCE), Eastern Europe (EEU), and Mediter-
ranean (MED). We mask out the ocean to focus solely on land ex-
tremes and refer to Europe as the combination of all four regions.

To better interpret the implications of region-aggregated TXx in-
dices, we first characterise the spatial signal underlying ERA5 annual
TXx records through rank plots (figure C1). Such spatial rank plots of-
fer a better visual representation than temperatures for large regions,
as temperatures can vary substantially for different locations. For ev-
ery TXx region-mean record year, we calculate each grid cell rank
against all preceding years. For the TXx records in smaller regions,
the spatial signals show that records arise from one large particu-
lar regional heat extreme event (which we corroborate by calculating
monthly TXx indices, figure C.S1), while for Europe it often results
from a combination of heat episodes in several regions in a given
summer (figure C1a). For Europe, the record year is 2021 (figure C1a),
with some of the warmest maximum temperatures measured in both
EEU (June, figure C.S1d) and MED (August, figure C.S1o), having
no precedent in the number of summer extreme heat days (Lhotka
& Kyselý, 2022). The record for NEU is in 2018 (figure C1b), as a re-
sult of a widespread event in July (figure C.S1g, Yiou et al., 2020). For
WCE, the record is 2019 (figure C1c), from an unusually early event in
the last week of June (figure C.S1c, Vautard et al., 2020). In EEU, the
record largely corresponds to the 2010 Russian heatwave (figure C1d),
spanning the end of July and early August (figure C.S1n), a record
anomaly in peak, duration, and extent (Barriopedro et al., 2011; Russo
& Domeisen, 2023), and representing the deadliest measured extreme
weather event in the last 20 years (Otto et al., 2024). Lastly, 2023 is
the record year in MED (figure C1e), driven by record-breaking tem-
peratures in July (figure C.S1j, Sun et al., 2025). Having gained a
clearer insight into what type of events annual regional TXx means
encapsulate, we move on to examine the temporal evolution of these
indices.

All resulting annual TXx time series for Europe and its regions
show an overall similar behaviour (figure C2). In the early histor-
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a) EUROPE ERA5 TXx record, 2021

b) NEU ERA5 TXx record, 2018 c) WCE ERA5 TXx record, 2019

d) EEU ERA5 TXx record, 2010 e) MED ERA5 TXx record, 2023
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Figure C1: TXx ranks in ERA5 at every European grid cell for the year when
the regional-averaged TXx is a record in a) Europe, b) Northern
Europe, c) Western & Central Europe, d) Eastern Europe, and e)
Mediterranean (regions are indicated by the black boxes). Ranks
are calculated relative to the years preceding the event.

ical simulations, there is a slight declining trend (yielding about
a 1°C cooling), likely driven by the mean cooling response to an-
thropogenic aerosols, quite prominent in ACCESS-ESM simulations
(Rashid et al., 2022). Towards the end of the 20th century, as anthro-
pogenic greenhouse gases continue to increase and aerosols decline,
there is a strong TXx warming response in all regions. In current
climate conditions (1995-2024), ERA5 has a positive 0.62°C/decade
linear trend, well within the model spread (0.17 to 1.3 °C/decade
in historical+SSP5-8.5, table C1). Until the end of the century, SSP5-
8.5 projects a continued quasi-linear increase of TXx in all European
regions, with the European ensemble mean almost reaching a 10°C
anomaly by 2100 (figure C2a). In contrast, the net-zero experiments
show a stationary behaviour for 1000 years in all regions, with no
trend in any experiment being larger than 0.006°C/decade, table C1).
However, each TXx stabilisation level is separated and increasingly
higher for each five-year mitigation delay. Differences between sta-
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bilisation levels increase for later emissions cessation years, with ap-
proximately 0.3°C differences between simulations branched earlier,
and up to 0.5°C in those branched towards 2060. These differences
account for 2.8-4.8°C total mean TXx increases in the European mean
relative to the 1960-1990 baseline, with roughly similar values for
all regions. This long-term stable TXx behaviour is accompanied by
strong interannual variability. This variability does not depend much
on the emissions cessation year and it is smaller in MED (0.6°C stan-
dard deviation, figure C2e) than in all other regions (1.5-2°C), as the
Mediterranean Sea’s influence moderates extreme changes. If instead
of annual values we inspect 11-year averages to remove interannual
variability, still some (multi-)decadal variability persists but the dis-
tinction between each simulation can be made much more clearly
(figure C.S2).

To continue the interpretation of the resulting TXx values in the
stabilisation experiments, we require a model evaluation step be-
yond the apparent agreement between the ERA5 trend and variability
(1940-2024) and the historical ensemble. The evaluation through rank
frequency analysis demonstrates a satisfactory performance of the
ACCESS-ESM-1.5 European TXx values relative to ERA5 (figure C3).
Histogram slopes fall within the range given by the perfect model
approach in virtually all cases, except for one central range value for
WCE, where the ERA5 slope is larger but almost overlaps with the
model range. For Europe, WCE, and EEU, the very extreme ranks
seem underrepresented in ERA5 relative to the model, with fewer
cases for the two lowest or highest ranks. This could signal a slight
model overestimation of TXx variability in these regions, but the slope
values still fall within the model range at these edges. Overall, Euro-
pean TXx mean and variability are well captured by the model, which
provides confidence in assessing extreme heat occurrence in the net-
zero simulations.

Likelihoods of occurrence are visualised through probability den-
sity functions (PDFs, figure C4). PDFs are computed through non-
parametric kernel density estimation and subsequently normalised.
The resulting annual TXx PDFs exhibit a clear separation (approxi-
mately 1°C for Europe) between early historical (1850-1899) and cur-
rent climates (1995-2024). This gap is most evident, in relative terms,
in MED, where the recent past PDF has not just shifted but is also
considerably wider, reflecting a variability increase and/or a strong
recent trend (figure C4e). In the case of the net-zero experiments, the
shift towards warmer TXx is large even relative to current climate
distributions. The lack of a trend in Europe-wide and regional TXx
means we can use all years in each net-zero emissions simulation to
generate large samples for these PDFs. There is a significant warm
shift for every five-year delay in emissions cessation (as obtained
through pair-wise testing with an autocorrelation-adjusted KS test),
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Figure C2: Annual TXx anomalies time series (relative to 1961-1990) aver-
aged for a) Europe, b) Northern Europe, c) Western & Central
Europe, d) Eastern Europe, and e) Mediterranean for ERA5 and
ACCESS-ESM-1.5 simulations. For the historical+SSP5-8.5 ensem-
ble, the black line is the ensemble mean, the dark grey shad-
ing the ensemble standard deviation, and the light grey shading
the ensemble spread. Yellow to red lines are the net-zero emis-
sions experiments, with each label’s number representing the
year of emissions cessation. Note that the net-zero experiments
have been initialised from an emissions-driven realisation of the
SSP5-8.5 scenario, which is within the range of the concentration-
driven ensemble shown here.

but no clear change in variability. MED stands out again, as, despite
having the smallest absolute changes and variability, this area exhibits
the largest relative shifts between the past and current distributions
(figure C4e). For all regions, we include the respective ERA5 annual
TXx record (vertical blue lines in figure C4). Compared to current
climate distributions, the ERA5 record is at the 79th percentile in Eu-
rope, 84th in NEU, 82nd in WCE, 88th in EEU, and 97th in MED.
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Figure C3: Rank histogram (one bin per rank) of the position of each
ERA5 annual TXx value if compared to an ordered list of val-
ues from the ACCESS-ESM-1.5 ensemble (historical+SSP5-8.5)
for the same year. The dark blue line represents the slope of
the histogram, by calculating a 7-bin window rolling mean for
each rank. Dashed black lines represent the 7-bin slope’s perfect
model central 75% confidence range, i.e., the slope’s 12.5th and
87.5th percentiles of the ensemble when comparing each ensem-
ble member against the rest of the ensemble. A flat histogram
consistently within the model range indicates that ERA5 trend
and variability are adequately captured, while a tilted histogram
would signal a systematic bias.

Some of these percentiles are not particularly extreme. This may be
due to a slight model variability overestimation or a lack of plausible
hot extremes in the last few years given the limited ERA5 sample size
and the strong underlying trend. All PDFs indicate that recent record
TXx values, representing the upper tail of present-day distributions,
become the average or colder than the average of net-zero futures for
simulations with emissions cessation in 2050 or later.

We further extend the analysis of likelihoods by attributing the po-
tential impacts of delays in emissions cessation through risk ratios
(RRs, figure C5) and fractions of attributable risk (FARs, figure C.S3).
These measures do not only represent likelihoods for a given TXx
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Figure C4: Probability distribution functions of annual TXx anomalies (rel-
ative to 1961-1990) averaged for a) Europe, b) Northern Europe,
c) Western & Central Europe, d) Eastern Europe, and e) Mediter-
ranean for ACCESS-ESM-1.5 simulations. Vertical blue lines in-
dicate the maximum value of the TXx anomaly in ERA5 for
the respective regions. The light and dark grey curves show the
historical+SSP5-8.5 ensembles for an early and a recent period.
Yellow to red lines are the net-zero stabilisation experiments,
with the number of each label representing the year of emissions
cessation.

value (as in the PDFs) but measure likelihoods above thresholds, po-
tentially more meaningful when extrapolating the events’ impacts.
Relative to the present-day reference, risk ratios grow exponentially
for increasing TXx thresholds. These increases result from distribu-
tion shifts towards warmer temperatures, with present-day TXx dis-
tribution tails representing values closer to the distribution means in
the net-zero stabilised futures. Particularly, when assessing risk ratios
for present-day ERA5 records (table C2), the values in most regions
range from approximately 2 to 5, again with increasingly higher dif-
ferences for later five-year mitigation delays. For MED, the increase
is more substantial, with the likelihood of exceeding the ERA5 record
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increasing up to 30-fold for the 2060 branched net-zero simulation rel-
ative to 1995-2024 (figure C5e). In the equivalent FARs (figure C.S3),
the same general behaviour is shared by all regions; earlier cessation
years are associated with lower FAR values than later cessation years.
In fact, delays of just five years in mitigation make a measurable dif-
ference in the attributability of TXx changes relative to present-day
values. Use of higher thresholds results in generally larger FARs, that
often approach one for high enough thresholds. In MED, FARs are
considerably larger and very close to one even for comparatively low
thresholds (around 3°C, figure C.S3e). In some cases, particularly in
EEU, FARs vary largely for high thresholds (figure C.S3d), changing
from zero to one by small threshold increments. These large varia-
tions result from very few extreme cases at the end of the distribu-
tions’ tails, also temporarily lowering the RRs below 1 (figure C5d).
For thresholds at the ERA5 records, FARs generally increase from ap-
proximately 0.4 to 0.8 when delaying net-zero emissions until 2060,
with a larger change (from 0.56 to 0.97) in MED (table C2). Over-
all, both RRs and FARs reveal increasingly hotter maximum temper-
atures in Europe with further delays in emissions cessation.

While European TXx values are stable but shift across net-zero
emissions simulations, global temperatures slowly increase during
these experiments (King et al., 2024). This suggests that TXx distri-
butions would be different between transient climate states and at
different times after emissions cessation even for a fixed global warm-
ing level (GWL). When differentiating between transient, early stable,
and late stable TXx distributions and likelihoods of extreme values
at GWLs, conclusions are different for different GWLs (figure C6 and
figure C.S4). In all cases, there is a clear distinction between transient
and quasi-stable distributions, with a substantial TXx warm shift in
the transient PDFs. Between the early and late stable PDFs, both an-
nual TXx distributions are very similar at the 1.5 and 2°C GWLs in all
regions (e.g., figures C6a,b). However, at the 3°C GWL, there is a clear
shift between both TXx distributions in all regions, with the early sta-
ble distribution mean being around 0.5°C warmer for Europe (figure
C6c). We tested this difference for a possible bias in the selection of
years at the 3°C GWL, as early stable years around 3°C are slightly
warmer than the late stable, but this shift in European TXx persists.
Hence, we conclude that European TXx distributions require careful
examination at given GWLs, as they can be heavily path-dependent.

c.4 discussion and conclusions

This study comprises a European test case for characterising and at-
tributing heat extremes in long-term net-zero climates. Key compo-
nents of our analysis were the contrasting of simulated net-zero cli-
mates against present-day heat records, the characterisation of mitiga-
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Figure C5: Risk ratios (logarithmic scale) of annual TXx anomaly thresholds
averaged for a) Europe, b) Northern Europe, c) Western & Cen-
tral Europe, d) Eastern Europe, and e) Mediterranean for the
ACCESS-ESM-1.5 net-zero stabilisation simulations (label num-
ber indicates the year of emissions cessation), compared to the
historical+SSP5-8.5 last 30 years (1995-2024). Vertical blue lines
indicate the maximum value of the TXx anomaly in ERA5 for
the respective regions.

tion delays, and the implications at equivalent global warming levels.
This analysis was feasible due to a unique set of ACCESS-ESM-1.5
simulations, i.e., the 1000-year net-zero emissions experiments and
the historical and SSP5-8.5 large ensembles.

The 1000-year net-zero emissions ACCESS-ESM-1.5 simulations
(King et al., 2024), despite capturing ERA5 European TXx mean and
variability, have a number of limitations. The simulations are con-
structed as idealised experiments and are not meant to represent
plausible future scenarios. The changes are introduced too abruptly
to be realistic, with CO2 emissions set to zero and other greenhouse
gases and aerosols concentrations set to preindustrial levels from one
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Figure C6: Probability distribution functions of European-averaged annual
TXx anomalies (relative to 1961-1990) at global warming lev-
els of a) 1.5°C, b) 2°C, and c) 3°C in ACCESS-ESM-1.5 simula-
tions (within ±0.2°C of the level, baseline is 1850-1900). Black
curves are transient anomalies (i.e., for the historical+SSP5-8.5
ensemble), light colours are early stable years (100-450), and dark
colours are late stable years (650-1000) from the net-zero stabilisa-
tion experiments. Vertical blue lines indicate the maximum value
of the TXx anomaly in ERA5 for each region.

time step to the next. In reality, having a more gradual reduction of
emissions would entail larger cumulative emissions, further shifting
the probability distribution function towards more intense heat ex-
tremes. Additionally, the simulations are branched from SSP5-8.5, a
high emissions scenario now considered unlikely under current poli-
cies (Hausfather, 2025). Therefore, the estimates of five-year delays
in emissions cessation are likely overestimated, as changes between
net-zero simulations grow larger in this scenario. Nevertheless, sce-
narios do not differ much in their first years, so conclusions would
not be expected to change substantially when assessing differences
between early emissions cessation experiments. Additionally, part of
the simulations’ idealisation is the questionable prospect of staying at
net-zero emissions once they are reached, instead of continuing into
net-negative emissions. While a framework exists to address tempera-
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ture target overshoots and reversibility under net-negative emissions
(CDRMIP, Keller et al., 2018), it currently presents the same long-
term limitations as the ZECMIP (Jones et al., 2019). Ultimately, even
if multi-model simulations would be required to test our results’ ro-
bustness, we assess the framework introduced by King et al., 2024

to be idealised but the best available and most appropriate set of ex-
periments for understanding the long-term net-zero behaviour of the
climate system.

One of our key findings highlights the stationarity of European
heat extremes under net-zero emissions, and this stationarity moti-
vates the clustering of all extreme events in each single simulation to
calculate their statistics. However, a potential caveat is the slow back-
ground global mean warming, which leads to different climate back-
ground states being clustered together. To test whether this group-
ing ignores important discrepancies for different periods under slow
global mean warming, we repeat the analysis separating the first and
second 500 years of the net-zero experiments. This separation does
not lead to substantial changes (figure C.S5, European PDFs). Ideally,
if a single-model large ensemble of 1000-year-long net-zero experi-
ments were available, extreme events could be studied in separate
short time windows.

Although beyond the scope of our study, the stationarity of heat
extremes under net-zero emissions in all European regions prompts
an enquiry into the nature of this behaviour. With known potential
dynamic mechanisms and local feedbacks driving changes in Europe,
such as the jet stream, Arctic sea ice, North Atlantic surface temper-
ature variability, or the Atlantic Meridional Overturning Circulation,
further comprehensive analysis of the role and interaction of these
mechanisms is needed.

Understanding the mechanisms underlying changes in heat ex-
tremes, as well as other climatic variables, would also help in iden-
tifying potential impacts. For instance, when driven by atmospheric
blocking, heat extremes tend to co-occur with precipitation deficits
(Horton et al., 2016). Co-occurrences of temperature and drought ex-
tremes in Europe are expected to rapidly increase (Suarez-Gutierrez
et al., 2023) and may lead to major agricultural yield losses (Lesk et
al., 2022). Considering temperature and humidity jointly is also fun-
damental for estimating heat-related mortality (Matthews et al., 2025).
Analysing multiple variables will also be essential to calibrate the im-
pacts of the main conclusions in our study, such as whether larger
relative distribution shifts towards higher heat extremes (as found
for the Mediterranean region) would be more impactful than larger
absolute shifts.

All conclusions here obtained for European heat extremes are con-
ditional on the choice of extreme index. TXx is a broadly used and
easily interpretable index and, therefore, appropriate for the general
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span of this study. The region-averaged annual TXx, as seen when
representing its underlying spatial (figure C1) and monthly (figure
C.S1) signals, is generally an aggregate measure of the hottest heat
episode in each summer. Therefore, TXx encompasses both intensity
and extent, but other indices are more suitable if the scope is to disen-
tangle both or to include a temporal component, a characteristic only
indirectly in TXx. To gauge the transferability of our conclusions to
index choice, we contrast TXx against another widely used ETCCDI
extreme index, TX90p. Yearly TX90p represents the number of days in
a year with daily maximum temperatures surpassing the daily 90th
percentile (calculated with a 5-day running window in the reference
period). TX90p is a threshold-based index and therefore characterises
the temporal dimension of extremes by focusing on changing frequen-
cies above a reference intensity (rather than maximum intensities). We
calculate equivalent European TX90p time series (figure C.S6), proba-
bility distribution functions (figure C.S7), and risk ratios (figure C.S8),
and all qualitative results are the same as for TXx. Thus, our main con-
clusions on stationarity under net-zero emissions and on increased
likelihoods with delays in cessation also apply to the frequency of
extreme heat in Europe and its regions.

We found substantial differences in European temperature ex-
tremes at a given GWL related to whether the climate is transient
or stable. These differences highlight that projections of climate ex-
tremes for GWLs should be explicit in their framing to avoid misin-
terpretation. Simply stating the change in likelihood or intensity of an
extreme index at a GWL without such framing could lead to poorly
informed decision-making. This path dependence is crucial for stake-
holders and policymakers to design and implement robust and ef-
fective adaptation and mitigation strategies that neither consistently
under- nor overestimate climate impacts. Even within the quasi-stable
periods, we found two different pathways reaching a 3°C GWL result-
ing in two separate distributions of extreme heat. All these results
emphasise the need for further understanding of how reaching tem-
perature targets at different rates of CO2 emissions may impact other
climate system components (e.g., Hankel, 2025), particularly heat ex-
tremes.

We have shown that, even under net-zero emissions, the intensity
of European hottest temperature extremes in any European region
will not decrease for many centuries. Yet, delayed emissions cessa-
tion will translate into significantly more severe heat extremes, with
the largest relative increases occurring over the Mediterranean region.
Furthermore, we have found shifts at given global warming levels be-
tween transient, early and late stable climates, underpinning the need
for long-term net-zero perspectives. Overall, even though European
hottest extremes persist at elevated levels for centuries in net-zero
futures, as short delays in emissions cessation result in more intense
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extremes projected even centuries later, our results highlight the long-
term value of promptly reducing emissions.

data availability statement

ERA5 data is available on the Climate Data Store of the Copernicus
Climate Change Service at https://doi.org/10.24381/cds.adbb2d47.
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c.5 appendix

a) EUROPE ERA5 TXx record, 06.2021

b) NEU ERA5 TXx record, 06.1947

c) WCE ERA5 TXx record, 06.2019

d) EEU ERA5 TXx record, 06.2021

e) MED ERA5 TXx record, 06.2024

f) EUROPE ERA5 TXx record, 07.2010

g) NEU ERA5 TXx record, 07.2018

h) WCE ERA5 TXx record, 07.2022

i) EEU ERA5 TXx record, 07.2020

j) MED ERA5 TXx record, 07.2023

k) EUROPE ERA5 TXx record, 08.2010

l) NEU ERA5 TXx record, 08.2003

m) WCE ERA5 TXx record, 08.2012

n) EEU ERA5 TXx record, 08.2010

o) MED ERA5 TXx record, 08.2021
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Figure C.S1: Equivalent to figure C1, but for monthly TXx in the month of
June (first column), July (second column), and August (third
column).
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Table C1: Annual TXx statistics in Europe and its regions for ERA5 and
ACCESS-ESM-1.5 experiments, as shown in the time series in fig-
ure C2.

region data/experiment years mean [°c] std [°c] trend [°c/dec]

EUROPE

ERA5 1995-2024 1.4 0.7 0.62

hist+ssp585 (min, max) 1995-2024 (1.3, 2.5) (0.8, 1.4) (0.17, 1.3)

NZ2030 2030-3030 2.7 0.9 0.003

NZ2035 2035-3035 3.0 0.9 0.001

NZ2040 2040-3040 3.3 0.9 -0.001

NZ2045 2045-3045 3.6 0.9 0.000

NZ2050 2050-3050 3.9 0.9 -0.002

NZ2055 2055-3055 4.3 0.9 -0.003

NZ2060 2060-3060 4.8 0.9 -0.001

NEU

ERA5 1995-2024 1.0 1.2 0.53

hist+ssp585 (min, max) 1995-2024 (1.0, 3.1) (1.0, 2.0) (0.16, 1.45)

NZ2030 2030-3030 2.6 1.7 0.003

NZ2035 2035-3035 2.9 1.8 0.000

NZ2040 2040-3040 3.3 1.7 -0.004

NZ2045 2045-3045 3.6 1.8 -0.002

NZ2050 2050-3050 3.9 1.8 -0.003

NZ2055 2055-3055 4.4 1.9 -0.004

NZ2060 2060-3060 4.8 1.8 0.000

WCE

ERA5 1995-2024 2.1 1.0 0.73

hist+ssp585 (min, max) 1995-2024 (1.2, 3.2) (1.2, 2.1) (0.14, 1.5)

NZ2030 2030-3030 3.1 1.5 0.005

NZ2035 2035-3035 3.5 1.6 0.004

NZ2040 2040-3040 3.7 1.6 0.004

NZ2045 2045-3045 3.9 1.6 0.001

NZ2050 2050-3050 4.2 1.5 0.000

NZ2055 2055-3055 4.6 1.6 -0.002

NZ2060 2060-3060 5.1 1.5 0.003

EEU

ERA5 1995-2024 1.3 1.2 0.65

hist+ssp585 (min, max) 1995-2024 (1.1, 3.1) (1.2, 2.5) (-0.52, 1.85)

NZ2030 2030-3030 2.8 1.7 0.002

NZ2035 2035-3035 3.1 1.9 0.000

NZ2040 2040-3040 3.4 1.8 -0.002

NZ2045 2045-3045 3.7 1.8 -0.001

NZ2050 2050-3050 4.0 1.8 -0.004

NZ2055 2055-3055 4.4 1.8 -0.006

NZ2060 2060-3060 4.9 1.9 -0.004

MED

ERA5 1995-2024 1.3 0.7 0.54

hist+ssp585 (min, max) 1995-2024 (1.1, 2.0) (0.5, 1.1) (0.28, 0.93)

NZ2030 2030-3030 2.5 0.6 0.001

NZ2035 2035-3035 2.7 0.6 0.002

NZ2040 2040-3040 3.0 0.6 0.000

NZ2045 2045-3045 3.3 0.6 -0.001

NZ2050 2050-3050 3.6 0.6 -0.001

NZ2055 2055-3055 4.0 0.6 -0.001

NZ2060 2060-3060 4.5 0.6 0.000
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Figure C.S2: Equivalent to figure C2, but now an 11-year moving average is
applied to the annual values of TXx.
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Figure C.S3: Equivalent to figure C5, but now for fractions of attributable
risk.
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Table C2: Risk ratios (RR) and fractions of attributable risk (FAR) for all
net-zero ACCESS-ESM-1.5 experiments in Europe and its regions
as in figure C5 and figure C.S3, but specifically calculated at the
threshold given by the record in ERA5 for that particular region.

region era5 record [°c] experiment rr far

EUROPE 2.78

NZ2030 2.1 0.52

NZ2035 2.9 0.65

NZ2040 3.4 0.70

NZ2045 3.8 0.73

NZ2050 4.2 0.76

NZ2055 4.5 0.78

NZ2060 4.7 0.79

NEU 3.54

NZ2030 1.7 0.40

NZ2035 2.0 0.51

NZ2040 2.5 0.60

NZ2045 3.0 0.66

NZ2050 3.2 0.69

NZ2055 3.9 0.75

NZ2060 4.6 0.78

WCE 3.90

NZ2030 1.7 0.40

NZ2035 2.1 0.53

NZ2040 2.5 0.60

NZ2045 2.8 0.64

NZ2050 3.3 0.70

NZ2055 3.6 0.72

NZ2060 4.3 0.77

EEU 4.25

NZ2030 1.6 0.37

NZ2035 2.1 0.53

NZ2040 2.5 0.60

NZ2045 2.9 0.65

NZ2050 3.4 0.70

NZ2055 4.2 0.76

NZ2060 5.0 0.80

MED 3.33

NZ2030 2.3 0.56

NZ2035 4.8 0.79

NZ2040 10.8 0.91

NZ2045 15.1 0.93

NZ2050 22.5 0.96

NZ2055 27.9 0.96

NZ2060 31.4 0.97



C.5 appendix 125

2
0

2
4

6
8

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

Probability densitya)

1.
5°

C

N
EU

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

Probability densityb)

2°
C

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

TX
x 

an
om

al
y 

[°C
]

0.
00

0.
05

0.
10

0.
15

0.
20

Probability densityc)

3°
C

2
0

2
4

6
8

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

d)
W

CE

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

e)

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

TX
x 

an
om

al
y 

[°C
]

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

f)

2
0

2
4

6
8

0.
00

0.
05

0.
10

0.
15

0.
20

g)
EE

U

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

h)

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

TX
x 

an
om

al
y 

[°C
]

0.
00

0.
05

0.
10

0.
15

0.
20

i)

2
0

2
4

6
8

0.
0

0.
2

0.
4

0.
6

j)
M

ED

tra
ns

ie
nt

ea
rly

 s
ta

bl
e

la
te

 s
ta

bl
e

ER
A5

 re
co

rd

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

0.
0

0.
2

0.
4

0.
6

k)

tra
ns

ie
nt

ea
rly

 s
ta

bl
e

la
te

 s
ta

bl
e

ER
A5

 re
co

rd

2.
5

0.
0

2.
5

5.
0

7.
5

10
.0

TX
x 

an
om

al
y 

[°C
]

0.
0

0.
2

0.
4

0.
6

l)

tra
ns

ie
nt

ea
rly

 s
ta

bl
e

la
te

 s
ta

bl
e

ER
A5

 re
co

rd

Figure C.S4: Equivalent to figure C6, but each column is one European re-
gion: Northern Europe (first column), Western & Central Eu-
rope (second column), Eastern Europe (third column), and
Mediterranean (fourth column). Note that now the x-axis scales
are different in different rows.
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Figure C.S5: Equivalent plot to figure C4a, but now calculated separately for
the first (top) and last (bottom) 500 years.
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Figure C.S6: Equivalent to figure C2, but for the annual TX90p index. Per-
centiles are computed in the reference period (1961-1990) using
a centred 5-day running window for each day of the year, and
the spatial calculations and averages and performed as for TXx.
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Figure C.S7: Equivalent to figure C4, but for the annual TX90p index. Per-
centiles are computed in the reference period (1961-1990) using
a centred 5-day running window for each day of the year, and
the spatial calculations and averages and performed as for TXx.
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Figure C.S8: Equivalent to figure C5, but for the annual TX90p index. Per-
centiles are computed in the reference period (1961-1990) using
a centred 5-day running window for each day of the year, and
the spatial calculations and averages and performed as for TXx.
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