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Abstract in English

Dense water formation happens in the open water Arctic Ocean as a result of strong air-sea
fluxes. By substantially reducing air-sea exchanges, the sea ice determines the regions of
dense water formation; however, the sea ice is retreating fast under increased greenhouse
gas emissions. While recent studies indicate that the Arctic could be an important source of
dense water for the Atlantic Meridional Overturning Circulation (AMOC), it is unclear how
the changes in dense-water formation under sea-ice retreat impact the overturning. This can

be explained by the lack of studies looking at the overturning in the Arctic.

In Paper |, we present a method to study the northernmost extension of the AMOC in a
model using a tripolar grid and apply it to a simulation of EC-Earth-PISM forced with a
high emission scenario (RCP8.5) to investigate the effect of the winter sea-ice retreat on the
circulation. With this new method, we capture the Arctic overturning north of the Greenland-
Scotland Ridge, and name it the Arctic Meridional Overturning Circulation (ArMOC). We
show that the sea-ice retreat leads to a northward shift in dense-water formation sites and
a transient enhancement of the ArMOC until 2100. We further suggest that the ArMOC

strengthening reduces the overall weakening of the AMOC in a future warming climate.

To account for model variability, we extend the analysis of Paper | to eight CMIP6 models
forced with a similar high-emission scenario (SSP5-8.5) in Paper II. Using water mass trans-
formation calculations based on the outcrop of dense layers and associated surface fluxes
during winter, we show that the ArMOC strengthens consistently with the increase in dense-
water formation north of the Greenland-Scotland Ridge. However, there is a large model
spread in the timing and amplitude of the ArMOC strengthening, which reflects on the heat
transport into the Arctic. In addition, the ArMOC starts weakening before the year 2050 in

the majority of the models, in contrast to Paper I.

In Paper Ill, we further investigate the relation between sea ice and overturning by analyzing
a simulation reproducing a rapid sea-ice retreat consistent with a past abrupt warming event
from the last glacial period. The release of freshwater in the North Atlantic and Nordic
Seas forces a cold state with winter sea ice covering the entire North Atlantic, and the

termination of the freshwater forcing triggers the transition toward warmer condition and an
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ice-free Nordic Seas. In this simulation, the appearance of deep convection as sea ice retreats
strengthens the AMOC and activates an estuarine (salinity-driven) overturning circulation

that enhances the stratification and temporarily inhibits convection.

Based on the results of the three papers, | conclude that the ArMOC depends on dense-water
formation and Arctic stratification, both of which are tightly linked to the sea-ice cover. |
suggest further investigations of the mechanism leading to an ArMOC enhancement, since
it impacts the heat transport into the Arctic, and therefore, the sea-ice reduction, and could
delay the AMOC weakening. In addition, these results highlight the need for an improved

representation of the Arctic stratification in models.



Abstract in Norwegian

Ved & begrense varmeutvekslingen mellom hav og atmosfaere bestemmer sjgisen omradet
for dannelse av dypvann i Arktis. Under gkte klimagassutslipp trekker sjgisen seg nordover.
Mens nyere studier tyder pa at Arktis kan veere en viktig kilde til dypvann som mater den
nedre grenen av den Nord-Atlantiske omveltningssirkulasjonen (AMOC), er det uklart hvordan
redusert sjgis-dekke vil pvirke omveltningen. Dette kan forklares med mangelen pa studier

som ser pa Arktis sitt bidrag til omveltningssirkulasjonen.

| Paper | presenterer vi en metode for & studere den nordligste forlengelsen av AMOC i en
modell med et tripolart modell-grid. Metoden brukes pé en simulering av EC-Earth-PISM med
et hgyutslippsscenario (RCP8.5) for & undersgke effekten av redusert sjgis pa sirkulasjonen.
Med den nye metoden fanger vi opp den arktiske omveltningen nord for Grgnland-Skottland-
ryggen og gir denne navnet Arctic Meridional Overturning Circulation (ArMOC). Vi viser at
sjgisens tilbaketrekning fgrer til en forflytning av omrader med dypvannsdannelse nordover og
en forbigdende styrking av ArMOC frem til 2100. Vi foreslédr videre at styrkingen av ArMOC

reduserer den generelle svekkelsen av AMOC i et fremtidig varmere klima.

For & ta hgyde for modellforskjeller utvider vi analysen i Paper | til &tte CMIP6-modeller med
et lignende hgyutslippsscenario (SSP5-8.5) som i Paper |. Vi viser at ArMOC styrker seg
konsekvent med gkningen av dypvannsdannelse nord for Grgnland-Skottland-ryggen, evaluert
ved hjelp av vannmassetransformasjons beregninger. Det er imidlertid store modellforskjeller
i timingen og magnituden til styrkningen av ArMOC, noe som gjenspeiles i varmetransporten
inn i Arktis. | motsetning til Paper I, begynner ArMOC & svekkes fgr ar 2050 i flertallet av

modellene.

| Paper Il undersgker vi videre forholdet mellom sjgis og omveltning ved & analysere en
simulering som gjenskaper en rask tilbaketrekning av sjgis i samsvar med en tidligere brad op-
pvarming under den siste istiden. Utslipp av ferskvann i Nord-Atlanteren og den nordiske
hav tvinger fram en kald tilstand med vinter-sjgis som dekker hele Nord-Atlanteren, og ter-
minering av ferskvannspadrivet utlgser overgangen mot varmere tilstander og et isfritt Nordisk
hav. | denne simuleringen styrkes utseendet til dyp konveksjonen nar havis trekker seg tilbake,

AMOC styrkes og det aktiverer en estuarin (saltholdighetsdrevet) omveltningssirkulasjon som
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forsterker stratifiseringen og midlertidig hemmer konveksjon.

Basert pa resultatene fra de tre artiklene som utgjgr denne doktorgradsoppgaven, konkluderer
jeg med at ArMOC er avhengig av dypvannsdannelse og den arktiske stratifiseringen, som
igjen er tett knyttet til sjgisen. Jeg foreslar ytterligere undersgkelser av mekanismen som fgrer
til en ArMOC-styrking, fordi dette pavirker varmetransporten inn i Arktis og dermed ogsa
reduksjonen av sjgis. | tillegg fremhever resultatene behovet for en forbedret representasjon

av den arktiske stratifiseringen i modeller.
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Chapter 1

Introduction

1.1 From the Atlantic to the Arctic: motivations

In the North Atlantic, the Atlantic meridional overturning circulation (AMOC) refers to
the northward transport of relatively warm water in the upper ocean (Atlantic water) and
the southward transport of colder water at depth (North Atlantic deep water). Because
of the difference in temperature of these two water masses, the overturning is associated
with a net northward heat transport contributing to about 70% of the global oceanic heat
transport (Ganachaud and Wunsch, 2003). Key elements of the northern limb of the Atlantic

overturning circulation are shown in Figure 1.1.

Fluctuations in the AMOC have been linked to multidecadal changes in sea surface temper-
atures across the North Atlantic, a phenomenon known as Atlantic Multidecadal Variability
(Zhang et al., 2019). Consequently, AMOC variations have far-reaching consequences for
Arctic sea ice and surface air temperature over Europe, North America, and Asia on these
time scales. Meanwhile, reconstructions of AMOC strength, based on proxy records, indicate
large variations of the AMOC in the past (Caesar et al., 2021) and in particular during abrupt
climate shifts of the last glacial period (Lynch-Stieglitz, 2017). Further, the AMOC has been
considered as one of the potential drivers behind these abrupt climate shifts (Rahmstorf,
2002). Therefore, the structure, variability, and driving mechanisms of the AMOC have gar-
nered substantial scientific attention over the past several decades (Buckley and Marshall,
2016; Zhang et al., 2019; Johnson et al., 2019; Jackson and Petit, 2023).

The importance of the AMOC has motivated the deployment of several mooring arrays across
the Atlantic, providing continuous observations of the overturning at specific latitudes. The
first array was deployed in 2004 at 26°N to monitor the heat transport associated with the
Gulf Stream (RAPID program; Cunningham, 2008). However, modeling studies suggest that



2 Introduction

=

ARCTIC
OCEAN

«/ :
IRMINGER &
ICELAND |

ATLANTIC

Figure 1.1: Main surface (plain arrows) and deep (dashed arrows) currents in the North
Atlantic and Arctic Ocean. The colors of the arrows indicate different water characteristics:
warm and saline (red), cold and saline (blue), and cold and fresh (light blue). In the North
Atlantic, the currents are associated with horizontal wind-driven circulations: the Subtropical
(STG) and Subpolar (SPG) gyres. In addition, light blue coloring indicates the approximate
position of the winter sea-ice cover and the purple-blue-filled circles show regions of high
water-mass transformation.

the overturning variability varies with latitude, with a shift at 40°N, suggesting a change in
the forcing mechanisms (Bingham et al., 2007). Therefore, an array was deployed in 2014 in
the subpolar region (Overturning in the Subpolar North Atlantic Program, OSNAP; Lozier
et al., 2019) across the Labrador Sea (OSNAP-West) and between Greenland and Scotland
(OSNAP-east). Estimates of the mean Arctic overturning circulation (Eldevik and Nilsen,
2013; Tsubouchi et al., 2023) were also made possible since the mid-1990s by the systematic
monitoring of volume transport across the Greenland-Scotland Ridge (@sterhus et al., 2019)
and across the Bering Strait (Woodgate, 2018). While these arrays play a fundamental role
in the study of ocean overturning, the observation period is still too short to disentangle
trends from interannual or decadal variability. Consequently, climate models remain key in

our understanding of overturning changes in a warming climate.

The underlying mechanisms of AMOC variability depend on both timescale and region (Buck-
ley and Marshall, 2016; Kostov et al., 2021). On seasonal to interannual timescales, AMOC
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variability is primarily the response to local wind forcing, while the transformation of water-
masses toward higher densities (dense-water formation) becomes more important on decadal,
and higher, timescales. At high latitudes, dense-water formation is associated with the pro-
duction of North Atlantic deep water and has canonically been thought to take place through
deep convection in the Labrador and Greenland Seas (Buckley and Marshall, 2016; Johnson
et al., 2019). However, recent observations from the OSNAP array suggest that Labrador
Sea convection contributes minimally to the strength of the Atlantic meridional overturning
circulation and that the source waters of the AMOC lower limb mainly originate from the
transformation of Atlantic water north of the OSNAP array (Lozier et al., 2019). This trans-
formation takes place both in the Irminger and Iceland Seas (Petit et al., 2020) and in the
Nordic Seas (Chafik et al., 2019), but model results also suggest a substantial contribution
from the Arctic basins (Zhang and Thomas, 2021).

For the future, climate models project a weakened overturning circulation in the North Atlantic
under increased greenhouse gas emissions (Weijer et al., 2020; Asbjgrnsen and Arthun, 2023).
Moreove, certain studies suggest the possibility of a tipping point and the potential for an
AMOC collapse (Ditlevsen and Ditlevsen, 2023). However, the likelihood of this occurrence
is presently a subject of ongoing debate and intensive investigation. Meanwhile, present and
future overturning changes in the Arctic domain remain largely unexplored (Bitz et al., 2006;
Eldevik and Nilsen, 2013; Haine, 2021), despite climate change being most pronounced in
this region (Rantanen et al., 2022).

In this dissertation, | will investigate the overturning circulation north of the Greenland Scot-
land Ridge, an overturning hereby referred to as the Arctic meridional overturning circulation
(ArMOC). The Arctic region has a unique hydrography, as detailed in Section 1.2, includ-
ing the interplay of Atlantic water transformation and circulation with sea ice processes, as
discussed in Section 1.3. While rapid and profound changes are projected in the Arctic un-
der global warming (see Section 1.2), there are examples from the last glacial period where
changes of comparable magnitude are thought to have been influenced in a significant way

by the overturning circulation (see Section 1.5).

1.2 The Arctic Ocean and its water masses

In this work, | define the Arctic Ocean as the seas and basins located between the Greenland-
Scotland Ridge (GSR) and the Bering Strait (Fig. 1.2). The term Arctic Ocean is often used
to refer to the Arctic basins (Eurasian and Canadian basins), and sometimes includes the
contiguous shelf seas (Beaufort, Chukchi, East Siberian, Laptev, Kara, and Barents Seas).

Including also the Nordic Seas (Norwegian, Greenland, and Iceland Seas), the region has been
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Figure 1.2: Map of the Arctic Ocean restyled after Rudels and Quadfasel (1991). The light
blue and dark blue contour lines indicate the 500 m and 2000 m isobaths. Both the Bering
Strait and the Nares Strait are shallower than 500m. The GSR presents deeper sections
between the Faroe and Shetland islands (Faroe Shetland Channel, 850 m) and in the west
between Greenland and Iceland (Denmark Strait, 650 m).

referred to as the Arctic Mediterranean Sea by Aagaard et al. (1985). These different terms
are used to unify regions sharing similar hydrography, bathymetry, or processes. However, the
hydrography is dependent on the climatic conditions and has likely varied through time. For
example, some parts of the Arctic basins may have a hydrography resembling the Atlantic’s
hydrography in the future (see Section 1.3), and conversely, the Nordic Seas might have
looked more like the Arctic basins during cold periods of the last glacial (Dokken et al., 2013).
On the other hand, the GSR is a clear limit between the wide and deep Atlantic Ocean, and
the patchwork of seas, narrow passages, and ridges present farther north. This topographic
barrier has been limiting exchange between the Atlantic and the Arctic Mediterranean for at
least 12 Ma before present (Uenzelmann-Neben and Gruetzner, 2018) and roughly coincides
with the Arctic Circle (66°N). Here, | use the GSR as the southern limit of the Arctic Ocean
in the Atlantic.
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Figure 1.3: Sketch of the typical water column structure in the Arctic basins (Canadian
and Eurasian basins) based on Bluhm et al. (2015): a cold and fresh layer (Polar water) is
separated from a warm and saline intermediate layer (Atlantic water) by a cold layer with a
strong gradient of salinity (the cold halocline). Below 600 m, the ocean is filled with relatively
cold and saline water (Arctic deep and bottom waters).

-

In contrast to the tropics, precipitation exceeds evaporation in the polar regions, resulting
in anomalously fresh surface water. This effect is amplified in the Arctic Ocean since it
is surrounded by a large catchment area for precipitation, discharging additional freshwater
through river runoff (Rudels and Carmack, 2022; Nummelin et al., 2017). As a result of
reduced insolation at high latitudes, the Arctic Ocean is anomalously cold: an effect that is
amplified by the presence of sea ice reflecting solar radiation. This imbalance in freshwater
and heat is partly compensated by the exchange with the Atlantic Ocean (see Fig.1.1 and
Section 1.3).

The Arctic Ocean is characterized by its three largest water masses (Haine, 2021). The
Atlantic water is limited to the top 700 m in the Arctic Ocean due to the GSR limiting the
inflow. Meanwhile, the Atlantic water is relatively warm (> 0°C; Rudels, 2015) and thus
lighter (more buoyant) than the underlying Arctic deep and bottom waters.

In the Arctic basins, the Atlantic water is replaced by a fresh and highly buoyant layer of Polar
water at the surface (Fig. 1.3). The Polar water is the product of Atlantic water mixing with
freshwater from the large rivers runoff in the Arctic as well as meltwater from the Greenland
ice sheet and seasonal sea ice. The cold temperature of the Polar water (< 0°C; Rudels,
2015) is maintained by the contact with perennial sea-ice cover, and it is isolated from the
underlying Atlantic water by a similarly cold layer presenting a strong salinity gradient: the

cold halocline.



6 Introduction

Cooling

(a) 2.pw

Polar
outflow 2.55v Greenland

Atlantic Estuarine circ.

Overturning
circulation

3.0wW

Overflow

Figure 1.4: The overturning circulation and estuarine circulation in the Arctic as seen by Elde-
vik and Nilsen (2013). In this system, 8.5 Sv of Atlantic water enters the Arctic Ocean. 6 Sv
of this inflow densifies through cooling and exits the Arctic as Overflow water (overturning
circulation) while 2.5Sv is mixed with freshwater and returns south via the East Greenland
Current (estuarine circulation).

The salinity gradient results in strong layering in density (stratification), which is a funda-
mental characteristic of the Arctic Ocean. In addition, the export of cold and fresh Polar
water through the East Greenland Current (Fig.1.1) promotes sea-ice formation along its

way by isolating the sea ice from the warm Atlantic water.

If the stratification were to break, it would lead to sea-ice retreat, by exposing the surface
layers to the warm Atlantic water (Polyakov et al., 2017; Dokken et al., 2013). The hydrog-
raphy of the different basins in the Arctic and the presence of sea ice are thus tightly linked
to the freshwater input to the Arctic Ocean as well as the circulation and inflow of warm

Atlantic water.

1.3 The Arctic overturning circulation

The mean circulation in the Arctic and exchange with the Atlantic Ocean can be described
through the concept of double estuarine circulation (Carmack and Wassmann, 2006; Rudels,
2010; Eldevik and Nilsen, 2013; Fig.1.4). In the double estuarine circulation, the circulation
is divided into two cells: the estuarine circulation and the ("anti-estuarine”) overturning
circulation. These two cells present opposing directions of circulation, each driven by different

buoyancy forcing mechanisms.

The estuarine circulation is a salinity-driven cell, usually seen as a horizontal circulation. It is
sometimes referred to as estuarine overturning circulation (Wilson and Straneo, 2015; Grawe
et al., 2016; Muchowski et al., 2023) as it also has a small vertical signature. In this cell,
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Figure 1.5: Sketch presenting key physical processes occurring in the Arctic Ocean (inspired
by Aagaard et al., 1985) and setting the hydrography of the different regions: the Polar water
is the result of high freshwater flux to the Arctic (precipitation-evaporation and river runoff)
and limited mixing with the Atlantic water due to the presence of the halocline and sea ice,
while the Arctic bottom water comes from the densification of Atlantic water (through deep
convection and entrainment by brine enriched shelf water). Some of the Arctic bottom water
exits the Arctic Ocean as dense overflow while the rest remains trapped by the GSR.
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the Atlantic water enters the Arctic Ocean through the Norwegian Atlantic Current (Fig.1.1)
and mixes with colder and fresher waters close to Svalbard and in the Barents Sea. The
resulting water mass (Polar water) is more buoyant and is then exported southward at the
surface within the East Greenland Current (Fig. 1.1). In depth space, this circulation appears

anti-clockwise with a relative upward motion of the Atlantic water.

The overturning circulation is a thermally-driven cell, which has both horizontal and verti-
cal components. Referred to as the Arctic overturning and ArMOC in Section 1.1, this cell
corresponds to the northernmost extension of the AMOC and constitutes the central focus
of interest in this dissertation. Within this circulation cell, Atlantic water undergoes a pro-
cess of densification and downward motion as it traverses the Arctic Ocean (Fig.1.1). The
densification of Atlantic water occurs through two processes: heat loss and entrainment by
brine-enriched shelf water (Fig.1.5).

During winter, the heat loss to the atmosphere is stronger, especially in the presence of
powerful and cold winds originating from the land or sea-ice cover. In the case of strong
cooling and weak stratification, larger-scale mixing is initiated, referred to as deep convection.
Deep convection involves an entrainment of Atlantic water, sometimes all the way to the sea
floor, and has been observed in the North Atlantic (Labrador Sea; Vége et al., 2009), in the
Nordic Seas (Greenland Sea; Brakstad et al., 2019), and more sporadically in the Irminger
Sea (de Jong and de Steur, 2016).

In the Arctic basins, the perennial sea-ice cover reduces air-sea interactions and mechanical
mixing induced by wind, consequently inhibiting the occurrence of deep convection. However,
the Arctic shelves are places of high sea-ice production where winds maintain open water
conditions by exporting the sea ice formed. The salt expelled (brine) as sea ice forms becomes
substantial and results in the formation of denser water. This water is entrained down the

slope toward the deeper basins, mixing with the relatively warm Atlantic water.

The dense water formed contributes to renewing the Arctic deep and bottom waters and
feeds the Atlantic Water Boundary Current (Fig. 1.1). It is exported southward through the
Fram Strait before it finally exits the Arctic as dense overflow water at the GSR (Fig.1.4).
The ArMOC's strength at the GSR was estimated to be approximately 6 Sv by @sterhus et al.
(2019).

1.4 The changing Arctic

The Arctic is currently warming four times as fast as the global mean (Rantanen et al.,

2022) and is transitioning to a new, warmer, seasonally ice-free climate state (Landrum and
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Holland, 2020). The changing Arctic climate has possible implications for the structure and
strength of the Arctic overturning circulation (Shu et al., 2022) and small biases in climate
models can have great implications for future projections. In addition to changes to the
circulation, a reduction of the sea-ice cover will greatly affect marine ecosystems and fauna
(Ingvaldsen et al., 2021).

A retreating sea-ice cover is a visible manifestation of ongoing Arctic climate change. The
sea-ice reduction over the last four decades can be quantified and visualized thanks to the
development of satellite remote sensing. Services, such as those of the National Snow &
Ice Data Center, provide daily updates and basic analysis of the state of Arctic sea-ice cover
(http://nsidc.org/arcticseaicenews/). Based on these data, it has been found that
the Arctic sea ice cover has decreased in all seasons and all regions since satellite observations
started in 1979 (Comiso et al., 2017; Onarheim et al., 2018). Figure 1.6 shows for example
the mean sea-ice extent in March 2023 compared with the mean sea-ice edge since 1981. As
reported in previous studies (e.g., Onarheim et al., 2018), we see a clear retreat of the winter
sea-ice edge in the Barents Sea, especially in the direction of the Kara Sea. In addition,
two areas north of Svalbard, at the boundary between the Barents Sea and the Eurasian
Basin, are now free of sea ice (e.g., Onarheim et al., 2014). The sea-ice retreat is currently
more dramatic during summer than winter. Overall, the winter (maximum) and summer
(minimum) sea-ice extent have been reducing at a rate of 2.5% and 10.8% per decade,
respectively, between 1979 and 2016 (Comiso et al., 2017). Moreover, the shrinking of the
sea-ice cover has been accompanied by a reduction in the presence of thicker multiyear sea
ice. (Lindsay and Schweiger, 2015; Kwok, 2018) report a reduction of the annual mean sea-
ice thickness of 65% in the Arctic basins during the period from 1975 to 2012. Under further
emissions, these trends are expected to continue. Ultimately, the Arctic is expected to become
seasonally free of sea ice before the year 2050, according to the Coupled Intercomparison
Model Phase 6 (CMIP6) models that best capture the observed sea-ice retreat (Notz and
SIMIP Community, 2020). It should be emphasized that the sea-ice cover in both summer
and winter is exposed to large natural variability on interannual to multidecadal timescales
(Laxon et al., 2003; Barnhart et al., 2016; Arthun et al., 2019; Wettstein and Deser, 2014:
Ding et al., 2017). This variability translates into large uncertainty in the timing of ice-free
conditions (Arthun et al., 2021).

The retreat of the sea-ice edge observed in Figure 1.6 is reminiscent of the location of the
warm surface currents in the Arctic Ocean (Fig.1.1), and several studies have related the
retreating winter sea-ice cover in the Barents Sea to enhanced ocean heat transport into the
region (e.g., Arthun et al., 2012; Smedsrud et al., 2013). Observations from recent decades
indicate that the ocean heat transport toward the Arctic has increased ( Tsubouchi et al.,
2020; Smedsrud et al., 2022) and this increased influence of Atlantic water in the region
has been termed an "Atlantification” of the Arctic Ocean (Arthun et al., 2012; Polyakov
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et al, 2017). Model studies furthermore suggest that the Atlantification of the Arctic is
expected to continue in the future (Muilwijk et al., 2023). One of the main manifestations
of Atlantification is a weakening of the water column stability in the Barents Sea (Lind et al.,
2018) and Eurasian Basin (Polyakov et al., 2017). A continued Atlantification of the Arctic
could therefore potentially lead to a breakdown of the water column structure presented in

Figure 1.3 with implications for ocean convection and water mass transformation.

The ongoing sea-ice retreat along the margins of the Arctic Ocean also leads to further
cooling and modification of the warm Atlantic waters (Vage et al., 2018; Pérez-Herndndez
et al., 2019). As the transition towards a seasonally ice-free Arctic Ocean continues, enhanced
water mass transformation can thus be expected, leading to a possible strengthening of the
Arctic overturning circulation (e.g., Bitz et al., 2006; Brodeau and Koenigk, 2016; Lique and
Thomas, 2018). The Arctic overturning circulation could therefore be a stabilizing factor in a
weakening AMOC, highlighting the importance of understanding its drivers and its response

to climate change.

1.5 Past abrupt warming in the Arctic

The current warming rate experienced by portions of the Arctic (1°C per decade; Jansen
et al., 2020) is comparable to the natural abrupt climate transitions that occurred during
the last glacial period and known as Dansgaard—Oeschger (D-O) events (Fig.1.7). The
footprint of D-O events was first identified in Greenland ice cores (Bond et al., 1993) and are
associated with rapid sea-ice retreat (Dokken et al., 2013). Understanding the mechanisms
at play during these past rapid climate shifts can give us insight into the current and projected

Arctic sea-ice retreat (Jansen et al., 2020).

D-O events happened regularly between 60-27 kyr before present and resulted in major dis-
ruptions of the North Atlantic climate. A D-O cycle lasts between 400 and 2600 years (Wolff
et al., 2010) and is composed of a cold and relatively stable phase (the stadial), an abrupt
warming (the D-O transition or D-O event) to a relatively warm phase (the interstadial), fol-
lowed by a more or less abrupt cooling back to stadial conditions (Lohmann and Ditlevsen,
2019). The D-O warming is characterized by a sustained temperature increase of about 1°C
per decade (see periods stressed in red in Fig. 1.7) and can lead to a maximum temperature
increase of 16.5°C on the Greenland ice sheet (D-O 10, Kindler et al., 2014). Proxy-based
studies indicate that the temperature oscillations in Greenland are tightly linked to the ad-
vance and retreat of the sea-ice cover (Hoff et al., 2016). In particular, Dokken et al. (2013)
highlight the presence of an extensive sea-ice cover in the Nordic Seas during the stadials,

based on the presence of a cold halocline, contrasting with sea-ice free conditions during the
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Figure 1.7: Past and future temperatures at the NGRIP deep ice coring site in Greenland,
with a close-up on the transition from the Heinrich stadial 4 to the Greenland interstadial
8 at 38ky before present (Jansen et al., 2020). The red lines stress the periods of abrupt
warming (1° per decade, or more, sustained for at least 40 years).

interstadials. Dokken et al. (2013) further show that there is a gradual warming of the sub-
surface in the Nordic Seas during the stadial period, followed by a warm overshoot at the
onset of the interstadial period. As a result of a weakening of the water column stratifica-
tion, sea ice could retreat abruptly and lead to the release of the accumulated subsurface
heat (Bassis et al., 2017).

The changes in the sea-ice cover have also been associated with changes in dense-water
formation (Li and Born, 2019; Sadatzki et al., 2019), which in turn modulates the AMOC
strength. In fact, the AMOC has long been proposed as the main driver of the D-O oscillations
(Rahmstorf, 2002). In this scenario, an AMOC strengthening (resp. weakening) results in
increasing (resp. decreasing) heat transport into the North Atlantic and Nordic Seas, thereby
accelerating sea ice melting (resp. growth) and heat loss to the atmosphere. Proxy data
suggest the existence of several AMOC modes during the last glacial period (Bshm et al.,
2015): a strong AMOC mode associated with dense-water formation in the Nordic Seas
during the interstadial periods; a shallow and weak AMOC mode during the stadial periods;
and an off-mode associated with periods of large iceberg discharges called Heinrich events
(Heinrich, 1988).

The transition from a strong to a weak AMOC mode, hence from warm interstadial to
cold stadial, has been linked to anomalous freshwater fluxes associated with episodes of
ice-sheet retreat and enhanced calving (Birchfield et al., 1994). When directed at dense-
water formation regions, an anomalous freshwater flux could indeed suppress convection
(Roche et al., 2010) and as a result, induce an AMOC weakening. In climate models,

freshwater hosing experiments have emerged as an efficient way to trigger abrupt climate
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transitions (Manabe and Stouffer, 1995). The amount of freshwater needed to obtain a
significant AMOC weakening is strongly model dependent (Kageyama et al., 2010) and only
a few models manage to obtain the observed climatic response with realistic values for the
freshwater (Obase and Abe-Ouchi, 2019; Romé et al., 2022). In addition, it was shown that
the AMOC weakening precedes the arrival of icebergs and the required surface freshening by
1000 years (Marcott et al., 2011), which questions the input of freshwater as a mechanism

to explain the observed abrupt transitions of the last glacial.

In this dissertation, | do not have the ambition to determine the main driver of D-O cyles,
instead, | study the mechanisms at play during one D-O event, focusing on the interactions be-
tween sea ice and the overturning circulation, with particular attention to the Arctic. Studies
focusing on the Arctic overturning changes accompanying the transition are lacking. Evalu-
ating the overturning locally could be all the more interesting in a transition from Heinrich
stadial to interstadial since Heinrich stadials are associated with a strongly reduced AMOC.

In addition, the anomalous freshwater fluxes could also impact the estuarine circulation.

Given that the D-O events are the largest and most abrupt climate shifts as of yet recorded
in the Arctic, they could also shed light on the current accelerating trends of sea ice retreat

and rapid warming currently observed in the Arctic.
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Chapter 2

Objectives and methods

2.1 Objectives

The main objective of this thesis is to provide new insights into the overturning circulation in
the Arctic, and in particular, its dependency on the sea-ice cover. To this end, | will endeavor

to answer the following questions:

e How can we assess the overturning in the North Atlantic and Arctic regions? (Paper |)

e How does the Arctic overturning change under future sea-ice retreat and what are its

main drivers in climate models? (Papers 1&I1)

e Are there similarities between future and past circulation in the Arctic under rapid

sea-ice retreat? (Paper )

e What are the effects of enhanced freshwater flux on the Arctic overturning? (Papers

1&I11)

2.2 Data

To answer the objectives of this thesis, we use climate model simulations of present and
future climate change (Papers 1&11) and of climate change during the transition from stadial
to interstadial conditions (Paper IIl). These simulations were carried out with earth system
models from eight families of models: EC-Earth (EC-Earth-PISM in Paper |, EC-Earth3
in Paper 1), NorESM (NorESM2-MM in Paper II, NorESM1-F in ), IPSL-CM6,
UKESM1-0-LL, ACCESS-ESM1-5, CanESM5, and MRI-ESM2-0.
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Section 2.2.1 and Section 2.2.2 give more insights into the simulation’s differences and their

credibility.

2.2.1 Model simulations

In Papers | and Il, we use model simulations from the Coupled Model Intercomparison Project
phase 5 (CMIP5; Taylor et al., 2012) and phase 6 (CMIP6; Eyring et al., 2016) archives,
respectively. The models were configured in accordance with the protocols of the 5! or
the 6" phase of the Coupled Model Intercomparison Project, which represent the current
state-of-the-art in terms of climate projections. The models were forced with pre-industrial
atmospheric forcing conditions until the years 2006 (Paper |) or 2014 (Paper 1), and with
high-emission scenarios on-wards (RCP8.5 in Paper |, ssp5-8.5 in Paper Il) to ensure a sub-
sequent sea-ice retreat. This choice of RCP and SSP scenarios, as opposed to a 4xCO,
experiment for example, allows for a more realistic representation of the timing of sea-ice

changes in response to increasing emissions, aligning better with observed climate trends.

In Paper |, the model (EC-Earth2.3; Hazeleger et al., 2012) is coupled to a dynamic Greenland
ice sheet model (PISM) and run until 2300 to evaluate the impact of additional freshwater
flux resulting from the ice sheet melting. In addition, the length of the simulation has the
advantage of capturing the entire transition to perennially ice-free conditions in the Arctic.
In Paper |, using only one model is valuable to formulate and define feedback mechanisms in
the Arctic.

In contrast, using several earth system models in Paper Il allows us to test the robustness
of the overturning response to sea-ice retreat. The selection of models was constrained by
the grid of the models (tripolar grid) and the availability of the horizontal mass transport
variable at the time of the study. The tripolar grid is a pre-condition for the method used to
evaluate the Arctic overturning, as elaborated upon in Section 2.2.3. In addition, it allows

for a higher horizontal resolution in the Arctic (Murray, 1996).

Out of the eight models considered, five models use a variation of NEMO as the ocean
model (Table 2.2), implying similar vertical mixing schemes (turbulent kinetic energy scheme;
Madec et al., 1998); however, they present different horizontal resolution in the ocean and
different sea-ice component. Some more diversity is obtained with MRI-ESM2-0, ACCESS-
ESM1-5, and NorESM2-MM which have different ocean components, vertical and horizontal
resolutions, and sea-ice components. In addition, ACCESS-ESM1-5 and NorESM2-MM use
the K-Profile Parameterization vertical mixing scheme. Overall, these models exhibit a wide
range of behavior in terms of e.g., overturning strength and Arctic sea-ice extent (Table 2.2.2;
section 2.2.2), reflecting the diversity observed within the CMIP6 dataset (Weijjer et al., 2020;
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Figure 2.1: Winter (March) sea-ice extent and mixed-layer depth during the stadial (a) and
interstadial (b) period. The stadial period shows the equilibrium conditions 350yrs after
the start of the freshwater forcing and the interstadial period the return to the MIS3 initial
conditions, 150yrs after the termination of the freshwater forcing. The region where the
freshwater was injected is indicated with blue dots.

Notz and SIMIP Community, 2020; Asbjsrnsen and Arthun, 2023).

In Paper Ill, a 800 yrs freshwater hosing experiment was conducted employing a fast version
of NorESM1-M (CMIP5 version of NorESM; Bentsen et al., 2013) with the aim of replicating
an abrupt warming event that bears resemblance to Dansgaard-Oeschger (DO) events. In
NorESM-F, (Guo et al., 2019a) improved the model’s efficiency by increasing the model year
per day (< 40 to 90) to allow for a multi-millennial experiment, and (Guo et al., 2019b) forced
the model for 500 yrs with a background climate representative of the Marine Isotope Phase
3 (MIS3) to reach a relatively warm climate state (interstadial). Here, the experiment was
branched off from the MIS3 equilibrium experiment and forced for 500 yrs with a freshwater
flux of 0.33 Sv (1Sv= 1 x 10°m3s™!); evenly distributed between 50°N and 70°N) leading to
a full stadial-like state with extensive sea-ice cover (Fig.2.1a). The freshwater flux was tuned
to obtain a weaker AMOC and extensive winter sea-ice cover in line with stadial conditions.
Freshwater forcing of the same order of magnitude and in the same region are commonly
been used to obtain an AMOC shutdown (0.22Sv, Van Meerbeeck et al., 2009; 0.3 Sv,
Kageyama et al., 2010; 0.1Sv Manabe and Stouffer, 1997). After the freshwater forcing
interruption, the simulation is prolonged for another 300 yrs which results in the recovery of
the interstadial conditions (Fig.2.1b). The recovery phase intends to reproduce a stadial-to-
interstadial transition and can therefore be compared with proxy records, which is a distinct

advantage inherent to paleoclimate studies.
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2.2.2 Model evaluation

models AMOC 26 AMOC decline March SI ISR BO
EC-Earth2.3 X X 14.94 X
CanESM5 12.29 -49% 15.94 X
EC-Earth3 17.37 X 15.22 6.6 2.8
MRI-ESM2-0 17.34 X 14.24 6.7 3.9
UKESM1-0-LL 16.42 -43% 16.34
ACCESS-ESM1-5 19.01 -33% 14.5
CNRM-CM6-1 16.30 -55% 15.75
ISPL-CM6A-LR 12.35 -38% 15.12 6.5 4.7
NorESM2-LM 20.55 -52% 14.04 37 138
CMIP6 MMM 17.7 15.46 X X
std deviations 0.8 2.01
Observations 17.4 14.35 34 26
std deviations 0.4 0.54 1.4 09

Table 2.2: Mean maximum overturning strength at 26°N (in Sverdrup) for the time period
2005-2014 and percent decline in 2081-2100 compared to the historical (1850-2014) mean
(Weijer et al., 2020), mean sea-ice extent in March and September (million km?) over the
period 1979-1998 (Notz and SIMIP Community, 2020) and transport across the lceland-
Scotland Ridge (ISR) and Barents sea opening (BO) for the period 1986-2005 (Madonna
and Sandg, 2022). The models that do not use NEMO are highlighted in bold and missing
values are indicated with a cross. Multimodel mean (MMM) includes 27 models for the
AMOC at 26°N and 40 models for the March sea-ice extent

The state-of-the-art climate models are known to struggle to represent the key characteristics
of the Arctic Ocean (Heuzé et al., 2023; Khosravi et al., 2022). In particular, CMIP6 models
do not represent well the Arctic stratification (Muilwijk et al., 2023), they have too cold
and deep intermediate Atlantic Water layers, and their bottom water masses are too warm
(Heuzé et al., 2023). In this context, | list below some key results highlighting the strengths
and weaknesses of the models used in this dissertation and CMIP models in general, focusing

on the AMOC, dense-water formation, and sea-ice extent.

There is a positive bias in sea-ice extent in CMIP models that increased from CMIP5 to
CMIP6 (Shen et al., 2021). However, the CMIP6 model spread in sea-ice extent captures
the observational estimate and the sensitivity of the sea-ice cover to warming is closer to the
observed values compared to the CMIP5 models (Davy and Outten, 2020; Notz and SIMIP
Community, 2020). In our subset of models (Table 2.2.2), the models that do not use NEMO

as an ocean model have less sea ice in winter.
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There are big variations within CMIP6 models regarding the strength and location of deep
convection (Fig.2.2). Some models have no, or very weak, deep convection in the Labrador,
Iceland, and Irminger Seas (CanESMS5, IPSL-CM6A-LR and CNRM-CM6-1). Except MRI-
ESM2-0 and NorESM2-MM, all of the models present the highest mixed-layer depth value in
the Greenland Sea, with the maximum varying between 1000 m (IPSL-CM6A-LR) and 1900 m
(EC-Earth3). The CMIP5 and CMIP6 models have also been criticized for not realistically
representing dense-water formation (Heuzé et al., 2013; Heuzé, 2021). Meanwhile, Jackson
and Petit (2023) evaluated the contribution of watermass transformation in different regions
from surface fluxes and found similarities with observations. In most models, the watermass
transformation in the Labrador Sea is only contributing for 1-5Sv to the overturning with
the exception of NorESM2-MM which presents overly strong values. Meanwhile, there is no

dense watermass transformation in the Labrador Sea in CanESM5.

The representation of the AMOC has been improved in the transition from CMIP5 to CMIP6
with in particular an ensemble mean overturning strength at 26°N, falling within one standard
error of the observed mean for the time period 2004-2018 (Weijer et al., 2020); however the
spread among models remains large (9.6Sv to 23Sv for 27 models; 12.29Sv to 20.55 Sv
for our subset of models, Table 2.2.2). Weijer et al. (2020) highlight a linear relationship
between the mean overturning strength and the AMOC weakening in 12 out of 16 models,
with ACCESS-ESM1-5 being an outlier in this regard.

Studies of volume and heat transport across the Arctic gateways (GSR, Heuzé and Arthun,
2019; Madonna and Sandg, 2022; Bering Strait, Woodgate, 2018) and within the Arctic
(Fram Strait, Muilwijk et al., 2018; Barents Sea opening, Smedsrud et al., 2013; Muilwijk
et al., 2018) have also stressed large bias and spread in CMIP5 and CMIP6 models in the

Arctic. However, no multi-model studies have looked into the Arctic overturning.

EC-Earth2.3 has a cold and fresh bias in the Arctic in the 20 century, as well as an excessively
extensive and thick sea-ice cover (Koenigk et al., 2013). EC-Earth-PISM also has a too
extensive sea-ice cover (Fig.2.2b). During the pre-industrial period, the coupling with the
dynamic ice sheet induces a freshwater flux increase of about 18% which only results in small
differences in temperature and salinity compared with the uncoupled simulation (Madsen
et al., 2022). EC-Earth-PISM (and EC-Earth2.3) simulates relatively well the deep-convection
regions, represented by the depth of the mixed layer in the North Atlantic and Nordic Seas
during the period 2020-2019 (Fig. 2.2b). Under increased emissions (4x CO, forcing), Madsen
et al. (2022) find that the freshwater flux from the Greenland ice sheet increases by 55% and
results in cooler near-surface air temperature in the Arctic, more sea ice and a weaker ocean

circulation.

From NorESM1-M to NorESM-F, the strength of the AMOC and the distribution of sea ice
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were improved, owing to code developments in the ocean, atmosphere, and biogeochemistry
components. Additionally, the acceleration of the model’s computational speed was evaluated

to have only a minor impact on the simulated climate (Guo et al., 2019a).

A detailed assessment of NorESM1-F in simulating pre-industrial conditions and MIS3 climate
have been conducted by Guo et al. (2019a) and Guo et al. (2019b). Compared to the
pre-industrial conditions, the MIS3 interstadial-like climate is characterized by 2m thicker
multiyear Arctic sea ice, a (19%) stronger AMOC, and 2.9°C cooler mean surface temperature
(Guo et al., 2019b).

Although uncertainties persist in Arctic modeling, these climate models represent our most
advanced tools for studying the Arctic overturning. They prove indispensable for conducting
mechanistic analyses and will therefore be used in this dissertation to identify possible changes

and feedback mechanisms.

2.3 Methods

2.3.1 Meridional overturning streamfunction

To visualize and quantify the meridional overturning circulation, | use the overturning stream-
function ¥ (units: m3s~! = 1 x 1079 Sv), which is a function of the latitude A and the depth

z:

0 rop
U\ z) = / / v(d', A, z’)% d¢' d2/ (m*s™) (2.1)
zJ pa

By integrating the meridional velocities v across the Atlantic Ocean at each depth, and
performing a cumulative sum of that integration from the surface to the bottom, we get
information about the location of the mean northward and southward flows in the water
column. Figure 2.3b presents the result of these computations performed at every latitude
from 30°S to 85°N by Johnson et al. (2019) using output from an ocean state estimate. The
upper positive cell corresponds to the part of the overturning circulation that involves the
formation of North Atlantic deep water and that | am focusing on in this dissertation. This
representation shows a circulation involving 15-20 Sv of water located in the top 3000 m with
a return flow below 1000 m depth.

The integration can also be done along layers of same density (isopycnals) instead of follow-

ing fixed-depth levels (U, Fig.2.3a) since the water also experiences a change in density as it
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overturns.In this case, the streamlines indicate a transformation of water from low density in
the tropics (potential density of 33 kg m=3) to high density in the North Atlantic (>37.38 kg
m~3). This streamfunction presents higher volume transport as the densification of a water
parcel does not always involve sinking. As a consequence, some of the density-space over-
turning circulation is associated with the horizontal (gyre) circulation and is therefore not
captured in depth-space (Zhang and Thomas, 2021).

The overturning in depth and density space diverge substantially in the subpolar region (John-
son et al., 2019). WU, is preferred in this region as water slowly transformed within the gyre
represents a substantial fraction of the North Atlantic Deep Water. Zhang (2010) therefore
recommend using the streamfunction in density space when studying the connectivity be-
tween the subpolar overturning with the overturning at lower latitudes. In this dissertation
| keep using the streamfunction in depth space, in addition to the streamfunction in density
space, since my foremost interest lies in the vertical motion of water initiated by strong heat

loss.

Figure 2.3a and b show that there is a circulation in the Arctic that involves further densifica-
tion of 2-4 Sv of Atlantic Water (37.65-37.75 kg m~3; a) but no sinking of the water masses
(b). These values are smaller than what observations suggest (6 Sv; @sterhus et al., 2019).
However, the meridional overturning streamfunction is not well adapted to study this region
of the ocean (Bitz et al., 2006). In fact, integrating velocities along lines of same latitude
is problematic beyond 70°N: regions that are far apart are then combined (see Fig.2.3c).
The meridional streamfunction is therefore not appropriate to assess the Arctic overturning

characteristics in ocean models.

The models used in this dissertation were chosen based on their ocean grid (Fig. 2.4) to work
around this issue. Referred to as tripolar grid, the grids present a flattening of the latitudes
close to the pole. Therefore, it is possible to integrate the (pseudo-)meridional velocity v
from the west to the east along pseudo-latitude in the Atlantic (red, blue, and green regions
in Fig.2.4) and —v from the east to the west in the Arctic (purple region). By doing this
we ensure that we capture the circulation within the Arctic up to the Siberian shelf in a

physically correct manner (Bitz et al., 2006).

2.3.2 Dense-water formation

Dense-water formation at high northern latitudes is key to the state of the overturning
circulation (Chafik et al., 2019; Lozier et al., 2019; Zhang and Thomas, 2021). In Paper |,
dense-water formation location and strength are estimated qualitatively based on the mixed-

layer depth in March. The mixed-layer depth is quantified as the depth where the density
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p = p(Ty — AT, Sp) is reached, where Tj and S, are the temperature and salinity at the
surface, respectively, and AT = 0.2°C following Huang et al. (2020). The regions that
have a mixed layer deeper than 800 m are then defined as dense-water formation regions.
This method is motivated by good agreement with observations for the period 2010-2019
(Fig. 2.2a&Db).

In Paper Il, we use the water-mass transformation (WMT) framework, based on surface
fluxes (heat and freshwater) to be able to quantify and compare dense-water formation
within models. Previous studies have shown good correlations between surface-forced WMT
and the overturning in density space in the North Atlantic and Nordic Seas (Jackson and
Petit, 2023: Arthun, 2023; Desbruyéres et al., 2019).

As a first step, we compute the surface density flux D following (Langehaug et al., 2012):

—aQu

P

D=—-8Qr S+ (kgm?s71) (2.2)
Here, Qr represents the freshwater flux (including precipitation-evaporation, river runoff,
and sea-ice and iceberg melt) and @Qp is the net heat flux out of the ocean. Qr < 0
(evaporation>precipitation) and Qg > 0 (heat loss to the atmosphere) imply a positive
density flux (D>0).

A water mass transformation function F' (in units of Sv) can then be computed for each
potential density ¢ by integrating the density flux D over the area A where the layer of

density o outcrops, such that:

F(J) = AlT/year /A D é(o — UI) dA dt (kgm72 Sil) (2'3)

With AT = [

o0 = o’ and 0 otherwise and A the area where this condition is met.

dt and § the Dirac Delta function such that d(c — o’) equals 1 when

year

In Paper Il, we compute F' over the winter months only (January, February, and March) and
integrate it over the largest densities (¢ > 35) in an attempt to isolate dense-water formation
processes. Moreover, we compute F' at each pseudo-latitude to enable a regional comparison

with the overturning strength.
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Figure 2.3: Atlantic meridional overturning streamfunction as a function of latitude and
density (a) and depth (b), calculated by Johnson et al. (2019) from the Estimating the
Circulation and Climate of the Ocean dataset. Positive values (red) indicate a clockwise
circulation. | have highlighted the 26°N latitude, where the AMOC strength is often measured,
and the latitude of the Greenland-Scotland Ridge (GSR) In (c), a map stresses the issue arising
north of 70°N (orange region): the integration of positive meridional velocities along a line
of same latitude (red arrows) mixes regions that are far apart (ie, the Nordic and Barents
seas with the Siberian shelf).
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CNRM.CMBL

Figure 2.4: Geometry of the (tripolar) grid of the models used in this dissertation and axis
used to project the overturning (yellow line). The latitudes flatten close to the pole and
are referred to as pseudo-latitude. The position of the Greenland-Scotland Ridge (GSR) is
stressed on the maps by the dashed line and the colors indicate regions used in Paper II: the
Subtropical gyre (red), Subpolar gyre (blue), Nordic Seas (green), and Arctic basins (purple)
regions.



Chapter 3

Summary of papers

Paper I: Transient increase in Arctic Deep-Water formation and

ocean circulation under sea-ice retreat

Model simulations have shown that the retreat of the winter sea ice in the Arctic could be
accompanied by a northward shift and a reduction of deep convection. However, increasing
freshwater flux from the Greenland ice sheet melting, not included in models, could also
interfere with deep convection. In Paper |, we test how deep convection evolves under sea-ice
retreat in a long simulation of an earth system model (EC-Earth2.3) coupled with a dynamic
Greenland ice sheet (PISM). Forced with a high emission scenario (RCP8.5), the model
presents the following changes: the ocean becomes free of winter sea ice by 2175 and the
Greenland ice sheet produces 300 Sv of freshwater through melting and calving between the
year 2100 and 2300. We study deep convection changes accompanying the winter sea-ice
retreat by analyzing mixed-layer depth maps from six snapshots, from 1975 to 2175. In
addition, we investigate the consequences on the local overturning circulation by computing
the overturning streamfunction across the Nordic Seas and Arctic basins. We find that deep
convection follows the winter sea-ice edge until it reaches the Nansen Basin, around the year

2100. During the same time, there is an enhancement and a northward expansion of the

a) T0: 1970-1980 b) T3:2090-2100 c) T6: 2290-2300

Figure 3.1: Schematic showing the ArMOC development in relation to deep convection
changes under winter sea-ice retreat.
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overturning north of the Greenland-Scotland Ridge. We propose to rename the circulation
north of the ridge ArMOC (Arctic Meridional Overturning Circulation) to encourage studying
this circulation on its own, as it presents different trends compared to the AMOC. After 2100,
deep convection stops following the sea-ice edge because the ocean is too stratified in the
Arctic basins. This phenomenon is amplified by the increase in freshwater flux (precipitation
and Greenland meltwater). Because of the deep convection interruption, the ArMOC weakens

and eventually collapses (Fig. 3.1).

Paper Il: Arctic Overturning circulation (ArMOC) strengthening in
CMIP6 models

ATLANTIC : ARCTIC

Normalized DWF
°
5
Anomaly

—4 -2

o} 2
Distance to the GSR

Figure 3.2: Dense water formation anomalies (DWF) in the North Atlantic and Arctic Ocean
from the year 2010 to 2100.

We showed in Paper | that there is a transitory enhancement of the ArMOC in EC-Earth-
PISM (CMIP5 model) due to an increase in deep convection north of the Greenland-Scotland
Ridge as the winter sea ice retreats. We further test this mechanism by analyzing simulations
from eight different CMIP6 models. Forced with a similar high emission scenario (ssp5-8.5),
the models also present an ArMOC strengthening. However, the multi-model mean suggests
that the strengthening stops before 2050, thus 50yrs earlier than previously found (PI). In
addition, half of the models present a substantial increase in dense-water formation north
of the Greenland-Scotland Ridge. The increase propagates poleward (Fig.3.2), reminding
the northward shift in deep convection from Paper |. Moreover, the same models present
a stronger ArMOC strengthening and heat transport increase into the Arctic basins. We
conclude that the amplitude and timing of the ArMOC strengthening is model-dependent. In
particular, models that sustain and enhance heat loss to the atmosphere in the Arctic Ocean

have a stronger ArMOC strengthening. Representing the ArMOC and its forcing mechanism
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correctly seems fundamental as it also affects the heat transport increase into the Arctic

basins, and therefore the sea-ice cover.

Paper IlI: Arctic circulation changes at the transition from a Heinrich

stadial to a Greenland interstadial

Paper Il investigates local overturning changes accompanying an abrupt warming event con-
sistent in amplitude with past climatic oscillations known as Dansgaard-Oeschger (DO)
events. The AMOC is believed to play an important role in driving DO events, by pro-
viding the heat that rapidly melts the sea ice and warms the Arctic atmosphere. However,
we find that the AMOC influence is partly inhibited by the development of a strong and deep
estuarine overturning circulation in the simulation used. The estuarine overturning is also
activated by the sea-ice retreat and enhanced mixing; however, it acts to repress convection
and the northward expansion of the overturning circulation. Its formation south and then
north of the Greenland-Ridge results in a sea-ice retreat and warming in two phases. The Ar-
MOC develops only after the estuarine cell has disappeared, and does not contribute to the

sea-ice retreat.

@ Activated estuarine cell restores sea-ice cover @ Sea-ice retreat in NS + reactivation of the cell

. L I

— 90

Figure 3.3: Sketch presenting the development of an estuarine cell in the North Atlantic (a)
and Nordic Seas (b) as the sea-ice retreats. The overturning cells are both enhanced by
convection at the sea-ice edge, but the estuarine cell reduces the convection by restoring the
stratification.

Main conclusions

e In models using a tripolar grid, the overturning streamfunction can be extended to the
Arctic Ocean and captures the Arctic overturning (named Arctic Meridional Overturn-
ing Circulation, ArMOC) (Paper 1) and an estuarine circulation under glacial conditions

(Paper I11). However, it does not capture the present estuarine circulation.

e As opposed to the AMOC, the deep circulation north of the GSR depends on dense-
water formation and can shut down (Papers 1&lI11)
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Summary of papers

A northward shift in dense-water formation enhances the ArMOC under future sea-ice
retreat (Papers 1&I1)

The enhanced ArMOC is associated with increased heat transport to the Arctic basins
(Paper 1)

The large freshwater content in the Arctic basins limits the dense-water formation shift
and the ArMOC strengthening, independent of meltwater fluxes from the Greenland
ice sheet (Paper I)

Anomalously fresh conditions in the Arctic Ocean lead to the formation of a strong

estuarine cell that delays the sea-ice retreat under a warming event (Paper I11)
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Scientific results
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Transient Increase in Arctic Deep-Water Formation and Ocean Circulation
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ABSTRACT: While a rapid sea ice retreat in the Arctic has become ubiquitous, the potential weakening of the Atlantic
meridional overturning circulation (AMOC) in response to global warming is still under debate. As deep mixing occurs in
the open ocean close to the sea ice edge, the strength and vertical extent of the AMOC is likely to respond to ongoing and
future sea ice retreat. Here, we investigate the link between changes in Arctic sea ice cover and AMOC strength in a long
simulation with the EC-Earth-Parallel Ice Sheet Model (PISM) climate model under the emission scenario RCP8.5.
The extended duration of the experiment (years 1850-2300) captures the disappearance of summer sea ice in 2060 and the
removal of winter sea ice in 2165. By introducing a new metric, the Arctic meridional overturning circulation (ArMOC), we
document changes beyond the Greenland-Scotland ridge and into the central Arctic. We find an ArMOC strengthening as
the areas of deep mixing move north, following the retreating winter sea ice edge into the Nansen Basin. At the same time,
mixing in the Labrador and Greenland Seas reduces and the AMOC weakens. As the winter sea ice edge retreats farther
into the regions with high surface freshwater content in the central Arctic Basin, the mixing becomes shallower and the
ArMOC weakens. Our results suggest that the location of deep-water formation plays a decisive role in the structure and
strength of the ArMOC; however, the intermittent strengthening of the ArMOC and convection north of the Greenland-
Scotland ridge cannot compensate for the progressive weakening of the AMOC.

KEYWORDS: Ocean; Arctic; Deep convection; Meridional overturning circulation; Ice loss/growth

1. Introduction the surface cooling is either followed by sea ice formation,
inhibiting further ocean heat loss, or compensated by mixing
with deeper and relatively warmer ocean water. In the North
Atlantic, the high salinity of the upper ocean results in a weak
stratification that allows for deep mixing during winter as the
surface cools. In contrast, in the Arctic Basin (including the
Canadian and Eurasian Basins) there is a fresh surface layer
fed by continental river runoff and maintained by the pres-
ence of sea ice that currently inhibits open-ocean convection.
However, the ongoing warming of the Arctic and the result-
ing acceleration of the hydrological cycle (Rawlins et al.
2010) and winter sea ice decrease are expected to impact the
Arctic stratification (Nummelin et al. 2015; Davis et al. 2016).
This might impact the potential for open-ocean convection in
the Arctic Basin in the future.

Observations over the past 20 years show that mixing at the
end of the winter can reach a depth of 1000 m in areas of the
Labrador Sea (Vége et al. 2009; Yashayaev and Loder 2017),
the Irminger Sea (de Jong and de Steur 2016), and the
Greenland Sea (Brakstad et al. 2019). These deep-water for-
mation sites are the main sources of dense water contributing
to the renewal of North Atlantic Deep Water and, thus,
setting the strength of the AMOC. However, the convection
strength varies in time. While deep convection can disappear
for a few years, as in the Labrador Sea during the Great
Salinity Anomaly in the 1960s (e.g., Kim et al. 2020), it can
Corresponding author: Anais Bretones, anais.bretones@uib.no also be absent for longer time periods, as for the last interglacial

Arctic sea ice cover has retreated at an unprecedented rate
in the last decades as a consequence of rising greenhouse gases
(Nghiem et al. 2007; Notz and Stroeve 2016; Stroeve and Notz
2018). As a consequence of the warming, the deep convection
in the Labrador Sea is weakening (Yang et al. 2016). Under
further emissions, these trends are expected to continue, ulti-
mately resulting in a seasonally ice-free Arctic (Notz and
Community 2020) with a potential shut down of North Atlantic
deep-water formation (Jahn and Holland 2013; Brodeau and
Koenigk 2016). On a larger scale and related to the reduction in
North Atlantic deep-water formation, a weakening of the
Atlantic meridional overturning circulation (AMOC) is found
in most climate models (Cheng et al. 2013). However, little is
known about potential changes in the deep circulation and
overturning in the Nordic seas and Arctic Ocean.

Winter in the high latitudes is characterized by strong heat
fluxes from the relatively warm ocean to the much colder at-
mosphere, destabilizing the upper ocean. Depending on the in-
tensity of these fluxes, and the background ocean stratification,

Denotes content that is immediately available upon publica-
tion as open access.

DOI: 10.1175/JCLI-D-21-0152.1

© 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Brought to you by UNIVERSITETSBIBLIOTEKET | | Unauthenticated | Downloaded 01/14/22 10:53 AM UTC



110

(Hillaire-Marcel et al. 2001). Under future global warming,
deep convection in the North Atlantic and the AMOC is pre-
dicted to weaken (Cheng et al. 2013; Jahn and Holland 2013).
This raises concerns, as the intensity of the convection and the
production of dense water influences how much heat and car-
bon are stored in the deep ocean. In particular, changes in
deep-water formation have previously been associated with
major climate shifts, such as the Heinrich events (Broecker
et al. 1992) and the Young Dryas (Fairbanks 1990).

In contrast to studies focusing on the shutdown of Labrador
Sea deep-water formation under increased freshwater fluxes
into the subpolar gyre, Lique et al. (2018) link deep-water
formation changes, in particular enhanced convection in the
Arctic, to winter sea ice retreat. Under 4 X CO; forcing in the
High-Resolution Global Environmental Model (HiGEM),
the authors find a northward shift of the deep mixing regions
(defined by a mixed layer deeper than 400 m), corresponding to
the northward retreat of sea ice. The simulated sea ice retreat is
found to be associated with a change in surface circulation,
bringing more salty Atlantic water into the Eurasian Basin and
weakening the upper ocean stratification. Under this configu-
ration, enhanced air-sea buoyancy fluxes, facilitated by the
retreat of the sea ice, deepen the mixed layer.

The findings of Lique et al. (2018) shed new light on an
earlier study by Bitz et al. (2006) with the Community Climate
System Model, version 3 (CCSM3). Using a transect crossing
the Arctic region to compute the overturning circulation, Bitz
etal. (2006) find a strengthening of the overturning north of the
Greenland-Scotland ridge in an experiment with a doubling of
CO,. The enhanced circulation is linked to increased sea ice
production in the Arctic Ocean, from the Siberian Shelf to the
Canadian Archipelago. Studying the simulated ocean ideal
age, Bitz et al. (2006) identify anomalously young water on the
Siberian shelf, indicating strengthened convection, possibly
impacting the Arctic overturning. The authors do not assess
changes to the depth of the mixed layer in the new ice-free
open ocean regions. However, it is plausible that enhanced
deep convection in these regions could be an alternative ex-
planation for the simulated strengthened Arctic overturning.

Rather than applying an instant doubling or quadrupling of
atmospheric CO, as in Lique et al. (2018) and Bitz et al. (2006),
Brodeau and Koenigk (2016) apply an emission scenario with
gradually increasing CO, (RCP8.5), to observe how the deep
convection in the Arctic follows the retreating winter sea ice.
They forecast a shutdown of the deep convection in the
Labrador Sea and Iceland-Scotland area by the early 2020s
using an ensemble of 12 simulations with EC-Earth3. Starting
at this time, convection in the Nordic seas weakens, and by
2060 it is replaced by convection in the Arctic Ocean. This
evolution is consistent with the northward shift of deep-water
formation suggested by Lique and Thomas (2018). However, in
all the aforementioned studies, the model simulations end
before the winter sea ice is completely gone; making it im-
possible to investigate if deep convection develops further into
the Canadian and Eurasian Basins, and how it relates to the
Arctic overturning. Moreover, these previous studies do not
account for the impact of increasing freshwater fluxes from
the Greenland ice sheet that can inhibit convection (Fichefet
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et al. 2003). Depending on where the freshwater is transported
and stored, increased freshwater fluxes could have major im-
pacts on deep-water formation and overturning circulation by
strengthening upper ocean stratification and inhibiting deep
convection (Smith and Gregory 2009; Boning et al. 2016).

Here, we study the northward shift of deep convection and
its link to winter sea ice retreat under the RCP8.5 scenario
using a long simulation with EC-Earth coupled with a dynamic
Greenland ice sheet. By introducing a new metric for the
overturning circulation in the central Arctic Ocean, we discuss
the impact of enhanced Arctic overturning on the large-scale
AMOC. Moreover, the exceptional length of the coupled EC-
Earth experiment results in a year round ice-free Arctic,
making it possible to study the long term fate of Arctic deep-
water formation and overturning.

2. Methods

In this study, we analyze a projection from the EC-Earth—
Parallel Ice Sheet Model (PISM), a state-of-the-art climate
model with a dynamical ice sheet module for the Greenland ice
sheet (Madsen et al. 2020, manuscript submitted to Climate
Dyn.). EC-Earth-PISM is built on the climate model EC-
Earth, version 2.3 (Hazeleger et al. 2012, herein referred to
as EC-Earth2.3), which is coupled with (PISM (Bueler and
Brown 2009; Winkelmann et al. 2011) for the Greenland ice
sheet. EC-Earth2.3 is a model developed by the EC-Earth
consortium with contributions to phase 5 of the Coupled Model
Intercomparison Project (CMIP5). It consists of the ECMWEF’s
Integrated Forecast System (IFS) model cycle 31r1 (https:/
www.ecmwf.int/en/publications/ifs-documentation) with up-
dated physical parameterizations, the Nucleus for European
Modeling of the Ocean version 2.2 (NEMO2; Madec 2008)
developed by L’Institut Pierre-Simon Laplace (IPSL) embed-
ded with the Louvain-la-Neuve Sea Ice Model, version 2 (LIM2;
Fichefet and Maqueda 1997), and the Ocean Atmosphere Sea
Ice Soil coupler, version 3 (OASIS3; Valcke 2006).

In EC-Earth-PISM, the atmosphere is modified to represent
surface processes over the ice sheet. The coupling with the
PISM ice sheet model involves an exchange of information
between the atmospheric component of EC-Earth2.3 and
PISM without anomaly or flux corrections. The simulated
monthly surface temperature and mass balance over the
Greenland ice sheet are passed on to PISM and drive the dy-
namics and thermodynamics of the ice sheet. In exchange, the
simulated ice mass changes in PISM are returned to EC-Earth2.3
as changes to ice extent and ice topography influencing the
atmospheric circulation (Madsen et al. 2020, manuscript sub-
mitted to Climate Dyn.), and as freshwater fluxes influencing
the ocean circulation. Thus, the model simulates the climate
induced changes to the Greenland ice sheet, as well as their
resulting coupled feedbacks. In particular, Madsen et al. (2020,
manuscript submitted to Climate Dyn.) found that under a
4 X CO, increase, freshwater fluxes from the Greenland ice
sheet increase by 65% when EC-Earth is coupled with PISM.
In fact, surface melting is enhanced by the snow-albedo feed-
back in EC-Earth-PISM. In addition, the EC-Earth-PISM has a
fresher top layer in the Arctic, a more extensive winter sea ice
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TABLE 1. Characteristics of the scenario simulations used in this study. Note that the uncoupled simulation stops at 2100, limiting the
possibilities for comparison between the two simulations. Every figure is based on the EC-Earth-PISM simulation (boldface text), except

Figs. 1 and 9, which also show the EC-Earth simulation (gray lines).

Scenario
Model name Model versions Emission scenario simulation Reference
EC-Earth EC-Earth2.3 RCP8.5 2006-2100  Hazeleger et al. (2012), Koenigk
et al. (2013)
EC-Earth-  EC-Earth2.3 coupled with PISM Representative&Extended 2006-2300 Madsen et al. (2020, manuscript
PISM (dynamic Greenland ice sheet)  Concentration Pathway 8.5 submitted to Climate Dyn.)

(RCP&ECPS.5)

cover, weaker overturning at 26°N and cooler surface air tem-
perature after the equilibrium is reached.

Following the EC-Earth2.3 configuration for CMIP5, EC-
Earth-PISM has a horizontal spectral resolution of T159 in the
atmosphere with physical processes on a linear reduced Gaussian
of about 125km X 125 km, and 62 vertical layers. For the ocean,
the horizontal resolution is about 1° with 42 vertical levels, and a
horizontal refinement to one-third of a degree near the equator
resolving equatorial planetary waves. PISM uses a regular polar-
stereographic grid at 20-km resolution.

The EC-Earth-PISM experiment analyzed in this study is a
long climate change simulation following the CMIPS5 protocol
(Taylor et al. 2012) for the historical period (1850-2005), and
the representative concentration pathway 8.5 scenario for the
future projection period (2006-2300). This scenario is based on
an increase in emissions leading to a radiative forcing of
8.5 W m ™2 by 2100. Following 2100, the emissions are stable for
50 years before they are considerably reduced from 2150 to
2250, resulting in a stabilization of the radiative forcing at
12.5W m 2 from 2250 to 2300 (van Vuuren et al. 2011).

The experiment started from a multicentury control run with
preindustrial boundary conditions, for which the global mean
surface temperature and the Greenland ice sheet remain in a
quasi-stable state (Madsen et al. 2020, manuscript submitted to
Climate Dyn.). The experiment continues after 2300 for an-
other 900 years until the year 3200, while keeping the radiative
forcing constant at the 2250 level (12.5 W m™2). In this study we
focus on the period 1950-2300, investigating changes in ocean
circulation and deep convection during Arctic sea ice retreat
and Greenland ice melt. For comparison, we include the
CMIP5 historical and RCP8.5 experiment (from 1850 to 2100)
with EC-Earth2.3 (referred to as EC-Earth) without the cou-
pling to the PISM ice sheet model. Table 1 summarizes the
differences between the two simulations used in this study.

3. Results
a. Sea ice decrease

As the EC-Earth-PISM experiment continues after the year
2100, it captures the disappearance of Arctic sea ice in both
summer and winter. Figure 1 shows the evolution of the sea ice
extent, defined as the area with a concentration of sea ice higher
than 15%, in September (summer) and March (winter) from 1950
to 2300. The summer sea ice reduction accelerates around year
2040, resulting in an ice-free ocean (sea ice extent < 1 M km?,
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where M = 10°) in the summer from year 2060. A similar abrupt
reduction of the winter sea ice occurs in year 2135, leaving the
Arctic Ocean perennially ice free from year 2165.

The abrupt summer reduction in sea ice is similar for the ex-
periment without the dynamic Greenland ice sheet (gray lines in
Fig. 1). Until 2100, the winter sea ice extent decreases at the same
rate in EC-Earth-PISM and EC-Earth. This suggests that the
coupling with a dynamic ice sheet does not modify the timing of
the sea ice reduction, at least until 2100. However, note that the
ice volume change of Greenland, resulting in enhanced fresh-
water fluxes to the ocean in the coupled experiment, is relatively
low before 2100 (gray line, Fig. 2). Unfortunately, the shorter
length of the uncoupled (EC-Earth) experiment does not allow
us to study how the increasing freshwater fluxes from Greenland
influence the winter sea ice reduction after 2100. However, in the
complementary 4 X CO, forcing experiment with EC-Earth-
PISM, Madsen et al. (2020, manuscript submitted to Climate
Dyn.) found a more extensive winter sea ice cover at equilibrium.

As this study primarily focuses on processes occurring dur-
ing sea ice retreat, we mainly focus on three time periods
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FIG. 1. Time series of the AMOC index (maximum transport at
26°N) and Arctic sea ice extent in March (light blue) and September
(orange) from 1950 to 2300 for EC-Earth-PISM. Superimposed in
gray from 1950 to 2100 are the same variables for the run that does
not include the dynamic Greenland ice sheet. The red line indicates
ice-free ocean conditions (sea ice extent < 1 Mkm? M = 10°). The
main time periods used in this analysis are indicated with dotted lines
centered on each time period. TO is used in Fig. 7 and T1 is used in
Fig. 4, while T0, T2, T3, and T4 are used in Figs. 3, 6, 8, 10, and 12, and
T3, T4, and T5 are used in Fig. 11.
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FIG. 2. Global mean annual surface air temperature (red) and
Greenland ice volume (gray) in the EC-Earth-PISM simulation
under the RCP8.5 emission scenario. The Greenland ice volume
change results in freshwater fluxes to the ocean (see Fig. Al).

evenly spaced from 2050 to 2140: 2050-60 (T2), 2090-2100
(T3), and 2130-40 (T4), with results from each period averaged
over 10 years. These are compared with the time period 1970—
80, which is referred to as the historical period (T0). In addi-
tion, the period 2010-19 (T1) is used in section 3b to compare
the model run with observed mixed layer properties, and the
periods 2170-80 (T5) and 2290-2300 (T6) are used in section 3f
to investigate the long-term evolution of an ice-free Arctic
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Ocean. Note, however, that the time periods T4, TS, and T6 are
outside the range of the uncoupled EC-Earth simulation.
Each time period is distinct, with the mean position of the
summer and winter sea ice edge progressing further into the
central Arctic Ocean as the climate warms (Fig. 3). From TO to
T2, the summer sea ice edge retreats from the Barents, Kara,
and Laptev Seas, as well as the Chukchi and East Siberian Seas
(orange line, Fig. 3b). As shown in the time series of sea ice
extent, the remaining summer sea ice is gone by the end of T2,
leaving the Arctic Ocean ice free during summer for both T3
and T4 (Figs. 3c,d). On the other hand, winter sea ice (blue
line) prevails in all four time periods. From TO to T2, the winter
sea ice edge retreats from most of the Barents Sea (Fig. 3b).
A small reduction is found in the Greenland and Iceland
Seas, but the sea ice edge still reaches Svalbard, Iceland, and
the southern coast of Greenland. During T3, the retreat is
visible in the Labrador Sea, along the east coast of Greenland,
around Svalbard, and farther north in the Kara Sea and into
the Eurasian Basin (Fig. 3c). During T4 the retreat accelerates
with the opening of a large passage connecting the Greenland,
Barents, and Kara Seas with the Chukchi Sea (Fig. 3d). Although
the winter sea ice area does not change much from the his-
torical period TO to T2 or T3, it should be noted that the sea
ice thins considerably. While the sea ice is up to 8 m thick
during TO, it does not exceed 1.5 m during T3 (Fig. 3), which is
explained by the lack of multiyear ice as the sea ice disappears
completely during summer (Fig. 1). Finally, the winter sea ice
retreat is accompanied by a warming of the surface ocean.
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FIG. 3. Yearly mean sea ice thickness (shading; see color bar) and sea surface temperature (contour lines) for
(a) TO: 1970-80, (b) T2: 2050-60, (c) T3: 2090-2100, and (d) T4: 213040 in the EC-Earth-PISM simulation. The
blue line indicates the sea ice edge in March (winter) and the orange line marks the sea ice edge in September
(summer). The sea ice edge corresponds to the 15% sea ice concentration contour line.
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FIG. 4. Mixed layer depth with (a),(c) sea ice extent (blue line) and (b),(d) mixed layer density averaged over
three winter months (February-April) for the time period T1: 2010-19. The red contour lines highlight the regions
with an 800-m-deep mixed layer. The white contour lines indicate densities of 1027.8 and 1028.03 kg m>. The sea ice
extent in (a) was obtained from the National Snow and Ice Data Center (NSIDC). Mixed layer properties in (a) and
(b) are based on observations, while (c) and (d) are EC-Earth-PISM model outputs.

In particular, the Barents Sea experiences a warming of 6°C
from TO to T3. At the same time, the warming in the Labrador
Sea, where the sea ice edge retreat is smaller, is limited to 2°C.

b. Deep convection regions at present (T1)

The changing sea ice cover during the model simulation
affects both the strength and position of wintertime convec-
tion. Before we investigate these changes further, we evaluate
to what extent EC-Earth-PISM captures deep convection at
present by comparing simulated mixed layer depth and density
to observations for the period 2010-19 (Fig. 4). Both the ob-
served and simulated mixed layer depth is identified as the
depth where the density reaches p(T, — AT, Sy) where T,
and S are the surface temperature and salinity, respectively,
and AT = 0.2°C following de Boyer Montégut et al. (2004) and
Holte et al. (2017). The corresponding mixed layer density is
estimated as the average potential density over the extent of
the mixed layer. Modeled mixed layer depths were computed
using monthly averages of temperature and salinity. Observed
mixed layer properties based on Argo float profiles were col-
lected from Holte et al. (2017) south of the Greenland-
Scotland ridge (indicated by the black line in Fig. 4b). Mixed
layer estimates north of the ridge were obtained using obser-
vations from the dataset combined by Huang et al. (2020). This
dataset includes shipboard hydrographic profiles and was used
to achieve a good spatial coverage in the Barents and Nordic
seas (in regions with limited Argo float data). All mixed layer
properties are estimated for individual profiles before they are
averaged over February, March, and April, which is when the
deepest convection typically occurs. Averaging over a 3-month
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period also increases the number of observations, hence the
reliability of the observational mixed layer climatology. Finally,
we interpolate the observations onto our model grid for com-
parison with the modeled mixed layer depth.

The Labrador Sea and Greenland Sea stand out with ob-
served mixed layers deeper than 1000 and 800 m, respectively
(Fig. 4a). In EC-Earth-PISM, the deepest mixed layers are
found in the same two regions (Fig. 4c); however, these con-
vective regions are broader, especially in the Greenland Sea
where the area of deep mixing extends south to the Iceland
Sea. On average, EC-Earth-PISM tends to have deeper mixed
layers, with a larger area depicting a mixed layer exceeding
500-m depth (e.g., east of the Greenland Sea or south of the
Greenland—Scotland ridge). For the purpose of this study, we
divide the North Atlantic and Arctic deep-water formation
sites into four regions (Fig. 5): the Labrador Sea (between 60°
and 35°W), the Iceland—Scotland region (south of Iceland
and along the Greenland—Scotland ridge, as in Brodeau and
Koenigk 2016), the western Nordic seas (Greenland and
Iceland Seas) and the Nansen Basin (north of the Barents
Sea). The deep-water formation sites are defined as areas
with a mixed layer deeper than 800m (red contour line in
Figs. 4c and 6).

The deep convection sites in the western Nordic and Labrador
Seas are associated with high mixed layer densities. Both
the pattern and magnitude of the mixed layer density are well
represented by the EC-Earth-PISM simulation (Figs. 4b,d),
especially in the western Nordic seas (see the white contour
indicating a mixed layer density of 1027.8kgm ). One ex-
ception is the lack of the very dense mixed layers in the central
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FIG. 5. Location of the dense-water formation regions used in
this paper: Labrador Sea (LS), Iceland-Scotland (I-S), western
Nordic seas (WNS), and Nansen Basin (NB). The red line indi-
cates the section used in Figs. 8 and 10 and the purple and brown
diamonds the position of the triangles in these same figures. The
green and orange lines show the pseudolatitudes (PL) used to
compute the ArMOC: for one PL, velocities perpendicular to that
PL (pseudomeridian velocities) are integrated from America to
Europe.

Greenland Sea, where observations indicate a density ex-
ceeding 1028.03kgm . On the other hand, the mixed layer
density in the Labrador Sea is slightly higher in EC-Earth-
PISM than in the observation based climatology. Despite small
differences (slightly deeper and broader convective regions),
the model represents the overall pattern of deep convection
and the formation of dense water masses well. In the following
we will study how these features evolve with time.

¢. Weakening and migration of deep convection regions

The mixed layer changes dramatically from TO to T4 as the
winter sea ice retreats (T1 not shown in this section). This is
seen by superimposing the March mixed layer depth with the
March sea ice extent for TO, T2, T3, and T4 (Fig. 6). During TO
(Fig. 6a), deep convection is present in the Labrador Sea
(>1500m), in the western Nordic seas (1100m) and in the
Iceland-Scotland region (800 m), similarly to T1 (Fig. 4c). The
magnitude of convection cannot be directly compared with
Fig. 4c since it is averaged over March only (instead of
February, March, April). Still, a similar pattern can be recog-
nized. In general, there is a clear contrast in mixed layer depth
between the regions close to the sea ice edge and those covered
by sea ice where only shallow (<100 m) mixing occurs. The
main difference between TO and T1 is a northward shift in
regions showing the deepest convection. During TO the mixed
layer depths in the southernmost regions (Labrador Sea and
Iceland-Scotland) exceed those in the western Nordic seas,
which is opposite to what was found for T1 (Fig. 4c).

For T2 (Fig. 6b), there is no active deep-water formation in
the Labrador Sea and the Iceland-Scotland region since, in
these regions, the maximum mixed layer depth is reduced to
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450 m. The remaining active deep-water formation areas are
farther north in the western Nordic seas. A decline in the
maximum mixed layer depth is also found in the Nordic seas,
although to a lesser extent than in the Labrador Sea. Within the
western Nordic seas, the location of the deepest mixed layer
depth moves north to the south coast of Svalbard, following the
retreating winter sea ice edge. This supports the hypothesis
that deep-water formation sites are migrating northward, as
the climate warms and the winter sea ice edge retreats. Given
the reduction in deep-water formation area and mixed layer
depth, the amount of deep water formed is also reduced.

The northward migration continues in T3 (Fig. 6¢) with
900-m deep convection appearing north of Svalbard at the
edge of the winter sea ice cover in the Nansen Basin. Farther
south, mixed layers in the three original convective regions
are shallower with only one active convection site left in the
western Nordic seas. The northward progression stops during
T4 (Fig. 6d). Neither the Nordic seas nor the Nansen Basin
have convection exceeding 700 m, and the sea ice edge de-
couples from the deepest mixed layer regions. As a result, the
T4 period and the rapid retreat of winter sea ice marks the end
of the North Atlantic deep-water formation era.

d. AMOC weakening at 26°N

Deep convection is thought to be important for the strength,
structure, and variability of the AMOC (Kuhlbrodt et al. 2007).
Here, we review the main characteristics of the AMOC in EC-
Earth-PISM for easy comparison with other studies.

The AMOC can be seen as the superposition of two cells
turning in opposite direction in the depth-latitude space, and
visualized via the streamfunction W¥:

Z peast

voo = | [ v@ade . M
0J west

where V is the meridional velocity, ¢ is the longitude, A is the

latitude, and z is the depth. In the following, we focus on the

upper cell that transports warm Atlantic water northward and

cooled ventilated water at depth southward.

For TO in EC-Earth-PISM, the upper cell of the overturning
is located between 200- and 2500-m depth (Fig. 7) with a core at
900-m depth and a maximum transport of 15Sv (1Sv =
10°m®s™!). The northward flowing Atlantic water returns to
depth south of the Greenland—Scotland ridge (60°-68°N), apart
from 2 Sv, which sinks north of the ridge before returning
southward to merge with the main AMOC cell at 800-1000-m
depth (white contour in Fig. 7). The accuracy of the over-
turning meridional streamfunction north of the Greenland-
Scotland ridge will be addressed in section 3e.

For ease of comparison, it is common to compute V¥ at 26°N,
which is also the latitude of the 19 moorings deployed in 2004
as part of the RAPID program (Cunningham 2008). The
maximum strength of the meridional overturning stream-
function at 26°N is often used as an AMOC index. Based on the
RAPID array, McCarthy et al. (2015) evaluated the AMOC
index to be 17.2 = 4.6 Sv between 2004 and 2007. For this same
time period, EC-Earth-PISM has a mean AMOC index of
14.4 Sv (Fig. 1), which is within the observed uncertainty range.
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FIG. 6. Mixed layer depth in March for the four different time periods in the EC-Earth-PISM simulation. The blue
line indicates the winter sea ice extent and black contour lines indicate mixed layer depths greater than 800 m.

However, following the simulated decline in deep convection,
the modeled AMOC is expected to weaken. Similar to 10 other
CMIP5 models showing a 15%-60% AMOC index weakening
at 30°N by 2100 (Cheng et al. 2013), we record a weakening of
22% by 2100 and 55% by 2200 at 26°N. Following 2200, the
AMOC index increases slightly before stabilizing at a mean
value of 7Sv for the remainder of the experiment (until the
year 3200, not shown here). The coupled and the uncoupled
experiments show the same AMOC changes (blue vs gray in
Fig. 1) until 2100. However, Madsen et al. (2020, manuscript
submitted to Climate Dyn.) show that the recovery following
the weakening of the AMOC is reduced in EC-Earth-PISM
with respect to EC-Earth.

e. Strengthening of the ArMOC

The meridional overturning streamfunction [Eq. (1)] is a
convenient tool to capture the mean water-mass transport in
the Atlantic; however, it is not well adapted to the Arctic Basin
where integration over longitude is no longer constrained by
continents. The result of the integration at 75°N includes for
example the transport in the Greenland Sea and the transport
in the East Siberian Sea, which are separated by the Eurasian
Basin and at opposite longitudes. Hence the transport at 75°N is
based on very distinct regions that also have opposite positive
meridional velocities. Therefore, the meridional overturning
streamfunction may not be a physically correct estimate for the
overturning at high latitudes, and the secondary AMOC cell
north of 65°N (Fig. 7) may be underestimated.

To further investigate changes in the meridional overturning
at high latitudes, we calculate the overturning by integrating
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the velocities along a transect going from Iceland to the Siberian
shelf following Bitz et al. (2006) (see red line in Fig. 5). Here,
we use a similar domain of integration by making use of the
segment pole of the EC-Earth-PISM’s ocean model’s ORCA
grid (see Madec 2008 for details). On the ORCA grid the
variables are defined on pseudolatitudes that flatten close
to the North Pole becoming parallel to the Alaska—Siberia
segment pole. We integrate v, the velocities normal to the
pseudolatitude before the North Pole (green lines in Fig. 5),
and continue with —v, the velocities normal to the pseudo-
latitude after the North Pole (yellow lines in Fig. 5) and

Depth (m)
AMOC (Sv)

or w o@w ow @

40 60
Latitude

F1G. 7. AMOC during T0: 1970-80 as shown by the meridional
overturning streamfunction from 20°S to 90°N in the EC-Earth-
PISM simulation. The white contour line (2-Sv transport) stresses a
weak northern extension of the AMOC, past the Greenland—
Scotland ridge at 65°N.
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FIG. 8. ArMOC during (a) T0: 1970-80 and anomalies during (b) T2: 2050-60, (c¢) T3: 2090-2100, and
(d) T4: 2130-40 with respect to TO in the EC-Earth-PISM simulation. Positive anomalies indicate an en-
hancement of the circulation. In addition to the strengthening of the ArMOC, note the weakening of the
AMOC south of the Greenland-Scotland ridge (—7 to —3 X 10°km to the pole). As in Fig. 7, the white
contour line at TO (a) highlights the 2 Sv streamline. For T2, T3, and T4, the white solid (dashed) lines
indicate streamlines above 5 Sv (below —5 Sv). The absolute values are shown in Fig. A4. The gray shading
at the top of each panel indicates the mean March sea ice thickness as a function of pseudolatitude. The
locations of the Greenland-Scotland ridge (GSR) and Fram Strait (FS) are indicated (see also Fig. 5,
with matching colors, for the positions of the triangles and a definition of the pseudolatitudes). Note that
the bathymetry is a result of a zonal average, which makes the Greenland-Scotland ridge appear deeper

than it is.

pointing toward the south. By doing this we ensure that we
capture the circulation within the Arctic up to the Siberian
shelf in a physically correct manner. The result of this inte-
gration can be seen in Fig. 8.

During TO (Fig. 8a), we observe the typical AMOC cell
centered at 900-m depth in the North Atlantic (—6 X 10° km to
the pole) and extending to the Greenland-Scotland ridge at
65°N (—3 X 10° km to the pole). This is to be expected, as the
integration only differs from the meridional overturning
streamfunction north of the Arctic circle at 66°N. North
of the Greenland-Scotland ridge, 2 Sv of the AMOC makes
its way into the Nordic seas and north to the Fram Strait,
and returns at 900-m depth where it merges again with the
AMOC. We will from now on refer to the secondary cell north
of the Greenland-Scotland ridge as the Arctic meridional
overturning circulation (ArMOC).

A clear pattern in the circulation changes can be observed
from T2 (Fig. 8b): the AMOC weakens and becomes shal-
lower while the ArMOC strengthens and expands toward the
Siberian Shelf. The maximum AMOC is reduced by 2Sv
during T2 and by 4 Sv during T3. In contrast, the maximum
strength of the ArMOC increases by about 1.5 Sv during T2,
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and by 1 to 2.5 Sv during T3. Moreover, positive anomalies of
2.5Sv are observed at the edge of the Eurasian Basin during
T2 and up to the North Pole during T3, which indicates a
displacement of the ArMOC toward the interior basin of
the Arctic.

While the AMOC at 26°N weakens steadily throughout
the twenty-first and twenty-second century, the ArMOC
experiences a strengthening until 2100 (T3) followed by a
weakening (T4). For comparison with the AMOC index at
26°N through time, the maximal strength with time of the
ArMOC in the Nansen Basin (pseudolatitude cutting the
red section in Fig. 5 at 87°N, purple diamond) is shown in
Fig. 9a. While the AMOC at 26°N weakens, the ArMOC
strength almost doubles from 2025 to 2100. After 2100-10
the cell weakens to reach its initial state (1.5 Sv) around year
2225. To link the evolution of the AMOC at 26°N and the
ArMOC, Fig. 9a includes a time series of the maximal AMOC
strength at 60°N (brown curve), just south of the Greenland—
Scotland ridge. Consistent with the AMOC at 26°N, the
circulation at 60°N weakens during the twenty-first century
but at a much slower rate. However, the weakening at 60°N
accelerates around 2100, at the same time as the ArMOC
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FIG. 9. (a) Time series of the maximal strength of the meridional overturning stream-
function at 26°N in blue (AMOC index), at 60°N in brown, and of the ArMOC at 87°N in
purple in the EC-Earth-PISM simulation. Time series for the EC-Earth simulation are
superimposed in gray for the AMOC at 60°N and the ArMOC at 87°N. The AMOC at 60°N
and ArMOC at 87°N are both computed using the pseudolatitudes outlined in Fig. 5. The
main time periods are marked with shades of blue. (b) Map of the ice extent for these time

periods with the same colors in (a).

starts to weaken. This suggests that the ArMOC influences
the northern overturning circulation in the Atlantic and
partly compensates for the early weakening. However, the
compensation becomes smaller at lower latitudes and is
barely visible in the AMOC strength at 26°N.

This strengthening of the ArMOC until the year 2100 coin-
cides with the northward shift of the ice edge and deep-water
formation regions. To investigate this link further, we com-
pute the streamfunction on density surfaces for the ArMOC
section. Meridional velocities are collected into potential
density bins computed with respect to 2000-m depth and
are then integrated throughout the density bins using the

10

w
)

Overturning strengh (Sv)
Potential density (kg.m™3) &

cdfmocsig subroutine from the package CDFTOOLS (https:/
github.com/meom-group/ CDFTOOLS).

The result of this integration is shown in Fig. 10a: within
the AMOC relatively light water (potential density between
33 and 36.5kgm ) travels north and return south 3 X
10° km before the pole (~65°N) at density between 36 and
36.8kgm > The ArMOC is also associated with a change in
density: 2 Sv travel farther north and become even denser
reaching a density of 37 kgm 3. However, when the dense
water formed in the Arctic returns toward the Atlantic and
joins the AMOC, the high densities are not conserved. From
T2 (Fig. 10b) to T4 (Fig. 10d) the streamfunction anomalies
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FIG. 10. As in Fig. 8, but in density space. Potential density is computed with respect to the 2000-Pa surface.
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FIG. 11. ArtMOC during (a) T4: 2130-40, (b) T5: 2170-80, and (c) T6: 2290-2300 in the EC-Earth-PISM simulation. As in Fig. 7, the white
contour lines highlight the 2-Sv streamline.

show two different trends for the AMOC: first the water gets
lighter (negative anomaly for the highest densities and
positive anomaly for water lighter than 36kgm™>) and
second the overall AMOC weakens. Although more difficult
to see than in depth coordinates, it is at least clear during T4
that the circulation has weakened as the weakening in the
high density range (10 Sv and more) cannot be compensated
by the enhancement observed for the lower densities (5—
9Sv). For the ArMOC, we observe as in Fig. 8 an en-
hancement of the cell during T2 and T3 together with the
development of the cell toward the Siberian Shelf. During
T4, Fig. 10d shows that the ArMOC has a weaker core,
which is consistent with the streamfunction in depth
coordinates.

f. The ice free Arctic Ocean

This section focuses on the changes in the Arctic accompa-
nying the disappearance of the last M km? of sea ice. While
there is still around 5M km? of winter sea ice during T4, the
ocean is ice free by T5 (Fig. 1).

Figure 11 shows that the weakening of the ArMOC initiated
between T3 and T4 (Fig. 8) continues after T4: the ArtMOC
retreats southward between T4 and T5 (Fig. 11b) and the cell is
gone by T6 (Fig. 11c). This shows that the simulated weakening
of the ArMOC after 2100 (Fig. 9) impacts the entire Arctic
overturning cell, from the Greenland—Scotland ridge to the
Siberian shelf. The weakening is consistent with the continued
reduction in maximum mixed layer depths in the Arctic Basin
(not shown).

4. Discussion

Under the most extreme emission scenario from the
S5th IPCC report, RCP8.5, Arctic summer sea ice is per-
manently gone by 2060 in the EC-Earth-PISM simulation
(Fig. 1). This timing is independent of the ice sheet cou-
pling: most of the Greenland melting takes place after
2150 (gray line, Fig. A1) when only a small amount of
Arctic winter sea ice is left. Additional EC-Earth2.3 ex-
periments by Koenigk et al. (2013) also indicate a summer
ice-free ocean from 2060, under the same emission sce-
nario. However, according to Koenigk et al. (2013), the
Arctic could be ice free in summer already by 2040 given that
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the EC-Earth2.3 model overestimates the current observed Arctic
sea ice cover, and underestimates the observed retreat rate.

Our coupled simulation also captures the disappearance of
winter sea ice, which still covers most of the Canadian and
Eurasian Basins by 2100 (T3, Fig. 3). While summer sea ice
retreats rapidly from 2035, winter sea ice retreats at a slower
rate until the year 2110 (Fig. 1). At this time, the retreat rate
increases and the Arctic becomes ice-free all year round from
2165. We focus on the retreat from 1970 to 2130 as the slow
winter sea ice retreat appears to be the most relevant for
this study.

In addition to the notable sea ice changes in the Arctic, the
future of North Atlantic deep convection receives a lot of at-
tention. While many studies focus on the weakening convec-
tion in the Labrador and Irminger Seas (Yang et al. 2016;
Belonenko et al. 2018), which is forecasted to shut down as a
result of increased freshwater fluxes (Jahn and Holland 2013;
Wang et al. 2018), it has been suggested that the deep con-
vection could move to higher latitudes, in particular to the
interior Arctic Ocean (Nansen Basin; Brodeau and Koenigk
2016; Lique et al. 2018). The latitudinal shift of deep-water
formation sites has previously been linked to the winter sea ice
retreat by Lique and Thomas (2018) who compared two equilib-
rium states; one based on preindustrial greenhouse gas concen-
tration with winter sea ice covering the Barents, Greenland, and
Iceland Seas, and another based on a 4 X CO, increase with
respect to preindustrial conditions with the sea ice edge en-
tering the Nansen Basin. More recently, Pérez-Herndndez
et al. (2019) and Athanase et al. (2020) arrived at the same
conclusion after observing deep mixing close to Svalbard in
new ice-free areas. Deep convection near Svalbard is a logical
intermediate step before it appears in the Nansen Basin;
however, the equilibrium simulation by Lique and Thomas
(2018) does not allow for an analysis of the changes preceding
the emergence of deep convection in the Nansen Basin. Here
we opt for an analysis of four time periods of a long coupled
experiment covering the different stages of the winter sea ice
retreat up to an ice-free Arctic Ocean. Hence, we can test the
consistency of deep-water formation changes with winter sea
ice retreat in time, and study what happens when the sea ice
retreats farther into the Eurasian and Canadian Basins.

We find that as the prevailing deep-water formation sites
weaken, new sites appear farther north, closely following the
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FI1G. 12. Freshwater content in the top 800 m during (a) TO0: 1970-80, (b) T2: 2050-60, (c) T3: 2090-2100, and
(d) T4: 2130-40 in the EC-Earth-PISM simulation. The blue lines indicate the winter (March) sea ice edge, while
the red lines indicate the location of deep-water formation.

retreating winter sea ice edge until the sea ice edge reaches the
Nansen Basin. At an early stage (T1; 2010-19, Fig. 4c), con-
vection in the Labrador Sea weakens, while convection in the
Nordic seas strengthens. In the following years, the core of the
convection in the Nordic seas moves farther north to the newly
ice free south coast of Svalbard (T2; 2050-60, Fig. 6¢), which is
consistent with Pérez-Hernandez et al. (2019) and Athanase
et al. (2020). Finally, the end of the century (T3; 2090-2100,
Fig. 6d) is marked by the notable emergence of deep con-
vection in the Nansen Basin at the edge of the winter sea ice
cover, as previously described by Brodeau and Koenigk
(2016, EC-Earth2.3 with RCP8.5 forcing) and Lique et al.
(2018; HIGEM with 4 X CO, forcing). Brodeau and Koenigk
(2016) show a weakening of the convection in the Nansen
Basin toward the end of their simulations (2085 to 2100). What
happens after 2100, when the winter sea ice retreats farther
into the Eurasian Basin has not been investigated in these
previous studies.

According to the long simulations analyzed here, the north-
ward migration of the deep-water formation sites does not
continue after 2100. Instead, while the retreat of winter sea ice
continues and accelerates, the deepest mixed layers remain
within the Nansen Basin and the western Nordic seas during T4
(213040, Fig. 6d) and become shallower, consistent with
Brodeau and Koenigk (2016). In 2140, 25 years before the
Arctic becomes perennially ice free, deep convection (>800 m)
is absent in the Atlantic Ocean, in the Nordic seas, as well as
farther north in the Nansen Basin. In summary, simulated future
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reductions in Atlantic deep-water formation is only temporarily
and partially compensated by enhanced deep-water formation
farther north into the Nordic seas and the Arctic Ocean.

The fact that convection is not initiated in the Canadian
Basin can be explained by its high surface freshwater content.
The Arctic Ocean, and particularly the Canadian Basin, is
known to be very fresh compared to the Atlantic Ocean as a
result of river runoff from Siberia and Canada and the inflow of
fresh Pacific water through the Bering Strait (Aagaard and
Carmack 1989). Here we measure the freshwater content FWC
by integrating the salinity anomaly in the upper 800 m, using
the reference salinity S, = 34.8 defined by Aagaard and
Carmack (1989) and corresponding to the mean salinity of the
Arctic Ocean:

(0 S . —S
FWC = J refi(z)db
—800m Src[

We use a depth of 800 m for the integration and the mean sa-
linity in March to compare the freshwater content with the
location of deep-water formation. In EC-Earth-PISM, most of
the Arctic Basin has an upper ocean freshwater content larger
than 10 m (Fig. 12d). In fact, the presence of freshwater in the
top layer indicates that the ocean is highly stratified, hence
stable. During T4 (2130-40) the sea ice edge meets this very
stable region and the increased air-sea heat flux, in this newly
ice-free area, is not sufficient to trigger convection. In contrast,
during T3, deep convection in the Nansen Basin was made
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a) TO: 1970-1980 b)

T3: 2090-2100 )

T6: 2290-2300

FIG. 13. Sketch summarizing the evolution of the deep mixing and the ArMOC under the retreat of the sea ice edge. (a) During TO:
1970-80 there is deep convection on both sides of the Greenland—Scotland ridge. Both AMOC and ArMOC are present, but the ArMOC
extent is limited by the sea ice edge. (b) During T3: 2090-2100 the sea ice edge retreats and the surface ocean warms, which result in
shallower (weaker) convection. The ArMOC develops as deep convection moves northward, while the AMOC weakens. Finally,
(c) during T6: 2290-2300 there is no more winter sea ice or deep convection, which is linked to the warming of the surface and the
freshening of the upper ocean. The AMOC is strongly weakened but still present by opposition to the ArMOC, which has shut down. In

this sketch, the ArMOC circulation and the bathymetry are based on Figs. A4a and A4c for TO and T3 and on Fig. 11 for Té.

possible by a concomitant retreat of freshwater, or intrusion of
saline Atlantic water (Fig. 12c). The strengthening of the
ArMOC could be responsible for this saline intrusion, which
acts as a positive feedback on the ArMOC by weakening
the stratification (see the negative Brunt-Viisild frequency
anomaly in the Barents Sea and Nansen Basin; Fig. A2c) and
enhancing the convection. However, the saline Atlantic water
does not make its way to the central Arctic Basin (Figs. 12d and
A3). Most of the Arctic Basin becomes fresher and more stable
through time (positive anomaly in Figs. A2b-d). Lique et al.
(2018) also obtain stability differences between the Canadian
and the Eurasian Basins under the sea ice retreat. They suggest
that surface circulation changes in the Arctic Ocean are re-
sponsible for the changes in freshwater distribution. Aagaard
and Carmack (1989) already suggested that the Eurasian and
Canadian Basins could answer differently to the climate change
due to their differences in freshwater sources and sinks.

In this study, we find that the changes in deep-water for-
mation in the Nordic seas and Arctic Basin have consequences
for the northern extension of the AMOC and introduce the
term ArMOC. The ArMOC is shallower than the AMOC and
is represented by an overturning of 2-3 Sv (Fig. 8a). However,
the ArMOC is associated with a further densification of the
Atlantic water (Fig. 10a). As the sea ice and deep-water for-
mation sites retreat northward, the ArMOC strengthens and
migrates north (T2, T3, Fig. 8). Moreover, the maximum
strength of the ArMOC around 2100 (Fig. 9a) coincides with
the disappearance of the northernmost convection site in the
Nansen Basin. Bitz et al. (2006) show similar enhancement of
an Arctic cell in a CO, ramping experiment with CCSM3.
However, in this previous study the enhancement is linked to
increasing sea ice formation on the Siberian shelf as a conse-
quence of increased seasonality. The timing of increased sea
ice formation and the enhanced ArMOC do not coincide in our
simulation. Instead, we suggest that open-water convection is
the main driver of the Arctic cell.

The strengthening of the ArMOC during the twenty-first
century contrasts with the forecasted AMOC weakening. The
weakening of the AMOC at 26°N is found in most climate
models (Cheng et al. 2013) and is consistent with the reduction
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in North Atlantic deep convection (Jahn and Holland 2013;
Brodeau and Koenigk 2016). However, the observed reduction
in deep-water formation has not yet been linked to a consistent
observed weakening of the AMOC at 26°N (Smeed et al. 2018).
In the long EC-Earth-PISM simulation, the AMOC strength at
26°N steadily decreases from 15.5Sv in 1950 to 7 Sv in 2200
(Fig. 9a). We find that the ArMOC strengthens due to the sim-
ulated enhanced deep-water formation north of the Greenland-
Scotland ridge, while the AMOC weakens because of the overall
deep-water formation reduction. In particular, the enhanced
deep-water formation north of the Greenland—-Scotland ridge
seems to compensate the AMOC weakening at 60°N according
to the kink at 2100 present in Fig. 9a coinciding with the ArMOC
maximum. However, the intermittent ArMOC strengthening
(~1.8Sv) is small compared to the overall 8.5-Sv reduction of
the AMOC at 26°N in the period from 1950 to 2200, hence the
delay is unnoticed at 26°N. Similarly, Lique et al. (2018) esti-
mate an increase of the Arctic contribution to the AMOC of
only 0.7 Sv when convection reaches the Eurasian Basin.

We suggest that the enhanced convection in the Arctic
Ocean and the strengthening of the ArMOC slows down the
weakening of the AMOC. This hypothesis is supported by re-
cent observations highlighting a more active role of the region
north of the Greenland-Scotland ridge in determining AMOC
variability (Chafik et al. 2019) and water mass transformation
(Chafik and Rossby 2019). Further, the Overturning in the
Subpolar North Atlantic Programme (OSNAP) array, con-
sisting of moorings from Labrador to the tip of Greenland
(OSNAP West), and from the tip of Greenland to Scotland
(OSNAP East), makes it possible to separate the impact of
deep-water formation in the Labrador Sea, Iceland-Scotland
region, and Nordic seas (Lozier et al. 2017). Based on the first
21 months of observations, Lozier et al. (2019) find that the
AMOC variability is driven by water mass transformation
north of the OSNAP East line (i.e., in the Iceland-Scotland
region, Nordic seas, and farther north).

According to Heuzé et al. (2013), CMIP5 models overesti-
mate deep-water formation resulting from open-water convec-
tion in the Southern Ocean at the expense of shelf processes
not resolved by the models. In the North Atlantic, the simulated
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FIG. Al. Time series of the freshwater resulting from the
Greenland ice sheet melting (gray line) and the rainfall (precipi-
tation — evaporation) over the Arctic Basins and Nordic seas (blue
line) in EC-Earth-PISM. The reduction in Greenland ice volume
from around 2100 (Fig. 2) results in an increase in freshwater flux to
the ocean. This freshwater flux is comparable to the rainfall over
the Arctic Basins and Nordic seas from around 2200 (40 mSv) and
stabilizes close to 60 mSv. However, part of the Greenland melt-
water is transported southward (not studied here).

dense water produces a reasonable AMOC strength at 26°N,
although the amount of open convection is unrealistically high in
the models (Heuzé 2017). In fact, the cascading of dense shelf
water off continental shelves has been described as one of the
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main mechanisms generating Arctic deep water (Aagaard et al.
1985). If dense shelf water were to be represented, we would
expect the dynamics of the ArMOC, and its simulated strength
over the next century, to be altered. In particular, the Arctic
summer sea ice retreat and enhanced seasonality could lead to a
strengthened ArMOC, as suggested by Bitz et al. (2006). In this
hypothesis, the asymmetry between summer and winter sea
ice reduction results in more winter sea ice formation and
more brine rejection, enhancing dense-water formation on
the shelves. On the other hand, reducing the importance of
open water convection could imply a smaller impact of the
northward shift of Arctic sea ice on the ArMOC.

5. Conclusions

The two simulations analyzed in this study show that
accelerated melt of the Greenland ice sheet occurs after the
simulated abrupt reduction in Arctic sea ice. This suggests that
the additional freshwater input to the ocean, originating from
the coupling with the Greenland ice sheet (PISM), does not
significantly slow down the sea ice reduction in the EC-Earth-
PISM model. The meltwater flux from Greenland exceeds
30mSv by 2150, when the Arctic Ocean is nearly ice free, and
reaches its mean maximal value of 53 mSv by 2200. At this
point, the Greenland melt contributes by freshening and sta-
bilizing the Arctic Basins, thereby promoting the weakening
the Arctic meridional overturning circulation (ArMOC) north
of the Greenland—-Scotland ridge.

BVF

BVF anomalies

FIG. A2. Yearly mean Brunt-Viisilad frequencies in the top 800 m for the period (a) T0: 1970-80 in the EC-Earth-
PISM simulation and anomalies during (b) T2: 2050-60, (c) T3: 2090-2100, and (d) T4: 2130—40 with respect to TO.
The winter sea ice edge is plotted with the blue contour line. The blue color at the edge of the winter sea ice (Barents
Sea and Nansen Basin) shows a weakening of the stratification while the rest of the ocean, and in particular the
Arctic Basins and Nansen Basin excluded, becomes more stable.
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FIG. A3. Freshwater content as in Fig. 12, but during (a) T4: 2130-40, (b) T5: 2170-80, and (c) T6: 2290-2300. After T4, the Arctic Basins
get consistently fresher, which can be linked to the water cycle acceleration and the ArMOC weakening that brings less saline Atlantic
water to the Arctic.

Our key findings, related to the Arctic meridional overturning in all basins, and the ArMOC is reduced, becoming neg-
circulation (ArMOC), a new metric introduced to study the ligible by 2200.
overturning changes north of the Greenland—Scotland ridge and e In contrast to the ArMOC, the AMOC at 26°N is steadily
into the central Arctic, are as follows: reduced from 2000 to 2200. Hence, the AMOC and ArMOC
appear decoupled in a warming climate, which warrants the
need to study them separately.

As the winter sea ice edge retreats into the interior Arctic
Ocean from 1970 (Fig. 13a) to 2100 (Fig. 13b), the deep-
water sites migrate north, enhancing the ArMOC.

e The simulated ArMOC strengthening contributes to a slow- Acknowledgments. The research leading to these results is
down of the AMOC weakening at 26°N by 0.01Svyr ' part of the ice2ice project funded by the European Research
until 2100. Council under the European Community Seventh Framework

After 2100, as the Arctic interior becomes ice free, there ~ Programme (FP7/2007-2013)/ERC Grant Agreement 610055.
is a decoupling between the winter sea ice edge and deep-  The research was supported by the Centre for Climate Dynamics
water formation. The upper ocean is strongly stratified  at the Bjerknes Centre for Climate Research and the Trond Mohn
due to large freshwater fluxes. Deep convection weakens  Foundation under Grant Agreement BFS2016REKO01 (A.B.).
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APPENDIX

Complementary Figures

Figure A1 is a complement to Fig. 2: the ice volume change of
Greenland is converted into freshwater fluxes and compared to
the increase in rainfall over the Arctic region. Figure A2 shows
the stability of the top 500 m of the water column as a comple-
ment to the freshwater content displayed in Fig. 12. Figure A3
shows that the Arctic Basins and Barents and Kara Seas only get
fresher after T4, which is consistent with the ArMOC weakening
in Fig. 11. Finally, Fig. A4 intends to better show the ArMOC
spatial extension in time, as a complement to Fig. 8. . ..
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Chapter 5

Perspectives and outlook

In this dissertation, | provide a new way to study the Arctic overturning, by making use
of the meridional overturning streamfunction and the geometry of tripolar grids in state-of-
the-art climate models. The streamfunction north of the GSR is adapted and named the
Arctic Meridional Overturning Circulation (ArMOC), providing a means of comparing the
strength and extent of the circulation throughout the Nordic Seas and Arctic basins. This
metric, the ArMOC, proves to be invaluable for investigating the mechanism driving the
overturning variability in the Arctic and assessing the Arctic overturning strength in climate
models. Despite recent attention (Weijjer et al., 2022), the Arctic overturning has mostly been
assessed via observation of volume transport at the main gateways (@sterhus et al., 2019)
and its drivers have been studied using idealized models (Eldevik and Nilsen, 2013; Haine,
2021). To date, only one other study has looked into the Arctic overturning in a state-of-
the-art climate model (Bitz et al., 2006). This dissertation thus provides novel insight about

an important component of the global ocean circulation.

5.1 The ArMOC framework

One downside of our method applied to studying the Arctic overturning is that it can only
be applied to models with a tripolar grid, therefore reducing the number of models that can
be analyzed. In particular, it favors models using NEMO as the ocean component. Recent
results indicate intensified Arctic changes in this family of models (Pan et al., 2023) which
could reflect on the ArMOC strength (see section 4.2 for further discussion).

Another potential weakness of the applied method is that the section used to calculate
ArMOC (yellow line, Fig.2.4) does not fully capture the circulation in the domain, which

could result in an underestimation of the changes. The method could be improved by using



118 Perspectives and outlook

Figure 5.1: CESM'’s grid characteristics in the Arctic highlighted through 2 parallels and 4
meridians. The parallels encircle Greenland, following the Arctic Ocean along its central axis,
with one meridian aligning with the GSR.

an axis of integration that is perpendicular to the GSR and to the Fram Strait and Barents
Sea Opening. In CESM2, pseudo-latitudes satisfy these conditions (Fig. 5.1), making this grid
a promising alternative to study the overturning in this model. In this case, the overturning
would be obtained by integrating zonal velocities u along " pseudo-parallels” starting from
the GSR and ending in the Canadian archipelago. An effective approach for improving the
ArMOC investigation would involve projecting the data from each CMIP6 model onto the
CESM2 grid. This would allow a systematic evaluation of the ArMOC in CMIP6 models and
a better representation of the circulation. The transformation and analysis should then also
be applied to Ocean state estimate products, which would provide a means of evaluating

model performance.

Other methods exist that could have been used to calculate the Arctic overturning. The
streamfunction in thermohaline coordinates (e.g., Zika et al., 2012), which describes the
volume flow in temperature-salinity coordinates and shows the conversion of temperature
and salinity through the whole ocean interior, could potentially offer an accurate estimate
of the total volume transport associated with the transformation of Atlantic water. The
velocities are then integrated for specific combinations of temperature and salinity, and the
circulation provided in T-S space. This method effectively prevents biases originating from
model grid considerations, but it comes at the expense of losing the spatial dimension, and

should therefore be used as a complementary diagnostic.
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5.2 ArMOC dependency on dense-water formation

Through an analysis of the ArMOC in different models, and under different forcing condi-
tions, | have highlighted the dependency between the overturning and dense-water formation,
suggesting a minor role of the wind in driving the overturning circulation in the Arctic. No-
tably, in the scenario where extensive sea-ice cover inhibits dense-water formation (stadial;
Paper Il), the Arctic overturning cell is inactive. Conversely, the overturning cell becomes
operational as soon as the Nordic Seas are ice-free. However, the location of dense-water
formation (Paper |) and its intensity (Paper Il) significantly influence the extent and strength
of the overturning. Meanwhile, dense-water formation is pre-conditioned by the position of

the sea-ice edge and the prevailing background stratification (see section 4.4).

Jackson and Petit (2023) have earlier shown good correlations between the subpolar overturn-
ing strength in density coordinates and the watermass transformation from surface buoyancy
forcing north of 45°N, with or without including the Nordic Seas, suggesting that the sub-
polar overturning and the ArMOC are disconnected. However, the maximum overturning
strength in the subpolar North Atlantic is found at shallower depths/lower densities than that
impacted by the Nordic Seas overflow and Arthun (2023) find the trends in overturning in the
Nordic Seas correlate with the lower limb (1500-2000 m) of the subpolar overturning. Further
studies are warranted to understand the relationship between future ArMOC and overturning

changes in the North Atlantic.

| hypothesized that the ArMOC is primarily driven by dense-water formation in the Arctic
Ocean. However, it could also be that dense-water formation increases as a result of a
strengthened circulation which weakens the stratification. As an example, changes in the
horizontal circulation can influence the zonal density gradient in the Arctic, and consequently
the ArMOC (Zhang and Thomas, 2021; Arthun et al., 2023). In fact, Lique et al. (2015) find
a strengthening of the wind-driven circulation in the Greenland Sea under a 4xCO, forcing.
To rule out the wind as a driver of the Arctic overturning strengthening, and to further
test our hypothesis, a cross-correlation analysis should be performed between the ArMOC
strength, the wind-stress curl, and the dense-water formation in the Nordic Seas, as a future

extension to this study.

One of the difficulties encountered in this dissertation was to evaluate dense-water formation.
In Paper |, we defined dense-water formation sites as regions with a mixed-layer depth exceed-
ing 800 m. Changes in the maximum mixed-layer depth, and in the area and location of the
dense-water formation, are then compared and discussed with respect to changes in ArMOC
strength. This method, however, does not allow for a systematic and quantitative evalua-
tion, especially given the large differences in mixed layers among the models. In Paper Il, we

overcome this issue by computing watermass transformation from surface buoyancy fluxes.
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Dense-water formation is then assessed by evaluating the watermass transformation toward
a high range of densities during the winter months only. However, this method does not
take into account the fact that the overturning water is becoming lighter in the future, nor
a change in the length of the dense-water formation season. In conclusion, additional work
is required to be able to relate watermass transformation via buoyancy flux to mixed-layer

depth, and dense-water formation.

5.3 ArMOC strengthening in the future

Considering the ongoing sea-ice retreat, | believe that the ArMOC could become stronger
in the future. This hypothesis builds upon the dependency of the ArMOC on dense-water
formation (section 4.2) and the understanding that a retreat of the sea ice leads to in-
creased watermass transformation and a shift in location of dense-water formation (Ligue
and Thomas, 2018; Vige et al., 2009; Koenigk et al., 2013; see Figure 5.2, left panel). In
Paper |, we identified a strengthening of the ArMOC in EC-Earth-PISM continuing till the
end of this century together with a northward shift of dense-water formation sites. This re-
lationship is further supported by 4 climate models in Paper Il. In these models, a stronger
ArMOC in the mid-century is concurrent with an increase in dense-water formation in the

Nordic Seas.

These results stress the need to study the ArMOC and how its state relates to the dense
overflow at the GSR, and consequently to the AMOC. It is not unlikely that a strengthening
of the ArMOC could partly compensate for the observed AMOC weakening (Arthun, 2023).
The ArMOC strengthening also lends new insights into the ongoing Atlantification of the
Arctic.

Although the hypothesis of a stronger future ArMOC is supported by several models, the large
spread of model responses in the Arctic identified in Paper Il needs to be discussed further.
As described, 4 models show no sign of ArMOC strengthening (referred to as " weak-ArMOC
models”) and the amplitude and timing of the ArMOC strengthening in the 4 "strong-ArMOC
models” (CanESM5, EC-Earth3, MRI-ESM2-0, and UKESEM1-0-LL) vary considerably. As
of yet, there is no clear evidence to rule out either of these models, and the reason behind
the different simulated responses to a warming Arctic is unclear. The strengthening could be
linked to intensified changes in the Arctic detected in the NEMO-family of models; however
one of the strong-ArMOC models does not use NEMO (MRI-ESM2-0) while two weak-
ArMOC models do use NEMO (CNRM-CM6-1 and IPS6-CM6A-LR, see Table 2.2).

An ArMOC strengthening could be expected in models with a lower horizontal resolution; a
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lower resolution has been linked with strong vertical mixing and strong overturning at the
expense of eddy mixing and a stronger horizontal circulation (Hirschi et al., 2020). However,
two models with similarly low horizontal resolution give a weak ArMOC. Further, it should
be noted that all the strong-ArMOC models use the same turbulent closure scheme in the
parametrization of vertical mixing. If this mixing scheme tends to induce more convection,
this could explain the dense-water formation increase and ArMOC strengthening in those

models.

According to Levermann et al. (2007), models with a weak AMOC present a reduced AMOC
weakening which is due to the presence of a more extensive sea-ice cover. Under radiative
forcing, these models present more sea-ice reduction which leads to enhanced heat loss and
dense-water formation in the Nordic Seas. In light of our results, this would imply an ArMOC
strengthening. If this is the case, the strong-ArMOC models should be the models with
an extensive winter sea-ice cover. However, it appears not to be the case in our subset of
models (Table 2.2.2). In addition, there is no indication that the strong-ArMOC models have
a weaker AMOC decline (Table 2.2.2).

It should be noted that the ArMOC strength does not exceed 4 Sv for the historical period
in most models, which is only 2/3 of the value estimated from observations (@sterhus et al.,
2019). According to Cai et al. (2021), an underestimation of the overturning in the Arctic
region, and associated heat transport, could explain the cold bias present in the models in the
Arctic. As a consequence of underestimating the ArMOC, we could also be underestimating

any potential future ArMOC enhancements.

These results highlight the sensitivity of the simulated ArMOC to model details. Further
in-depth studies are needed to better understand and constrain the mechanisms driving over-
turning changes in the Arctic, in order to produce more reliable projections of the ArMOC in

climate models.

According to Heuzé (2017) and Heuzé et al. (2023), CMIP models overestimate dense-water
formation resulting from deep convection because they do not resolve dense-water formation
on the shelves. In addition, Aagaard et al. (1985) consider the cascading of dense shelf
water off continental shelves to be one of the main mechanisms generating dense water
in the Arctic. As the Arctic Overturning depends on dense-water formation, as shown in
Papers Il and Ill, a misrepresentation of dense shelf-waters could partly explain the present
underestimation of the Arctic overturning in models. In addition, dense-water formation on
the shelves is expected to increase under increased seasonality, which offers another possible
mechanism for a transient ArMOC strengthening (Bitz et al., 2006).
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5.4 ArMOC, freshwater and the estuarine circulation

Throughout this dissertation, it has become clear that the dynamics of the ArMOC strongly
depend on the distribution of freshwater at the surface, and consequently on the estuarine
circulation. Notably, in paper Ill, a strong estuarine cell develops in the transition from a
stadial to an interstadial climate state. This sets the stage for the onset of convection in
the Nordic Seas, ultimately leading to the activation of the ArMOC. An active estuarine
circulation is necessary to flush out the anomalous freshwater present in the Nordic Seas
during the stadial. It is worth noting that the estuarine cell has opposite effects in the
Labrador Sea where deep convection is inhibited by the increased freshwater export from the

Nordic Seas.

In addition, in Paper | we find that the northward shift in deep convection, and the ArMOC
strengthening, stop at the end of this century due to the high freshwater content in the
Arctic basins. A stronger estuarine cell would be necessary to dissipate the freshwater anomaly
present in the Arctic basins, which is also increasing as a result of a strengthened hydrological
cycle. Meanwhile, the anomalous freshwater fluxes from a melting Greenland ice sheet are
not found to affect the convection and overturning in the Arctic, including the Nordic Seas.
This is probably due to the fact that the increase in meltwater occurs later in time when deep

convection is already reduced.

There seems to be a fundamental mechanism linking the overturning and the estuarine circu-
lation in the Arctic; however, the meridional overturning streamfunction is the sum of both
and does not lend itself to separating the two. Although we know that the estuarine circu-
lation is present in the models analyzed in Papers | and Il, we can not measure its strength
since it is hindered by the strong overturning. On the other hand, in Paper Ill, the estuarine
cell is initially stronger than the overturning and can be assessed. This implies that the es-
tuarine and overturning circulations partly cancel each other, resulting in an underestimation
of their individual strength. In Paper Ill, we could be missing the early development of the

ArMOC as it is hidden by the strong estuarine cell.

With the results from Papers I, Il, and IlI, | can only offer speculative insights into how the
estuarine and overturning circulation are coupled, as summarized in Figure 5.2 (right panels).
| propose that the estuarine circulation and the ArMOC are both enhanced initially and have
positive feedback on each other in the ongoing sea-ice retreat (Papers 1&Il). The increased
Atlantic inflow enhances the estuarine cell, which results in an increase in freshwater export,
a weakening of the stratification, increased heat loss, and a strengthening of the ArMOC. In
turn, a stronger ArMOC imports more Atlantic water, which can then mix with freshwater

and enhance the estuarine cell.
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However, the overturning and estuarine circulations respond differently to forcing depending
on key parameters such as the temperature of the inflowing Atlantic water, or the freshwater
input to the Arctic (Haine, 2021). The system could reach a so-called heat crisis anticipated
by Haine (2021) leading to the weakening of the estuarine cell during the second half of the
century, and the subsequent weakening of the ArMOC. In Paper Ill, it is also likely that the
estuarine cell is activated by the enhanced inflow of Atlantic water. Since there is no active
convection in the Nordic Seas at this point, it would mean that other forcings (e.g. wind)

also play a significant role in influencing the overturning and estuarine circulations.

In conclusion, there is a need to separate the circulation into its overturning and estuarine
components. This could be achieved by combining our diagnostic with an analysis of the
circulation in thermohaline coordinates (Zika et al., 2012). As an example, using this coordi-
nate system would allow for separating the enhancement of the thermally-driven cell from a
weakening of the salinity-driven cell. Further work could compare the sensitivity of ArMOC

to heat and freshwater forcing with that inferred from the analytical model of Haine (2021).

5.5 The ArMOC during a D-O event

Based on the D-O event simulation in Paper Ill, it can be inferred that the abrupt warming
in Greenland is predominantly influenced by the interplay between the estuarine and ArMOC
circulations. The Greenland warming correlates with the sea-ice retreat in the Nordic Seas,
which follows the activation of the estuarine circulation. The timing of the transition can
be explained through the following mechanism: the strengthening of the AMOC results
in an increase in Atlantic water transport in the subpolar region. This water mixes with
surface freshwater, weakening the stratification in the eastern subpolar region and activating
an estuarine cell, which ultimately delays the sea-ice retreat. This mechanism is repeated
when the Atlantic water makes its way to the Nordic Seas. Part of the water mixes with
the anomalous freshwater in the Nordic Seas, sustaining the strong estuarine circulation and
further inhibiting convection in the Labrador Sea. The remaining (minor) part of the inflowing
Atlantic water is cooled at the surface in the eastern Nordic Seas until convection is activated.
Deep convection enhances the ArMOC and further heat loss to the atmosphere, which results
in rapid Greenland warming. In conclusion, the ArMOC is intimately linked to the abrupt

warming observed during D-O events in Greenland.

The simulation presented here is meant to mimic a H-stadial to D-O interstadial transition.
However, freshwater input is highly uncertain for the glacial period. In order to get a strong
response in the model, the freshwater flux applied is exaggerated. Based on model sensitivity

studies and reconstructions, such as Roche et al., 2010; Hemming, 2004, the freshwater
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Figure 5.2: Development of the overturning (dark red) and estuarine circulation (light blue)
under future and past sea-ice retreat, as illustrated by the meridional overturning stream-
function. In the Arctic, the streamfunction only captures the dominant circulation, which in
practice is the overturning cell. Here, we suggest how the secondary circulation evolves (i.e.
the estuarine circulation, see blue arrows in a,b,c,d, and f).

With the current sea-ice cover (left panels), the retreat of the sea ice is accompanied by a
weakening of the AMOC (b, ¢, -), a heat loss increase in the Arctic, and a strengthening of
the ArMOC and estuarine circulation (b, +) until the mid-century. The collapse of the estu-
arine cell and the accumulation of freshwater in the Arctic prevent further heat loss increase
and result in the final ArMOC weakening (c). Under a very extensive sea-ice cover (d), the
ArMOC is inactive. As the sea ice retreats and the Atlantic inflow increases (), the estuarine
cell strengthens, preconditioning the heat loss increase in the Nordic Seas and the activation
of the ArMOC (f).

release is expected to have been smaller in magnitude and located further south in the subpolar
gyre. However, the sensitivity to surface freshwater forcing is highly model-dependent, and
the simulation presented in this study sheds light on the potential of the estuarine circulation
in driving changes. My stated hypothesis is that the ArMOC and estuarine circulation are
regulating each other. In this context, the transition between cold and warm conditions
(weak and strong AMOC, inactive and active ArMOC) could be triggered by the collapse or

activation of the estuarine cell (Haine, 2021).

To further investigate the role of overturning changes during D-O events, it would be advan-
tageous to analyze simulations with unforced D-O like oscillations, such as those found in the
model studies of Vettoretti et al. (2022) or Klockmann et al. (2020). In light of my results
showing the importance of the estuarine circulation, | recommend including an analysis in
thermohaline coordinates in future studies. If possible, it would also be valuable to reproduce

the experiments of Haine (2021) using forcing consistent with MIS3 and D-O conditions.
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Errata
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Paper I1I:

Page 2 Lines 29 and 43 Missing year in the reference Broecker et al. (1990)
Page 5 Line 138 typo: Figure 3a corrected to Figure 2a
Page 5 Line 147 typo: fresherwater corrected to freshwater

Page 7 caption of Figure 2 wrong reference: the caption refers to a section that is not
presented in this paper, therefore I added a reference to a previous paper “across the
Atlantic and Arctic oceans (as computed in Bretones et al., 2022)” instead of “along
the section defined in Figure ...”

Page 7 Line 162 typo: Fig 3.1.1b corrected to Fig 2b
Page 8 Line 189 typo: Figure 3c corrected to Figure 3b

Page 11 Line 229 typo: Figure 3.1.1.b corrected to Figure 2b
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