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KEY FACTS

What is happening:

L.

The AMOC, which plays an important role in the climate of northwest
Europe, has been mostly stable through the last 12,000 years apart from a
disputed weakening in the late 19" century (Confidence: medium evidence,
medium agreement).

Overall weakening of AMOC through the instrumental period (since 1950)
depends on proxy data and sparse measurements leading to low confidence
in this trend (Confidence: Low evidence, low agreement).

The AMOC underwent a strengthening in the 1990s, a weakening until the
early 2010s, followed by a slight recovery, before a return to weakening in
recent years (Confidence: High evidence, high agreement).

Freshwater fluxes from Arctic and Greenland sources have influenced the
subpolar North Atlantic, and the enhanced release of freshwater could have
an increasing impact on the AMOC in the future (Confidence: Medium
evidence, medium agreement).

What could happen:

L.

Predictions of an AMOC weakening by 2100 are robust and consistent in
magnitude with the observed trend in the AMOC since 2004 of 1 Sv/decade
(Confidence: medium evidence, high agreement).

There have been increased numbers of studies highlighting the risk of
AMOC passing a tipping point in this century, but large uncertainty remains
around the robustness of the metrics and data used to assess this
(Confidence: Low confidence, low agreement).

Future changes in shelf circulation are uncertain but will result from both
local climate impacts and exchanges with the open ocean (Confidence: Low
confidence, low agreement). Understanding these changes is important as
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they are likely to have a direct impact on fisheries and aquaculture, sediment
transport, marine biodiversity and sea level.

SUPPORTING EVIDENCE
Introduction

Ocean circulation, including ocean currents and systems of ocean currents, such as
ocean gyres and the Meridional Overturning Circulation, play a key role in the
climate system through the redistribution of heat, freshwater, carbon, and nutrients.
Some of these systems of ocean currents are on a large spatial scale and of global
climate relevance. For example, the basin scale Atlantic Meridional Overturning
Circulation (AMOC) plays an important role in the climate of northwest Europe
(Bellomo et al., 2021; McCarthy et al., 2015). Other ocean circulation features are
on a smaller spatial scale and still have an important climate relevance. For example,
the regional-scale exchanges across the northwest European shelf are large
(Huthnance et al., 2022) and enable a disproportionately large carbon transport that
plays an important role in the ocean’s sequestration of anthropogenic carbon (Legge
et al. 2020). How these systems will change as the climate changes is a key focus of
research.
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Figure 1: Large-scale circulation in the North Atlantic. A system of warm, northward flowing currents
and cold southward flowing currents is known as the Atlantic Meridional Overturning Circulation or
Gulf Stream System. The RAPID and OSNAP arrays of moored instruments for observing the AMOC
are shown in purple. Named ocean currents, freshwater input, and geographic features are also
highlighted. Dashed box is the area highlighted in Fig. 4.

The large-scale North Atlantic circulation mainly consists of the wind-driven gyres
and the AMOC which is partly wind-driven and partly driven by differences in
density of water masses (Fig. 1). This overlap of drivers makes distinct definitions
of AMOC and subpolar gyre strength impossible. Traditionally, the AMOC has been
defined by the maximum of the overturning streamfunction—the maximum balance
of upper water flowing to the north balanced by deeper water flowing south, which
occurs in the subtropics. In the subpolar North Atlantic, warmer water flows
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northwards on the eastern side of the basin and colder water flows southwards at the
western side of the basin. At these subpolar latitudes, a more appropriate measure of
the overturning is the overturning streamfunction in density space (Lozier et al.,
2019). In climate models, such as the CMIP6 models used in the IPCC 6th
Assessment Report, the metric of the maximum overturning streamfunction in depth
space—typically at 30°N—is used. Key to the choice of metric is the climate
relevance of the metric. For example, the maximum of streamfunction in depth space
captures 90% of the heat transport of the ocean in the subtropics (Johns et al., 2011).

On the eastern boundary of the gyre, at the continental shelf edge, flows the
European Slope Current, with its origins traceable to the Iberian Peninsula and
extending all the way around the European shelf towards Scandinavia. While the
steep change in bathymetry restricts large-scale currents flowing onto the shelf,
various processes can lead to exchange between the open ocean and shelf seas
(Huthnance et al. 2022). Circulation and conditions on the continental shelf can then
be influenced by both the open ocean as well as exchange across the shelf edge. On
the continental shelf, a number of coastal currents exist that are also driven by local
wind, tides, and thermohaline factors. These distribute heat, salt and nutrients across
the shelf seas.

A consistent prediction of ocean circulation change in response to anthropogenic
climate change has been that the AMOC will weaken. Since the mid-1980s, the
earliest climate models first predicted that an AMOC slowdown would result from
an increase in atmospheric CO2 (Stouffer et al., 1989)—a projection that has been
repeated in successive IPCC reports in the intervening 40 years. While projections
based on climate models are consistent, there are disagreements with observations
and between model runs in the historical period (McCarthy and Caesar, 2023) and
questions remain about the inability of climate models to simulate abrupt change
(Valdes, 2011). Better understanding of the AMOC has led to a more nuanced
consideration of the AMOC and not simply as a catch-all for all broad-scale ocean
circulation change. Understanding different elements of ocean circulation such as
the subpolar gyre, boundary currents, and shelf circulation are important to
understand the impact on climate and ecosystems. For example, uncertain future
changes in shelf sea circulation and dynamics are likely to have a direct impact on
fisheries and aquaculture, sediment transports, biodiversity, and sea level.

WHAT IS ALREADY HAPPENING

Is the AMOC in a weakened state?

A long-term perspective, beyond modern observations, on AMOC change is
provided by paleoclimate datasets, specifically indirect past ocean property
reconstructions (proxies) which are mostly derived from marine sediments and long-
lived organisms recovered from the seafloor (Moffa-Sanchez et al. 2019). These
paleoclimate datasets can be used to help identify natural and anthropogenic changes
in circulation, and to test the performance of climate models through comparisons
with relevant previous climate states—such as past warmer climates, or periods of
enhanced melting of ice sheets.

Paleoclimate proxy data have associated caveats: (i) they are limited in their spatial
extent; (ii) proxies contain multiple secondary controls that add uncertainty to the
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interpretation of the data; (iii) they are unable to reconstruct the overall paleo-AMOC
directly, particularly in the most recent timescales. Instead, sub-components (e.g.
different currents) or ‘fingerprints’ of the AMOC system need to be examined and
inferences then made on the AMOC as a whole; (iv) these paleo-data are sometimes
validated in a numerical model framework and thus rely on models correctly
capturing the causal connections between AMOC and the diagnostic in question
(Thornalley et al. 2018).

During the current warm interglacial period of the last 11,700 years—the
Holocene—the AMOC has been relatively stable (Lippold et al. 2019). Despite the
release of large amounts of meltwater during the early Holocene (11,000-8,000 years
ago), as Ice Age ice-sheets melted, there was likely only a minor, or even no
weakening of the AMOC (Lippold et al., 2019), suggesting that the Holocene AMOC
was not close to a meltwater-induced tipping point. In contrast, climate model
simulations of this time period display a larger AMOC decline, suggesting that some
models may be over-sensitive to this type of meltwater forcing (He and Clark 2022).

Studies drawing upon reconstructions in upper ocean properties and the deep western
boundary current suggest that the post-1850 AMOC is in an anomalously weak state
compared to the previous 1000 years (Thornalley et al. 2018; Caesar et al. 2018,
2021). Yet, this change is not observed in all proxy datasets and differences exist
across locations and methods used (Moffa-Sanchez et al. 2019). Therefore, there
remains ongoing debate as to whether the AMOC is currently at the weakest on
millennial timescales (Kilbourne et al. 2022; Caesar et al. 2022).

In contrast with climate observations, such as global surface temperature that are
reported from the mid-19™ century, observations of the AMOC are much more
recent. In spite of a number of early expeditions such as that of the Challenger or
Meteor, no direct observations of the AMOC exist before the 1950s. Observational
estimates from 1950s to the 1980s rely on reconstructions from in-situ shipboard
data (e.g. Fraser and Cunningham, 2021; Rossby et al., 2020) or are reconstructed
from instrumental proxy data (e.g. Caesar et al., 2018; Terhaar et al., 2025). Many
of these reconstructions show a weak AMOC in the 1960s and 1970s (Fraser and
Cunningham, 2021; Caesar et al., 2018), in line with paleo reconstructions
(Thornalley et al. 2018). However, the overall trend in these reconstructions does not
conclusively support an overall weakening and many of these studies conclude there
has been no overall slowdown in the AMOC (Fraser and Cunningham, 2021; Rossby
et al., 2020; Terhaar et al., 2025) or a weak slowdown (Pontes and Menviel, 2024).
This contrasts with the paleo and SST reconstructions that do show a weakening in
this timeperiod (Caesar et al., 2018; Thornalley et al. 2018).

Since the 1980s, AMOC strength and variability have been measured directly using
moored observations, combinations of in situ hydrographic data with satellite
measurements of sea level (since 1993), or through surface-based proxies. These
records have shown growing agreement (Fig. 2). Since the 2000s, measurements in
the subpolar and subtropical North Atlantic, the OSNAP (Lozier et al., 2019),
RAPID (Moat et al., 2020), and MOVE (Send et al., 2011) arrays, have provided a
detailed look at the strength and variability of the AMOC (see Fig. 1 for locations of
RAPID and OSNAP). Ocean reanalyses, where ocean models assimilate
observations, have also been used to assess North Atlantic circulation (Jackson et
al., 2019, Fig. 2). Since 1980, the AMOC has strengthened through the 1990s, and
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overall weakened thereafter, with the RAPID observations showing a 1 Sv/decade
trend over the 20 years of observations since they began in 2004 (Volkov et al., 2024,
McCarthy et al., 2025).
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Figure 2. Examples of different AMOC estimates during the modern instrumental era (since 1980) from
a dedicated observing system RAPID (red, Moat et al., 2024), an ensemble average of reanalysis
products (grey, Copernicus Marine), and reconstruction from hydrography (black, Worthington et al.,
2021).

The expansion of AMOC transport observing arrays since 2001 has also highlighted
significant arecas where the community understanding of the AMOC is still
developing (Frajka-Williams et al., 2023). These areas include methods of
observation and how to apply reference level adjustments to geostrophic transport
(Danabasoglu et al. 2021) and how to incorporate distributed measurements like
Argo float profiles and satellite observations into transport estimates (Desbruyéres
et al. 2019). The AMOC at a single latitude does not necessarily capture the same
processes as at another latitude: Jackson et al. (2022) highlight that atmospheric
forcing has different relative importance in the subtropical North Atlantic versus the
subpolar North Atlantic, with one consequence being that the observed AMOC
variability in the subtropics is typically dominated by interannual timescale
variability whereas decadal variability dominates in the subpolar region. This
differing behaviour highlights the complexity around the continuity of the AMOC,
in particular, across the subpolar-subtropical gyre boundaries. Mechanisms
explaining the differences include additional Ekman pumping (Fraser et al., 2025)
and differing timescales of connectivity from the Labrador Sea to the subtropics
(Kostov et al., 2022).

In summary, while observational estimates of AMOC have broadly converged since
the 1980s, the precise attribution and mechanisms for these long-term trends and the
modern AMOC state remain very uncertain. Since 1980, due to the variability in the
AMOC at different latitudes, the variations in methods of measurement, and the
relatively short duration of the records, it is not possible to conclude that the AMOC
since 1980 has weakened. Recent compilations (Jackson et al. 2022; Caesar et al.
2022) of AMOC records have consistent behaviour: a strengthening of the AMOC
in the 1990s, a weakening until the early 2010s, followed by a slight recovery, before
a return to weakening in recent years (Volkov et al., 2024, McCarthy et al., 2025).
The overall weakening in the RAPID observations since 2004 of 1 Sv/decade is only
just statistically significant (Volkov et al., 2024) and remains small in comparison to
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the shorter timescale variability (McCarthy et al., 2025). Nonetheless, a 1 Sv/decade
weakening matches the projected weakening from ARG6.

Given the uncertainties in model predictions of AMOC weakening and their
predictions of the transitions to an AMOC tipping point (or collapse), it is critical
that North Atlantic AMOC observational arrays are maintained into the future. This
will lead to better understanding of the dynamics of the subpolar region, extend the
AMOC record in the subtropics which will increase our present understanding of
AMOC impacts in Europe.

Changes in the subpolar gyre

In the subpolar North Atlantic, polar easterlies in the north and turbulent westerlies
in the south drive the cyclonic (anti-clockwise) subpolar gyre. In the south, the
subpolar gyre is flanked by the North Atlantic Current (NAC). The NAC marks the
boundary between the subpolar cool and fresh and the subtropical warm and saline
water masses. As such, the NAC is partly fed by cool and fresh water masses from
the western subpolar gyre further north, and by warm and salty water masses
supplied from the subtropical gyre further south.

Although the AMOC has been relatively stable over the current interglacial (Lippold
et al., 2019), last millennium centennial-scale climate events such as the Medieval
Climate anomaly and Little Ice Age have been linked to changes involving
variability in the strength of the subpolar gyre, driven by variability in Arctic waters
reaching the subpolar North Atlantic and/or through externally forced atmosphere-
ocean feedbacks (Moreno-Chamarro et al. 2017; Moffa-Sanchez and Hall 2017,
Arellano-Nava et al., 2022). There is evidence to suggest that the industrial-era
surface subpolar gyre is in an exceptional state (e.g. Spooner et al., 2020a),
contracted towards the western basin with increased northward penetration of
warmer waters into the Iceland Basin, Nordic Seas and Arctic (Spielhagen et al.
2011; Tesi et al. 2021). However, there is little evidence that these multi-centennial
ocean surface changes were accompanied by changes in the integrated strength of
the AMOC and/or deep AMOC changes (Mjell et al. 2016; Moffa-Sanchez et al.
2015; Thornalley et al. 2018) and there is low confidence that AMOC changes on
decadal to multidecadal timescales are significantly influenced by ocean surface
changes and by anthropogenic forcing (Eyring et al., 2021).

Decadal to multidecadal changes in the subpolar gyre are driven by natural internal
variability of the ocean (Moat et al. 2024), externally forced atmosphere-ocean
feedback such as greenhouse gas forcing (Lee et al. 2021) and aerosol emissions
(Hassan et al. 2021; Robson et al. 2022), and naturally forced atmosphere-ocean
feedback such as solar radiation (Ye et al. 2023) and volcanic eruptions (Marshall et
al. 2022; Paik et al. 2023). Since the 1980s, changes in wind over the subpolar North
Atlantic have changed the strength and extension of the subpolar gyre circulation,
which is associated with changes in the position of the subpolar front. In the mid to
late 1990s, the subpolar gyre contracted towards the western basin, at a period of
AMOC strengthening, associated with a westward shift of the subpolar front that
allowed the NAC to transport more water of subtropical origin northward (Hakkinen
et al. 2011a; Hiakkinen and Rhines 2004). These anomalous wind patterns have been
associated with modes of variability such as the North Atlantic Oscillation (NAO)
(Koul et al. 2020) and the East Atlantic Pattern (Hékkinen et al. 201 1b)—the first
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and second modes of atmospheric variability respectively. Furthermore, the AMOC
fingerprint and gyre index are two metrics used to infer these changes that have been
subject to recent debate considering the complexity of inferring dynamic changes
from property variability that is driven by multiple oceanic and atmospheric
mechanisms (Chafik & Lozier, 2025).

In the 2010s, an intensified, northward shifted storm track and jet stream led to a
stronger gyre circulation, which advected more cold and fresh polar water in the
subpolar gyre and simultaneously reduced the import of warm, saline subtropical
water into the subpolar gyre, leading to the freshest upper ocean recorded in 120
years (Holliday et al. 2020). The freshening of the upper subpolar gyre propagated
at depth through entrainment of the salinity anomaly and led to a rapid freshening of
the deep overflow layer 2 years later (Devana et al., 2021). A consequence of the
freshening signal in the subpolar gyre is a decrease in the Deep Western Boundary
Current transport since 2016 (Koman et al., 2024).

Following a period of cold subpolar gyre, a prevailing positive NAO enhanced
transport of warm and saline subtropical waters into the Subpolar North Atlantic
(Desbruyéres et al. 2021) associated with a strengthening of the heat transport at
45°N (Desbruyéres et al. 2019) was observed since around 2016. Indeed, under
persistent positive NAO forcing over several years, positive density anomalies in the
western subpolar gyre are transported southward along the western boundary and act
to strengthen the AMOC at these timescales (Chafik et al., 2023). A strengthened
AMOC is concomitant with the westward contraction of the subpolar gyre and the
enhanced transport of subtropical water into the subpolar North Atlantic. This
warming phase observed in the upper ocean of the subpolar gyre is not observed at
depth where, on the contrary, the deep overflow layer undergoes a warming-to-
cooling reversal in 2014, possibly dominated by entrainments of surrounding waters
at the Greenland-Iceland-Scotland ridge (Desbruyeres et al., 2022).

Influences of freshwater fluxes on the North Atlantic

In the subpolar North Atlantic, freshwater variations are of particular importance as
they affect, and are affected by, the large-scale climate (Fig. 3). Freshwater
variations are closely linked to changes in the ocean circulation, both as a driver and
as a response. On decadal timescales, freshwater variations in the subpolar North
Atlantic have been connected to changes in the Arctic Ocean circulation, with a more
cyclonic Arctic gyre resulting in an enhanced freshwater export into the subpolar
region, which is the current state of the Arctic Ocean circulation since about 2015
(Lin et al., 2023; Nishino et al., 2023), and a more anti-cyclonic Arctic gyre resulting
in an enhanced freshwater accumulation in the Arctic (Proshutinsky & Johnson,
1997; Proshutinsky et al., 2015; Solomon et al., 2021). Yet, there are many open
questions regarding the exact pathways and timescales of the freshwater export from
the Arctic into the subpolar region. In addition, it is not clear what drives the
atmospheric circulation over the Arctic that triggers the decadal switches in the
Arctic Ocean circulation regimes.

An enhanced freshening of the subpolar region increases the stratification of the
water column. Thus, it requires a stronger surface cooling for the water to become
dense enough to be mixed down. Large freshwater events can thus lead to
pronounced cold anomalies (Oltmanns et al. 2020; Oltmanns et al., 2024). Consistent
with the decadal releases of Arctic freshwater, the North Atlantic exhibited a
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pronounced decadal cycle of subpolar cold anomalies over the last century, linked to
change in the ocean and atmospheric circulations (Arthun et al. 2021; Zhang et al.
2019). These cold anomalies are associated with increased gradients in the sea
surface temperature (SST), triggering changes in the large-scale atmospheric
circulation. The resulting atmospheric feedbacks, in turn, lead to further changes in
the subpolar gyre circulation, increasing the import of cold and fresh polar water
(Oltmanns et al. 2020), intensifying the surface fluxes (Duchez et al. 2016; Josey et
al. 2018), and increasing the residence times and recirculation of the cold and
freshwater masses in the subpolar gyre (Fox et al., 2022). An open question remains
regarding the relative importance of air-sea heat fluxes in the subpolar North Atlantic
(Josey et al., 2019) and ocean processes of freshwater inflow in generating cold
anomalies in the subpolar North Atlantic, if this differs between timescales and if
this would change in the coming years to decades in a context of enhanced ice loss
(Josey et al., 2018). In addition, the atmospheric feedbacks affect the weather over
the continents surrounding the North Atlantic, resulting in more storms in winter
(Oltmanns et al. 2020) and heatwaves and droughts over Europe in summer (Duchez
et al. 2016; Mecking et al. 2019).

On longer timescales, enhanced freshening can influence the AMOC (Haine et al.,
2023). By increasing stratification, large freshwater releases into the subpolar North
Atlantic can potentially disconnect the northward flowing branch at the surface from
the southward flowing branch at depth and trigger a weakening of the AMOC.
Hydrographic observations from key convective regions (regions of cold, dense
water formation such as the Labrador, Irminger, and Nordic Seas) in the subpolar
North Atlantic indicate that an increased seasonal freshening shortens the time span
during winter in which freshwater is exported downward to depth and in which ocean
convection occurs (Oltmanns et al. 2018).

Surface freshening in the subpolar North Atlantic is mainly driven by changes in the
subpolar gyre circulation (Holliday et al., 2020) and Arctic Ocean circulation
(Proshutinsky et al., 2015) on interannual to decadal timescales. An increasingly
important driver of recent surface freshwater and cold anomalies (since ~1995) is
seasonal runoff and melting of sea ice and Greenland ice sheet in the subpolar region
(Oltmanns et al., 2024). The accelerated melting of Greenland ice sheet is releasing
additional freshwater into the subpolar North Atlantic (Shepherd et al., 2021) and,
for long-lasting increase of freshwater discharge, could reduce deep convection by
strengthening the upper ocean stratification (Dukhovskoy et al., 2021). Ocean model
experiments show that the Greenland meltwater discharge enhances the density
gradient along the boundary current, which increases current velocities and modify
the deep convection regimes in the subpolar North Atlantic, with shallower mixed
layers in the Labrador Sea and deeper mixed layer in the Irminger Sea (Illana Shiller-
Weiss et al., 2024). Changes in the Labrador Sea deep convection is dependent on
the resolution of the model considered: high resolution models are associated with
thinner boundary current and finer representation of eddies, which leads to larger
changes in the deep convection (Swingedow et al., 2022). The Greenland meltwater
discharge and Arctic Ocean freshwater inflow are also mainly responsible for the
density compensation of the AMOC observed over the Labrador Sea (Zou et al.,
2020), with a strong sensitivity of the density compensation to the entry location of
the freshwater fluxes (Bebieva & Lozier, 2023). The residence time of Greenland
freshwater anomalies are strongly dependent on their entry location in the subpolar
North Atlantic (Dukhovskoy et al., 2021). This suggests that enhanced meltwater in
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the subpolar North Atlantic can impact the mechanisms of density compensation in
the Labrador Sea and affect the AMOC.

Currently, the Arctic is warming about twice as fast as the rest of the planet
(Rantanen et al. 2022), contributing to an enhanced ice loss from Greenland and
Arctic glaciers (Bamber et al., 2018). There are still many open questions regarding
the role of the North Atlantic on the Arctic and, in turn, the role of the Arctic ice loss
on the North Atlantic. However, we do know that the subpolar region exhibited a
significant freshening trend over the last 70 years, superimposed on the decadal cycle
associated with Arctic freshwater releases (Oltmanns et al., 2024). The trend, in turn,
was accompanied by a cooling signal in the subpolar North Atlantic, which has been
linked to a slowdown of the large-scale Atlantic Meridional Overturning Circulation
(Caesar et al., 2018, 2021). It was further shown that the density and depth of the
AMOC lower limb is critically dependent on the strength of interior mixing between
waters of Atlantic and Arctic origins in the vicinity of Denmark Strait (Dey et al.,

2024).
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Figure 3: Schematic from Dong et al. (2025) summarizing the links between the drivers (left panels) of
ocean and atmospheric circulation changes (middle panels) and their impacts over the North Atlantic
(right panels).

Linking the Open Ocean to the European Shelf Seas

Due to their shallow nature, shelf seas are influenced to a far greater extent than the
open ocean by tides and wind, as well as the land and seabed boundaries. On sub-
daily time scales, tidal flows dominate across the northwest European Shelf Seas
(hereafter NWESS). However, on longer timescales, the mean circulation patterns
are strongly influenced by wind and density driven flows and steering by seabed
topography and the coastline (Fig. 4). The Atlantic Ocean, and particularly the
European Slope Current, sets the density at the seaward edge of the NWESS.
Transport from the open ocean onto the shelf then determines the relative influence
of Atlantic water masses, and therefore the temperature, salinity, and circulation

9
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patterns across the shelf. This on-shelf transport can in turn be strongly influenced
by prevailing weather patterns (Jones et al. 2018). Near the coast, circulation patterns
may also be influenced by riverine sources of freshwater plumes, as well as land-
steered surface wind stress.

Though the continental shelf edge presents a barrier to large-scale ocean currents, a
host of processes drive exchange of water between the open ocean and shelf seas
(including tides, internal tides, topographic deviations of along-slope flow, eddies,
and Ekman transports in the wind-driven surface and bottom boundary layers).
Along the 5000 km shelf edge from Biscay to north of Shetland, these are estimated
to sum to ~ 10 Sv (1 Sv = 10° m?® s!), with variability in exchange as well as
circulation on the shelf having implications for the residence time of water in UK
shelf seas (Huthnance et al. 2022). This can vary from tens of days in narrower more
exposed shelf areas (e.g. Malin Shelf, Fig. 3), to ~400 days for areas in the North
Sea. Export from the shelf then occurs from two different routes: surface circulation
through the Norwegian Current or export at depth along the length of the shelf edge.

Unlike transects used for the AMOC across the Atlantic Ocean, long-term
monitoring of transport pathways across the NWESS is limited. Data from the Joint
North Sea Information System (JONSIS) hydrographic section in the northern North
Sea (Berx et al. 2018) captures the main inflows of Atlantic Water to the North Sea,
which is important for the hydrography and ecology of the Northern North Sea. It is
one of the few long-term observation programs on the NWESS dating from 1981.
Sheehan et al. (2017) found that, although inflow in predominantly wind-driven,
transport associated with salinity-driven flow is increased in winter, while, in the
summer, temperature-driven flows dominate. On shorter timescales, Sheehan et al.
(2020) used glider observations in the Northern North Sea to study weekly variability
of transports and found thermohaline flows focused into narrow jets which cannot
be captured by traditional transects, highlighting the importance of high spatial and
temporal resolution data.

Irish Coastal
Current English Channel
Inflow

France

Bay of
Biscay

o A

Figure 4: Circulation around the northwest European Shelf (grey = 200 m isobath). Showing warm
(red), cold (blue), shelf-edge (orange), and shelf (green) currents. ROI = Republic of Ireland, NI =
Northern Ireland, Wal. = Wales, Eng. = England, Scot. = Scotland.
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Variability in shelf water properties can be influenced by both the volume of
exchange with open ocean as well as changes in open ocean properties. Slope
current transport variability and source water provenance are both linked to
changes in the subpolar gyre, which drives variability in circulation that feed the
NW European slope current (e.g., Clark et al. 2022; Daly et al. 2024). Decadal
variability of salinity in the North Sea has also been linked to fluctuations in the
subpolar gyre (Koul et al., 2019; Patsch et al., 2020), while the volume of inflow is
dominated by wind-driven inflow associated with the NAO (Hjollo et al., 2009).
The source water properties of water masses will influence nutrient content as well
as physical properties on the NWESS. For example, observations from the OSNAP
array in the eastern subpolar North Atlantic have shown variability in different
nutrient concentrations between 2017 and 2020, with potentially significant
implications for the downstream shelf regions, such as the Northern North Sea
(Johnson et al. 2024). Daly et al. (2024) also highlight the potential impact of
variability of variability in the European Slope Current and surrounding region for
understanding species distribution and habitat suitability over different timescales.

Future changes in the NWESS circulation are strongly linked to changes in the wider
North Atlantic. Wind patterns and storminess may affect exchange at the shelf edge
through both changes in Ekman transport as well as impacts on the slope current.
Large, episodic exchange and transport events (likely associated with wind and
storm events) might play an important role for maintaining the continental shelf
carbon pump on the NWESS through resupply of oceanic origin nutrients and
flushing of dissolved organic carbon (Sharples et al. 2019). Overall, Atlantic
warming is expected to increase stratification and shoal the mixed layer, limiting the
supply of nutrients into the surface layer. However, under certain conditions, mixing
at the shelf-break can then connect the shelf seas to the deeper, nutrient-rich, Atlantic
waters (Mathis and Mikolajewicz 2020).

Robust climate projections for shelf circulation can be challenging, as uncertainties
can arise from both the large scale models as well as the downscaling methods
necessary for resolving the processes in the shelf seas (e.g., Mathis et al., 2018).
Downscaled model scenarios have suggested there could be significant changes to
circulation within the North Sea (e.g., Holt et al. 2018; Tinker et al., 2016). Holt et
al. (2018) show that increased freshwater export from the Arctic could lead to a
change in oceanic density gradient alongside the NWESS, resulting in a significant
reduction to the slope current and therefore reduced inflow into the North Sea (from
1.2-1.3 Sv t0 0.0-0.6 Sv). Such changes in circulation would lead to a reduced inflow
of nutrients, and therefore reduction in primary production, consistent with
projections also presented in Mathis et al. (2019). However, more recent projections
from Tinker et al. (2024) suggest that while the residual circulation may decrease in
the North Sea, there is no large-scale change in circulation patterns. Consistent with
results from Holt et al. (2018), Tinker et al. (2024) suggest that the response seen
within the North Sea may be sensitive to the resolution of the driving global ocean
circulation model. Tinker et al. (2024) also show that the change in residual
circulation may differ across the shelf, with opposing changes seen between the
southern and northern stretches of the slope current, and therefore between the Celtic
Sea and North Sea. However, the resolution of NWESS models used in each of these
studies to date also do not resolve key processes within the slope current or
exchanges across the shelf break (e.g., Graham et al., 2018a), therefore significant
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uncertainties remain around these downscaled simulations and circulation responses
on the continental shelf.

Integrating the shelf seas into climate models to place changes on the shelf in the
context of climate change remains a challenge. Global ocean circulation is typically
simulated without explicitly representing the tides. However, in continental shelf
seas the tides are more fundamentally entwined with the regional circulation. For the
NWESS, Tinker et al. (2022) highlighted the differences in circulation pathways
when tidal processes are omitted and identified tides as an essential driver for heat
and mass circulation. Omitting tides results in non-uniform behaviour with some
areas showing increased throughflow and others showing reduced throughflow. The
consequent biases in temperature and salinity were of order 0.5°C and 0.5 psu
(practical salinity units ~ g/kg). Excluding tides from coupled ocean-atmosphere
simulations has also shown to have impacts for the local atmospheric circulation and
seasonality around the UK (Arnold et al. 2021), so may be critical for understanding
longer term climate scenarios.

Even when tides are explicitly included in simulations, there are additional small-
scale processes that can be a challenge to capture in coarser resolution models. For
example, the interaction between tides and complex bathymetry can generate
internal tides, with significant impacts for stratification and mixing in shelf seas
(Inall et al. 2021). These processes as well as other tidal circulations can only begin
to be resolved with kilometric scale grid spacing (e.g., Guihou et al. 2018; Polton
2015). This challenge of resolution has only been addressed for UK operational
ocean forecasting within the past 10 years (Graham et al. 2018b). However, the
significant computational expense means that regional climate projections of the
NWESS are currently still at 7 km resolution (e.g., Tinker et al. 2024), and global
climate models are coarser still. Therefore, residual circulation in tidally activated
global simulations can be expected to under-represent the true tidal contribution to
the circulation.

For better knowledge of NWESS circulation, a coordinated program of observations
would provide an effective way forward. This could include occupying one or two
hydrographic sections at least annually and investing in autonomous systems
(Gliders or ASVs) and 'smart' moorings, in combination with existing buoyancy or
offshore structures. The largest unknowns are perhaps related more to the
biogeochemistry and productivity of NWESS. Annual cycle measurements of
carbon, nitrogen and phosphorus cycles are needed. Autonomous systems (gliders)
are now capable of such measurement and require further investment.

WHAT COULD HAPPEN IN THE FUTURE

Future ocean circulation

The IPCC 6™ Assessment Report (hereafter AR6) report concludes that it is very
likely that AMOC will decline over the 21st Century as a result of anthropogenic
climate change (Fig. 4). According to simulations undertaken with different levels
of forcings for CMIP6 the AMOC is expected to decline by -24% to -32% by 2100
for low and high emissions scenarios, SSP1-2.6 and SSP5-7.0 respectively (Fox-
Kemper et al., 2021). The magnitude of this decline is largely independent of specific
future emissions choices until at least 2060 and may be related to competing changes
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in near-term climate forcings across scenarios (Hassan et al, 2022). The magnitude
of projected AMOC decline in simulations conducted for AR6 was larger than the
simulations conducted for AR5 (Collins et al. 2013). A broadscale revisiting of the
AMOC projections will be undertaken as part of the IPCC’s forthcoming 7th
Assessment report when CMIP7 models will be used.

Despite the consistent ensemble-mean decline in CMIP6 future scenario simulations,
it is important to emphasise that there remains a large spread between models in
terms of how large and how fast the AMOC decline will be. Specifically, AMOC
decline by 2100 ranges from -5% to -40% for low emission scenarios. Similar
uncertainties are also seen in extreme climate change simulations, with the range of
AMOC reduction spanning ~20-80% in abrupt quadrupling of atmospheric CO2
concentration (Bellomo et al, 2021; Baker et al, 2025). Baker et al. (2025) highlight
that there is a weak, but robust, overturning circulation even in CMIP6 models where
the AMOC reduces substantially due to sustained Southern Ocean winds. Using this
result, Baker et al, (2025) inferred that a complete collapse (defined in the paper as
a weakening to below 6 Sv) is unlikely this century even under a high emissions
scenario. However, the AMOC continues to decline when extending simulations
beyond 2100 and a reduction of AMOC below 6 Sv is seen as more likely when
examining changes on timescales to 2300 (Drijfout et al, 2025). On average, models
with a stronger AMOC over the last century undergo a larger AMOC decline
(Gregory et al, 2005; Weijer et al, 2020). Observational constraints have also been
used to constrain future projections (Weijer et al, 2020; Bonan et al, 2025). By
constraining the mean state using present day observations from the RAPID array,
Weijer et al, (2020) constrained the future decline to be 71 Sv by the year 2100,
equivalent to approximately 40% decline or a decline of approximately 1 Sv/decade.
More recently Bonan et al, 2025 used overturning depth and the rapid array, and
concluded the largest declines in AMOC are "very unlikely" with an expected
AMOC decline by 2100 of 5+-2Sv.

Climate model simulations for AR6 suggest an increase in the strength of the AMOC
over the previous century (Fig 4), with an anthropogenic aerosol driven increase in
AMOC of ~10% for the multi-model mean by ~1985 and a subsequent AMOC
decline (Fox-Kemper et al., 2021). This historical increase in AMOC is in contrast
to that suggested by proxies of past AMOC change (McCarthy and Caesar, 2023).
However, the simulated increase in AMOC is sensitive to the anthropogenic aerosol
changes (Menary et al., 2020; Robson et al., 2022) which are a still a major source
of uncertainty, and so we have more confidence in the climate models’ ability to
faithfully represent the response to greenhouse gases (dominant in the future) than
to aerosols (which played a significant role over the last century). In addition, various
proxy-based estimates of AMOC variability over the last century are themselves
uncertain. Therefore, we have greater confidence in future AMOC downward trends.

There is a broad range of physical processes that are thought to contribute to the
spread in AMOC projections across climate models. For example, the projected
future AMOC decline is likely sensitive to the simulated locations of deep
convection and deep water formation as well as the subsequent magnitude of the link
between deep water formation and the AMOC (Jackson et al., 2020). Lin et al. (2023)
emphasize the role of Labrador Sea stratification, showing that weaker stratification
allows deeper penetration of surface warming, which in turn reduces subsurface
density and contributes to AMOC weakening. Baker et al. (2023) highlight the
importance of Indo-Pacific upwelling pathways, demonstrating that models with

13



GCCIP Marine Climate Change Ocean circulation
Impacts Partnership

stronger present-day return flow tend to exhibit greater AMOC weakening.
Additionally, Levermann et al. (2007) underscore the influence of northern sea-ice
cover, suggesting that initial sea ice extent modulates oceanic heat loss and thus
affects the magnitude of AMOC decline. There is also conflicting evidence as to
whether the AMOC declines faster in higher resolution models (Roberts et al., 2020;
Shan et al., 2024). However, most of the models used for AR6 had low resolution
ocean components with nominal ocean resolutions of 1 degree.

Recent observational studies from the OSNAP project (Lozier et al. 2019) have
questioned the strength of the link between Labrador Sea convection and the AMOC
and instead highlighted the relative importance of the eastern North Atlantic
subpolar gyre. The structure and magnitude of the AMOC from coupled models
generally agree well with OSNAP observations: a majority of the AMOC occurs at
the eastern subpolar gyre rather than over the Labrador Sea (Oldenburg et al. 2022;
Yeager et al 2021; Menary et al 2020; Petit et al 2023) in the mean. However, the
impact of resolution is still unclear, with some models showing a simulated subpolar
AMOC closer to observations at low resolution (Petit et al., 2023) and others at high
resolution (Oldenburg et al., 2022; Yeager et al., 2021). Furthermore, the specific
mechanistic pathways linking anthropogenic climate change and AMOC decline are
currently not fully constrained. Nonetheless, the overall effect of increased heat and
high-latitude freshwater input driving AMOC decline remains well understood.

Multi-model mean AMOC anomaly at 35.0N, 1000m in CMIP5 and CMIP6 ensembles
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Figure 5: Multimodel mean AMOC anomaly (relative to the period 1860-1880) in CMIP5 and CMIP6
historical ensembles as well as future projections. Taken from IPCC AR6 Ch. 9, Fig. 9.10.

Will the AMOC pass a tipping point?

There is a growing number of studies that conclude that the AMOC is approaching
or has passed a tipping point (e.g. van Westen and Dijkstra, 2023; Diltlevsen and
Ditlevsen, 2023; van Westen et al., 2024, Boers, 2021; Michel et al., 2022), but the
evidence remains inconclusive. Observational proxies of AMOC, typically based on
SST, show that, over the last century, the AMOC may have evolved from relatively
stable conditions to a point close to a critical transition as indicated by a critical
slowing down (Boers, 2021; Michel et al., 2022; Diltlevsen and Ditlevsen, 2023).
Others argue that the current uncertainties are too high to robustly predict the timing
of any potential AMOC collapse (Ben-Yami et al., 2024) and that critical slowing
down indicators may not always be reliable when applied to complex systems like
the AMOC (Zimmerman et al., 2025).

Evidence that the AMOC has a tipping point come from previous studies that
consider simplified models of the AMOC and studies of paleoclimate that have
suggested that the AMOC could have two stable states: one with a strong AMOC as
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in the present day (an ‘on’ state), and one with an ‘off state’ or reversed AMOC
(Rahmstorf et al. 2015; McManus et al. 2004; Weijer et al. 2020). This raises the
question of whether there is the potential for a collapse of the AMOC in the future.
Although in the past it has been difficult to demonstrate multiple stable states of the
AMOC in coupled climate models (Stouffer et al. 2006), several climate models have
now shown off or weak states that persist for at least centuries (Mecking et al., 2016;
Liu et al. 2017; Jackson et al., 2023; van Westen and Dijkstra, 2023). The IPCC also
assessed (medium confidence) that model biases could be making climate models
overly stable (Valdes 2011; Liu et al. 2017; Mecking et al. 2017; Weijer et al. 2020).

Many studies that show the AMOC passing a tipping point are based on a shift to a
weak or off state caused by an input of freshwater into the North Atlantic (Kim et
al., 2022; van Westen et al., 2024; Willeit and Ganopolski, 2024). However, typically
studies use freshwater inputs which are much larger than those expected in the future
from, for example, Greenland ice melt (e.g. van Westen et al., 2024). More realistic
rates of freshwater input over the next century show little AMOC weakening from
freshwater input alone (Martin et al. 2022; van den Berk and Drijfthout 2014). In
contrast, Swingedouw et al. (2022) has shown that models with a very high-
resolution ocean may be more sensitive to Greenland melt. Applying updated
estimates of Greenland melt over the last few decades, they found a larger impact of
Greenland melt in a very high-resolution ocean model, than had been found in earlier
studies such as (Boning et al. 2016; Devilliers et al. 2021). Bakker et al. (2016) found
that Greenland melt increased the risk of collapse by 2300.

The IPCC ARG report has found that although the AMOC is very likely to decline
before 2100, there is medium confidence of no collapse. For longer timescales a
collapse has been found to be as likely as not before 2300 in high emission scenarios
(Collins et al, 2019). While there has been an increase in the number of papers
indicating that a tipping point in AMOC is imminent, many questions remain around
the validity of the metrics, the timing of a tipping, and the underlying data that
informs AMOC strength. The gold standard of AMOC observations, the RAPID
array, shows a weakening in line with projected weakening from AR6 (approx. 1
Sv/decade) and not in line with a mid-20" century collapse (which would require a
4 Sv/decade weakening, McCarthy et al., 2025). However, this doesn’t mean that the
AMOC hasn’t passed a tipping point. Given the magnitude of the impacts associated
with an AMOC collapse (see later section), in particular for northwestern Europe, a
letter from scientists in 2024 urged “the Council of Nordic Ministers to (a) initiate
an assessment of this significant risk to the Nordic countries and (b) take steps to
minimize this risk as much as possible”. While the science in this area is evolving
rapidly, assessing the risks associated with AMOC collapse should not be postponed.

Ocean circulation as the key to unlocking decadal forecasts

Decadal predictions aim to predict climate on time-scales relevant to decision
making by forecasting how the slower components of the Earth System change from
years to decades ahead. They do this by using the current state of the ocean
circulation (i.e., the initial conditions) and by taking account of changes in external
forcings like greenhouse gases (i.e., the boundary conditions). The North Atlantic is
a region where initialising the ocean circulation is key to unlocking the skill of these
forecasts (Yeager and Robson, 2017; Smith et al, 2019). On annual-to-decadal
timescales, changes in the strength of the AMOC and the subpolar gyre drive large
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scale changes in North Atlantic SSTs, sea surface height and salinity (Yeager, 2020;
Fan et al, 2023), which have been linked to a wide variety of impacts, including
regional rainfall variability, atmospheric circulation, Arctic sea ice, and fisheries
(Zhang et al, 2019). Therefore, successful prediction of the AMOC and subpolar
gyre on annual-to-decadal timescales brings substantial societal benefits.

Although direct observations of ocean circulation only cover a relatively short
period, there is evidence that both the AMOC and subpolar gyre circulation can be
predicted successfully. For example, by verifying against assimilated model runs,
previous studies have shown in a multi-model system that decadal predictions of
AMOC variability at 45° N is possible up to five years (Pohlmann et al. 2013;
Yeager, 2020). Changes in the subpolar gyre strength are also apparently predictable
for a number of years (Wouters et al., 2013; Yeager, 2020). The prediction skill
likely depends on the state of the ocean at the point of initialisation (Borchert et al.
2018). However, the correct initialisation of the AMOC is difficult and current
decadal prediction systems show a variety of drifts that affect skill in predicting the
subpolar gyre temperatures (Menary and Hermanson, 2018; Polkova et al, 2023).
Additionally, Menary and Hermanson (2018) showed that the uncertainty in past
decadal variability of salinity in the Labrador Sea is so large that the choice of
observational reference data set decides which models are most skilful.

Annual-to-decadal predictions of the AMOC are made operationally and are
available from the WMO Lead Centre for Annual-to-Decadal Climate Prediction
(www.wmolc-adcp.org, Hermanson et al., 2022). Understanding the dynamics and
predictability of the AMOC and the subpolar gyre is an active research topic and
improvements in annual-to-decadal predictions from better understanding and
representation of ocean circulation is likely to quickly translate into societal benefits.

Future regional impacts of ocean circulation change

The potential impacts of AMOC decline have widespread implications for global
climate, with a weakened AMOC causing: relative cooling in the North Atlantic;
large changes in precipitation patterns including a shift in the Intertropical
Convergence Zone; changes in mid-latitude atmospheric circulation patterns; and
delaying the timing of an ice free Arctic (Jackson et al. 2015; Liu et al. 2020;
Bellomo et al. 2021; Orihuela-Pinto et al. 2022; van Westen et al. 2024). It is worth
noting the detailed patterns and exact magnitude of potential impacts depend on the
extent of AMOC decline (gradual weakening versus collapse) (Bellomo et al. 2021)
and may also vary with different climate models and emission scenarios (Jackson et
al. 2015; Liu et al. 2020). For example, whilst a collapse of the AMOC remains
unlikely, it may have the potential to induce a cascade of abrupt events (Collins et
al. 2019). The impacts of an AMOC collapse would be substantial, influencing
global and regional climate (Jackson et al. 2015; van Westen et al. 2024). Here we
will focus on the impacts of AMOC weakening relevant to the region encompassing
the UK, Ireland, and northwestern Europe.

To isolate the effects of AMOC weakening from other drivers of climate change,
studies artificially weaken the AMOC using large freshwater inputs (known as
hosing runs). Whilst useful for understanding the impacts of AMOC weakening,
caution is required in interpreting results as the impacts of AMOC weakening depend
on background climate state (Bellomo and Mehling, 2024). For example, AMOC
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hosing runs show decreased annual mean temperatures (Jackson et al. 2015) and
annual mean precipitation rates (Bellomo et al., 2023; Bellomo and Mehling, 2024;
Zhang et al. 2024) over the UK due to a weakened AMOC. However, Bellomo and
Mehling (2024) compare 4xCO2 experiments, with a pre-industrial AMOC strength,
to hosing runs that are extrapolated to 4xCO2 climate. They show the hosing runs
predict much stronger cooling and more drying over the UK than the 4xCO2 runs.

Temperature

The duration of winter cold spells over the UK varies spatially. A weakened AMOC
increases the strength of the jet stream, reducing atmospheric blocking and the
duration of cold spells over Ireland and Southern UK. There is also a moderate but
not robust increase in cold spell duration over Northern UK (Meccia et al. 2024).
However, as impacts depend on the position of the jet stream and climate models
struggle to resolve jet stream position, regional impacts should be treated with
caution. In the case of AMOC collapse, van Westen and Baatsen (2025) indicate cold
events may become more extreme in both the UK and Ireland. This scenario can
occur under the intermediate warming scenario RCP4.5, when an AMOC collapse
in CESM simulations run sufficiently far into the future (beyond 2300).

Observational studies show cold Atlantic SSTs prior to most extreme European
heatwaves since the 1980s, suggesting an increased probability of heatwaves over
Europe in summer in response to cold Atlantic SST anomalies (Duchez et al. 2016).
But hosing runs show atmospheric blocking decreases in summer, leading to less
frequent extreme warm events (when identified by fixed temperature thresholds)
over the UK (Meccia et al. 2024).

Multiple studies (e.g. Jackson et al. 2015; Orihuela-Pinto et al. 2022; van Westen et
al. 2024) show regional changes in Atlantic SSTs in response to an AMOC collapse
lead to a seesaw pattern in surface air temperatures, with relative decreases
(increases) across the Northern (Southern) Hemisphere including cooling by several
degrees in northwest European waters. Impacts due to a gradual AMOC weakening
may be less severe. For example, van Westen et al. (2024) find no significant trend
in global mean surface temperature or global sea ice area. In addition, any changes
in surface air temperature in response to AMOC strength, occur in the context of
background global warming.

Precipitation

Multiple studies show a decrease in annual mean precipitation over the UK due to a
weakened AMOC (Bellomo et al. 2023; Bellomo and Mehling 2024; Zhang et al.
2024). However, this signal varies seasonally. For example, Jackson et al. (2015)
find a weakened AMOC leads to increases in snowfall rates, snow depth and snow
cover duration in winter and Bellomo et al. (2023) find an increased number of wet
days over Northern Europe associated with an increased frequency of wintertime
NAO positive phase. Increases in high pressure circulation over the UK in summer,
due to AMOC weakening, lead to increased dry spells, posing substantial drought
risks (Rousi et al., 2021). In the case of AMOC collapse, precipitation change could
lead to the loss of UK arable farming (Ritchie et al. 2020).
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Ocean circulation

Storminess

A weakening AMOC has been shown to impact storm tracks through changing
Atlantic SST gradients (Brayshaw et al. 2009; Howard et al. 2024). Liu et al. (2020)
and Bellomo et al. (2021) find a weakened AMOC displaces the mid latitude jet
poleward in winter—a finding that is supported by observational evidence (Hallam
etal.,2022). Whilst Jackson et al. (2015) find a strengthening and eastward extension
of the storm track over the UK and northern Europe. A stronger storm track may:
increase the number and strength of storms over Europe (Hansen et al. 2016);
increase precipitation and mean wind speeds when the storms make landfall; and
enhance the maritime effect in winter (Jackson et al. 2015). The latter may also
reduce the cooling signature over Europe in winter (Yamamoto and Palter 2016).

Extreme water levels

AMOC weakening affects sea level extremes directly through sea surface height and
indirectly through storm surges, a major contributor to coastal flooding in the UK,
due to changes in the North Atlantic storm track (Howard et al. 2024). Howard et al.
(2024) find up to a 25% increase in the annual maximum meteorological component
of UK storm surges due to AMOC weakening, although this varies spatially around
the UK. The greatest projected increases are expected at some west coast sites,
consistent with a strengthening of westerly winds, whereas south-eastern coastlines
see smaller or negative changes.

Biogeographical shifts

Ocean circulation change also has impacts in the marine ecosystem, where it can
influence biogeographic shifts through different mechanisms. Firstly, direct impacts
may occur when circulation affects the trajectory or dispersal of marine species
(predominantly eggs or larvae). For example, when considering larval dispersal
during early life stages, circulation patterns will determine the connectivity (the
connection of distant local populations by currents) and survival of marine species.
Understanding the influence of circulation on larval dispersal is then crucial for
understanding the resilience of marine species to any changes in the marine
environment. Multiple controls may have a combined impact on larval dispersal,
such as changing circulation patterns combining with temperature, food and ocean
acidity induced changes in the behaviour and fitness of larvae. Models suggest
changes in the AMOC can impact larval dispersal but, for cold water coral species,
changes in connectivity are relatively small. Larval behaviour has a much greater
impact on connectivity, which needs to be considered in connectivity models and
conservation planning (Gary et al. 2020). There is considerable uncertainty in future
changes in connectivity, given the multiple factors that may influence larval
behaviour, as well as likely changes in species habitats and migration.

Biogeographic shifts may also occur when changes in circulation lead to changes in
heat, salt, nutrient and chemical fluxes (such as dissolved oxygen), or relative
locations of boundaries between water masses (and their associated properties). In
the Northeast Atlantic, shifts in the extent of subpolar waters linked to subpolar gyre
dynamics have been linked to biogeographical shifts in marine life at all levels of
different ecosystems including plankton, fish, seabirds, tuna, billfish and pilot
whales (Hatun et al. 2009). The impacts of changes in subpolar gyre also extend
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beyond the immediate area and have a clear impact on the productivity of cod in the
Barents Sea for example (Arthun et al. 2018). Similarly, long-term industrial-era
shifts in the circulation of the Northeast Atlantic are causing a westward retreat of
subpolar water and a greater influence of warmer subtropical-origin waters,
impacting marine ecosystems including economically important fish species such as
mackerel (Spooner et al. 2020). The changing subpolar ocean circulation is also
leading to heterogeneous impacts on deep-sea ecosystems, likely caused by changes
in the surface-to-deep ocean supply of food (O’Brien et al. 2021). Where spatial
distributions of marine species have been shown to be influenced by temperature or
salinity, predicting such changes in ocean circulation has already been shown to have
potential applications for fisheries management in the northeast Atlantic (e.g., Payne
et al. 2017; Townhill et al. 2023). However, on the shelf, the relative changes in
temperature, salinity and nutrients will also be affected by local surface or riverine
forcing, as well as the larger scale circulation patterns. Indeed, the regime shifts in
the North Sea pelagic food webs and plankton populations in the late 1980s were
driven by changes in wind intensity, SSTs and oceanic inflow (all associated with
changes in the North Atlantic Oscillation) plus changes in biogeographical
boundaries (e.g., Reid et al. 2001; Beaugrand 2004). Understanding each of these
relative processes, as well as the behaviour and adaptability of marine species, will
then be necessary to predict any future biogeographical shifts.

KEY CHALLENGES AND EMERGING ISSUES

AMOC

e Reconciling AMOC reconstructions and climate simulations is a key
challenge to underpin confidence in future projections

e Focus of understanding circulation change should not be solely on AMOC
with elements such as the subpolar gyre and its driving processes being key
to emerging understanding

e Additional freshwater from the Arctic and Greenland is concerning since its
release could have major consequences for the stability of the AMOC

e Projections consistently show a weakening of the AMOC in the future, but
concern exists about whether current models could overlook the possibility
of AMOC collapse

e Further work is also required to understand the timescales for when impacts
occur following an AMOC decline.

Shelf seas

e Features on the continental shelf often have shorter timescales and smaller
spatial scales than the open ocean, which causes a challenge for their
observation and simulation

e Observations on the shelf need to be sustained and coordinated to validate
model simulations and fill fundamental gaps in understanding

e Projections of shelf sea circulation and exchange in future climates should
be improved through model development as well as validation with
observations
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Supporting decision making
e Ocean circulation is the key to predictability on decadal timescales and the
leveraging of this skill offers the potential for policy-relevant timescales of
forecasting
e Climate and biogeographical impacts of ocean circulation change have been
studied but the economic impacts of these changes are not well-understood
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