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Abstract. The North Atlantic subpolar gyre is a critical region for global climate, yet the mechanisms driving its multidecadal
circulation variability under anthropogenic forcing remain poorly understood. This study investigates the physical processes
underlying large multidecadal shifts in density overturning strength at 55°N using a 100-member ensemble of the Community
Earth System Model version 2 (CESM2). Using change point and composite analyses, we identify three distinct categories of
circulation shifts: strengthening events, and two types of weakening events separated by a 1985 regime shift. Strengthening
shifts are driven by an internal positive feedback where enhanced surface heat loss triggers deep convection and strengthened
horizontal gyre circulation, subsequently increasing northward heat and salt transport that sustains the anomaly. Weakening
shifts before 1985 are primarily driven by internal density-gradient adjustments between the subpolar and subtropical gyres.
In contrast, post-1985 weakening events are characterized by basin-wide thermodynamic changes, where greenhouse gas-
induced warming and reduced surface buoyancy loss suppress convection across the Irminger Sea and eastern subpolar North
Atlantic. Our results reveal that these shifts are non-linear and asymmetric, reflecting a transition from a salinity-dominated
internal variability regime to a forced, temperature-driven regime. These findings suggest that the North Atlantic circulation is
undergoing a fundamental change in its governing dynamics, highlighting the increasing influence of anthropogenic forcing on

the stability of the Atlantic Meridional Overturning Circulation.

1 Introduction

Anthropogenic forcing alters the dynamics of the Earth’s climate system, complicating our interpretation of climate variability
(Rodgers et al., 2021). This challenge is particularly pertinent to the Atlantic Ocean circulation, where continuous observations
of overturning strength since 2004 are insufficient for evaluating long-term trends (Latif et al., 2022). The Atlantic Meridional
Overturning Circulation (AMOC) displays variability from interannual to multidecadal and centennial timescales, thereby
complicating the assessment of human-induced changes (Lozier, 2010; Zhang et al., 2019; Moat et al., 2024). Alterations in
the AMOC have the potential to lead to significant global consequences, affecting ocean heat content, anthropogenic carbon
uptake, climate sensitivity, and dynamic sea level changes (Fox-Kemper et al., 2021). Calvin et al. (2023) report that it is very
likely the AMOC will decline in the 21st century, but the magnitude is highly uncertain, in part due to our limited understanding

of how anthropogenic forcing interacts with multidecadal AMOC variability.
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Figure 1. Ensemble-mean 0-500 m potential density (c2) over the period 1850-1860. The white contours show the regions used to evaluate
mixed-layer depth in the convection centres, defined as the area where the time-mean of the annual maximum mixed-layer depth in the
CESM2 piControl simulation exceeds 1000 m. The subpolar North Atlantic (SPNA) region, shown by the grey lines, is defined as 45°-65°N
and 70° W to 0°. The SPNA is additionally divided into four sub-regions: the Eastern SPNA, the Irminger Sea, the Labrador Sea, and the
Central SPNA.

Understanding the mechanisms behind climate variability on multidecadal timescales is essential for making accurate pre-
dictions (Yeager and Robson, 2017). Coupled Earth system models exhibit multidecadal variability in the AMOC with differing
periods among models (Danabasoglu, 2008), which has prompted extensive investigations into the mechanisms underlying this
variability (Zhang et al., 2019). Observational data reveal signals of decadal to multidecadal variability across multiple vari-
ables in the North Atlantic climate system (Robson et al., 2018). However, there is no clear consensus on the drivers of this
variability (Moat et al., 2024). Various mechanisms have been summarised by Zhang et al. (2019), with many studies suggest-
ing the role of the AMOC as a primary driver, while some propose a dynamical coupling between atmospheric and oceanic
circulations (e.g. Sutton et al., 2018). A decade ago, the link between Labrador Sea Water formation and the AMOC was re-
garded as a deciding factor in North Atlantic variability (Eden and Willebrand, 2001; Zhang, 2010; Yeager and Danabasoglu,
2014; Kwon and Frankignoul, 2014). However, recent findings have raised questions about the validity of this relationship
(Lozier et al., 2019). Despite these uncertainties, the subpolar gyre (SPG) has been identified as the key region influencing
multidecadal variability in the North Atlantic (Wills et al., 2019).

The SPG is an important region for AMOC variability due to the complex interactions between the horizontal circulation,
deep water formation, and sea ice processes (Kostov et al., 2021; Lozier, 2023). Figure 1 shows the upper 500 meter potential
density in the North Atlantic, demonstrating that upper ocean isopycnals do not align with latitudes, particularly in the subpolar
North Atlantic (SPNA). This misalignment is a result of substantial heat loss along the upper pathways of the AMOC and the
SPG (Lozier et al., 2019). Berglund et al. (2023) describe how subtropical surface water circulates in the subtropical gyre
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(STG), where it loses heat and salt. It then continues north in the North Atlantic Current, mixing with subpolar waters, which
leads to further heat loss and freshening, thereby increasing the density (e.g. Asbjgrnsen et al., 2021). When it reaches the
subpolar gyre region, sufficiently dense water forms through surface-forced watermass transformation and mixing with dense
water formed in the Nordic Seas (Dey et al., 2024; Evans et al., 2023) to sink and return southward at depth (Rhein et al.,
2015). These complex dynamics generate variability across the spectrum of temporal scales, necessitating the use of Earth
system models to facilitate investigations of the climate system in the past and projections of future climates.

The multidecadal variability of the AMOC is closely connected to the propagation of density anomalies (Eden and Wille-
brand, 2001; Lohmann et al., 2009; Tulloch and Marshall, 2012; Yeager et al., 2021). While analyses of changes in heat content
(Moat et al., 2019; Robson et al., 2012; Zhang and Zhang, 2015) and freshwater content (Dickson et al., 1988; Holliday et al.,
2020) are often used to identify the physical drivers of circulation changes, it is ultimately density that governs the movement
of water masses, making it the most physically relevant metric. Evaluating overturning in density space provides insights into
changes in water mass transformation (Kwon and Frankignoul, 2014), one of the essential processes that drive the overturning
circulation. Increasingly, studies are examining how density anomalies propagate within the SPG (Zhang, 2010; Kwon and
Frankignoul, 2014; Menary et al., 2020; Lai et al., 2022; Zhu et al., 2023). However, there remains a lack of quantitative infor-
mation on the propagation of these density anomalies and their multidecadal variability during the historical period (Bellomo
et al., 2018).

In this study, we investigate the primary mechanisms behind large multidecadal shifts in circulation in the SPNA, detail
which processes are most influential and how they operate in a 100-member ensemble from a coupled Earth system model,
allowing for a consistent consideration of natural variability during the historical period while focusing on underlying physical
processes within a single model system. We identify multidecadal circulation shifts via change point analysis and investigate
their common dynamics through composite analysis. Our findings identify one type of increase and two types of decrease
shifts in density overturning transport, highlighting the key factors contributing to these changes and the propagation of density
anomalies to depth. These findings imply that North Atlantic variability is governed by non-linear, asymmetric responses to

external forcing, and that the model ensemble shows a distinct post-1985 SPG regime compared with the pre-1985 period.

2 Methodology

In this study we use the CESM2 Large Ensemble (CESM2-LE), encompassing a 100-member ensemble of a fully coupled
Earth system model with a nominal 1° horizontal resolution across all components. The ocean model component, the Parallel
Ocean Program version 2 (POP2), includes 60 vertical levels, with 20 layers within the upper 200 meters (Rodgers et al., 2021).
Improved model physics in CESM2 result in a refined representation of the Earth system when comparing CESM1 and CESM2
against observational data. For instance, the depth overturning strength is reduced by approximately 2 Sv relative to CESM1,
but both model versions exceed observational estimates at 26.5° N (Danabasoglu et al., 2020). CESM2-LE is forced by CMIP6
historical radiative scenarios (1850-2014) and SSP3-7.0 (2015-2100). Half the ensemble follows the standard CMIP6 protocol;

the remainder applies smoothed biomass burning fluxes to reduce discontinuities during 1990-2020. The ensemble spread is
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created from combinations of oceanic and atmospheric initial states, including macro initialisations spaced every 10 years
between years 1001-1191 of the piControl simulation, and 80 micro initialisations from four piControl years representing
distinct AMOC phases. Micro-initialised members are not independent immediately post-1850; the ensemble-mean AMOC
for micro-perturbation clusters only diverges into distinct trajectories after several decades (Rodgers et al., 2021).

A common approach to characterising the large-scale North Atlantic circulation, a four-dimensional system (time, longitude,
latitude, depth or density), involves reducing the data by one dimension through the computation of streamfunctions, followed
by further reduction through analysing the streamfunction maximum at specific locations to produce time series of transport
strength. The overturning streamfunction in potential density space, ¥, (t,y,0"), is defined as

Omax Least
Yo (t) = / / v(t,z,y,0")dxdo’, e))
Omin Twest
and computed by summing the meridional velocities zonally and accumulating over density classes. Potential density refer-
enced to a pressure of 2000 dbar is employed, consistent with standard practice for density-space overturning streamfunctions

(Oliveira Matos et al., 2025). The overturning streamfunction in depth-space, ¢4(t), is defined as
Zsurface Teast
ha(t) = / / v(t,m,y,2")deds’, )
Zbottom Twest
and computed by summing meridional velocities zonally and vertically accumulating from surface to bottom. The barotropic

streamfunction, ¥, (t), is defined as
ZTeast Zsurface
Py(t) = / / v(t,2',y,z)dzdx’, 3)
Twest Zbottom
and computed by vertically summing meridional velocity and zonally accumulating from west to east.

We investigate variability in the subpolar overturning strength by taking the maximum of the annual mean overturning
strength at 55° N, 1), ax(55°N) (t) for each ensemble member. The resulting time series exhibit an ensemble spread of approx-
imately 5 Sv in the annual mean (Fig. 2a). Change point analysis is applied to detect significant shifts in circulation strength.
This method identifies changes in the statistical properties of a time series, indicating transitions in underlying processes
(Truong et al., 2020). A shift is defined as occurring when the 20-year mean exceeds or falls below the mean of the preceding
40 years by more than three times the standard deviation of that 40-year period (Fig. 2a; 3¢ threshold). We additionally reduce
the detection threshold to two and one standard deviation (20 and 1o; Fig. 2b) to also explore circulation shifts of smaller
magnitudes.

We employ composite analysis to identify common mechanisms underlying overturning strength changes (Truong et al.,
2020). The detected shifts are classified into three categories: increases in overturning strength around 1895 and 1955, and
decreases near 1925 and from the 1970s onwards. The robustness of the categories was confirmed through sensitivity analyses
varying grouping structure and temporal thresholds. For each category, we calculate composite sequences for the 40 years

preceding and 20 years following the shift identified by the change point analysis.
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Figure 2. (a) Time series of overturning strength in density space at 55°N, Ayg**(55°N), where each line represents an individual ensemble
member from 1850-2030. The 30 increase and decrease shifts are marked in pink and purple respectively. (b) Occurrence of circulation shifts

identified by the change point analysis at the 1o, 20, and 30 levels. Pink bars indicate the number of strengthening events and purple bars

indicate the number of weakening events.

We analyse hydrographic variables that characterise key physical processes, focusing on winter conditions when atmospheric
forcing is strongest and oceanic responses are most pronounced. The winter mean includes March, as the climatological mixed
layer depth in the Labrador Sea peaks during this month (Gu et al., 2024). The selected variables are those found to play
an important role in the processes described in this study: salinity, temperature, potential density referenced to a pressure of
2000 dbar, mixed layer depth (as an indicator of convective activity), surface heat loss, and northward heat transport. Additional
variables, including sea ice area, surface wind stress, sea level pressure, sea surface height, and northward salt transport, were
examined but did not provide further insight for the present analysis.

The spatial and temporal evolution of the composites is examined using sequential anomaly maps. We calculate anomalies
relative to the mean of the 40 years preceding each shift. The barotropic streamfunction and mixed-layer depth are shown
as model-output fields, with temperature, salinity, and potential density averaged over the upper 500 m. To capture density

changes through the full water column, four regions are defined (Fig. 1) and regional averages are computed to track their

evolution over time and depth.
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We compute time series for circulation and hydrographic metrics, normalised by subtracting the mean of the first 40 years
and dividing by the corresponding standard deviation. The metrics are: the maximum of the overturning streamfunction in
density space at 55° N, ¢*(55° N); the minimum of the barotropic streamfunction within the SPNA box (45°-65° N, 70° W
to 0°), ™" (SPNA); the maximum of the overturning streamfunction in depth space at 26° N, ¥7'%*(26° N); the northward
heat transport at 45°, Nheat(45° N); the mixed layer depth in convection centres defined from the pre-industrial control run,
MLD(conv); surface heat flux within the SPNA box, Qsur¢(SPNA); and the potential density, together with its salinity and
temperature contributions obtained by holding temperature or salinity fixed at their mean over the first 40 years of the shift (cal-
culated over the entire record for Fig. 11), all integrated over the full water column in the SPNA box, o (SPNA), 0ga11(SPNA),
and oemp (SPNA).

3 Results

We identify three categories of multidecadal circulation shifts: strengthening shifts (77 cases, 3 o), pre—1985 weakening shifts
(12 cases, 2 ), and post—1985 weakening shifts (195 cases, 3 o). When the threshold is lowered to 2 o, we identify pre—1985
weakening shifts that are absent at the 3 o criterion and that develop through mechanisms distinct from those driving the post—
1985 weakening shifts. While every ensemble member experiences at least one 3 o weakening after 1985, the timing of these
events varies among members. Figure 2b shows the timing of the 3 0, 2 0, and 1 o shifts, revealing a pattern consistent with
AMOC changes reported in several studies (e.g. Menary et al., 2020).

In the following, we examine composites for each category of circulation shift separately: 3 o strengthening, 2 o weakening
before 1985, and 3 o weakening after 1985. We first outline the patterns evident in the composites, then highlight the differences
between the three categories. For strengthening and post—1985 weakening shifts, the composites show at least four decades
of relatively stable overturning before onset, which reflects the averaging over differing pre-shift states across members rather
than necessarily indicating a persistent condition in every case. In contrast, pre—1985 weakening composites display earlier
hydrographic and circulation changes that appear to set up the subsequent decline. The mechanisms associated with each

category are described in the following subsections.
3.1 Shifts towards increased overturning

During the ‘increase shifts” we observe an initial cooling of the upper 500 m (Figs. 3d and e). This cooling coincides with the
onset of increased surface heat loss (Fig. 4b and c¢) and, simultaneously, with a rise in the density of the upper-ocean layers,
especially in the eastern and central subpolar North Atlantic (SPNA) (Fig. 5a—d). The increase in density reduces stratification,
thereby enhancing deep convection, which drives a baroclinic flow of relatively light water around the dense centre (Born
et al., 2013). This strengthening of horizontal circulation in the SPG is illustrated in Fig. 3b and c, and Fig. 4a. As horizontal
transport intensifies, density overturning in the SPG increases, a trend illustrated in Fig. 4a, which can manifest as either

enhanced formation of dense water or increased meridional velocities.
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Figure 3. Ten-year averaged composite anomalies associated with 3o increase shifts in density overturning strength at 55°N. Rows show
anomalies in: (a—c) barotropic streamfunction (AWy), (d—f) upper 500 m temperature (AT'), and (g—i) upper 500 m salinity (AS). Columns
represent: pre-shift (year 25-35; left), shift (year 35-45; centre), and post-shift (year 45-55; right).

The strengthened overturning circulation transports density anomalies to deeper layers and carries subtropical waters north-
ward into the SPG (Fig 4b), which introduces additional heat and salinity. The additional heat transported into the SPG is offset
by an increase in surface heat loss, as reported by Robson et al. (2022). Consequently, no immediate warming occurs; instead,
the rise in salinity sustains an increase in density (Fig. 3h and i, and Fig. 4c). This sustained increase in primarily surface
density, in turn, reinforces the overturning circulation, creating a positive feedback loop (Fig. 5a).

As described in Section 2, the SPNA is divided into four regions (Fig. 1); we then examine the evolution of density anomalies
in depth—time space (Fig. 5a—d). In the eastern SPNA, a pronounced surface signal is observed before the onset of the increase
in overturning. This surface signal is then transported to greater depths in the Irminger and Labrador Seas, where the convection
centres lie, and this density anomaly re-emerges at depth in the eastern SPNA, signalling recirculation. This leads to the SPG
expanding southward, which can be seen in the horizontal transport in Fig. 3¢ and the strong density anomaly in the central
SPG box in Fig. 5a—d.

The stabilisation of density overturning within the SPG is governed by the interplay of surface heat flux and salinity. Five
years after the change point, surface heat loss stops increasing and no longer offsets higher northward heat transport (Fig. 4a
and b). At this stage the density ceases to rise, even though the SPG continues to become saltier, as the increase in salinity
is offset by the additional heat. The magnitude of the density anomaly remains at around five times the standard deviation of
the first 40 years of the composite period until year 55, when temperature begins to dominate density, leading to a decrease
in density (Fig. 4c and Fig. 5a—d). As a result, convection begins to decrease, and the strength of the circulation no longer

increases (Fig. 4a and b).
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Figure 4. Composite anomalies relative to the mean of the first 40 years of the composite period, associated with the 3¢ increase shift
in density overturning strength at 55°N. The vertical grey dashed line marks the timing of the shift. (a) Top panel: density overturning
strength at 55°N (A¢F**(55°N); green), depth overturning strength at 26°N (A7'**(26°N); black), and maximum horizontal transport
in the SPNA (A¢"™ (SPNA); pink). (b) Middle panel: northward heat transport at 45°N (ANheat(45°N); red), mean mixed-layer depth
in the PiControl convection centres (MLD (conv); white), and SPNA-averaged surface heat flux (AQ sy (SPNA); light blue). (¢) Bottom
panel: SPNA density (Ao (SPNA); black), thermal contribution to density (Aciemp(SPNA); yellow), and haline contribution to density
(A0 sait(SPNA); blue). SPNA is defined in Fig. 1

3.2 Pre-198s5 shifts towards decreased overturning

Shifts in density overturning prior to 1985 are smaller in magnitude, remaining below three standard deviations, and produce
less pronounced effects than those in later years. The composite anomaly map for years 25-35 (Fig. 6d) shows upper-ocean
warming across the SPG, cooling in the northern subtropical gyre (STG), and warming in the southern STG, providing the
broader context for the period. Central to this pre-shift interval is a progressive, temperature-driven decrease in density within
the SPG, evident in the full 40-year pre-shift composite record shown in Fig. 7c. This regional warming decreases upper-ocean
density, thereby reducing vertical mixing (Fig. Se-h) and weakening horizontal gyre transport ( Fig. 6b). This process aligns
with findings that a decay of the domed isopycnal structure in the SPG diminishes the gyre’s strength (Lohmann et al., 2009).

The temperature and salinity anomalies associated with pre—1985 decrease shifts lead to reduced meridional density gradi-
ents between the subtropical and subpolar latitudes during and after the shift. A weakening of the meridional density gradient
has previously been associated with a reduction in the AMOC and northward heat transport (Sévellec and Huck, 2015). This
is consistent with the gradual decline of northward heat transport seen in Fig. 7b. Te Raa and Dijkstra (2002) showed that, on
interdecadal timescales, a positive meridional temperature-gradient anomaly between the gyres induces a negative meridional

overturning anomaly. Consistently, depth overturning at 26° N begins to weaken around year 35. At the same time, buoyant
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Figure 5. Temporal evolution of potential density anomalies (Ao2) averaged within the four sub-regions defined in Fig. 1. Composite annual
Aoy from 0 to 3.5 km depth is presented. Columns represent: increase shifts (a—d), pre-1985 decreases (e=h), and post-1985 decreases (i-1).

Within each column, rows show (from top to bottom) the Eastern SPNA, Irminger Sea, Labrador Sea, and Central SPNA.
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Figure 6. Same as Fig. 3 but here for 20 decrease shifts before 1985.

180 anomalies reach 1000 m depth throughout the SPNA, and the composite period exhibits its strongest density reductions in the
Irminger Sea before year 40 (Fig. Se-h).

The reduced heat transport across 45°N, likely related to reduced inter-gyre transport, causes the SPG to freshen and cool

(Fig. 6d-i and Fig. 7c). This freshening dominates the SPNA’s density, alters regional stratification, thereby reducing gyre

strength and consequently diminishing density overturning (Fig. Se-h and Fig. 7a). By year 45 the gyre circulation and asso-
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Figure 7. Same as Fig. 4 but here for 20 decrease shifts before 1985.

ciated overturning fall well below the mean of the first 40 years. At year 50 the density trend is driven chiefly by declining
salinity; convection has weakened markedly, and horizontal transport and overturning continue to subside. In the final years of
the composite period cooling begins to offset the freshening-induced density reduction, which leads to stopping the decline in

density overturning (Fig. 7a and c).
3.3 Post-1985 shifts towards decreased overturning

We examine the post—1985 weakening shifts separately because their evolution and spatial patterns differ from those of the pre—
1985 period. Shortly before the shift, warming of the upper 500 m across the whole North Atlantic basin is evident (Fig. 8e). In
year 39 a spike in northward heat transport coincides with a temporary reduction in surface heat loss that lowers temperature-
driven density in the SPNA (Fig. 9¢c). The combination of basin-wide warming and reduced heat loss enhances stratification
(Fig. 5i-1), suppresses convection, and weakens density overturning.

The strong surface forcing together with reduced density overturning alters density throughout the SPNA (Fig. 9)c. The
resulting suppression of vertical mixing causes a density decrease across the upper 1000 m of the basin (Fig. 5i-1). Within a
few years the thermal perturbation propagates downward: the deepest part of the anomaly first appears in the Irminger and
Labrador Seas, where it spans the full water column. Within five years the deep signal has recirculated into the other two
sections (Fig. 5i-1). The reduced convection consequently also weakens SPG strength (Fig. 8b and c).

With density and depth overturning decreasing, northward transport at ~45° N also declines (Fig. 9a and b). Although surface
heat flux diminishes, temperature within the SPG rises, with the temperature component of density reaching its minimum at year

45, marking the onset of SPG cooling. Reduced overturning and weakened inter-gyre exchange curtail northward heat and salt

10
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transport. The resultant cooling moderates the density decrease in the SPG, whereas the STG continues to warm, particularly

south of the Grand Banks, where horizontal transport remains robust and the North Atlantic current shifts northward (Fig. 5i-1,

Fig. 8, Fig. 9). Across the SPNA, salinity-driven density reductions persist, suppressing convection and further weakening both

density overturning and horizontal transport.

11
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Figure 10. Ten-year averaged composites of 0—-500 m potential density anomalies (Acz, kg m~2) using a PuOr colour scale. Rows represent:
increase shifts (a—c), pre-1985 decreases (d—f), and post-1985 decreases (g—i). The contours show MLD anomalies plotted every 50 m; solid

lines indicate positive and dash-dot lines indicate negative anomalies.

3.4 Comparison of mechanisms driving abrupt changes in density overturning

A comparison of the three mechanisms reveals asymmetries in their timing and underlying processes. For this, upper-500 m
density anomalies and mixed layer depth changes are shown in Fig. 10, synthesising the contrasting patterns across the three
mechanisms.

During increases in density overturning, our results are consistent with a positive feedback between surface heat loss, deep
convection, and horizontal transport within the SPG. The simultaneous intensification of overturning drives greater northward
heat and salt transport into the gyre, initially causing further reinforcement of this feedback and promoting the southward
expansion of the SPG. Over time, accumulated heat reduces density and weakens convection, providing a delayed negative
feedback that ends the strengthening phase.

In the pre—1985 decreases, SPG warming and the associated lowering of density in the region induce the initial reduction
in horizontal and northward heat transport. This weakens the density gradient between the SPG and STG, a positive feedback
that further suppresses northward heat transport across 45°N and deep convection, with the largest reductions in the Labrador
Sea. The resulting SPNA-wide cooling initiates the recovery of overturning.

In the post—1985 decreases, basin-wide surface warming precedes the shift. This warming is coupled with reductions in
surface heat loss, convection, horizontal advection, and northward heat transport, a positive feedback that decreases overturning
strength. Convection declines in the Labrador Sea, with marked reductions also in the Irminger Sea and eastern subpolar
North Atlantic. The SPG’s southward extent contracts, and it cools and freshens, with the resulting salinity deficit preventing

overturning restoration.
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Figure 11. Normalised anomalies of density overturning strength at 55°N (Ayg'®*, green), SPNA density (Ao (SPNA); black), thermal
contribution to density (Actemp(SPNA); yellow), haline contribution to density (Ao sqi:(SPNA); blue), from 1850 to 2025. Values are

expressed as deviations from the mean over the period 1980 to 2025, relative to that mean.

In summary, during shifts towards increased overturning, density within the SPG rises during the shift and intensifies there-
after, coinciding with southward expansion of the gyre. In pre—1985 decreases, density declines in the SPG and increases in
the STG, reflecting a reduced meridional inter-gyre density gradient. Post—1985 decreases exhibit a basin-wide density decline
in both the SPG and STG. Convection reductions in the pre—1985 events are largely confined to the Labrador Sea, whereas
post—1985 events also display strong declines in the Irminger Sea and eastern subpolar North Atlantic. Given the mechanisms
evolve differently, neither the pre- or post- 1985 decrease events represent a linear, symmetric counterpart to the increase shift;

instead, non-linear processes govern the dynamics of these circulation shifts.
3.5 Abrupt shifts and historical trends

The abrupt circulation shifts identified here (Fig. 2) are intrinsically linked to long-term historical trends, reflecting not only the
evolving overturning strength but also gradual changes in SPNA water column density and its constituent thermal and haline
components (Fig. 11).

Two distinct periods of strengthening shifts occur within the historical record (Fig. 2). During these intervals, although the
thermal contribution to density declines, consistent with SPG warming, the haline contribution increases sufficiently to drive
an overall rise in total density (Fig. 11). This indicates that salinity changes exert primary control over density during these
shifts, as total density variations track the haline component more closely than the thermal one. The concurrent strengthening
of density overturning and associated salinification align with the positive feedback between transport and salinity described
earlier.

The period associated with pre—1985 decrease shifts is characterised by stable ensemble-mean density and a slight reduction
in density overturning. This is followed by a phase dominated by increase shifts, during which total density rises. In contrast,
the conditions preceding post—1985 weakening shifts emerge around 1975, at a time when total density is already high due

to the dominant influence of the haline contribution. The decline in overturning strength at 55° N leads the full-depth density
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signal, reflecting the immediate impact of surface-driven processes on circulation before they manifest in the integrated water
column. This timing is consistent with our composite analysis, where an initial peak in in northward heat transport introduces
warmer subtropical water into the gyre, triggering the circulation shift which then leads to the broader density decline. Around
2000, when most decrease shifts occur, the haline contribution in the ensemble mean declines while the thermal contribution
increases, reflecting SPG cooling. Total density subsequently falls sharply. Ultimately, these distinctions reveal a fundamental
regime change in North Atlantic dynamics, where the mechanisms driving abrupt circulation shifts transition from internal

density-gradient adjustments to a forced, basin-wide thermodynamic regime change.

4 Discussion and conclusions

In this study, we carried out a composite analysis using a 100-member ensemble to investigate abrupt shifts in density overturn-
ing strength at 55° N and to identify the underlying processes driving these shifts. We categorised the shifts into three distinct
types: increases, decreases before 1985, and decreases after 1985. Increase events are sustained by an internal positive feedback
where strengthened overturning enhances northward heat and salt transport into the SPG. In pre—1985 decreases, warming of
the gyre reduces its density relative to the subtropics, weakening the meridional gradient and further suppressing overturning.
Post—1985 decreases are reinforced by a basin-wide warming that coincides with reduced surface forcing, leading to persistent
freshening of the gyre and continued weakening.

For increase events, our results show that an increase in surface heat loss in the central SPG coincides with a rise in upper-
ocean density, reducing stratification and thereby enhancing deep convection. This pattern is consistent with Labrador Sea
observations by Lazier et al. (2002), who reported intensified convection when surface cooling exceeded the horizontal heat
flux. Enhanced deep convection, captured in the composites, precedes the strengthening of the baroclinic flow of relatively light
water around the dense SPG centre. This forms a positive feedback mechanism between convection and horizontal transport
that has been previously described by Born and Mignot (2012). However, of the current CMIP models, only CESM?2 shows
unambiguous signs of this process (Falkena et al., 2025). Our results show that increased northward heat transport into the
SPG is offset by enhanced surface heat loss, preventing immediate warming. Instead, the accompanying salinity increase
raises upper-ocean density, sustaining the strengthening of the overturning circulation, consistent with Moat et al. (2019), who
identified meridional ocean heat transport as a key control on subpolar gyre dynamics and observed sea surface temperature
changes preceding deeper-ocean heat content anomalies in HadGEM3-GC2.

We find that the upper-ocean temperature anomaly pattern of the pre—1985 decrease shifts resembles the Atlantic Mul-
tidecadal Variability (AMV) horseshoe pattern described by Zhang et al. (2019) for the positive phase of the AMV, which
coincides with the period of these shifts. For the case of these 2 o shifts, the pattern is accompanied by additional cooling in
the north-western STG, which strengthens the meridional density feedback and weakens the density gradient between the SPG
and STG. This amplifies the reduction in overturning and appears to underlie the occurrence of the extreme shifts.

Convection reductions in the pre—1985 decreases are largely confined to the Labrador Sea. In contrast, the post—1985 de-

creases show strong declines extending into the Irminger Sea and eastern SPNA. This post—1985 pattern is consistent with
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observational findings by Riihs et al. (2021), who reported an eastward shift of deep convection in the 21st century, increasing
the relative importance of the Irminger Sea. These post—1985 changes form part of the third mechanism, in which warmer SSTs
and reduced surface heat loss increase thermal buoyancy across the SPNA. across the SPNA. Convection weakens and density
decreases throughout the water column, reflecting the positive feedback described by Megann et al. (2021), where subpolar
SST changes reduce buoyancy losses and sustain AMOC decline. We also find that convection and surface heat loss are not
as closely aligned in post—1985 decreases, a feature that has been identified by Riihs et al. (2021), who suggested that this
decoupling could be linked to increased freshwater input from Greenland.

Density anomaly propagation is a mechanism that modulates multidecadal North Atlantic variability by connecting buoyancy
forcing to circulation responses. Our results show the SPG acts as a conduit for these signals, consistent with Wills et al.
(2019). As described by Eden and Willebrand (2001), the baroclinic response allows density anomalies to propagate across the
basin and penetrate the deep ocean. This is evident in our tracking of anomalies in the Labrador and Irminger Seas (Fig. 5),
where vertical propagation anchors the circulation changes. These patterns match the anticlockwise heat content propagation
described by Moat et al. (2019) and the coupling between deep flows and gyre circulation noted by Kwon and Frankignoul
(2014).

The role of the western SPG margin as a pacemaker for overturning (Tulloch and Marshall, 2012) is reflected in our circula-
tion shifts, where inter-gyre exchange plays a defining role. Figure 11 shows that characterising upper-ocean density anomalies
captures the key phenomena and contrasts underlying these multidecadal shifts. Complementary analysis of temperature and
salinity, alongside density evolution with depth and its decomposition, further clarifies the mechanisms of anomaly origin,
propagation, and overturning feedbacks. While buoyancy forcing in the western SPG triggers west-to-east propagation (Yeager
et al., 2012), the resulting shifts are driven by the specific interplay between these thermal and haline signals. These shifts are
consistent with established oceanographic principles, though the 1° resolution may not fully capture the boundary processes
involved in their initiation. Future research using high-resolution simulations could further clarify how eddies and narrow
currents modulate the density propagation and inter-gyre exchange identified here.

This study examines the historical period, during which anthropogenic forcing plays a central role in shaping North Atlantic
dynamics and influencing how the overturning system responds to variability. Already in 2012, Booth et al. (2012) showed
that anthropogenic aerosols were a major driver of North Atlantic climate variability, with aerosol-cloud microphysical effects
dominating the magnitude and spatial pattern of forcing. Menary et al. (2020) linked the CMIP6 AMOC peak in the 1980s to
prior aerosol-driven strengthening associated with rising global aerosol optical depth; they describe how, when aerosol emis-
sions levelled off, greenhouse gas-driven AMOC decline took over. Robson et al. (2022) describe how, in CMIP6 historical
simulations, aerosol forcing strengthens the AMOC through enhanced turbulent heat loss in the SPNA. This process feeds back
positively via warmer SPNA sea surface temperatures that further raise turbulent heat loss and increased surface density from
greater northward transport of saline waters—mechanisms closely resembling those we find for increase shifts in our study. De-
spite these physical consistencies, CMIP6 models may be more sensitive to aerosol forcing than observations suggest (Hassan
et al., 2021), though effective radiative forcing estimates are broadly consistent across models and empirical data. Moreover,

the CMIP6-simulated increase in AMOC during much of the historical period, peaking in the 1980s (Weijer et al., 2020), is not
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uniformly supported by observational records. CESM2 shares these discrepancies, highlighting that the mechanisms identified
here, while coherent within the model framework, may not fully represent real-world behaviour and should be tested against
observational datasets across multiple timescales.

Our findings indicate a regime shift in large-scale SPG circulation linked to changes in the balance between aerosol and
greenhouse gas forcing, with a corresponding change in the mechanisms driving these dynamics. We find that the relative
contributions of salinity-driven density increases and temperature-driven density changes are critical in determining both the
initiation and the persistence of such shifts. Given that the SPG has undergone abrupt transitions in the past (Li and Born,
2019), the possibility of similar or more intense circulation changes in the future warrants serious attention. In a related study,
Swingedouw et al. (2021) identified abrupt SPG cooling events in four of 35 CMIP6 future projections, pointing to a non-
negligible risk of rapid circulation changes in state-of-the-art climate models. Such potential instability reinforces the urgency
of rapid and effective reductions in global greenhouse gas emissions to prevent continued alteration of AMOC control param-
eters (Ditlevsen and Ditlevsen, 2023). Given evidence that even modest warming may trigger catastrophic climate outcomes
(Kemp et al., 2022), it is critical to broaden research to assess extreme risks, including cascades and systemic impacts, to
support robust decision-making. Continued anthropogenic pressures on the Earth system could disrupt established circulation
patterns in both ocean and atmosphere (Loriani et al., 2025), underscoring the need to confront the forces that entrench high-
emission trajectories and to reimagine the social, economic, and political structures that shape our collective response to the

climate crisis (Stoddard et al., 2021).
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