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Abstract Direct measurements of the Atlantic Meridional Overturning Circulation (AMOC) are necessary
to understand its evolution in a context of climate change. International programs monitored its recent evolution
at different latitudes. However, the AMOC coherence over the North Atlantic remains unclear. Here, we explore
the potential of the Overturning in the Subpolar North Atlantic Programme (OSNAP) array to inform us on mid-
latitude AMOC strength on interannual-to-multiannual timescales in two high-resolution coupled models. We
find that the AMOC strength measured at OSNAP is not related to the variability of the AMOC strength at mid-
latitudes. Instead, our study reveals that the density at which the maximum overturning occurs at OSNAP is a
key precursor of the mid-latitude AMOC strength. The causal relationship between AMOC density at the
OSNAP array and AMOC strength at 45°N is linked to an atmospherically driven shoaling of isopycnal surfaces
that propagates along the western boundary in a year.

Plain Language Summary Warm and salty water flows northward at surface into the high latitudes
of the North Atlantic. This water is made heavier as it becomes colder and fresher and forms a return southward
flow at depth. Direct measurements of this so-called Atlantic Meridional Overturning Circulation (AMOC) have
been ongoing in the subtropical North Atlantic since 2004, and more recently in the subpolar North Atlantic.
These measurements tell us that the AMOC in these two geographically adjacent regions do vary from daily to
interannual timescales. However, the coherence of the varying AMOC between these two observational systems
remains unclear. Our study shows that density changes in the subpolar North Atlantic propagate around the
boundary of the subpolar North Atlantic within 1 year to modify the AMOC strength at mid-latitudes. We
further show that these density changes are linked to the dominant atmospheric mode of variability known as the
North Atlantic Oscillation (NAO). The NAO affects sea level pressure, altering the wind stress and buoyancy
exchange at the sea surface, therefore changing surface density. These results will help inform how we design
future ocean observing systems.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a key component of global climate through its role
in redistributing heat, freshwater and carbon between the tropics and high latitudes in the North Atlantic. Since
2004, the RAPID array has continuously measured the AMOC at 26°N, revealing large variability in the sub-
tropical AMOC from daily to annual timescales (Johns et al., 2023; McCarthy et al., 2015). More recently, the
Overturning in the Subpolar North Atlantic Programme (OSNAP) array was deployed in 2014 to provide
continuous measurements of volume transport across the subpolar gyre (Fu et al., 2023; Lozier et al., 2019). The
array consists of two sections: OSNAP East from the Scottish shelf to the southeastern tip of Greenland and
OSNAP West at the entrance of the Labrador Sea. The OSNAP array revealed the key role of dense water
formation between the Greenland-Scotland Ridge and the OSNAP East array for the mean and monthly vari-
ability of the subpolar AMOC (Fu et al., 2024; Petit et al., 2020). However, the latitudinal AMOC coherence
between the subpolar and subtropical gyres remains unclear, and the respective roles of the Irminger-Iceland and
Labrador seas for the AMOC variability further south have been called into question.

The latitudinal coherence of the AMOC is believed to be time-scale dependant. On decadal timescales, modeling
studies have showed that AMOC anomalies generated at subpolar latitudes propagate coherently to subtropical
latitudes, with an empbhasis on the role of the Labrador Sea as the center of action for generating AMOC anomalies
(Bailey et al., 2005; Boning et al., 2006; Danabasoglu et al., 2012; Yeager et al., 2021). The propagation is

PETIT ET AL.

1 of 10


https://orcid.org/0000-0002-7922-9363
https://orcid.org/0000-0002-3467-018X
https://orcid.org/0000-0003-3243-9774
https://orcid.org/0000-0003-0268-9895
https://orcid.org/0000-0002-6328-4093
mailto:tillys.petit@noc.ac.uk
https://doi.org/10.1029/2025GL115171
https://doi.org/10.1029/2025GL115171
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL115171&domain=pdf&date_stamp=2025-05-05

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115171

explained by either advective processes (Buckley et al., 2012; Jackson et al., 2016; Marotzke & Klinger, 2000) or
boundary waves (Biastoch et al., 2008; Eden & Willebrand, 2001; Marshall & Johnson, 2013). While these
studies describe a southward propagation of the AMOC anomaly, other modeling studies have shown that high
latitude AMOC variability lags mid-latitude AMOC changes at multidecadal timescales (Kwon & Frank-
ignoul, 2014), suggesting that the overturning variability observed at OSNAP is a response to AMOC anomalies
generated further south.

On interannual timescales, the latitudinal coherence of the overturning cell is shown to breakdown between
subpolar and subtropical latitudes (Biastoch et al., 2008; Bingham et al., 2007; Xu et al., 2014), which suggests a
lack of AMOC consistency between the OSNAP sections and 45°N. However, modeling studies show a
meridional connection between the subpolar and subtropical gyres associated with Lower North Atlantic Deep
Water (LNADW) transport (Kostov et al., 2021, 2022; Zou et al., 2020). Kostov et al. (2022) explained this
meridional connectivity by the fast propagation of density anomalies from the Labrador Sea to the subtropical
gyre via boundary trapped waves. Furthermore, Menary et al. (2020) showed that density anomalies propagating
along the boundary of the subpolar gyre drive AMOC changes at the OSNAP sections in the coupled model
HadGEM3-GC3.1-MM. While no coherence has been detected when linking the subpolar and subtropical AMOC
variability during the short period of overlap between the OSNAP and RAPID arrays (Frajka-Williams
et al., 2023; Jackson et al., 2022), observations do support a meridional connectivity of LNADW between these
latitudes at interannual and sub-annual timescales (Frajka-Williams et al., 2016; Smeed et al., 2014).

Taken together, these studies raise questions about: (a) the latitudinal coherence of the AMOC at interannual
timescale and, more precisely, the potential to use the OSNAP array to predict the AMOC further south, (b) the
role of density anomalies propagating along the boundary of the subpolar gyre for the AMOC coherence, and (c)
the extent to which the connectivity is driven by common atmospheric forcing (Fraser et al., 2025; Kostov
et al., 2021; Zou et al., 2020) or by a continued propagation of the boundary signal (Hodson & Sutton, 2012). To
address these questions, we use two high-resolution coupled models to investigate the relationships between
AMOC variability at the OSNAP array and 45°N focusing on interannual-to-multiannual timescales.

2. Materials and Methods
2.1. High-Resolution Coupled Models

We use two high-resolution coupled models to evaluate the latitudinal coherence of the AMOC, HadGEM3-
GC3.1-HH and CESM1.3-HR. HadGEM3-GC3.1-HH was developed as part of the High-Resolution Model
Intercomparison Project protocol for CMIP6 (Haarsma et al., 2016). It has an atmosphere resolution of 50 km and
an ocean resolution of 8 km at mid-latitudes, with 75 levels in the vertical (Roberts et al., 2020). We use the 1950s
control simulation of HadGEM3-GC3.1-HH that was subject to constant 1950s external forcings and, after a spin-
up of 30 years, integrated for 100 years. CESM1.3-HR has a nominal atmosphere resolution of 0.25° and a
nominal ocean resolution of 0.1° with 62 levels in the vertical (Chang et al., 2020). We use the preindustrial
control simulation of CESM1.3-HR that was initialized from climatological 1850s conditions and integrated for
500 years. Over the 500 years of the simulation, we used the nominal years 250—480 to avoid the instability of the
spin-up period. We will refer to these as HH and CESM, respectively.

These two models were chosen to evaluate the latitudinal coherence of the AMOC because of their consistency
with measured AMOC at subpolar (Petit, Robson, et al., 2023; Yeager et al., 2021) and subtropical latitudes
(Chang et al., 2020; Roberts et al., 2019), and because they broadly resolves narrow boundary currents (Figure S1
and Text S1 in Supporting Information S1).

2.2. Estimation of Overturning Streamfunction

The AMOC streamfunction (y,) is defined as the integrated transport across a section in density space, with the
AMOC strength (y*) being the maximum of the AMOC streamfunction (1 Sv = 10° m* s™'). Here we estimate
the AMOC strength in density coordinates, with density referenced to the surface:

v = max 0] = mas | [ [t o

bot
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Figure 1. Lead-lag correlations (year) between (a, d) the overturning strength (y'**) at 45°N and at Overturning in the
Subpolar North Atlantic Programme (OSNAP) East and OSNAP West, (b, ¢) the Atlantic Meridional Overturning
Circulation (AMOC) density (0}'°°) at 45°N and at OSNAP East and OSNAP West, and (c, f) the overturning strength at
45°N and the AMOC density at OSNAP East, OSNAP West and 45°N for the (a—c) HH and (d—f) CESM models. The subscript
“y” denotes OSNAP East (green lines), OSNAP West (blue lines), and 45°N (red lines), with the location of each section
indicated in the inserted map. Plain (dashed) lines indicate (non)-significant correlations.

where v is the velocity normal to the section considered, ¢ is density, ¢ is time, and x is longitude with x, and x,,
being the eastern and western end points of a section at nominal latitude y, respectively. The density at the
maximum of the AMOC streamfunction is called AMOC density, a;‘.“’c(t).

The AMOC streamfunction was estimated at three sections: 45°N, OSNAP East, and OSNAP West (Figure 1).
Because latitude is not constant for the latter two sections, meridional and zonal velocities were extracted as close
as possible to the observed lines and used to estimate a velocity normal to the sections. No compensation due to
the net throughflow is applied at these sections, following Menary et al. (2020).

Although the AMOC streamfunction is estimated from monthly outputs, the annually averaged y/;“,’a" and a;?“’C

were deduced from annually averaged AMOC streamfunction. The time series of y,, y'** and 6° were linearly

y
detrended with time, and the significance of the correlations between these time series were estimated based on a

Student's #-test at the p < 0.05 level.

3. Results

3.1. Meridional Coherence of the Overturning

The relationship between the AMOC strength at OSNAP East, OSNAP West and 45°N is first investigated in
Figures 1a and 1d. The correlations show that the AMOC strength at either OSNAP East or OSNAP West is not
strongly related to that at 45°N with or without lag. The lack of latitudinal coherence in AMOC strength across the
North Atlantic subpolar gyre is consistent between the two models and reveals that the AMOC strength measured
at the OSNAP sections is not related to the variability of the mid-latitude AMOC strength at interannual-to-
multiannual timescales.
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Figure 2. Lead-lag correlations (year) between the overturning strength at 45°N (y}5,) and the overturning streamfunctions
at (a, ¢) Overturning in the Subpolar North Atlantic Programme (OSNAP) East (y5gg) and (b, d) OSNAP West (yqgyw) for
the (a, b) HH and (c, d) CESM models. Black plain lines indicate the mean a;f“’c at each section. Black dots indicate
significant correlations.

However, a strong relationship is found between the density at which the maximum overturning occurs across the
three sections (Figures 1b and le). The AMOC density is well correlated on annual timescales between OSNAP
East, OSNAP West and 45°N in both models, which are significant at the p < 0.05 level. The highest correlation is
found at 0-year lag for the HH model, where the AMOC density change at the two OSNAP sections accounts for
~64% of the variability of that at 45°N (correlation coefficient of 0.80), and at 1-year lag for the CESM model,
where the AMOC density change at the two OSNAP sections accounts for ~30% of that at 45°N (correlation
coefficient of 0.53).

The impact of the AMOC density on the AMOC strength is now examined in Figures 1c and 1f, which shows the
lead/lag correlation coefficients between the AMOC strength at 45°N and the density of the maximum over-
turning streamfunction at the three sections. For both models, the strong correlation at 1-year lag is statistically
significant and implies that an AMOC densification at the OSNAP sections leads to a rapid intensification of the
AMOC strength at 45°N. More precisely, a change in 67" at the OSNAP sections explains ~30% of the inter-
annual variability in AMOC strength at 45°N. An AMOC densification at 45°N is also associated with an
intensification of the AMOC strength at the same section (red lines), underlining the strong relationship between
the density and strength of the AMOC at 45°N. Thus, the AMOC density at each of the OSNAP sections are key
precursors of the mid-latitude AMOC strength.

A closer inspection of the relationship between AMOC density and AMOC strength reveals that changes in
AMOC density are associated with changes in the density range of the AMOC streamfunction. Figures 2a and 2c
shows the lead/lag correlation coefficients at different density between the mid-latitude AMOC strength and the
values of the OSNAP East overturning streamfunction at that density. The dipole in correlation at 1 year lag
indicates that an intensification of the AMOC strength at 45°N is led by a shift in the overturning streamfunction
toward higher density at OSNAP East. In other words, a densification of the water column at OSNAP East does
not lead to an intensification of the AMOC strength at that section, but leads to an intensification of the AMOC
strength further south, at 45°N. This relationship, which is consistent across models, is also found downstream
when considering the correlation in density space between the AMOC strength at 45°N and the AMOC
streamfunction at OSNAP West (Figures 2b and 2d).
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Figure 3. (a) Annual variability of the detrended o¢ig at Overturning in the Subpolar North Atlantic Programme East in the

HH model. Red and blue circles indicate years of relatively dense and light 6jg;; used for the composite analysis (+1 standard

deviation of the ogjgy annual variability), respectively. (b—m) Lead/lag difference of composite anomalies in the depth of the

isopycnals (b—e) 27.556,, (f-i) 27.7¢,, and (j-m) 27.86,,. Negative differences indicate a shallower isopycnal during years of
dense o¢gy;. Purple dashed lines indicate the isopycnals (b-e) 27.55¢, (f-i) 27.76, and (j-m) 27.80,, at surface in wintertime
(JFM) during years of dense 63t

3.2. Propagation of AMOC Densification Over the Subpolar Gyre

To assess the mechanisms explaining the causal relationship between AMOC densification at the OSNAP sec-
tions and AMOC strengthening at 45°N, we use a composite analysis for periods of dense and light AMOC
density at OSNAP East (Figure 3a, Figure S3a in Supporting Information S1). We use the AMOC density at
OSNAP East instead of the other two sections to investigate the propagation of anomalies from the eastern
subpolar gyre to 45°N. The differences between the two composites (i.e., dense minus light 6ggy) are evaluated in
the following.

The composite analysis is first applied to the density field at 45°N (Figure S2 in Supporting Information S1). A
year after an AMOC densification at OSNAP East, the western boundary of the section at 45°N becomes
significantly denser west of 45°W and lighter east of 45°W in the upper 1,000-m depths, which includes all
isopycnals lighter than ~27.8 kg m™>. The density field over the eastern boundary of the section, however, re-
mains largely unchanged. This indicates that positive density anomalies along the western boundary leads to an
asymmetry in the slope of isopycnal surfaces between the boundaries at 45°N, resulting in an increase in shear via
thermal wind balance (Buckley & Marshall, 2016; Hirschi & Marotzke, 2007) and thus a strengthening of the
mid-latitude AMOC (Figure 1f).

To explore the role of oceanic processes linking the anomalies in AMOC density between the sections, we next
apply the composite analysis to the interface depth of isopycnals localized in the AMOC lower limb. We first
focus on o6, = 27.8 in the HH model, with Figures 3b—3m showing the differences between the two depth
composites. The composite analysis reveals that a dense o¢gy; is related to a shoaling of 6, = 27.8 in the interior of
the Irminger Sea, along the boundary of the Labrador Sea, and south of Flemish Cap at 45°N (Figure 31). At these
locations, 6, = 27.8 is more than 200 m shallower during years of dense ogg; as compared to years of light o¢gg.
The shoaling of o, = 27.8 starts 2 years before an AMOC densification at OSNAP East, with a weak shoaling in

the interior of the Irminger Sea and south of Greenland (Figure 3j). Later, the depth anomaly of ¢, = 27.8
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intensifies and propagates in the interior of the Irminger Sea and along the western boundary (Figure 3k). A year
after an AMOC densification at OSNAP East, the depth anomaly starts to weaken in the interior of the Irminger
Sea but remains relatively strong along the western boundary until 45°N (Figure 3m). The propagation of iso-
pycnal depth anomaly from the subpolar gyre to 45°N is further highlighted in Figure S4 in Supporting Infor-
mation S1 showing that the shoaling of 6, = 27.8 starts in the winter of 1-year lag and reaches 45°N as early as
May-June of the same year.

The link in AMOC densification between the sections is thus explained by a shoaling of dense isopycnal surfaces
over the subpolar gyre that propagate to 45°N along the western boundary, as opposed to via interior pathways,
within only a few months. At 45°N, this shoaling steepens the isopycnals along the western boundary, resulting in
a strengthening of the mid-latitude AMOC strength. The propagation of depth anomalies along the western
boundary is also found in the CESM model (Figures S3j—S3m in Supporting Information S1), although the
shoaling of the isopycnal starts at O-year lag in this model instead of 2-year lag, suggesting a faster propagation of
the anomaly due to an overall deeper isopycnal in the CESM model as compared to the HH model.

3.3. Generation of AMOC Densification Over the Subpolar Gyre

We next evaluate the drivers of AMOC densification over the subpolar gyre. The propagation of isopycnal depth
anomalies can be tracked from the subpolar gyre to 45°N within a few months, but the location where these
anomalies are first generated over the subpolar gyre is more difficult to ascertain. Shoaling of isopycnal surfaces
occurs simultaneously over both the Irminger and Labrador seas during the winter preceding an AMOC densi-
fication (Figure S4 in Supporting Information S1). This suggests that the densification is either (a) generated over
these areas together by a spatially coherent atmospheric signal or (b) that its propagation from one basin to the
next is quicker than a month.

Moreover, the location of isopycnal depth anomalies over the subpolar gyre varies when the composite analysis is
applied to isopycnal surfaces other than o, = 27.8. When applied to o, = 27.7, the shoaling is localized over the
eastern boundary of the Irminger Sea in the HH model (Figures 3f-3i) and over the Reykjanes Ridge in the CESM
model (Figures S3f—S3i in Supporting Information S1). When applied to o, = 27.55, the shoaling is localized over
the Reykjanes Ridge in the HH model (Figures 3b—3e) and over the Iceland Basin in the CESM model (Figures
S3b-S3e in Supporting Information S1). These locations match areas where the associated isopycnal outcrops at
surface in winter (purple lines). Thus, although the shoaling of all isopycnal surfaces propagates along the western
boundary of the subpolar gyre, their center of action over the subpolar gyre depends on the location at which the
isopycnal outcrops at surface (i.e., eastern subpolar gyre for light water masses and western subpolar gyre for
dense water masses), which suggests that the shoaling of isopycnal surfaces is mainly driven by surface processes.

To investigate the atmospheric mechanisms leading to an AMOC densification over the subpolar gyre, the
composite analysis is applied to the winter sea level pressure (SLP), net heat flux, vertical Ekman velocity and
surface density (Figure 4, Figure S5 in Supporting Information S1). The two models show anomalously low SLP
over the northern subpolar gyre, to the north of the OSNAP line, from 1 year before an AMOC densification at
OSNAP East. The anomaly in SLP, like a North Atlantic Oscillation (NAO) pattern, drives stronger wind stress
curl that leads to upward Ekman velocity over the eastern subpolar gyre, which is particularly intense at O-year
lag. The anomaly in SLP also enhances heat loss over most of the subpolar gyre, and most particularly over the
western subpolar gyre. Although we do not investigate the NAO drivers, we note that these conditions develop
alongside a densification of surface water along the Gulf Stream Extension region, and that temperature
anomalies at the Gulf Stream front have been shown to influence winter NAO (Famooss Paolini et al., 2022).

An AMOC densification over the subpolar gyre is therefore mainly driven by positive NAO conditions, resulting
in intense Ekman suction over the eastern subpolar gyre and intense heat loss over the western subpolar gyre.
Although an exact partitioning of the eastern and western contributions to a subpolar AMOC densification is
difficult to establish without more dedicated model experiments than available here, the results can be interpreted
following two hypotheses: either Ekman suction drives AMOC densification over the eastern subpolar gyre, or
heat loss drives AMOC densification over the western subpolar gyre. These two hypotheses are not necessarily
competitive but most likely act in concert to drive a simultaneous AMOC densification over both the Irminger and
Labrador seas, which then propagates to 45°N in few months.
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Figure 4. Lead/lag composite anomalies in winter (a—d) Sea Level Pressure (Pa), (e-h) Heat Flux (W/m?), (i-1) vertical
Ekman velocity (m/s), and (m—p) surface density (kg/m?) in the HH model. Negative anomalies in heat flux indicate stronger
heat loss during years of dense o(gg. Positive anomalies in Ekman velocity and surface density indicate stronger upward

moc

velocity and densification during years of dense ogjgg.

4. Discussion and Conclusions

Our analysis investigates the links between the AMOC annual variability at the OSNAP sections and at 45°N in
two high-resolution climate models. We show that the mid-latitude AMOC strength is strongly related to the
AMOC density found at OSNAP 1 year before. However, the AMOC strength measured at OSNAP does not lead
mid-latitude AMOC variability on annual timescales. Therefore, the OSNAP arrays potential to inform us on the
strength of the mid-latitude AMOC lies in its measurement of the AMOC density at high latitudes. This suggests
that observing the AMOC density at only one of the two OSNAP sections could suffice to monitor changes in the
mid-latitude AMOC. Hence, such relationships should be further explored when considering the future design of
the AMOC observing system.

A change in AMOC density at OSNAP is associated with a shift in the density of the overturning streamfunction
and thus to the shoaling of isopycnal surfaces that propagates from the subpolar gyre to 45°N along the western
boundary within few months. At 45°N, the resultant steeper isopycnal surfaces along the western boundary
modify the zonal density gradient at 45°N, impacting the mid-latitude AMOC strength. The rapid propagation of
density anomalies along the western boundary can be explained by topographic waves, as opposed to interior
Rossby waves (Johnson et al., 2019; Marshall & Johnson, 2013), as suggested by Kostov et al. (2022) to explain
the connection of LNADW transport between subpolar and subtropical gyres. As such, these results indicate that
the southward advection of transport anomalies from OSNAP latitudes (Bil6 & Johns, 2019; Chomiak et al., 2022;
Curry et al., 1998; Petit, Lozier, et al., 2023; Zhai et al., 2021) is not the prevailing metric to inform us on changes
in the mid-latitude AMOC strength.

The mechanisms generating an AMOC densification over the subpolar gyre are atmospherically driven by
changes in NAO conditions and possibly other atmospheric modes of variability (Thornton et al., 2023). Positive
NAO conditions drive upward Ekman velocities over the eastern subpolar gyre and stronger heat loss over the
western subpolar gyre. Positive NAO conditions can also lead to densification of surface waters through
southward Ekman transport (Deser et al., 2009; Khatri et al., 2022). The respective roles of the eastern and
western subpolar gyre in generating these anomalies at 45°N is difficult to ascertain. Indeed, although the key role
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of the NAO for AMOC variability was found in previous studies (Danabasoglu, 2008; Getzlaff et al., 2005; Khatri
et al., 2022), the dominant source location for the generation of anomalies varies between the Labrador Sea
(Danabasoglu et al., 2012) and Irminger Sea (Megann et al., 2021). Here, we posit that changes in AMOC density
are not generated within a defined area or basin but, instead, that buoyancy forcing over the western subpolar gyre
and wind forcing over the eastern subpolar gyre act in concert to form density anomalies at subpolar latitudes.
Removing the Ekman component of the overturning at one of the OSNAP sections (Khatri et al., 2022) or
developing dedicated sensitivity experiments of decoupled models with, for example, varying wind forcing and
fixed buoyancy forcing (e.g., Markina et al., 2024; Polo et al., 2014) would be required to quantify the exact
partitioning of the eastern and western contributions.

Finally, we stress that the mechanisms driving an AMOC densification are time-scale dependant. Focusing on
interannual-to-multiannual timescales, our study shows a latitudinal coherence in the AMOC density that is
driven by a combination of wind and buoyancy forcing over the subpolar gyre. On multidecadal timescales,
Yeager et al. (2021) showed that the AMOC strength at 45°N is related to subpolar AMOC densification but
highlighted that the AMOC densification is mainly driven by buoyancy forcing over the Labrador Sea, which is
supported by Boning et al. (2023). Therefore, these studies suggest that the relative contribution of buoyancy
forcing over the western subpolar gyre becomes more important for AMOC densification than the wind forcing
mechanism over the eastern subpolar gyre on climatic timescales.

Data Availability Statement

The model outputs used in this study are freely available at https://www.wdc-climate.de/ui/cmip6?input=CMIP6.
HighResMIP.MOHC.HadGEM3-GC31-HH.control-1950 for HadGEM3-GC3.1-HH (Malcolm, 2018) and at
https://rda.ucar.edu/datasets/d651029/ for CESM1.3-HR (Castruccio et al., 2025).
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