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Abstract

The Atlantic Meridional Overturning Circulation (AMOC), as the core component of the
global thermohaline circulation, exerts a profound influence on the Northern Hemisphere
climate. Recent observations show that AMOC intensity has weakened by approximately
15% over the past 40 years, yet the traditional theoretical framework dominated by the
North Atlantic Oscillation (NAO) cannot fully explain its spatial heterogeneity. This study
systematically quantifies the independent driving mechanism of the Arctic Oscillation
(AO) on AMOC decline for the first time by integrating multi-source reanalysis data
(ERA5, ORASS5) and CMIP6 model output. Theoretical analysis shows that the AO posi-
tive phase regulates the stability of AMOC through two coupled pathways: (1) anomalous
wind stress curl leads to the weakening of Ekman suction in the subpolar seas (contribu-
tion: 42 + 6%), inhibiting deep-water formation in the Labrador Sea; and (2) increased
freshwater flux through the Fram Strait triggers a negative salinity advection feedback,
which leads to shoaling of the North Atlantic high-latitude mixed layer by up to 30 m. The
cross-scale interaction reveals that the AO interannual variability amplifies the modula-
tion of the AMOC interdecadal trend. This amplification occurs through the positive feed-
back of sea-ice albedo. When AO and NAO are locked in opposite phases (AO+/NAO-),
the AMOC weakening rate increases to 1.8 Sv/decade (1 Sv =106 m3/s), whereas the same-
phase negative condition (AO-/NAO-) yields a moderate decline of 0.5 Sv/decade. This
mechanism corrects the underestimation of the traditional wind-driven circulation theory
for high-latitude processes and provides a physical attribution for the CMIP6 models’ sys-
tematic underestimation of AMOC sensitivity. The study further constructs the “Arctic
Oscillation—subpolar basin~rAMOC” three-pole coupling theoretical model and confirms
that the Arctic amplification effect enhances the AO-AMOC coupling strength by a factor
of 2.3 over the full study period (1979-2020; R? = 0.71, p < 0.01), with an even more pro-
nounced enhancement of 2.1 times during the recent two decades (2000-2020; R? increased
from 0.28 to 0.59). These findings have direct implications for coastal risk assessment, as
AMOC weakening may accelerate sea-level rise along the North American East Coast and
increase the frequency of extreme winter storm surges in European coastal areas. The re-
sults provide a dynamic basis for IPCC climate risk assessment and have practical appli-
cation value for the early warning of extreme cold-wave events.
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1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC), as the core component of
the global thermohaline circulation (THC), exerts a profound influence on the Northern
Hemisphere climate system through its latitudinal redistribution of heat (approximately
1.3 petawatts, PW), regulation of the global carbon cycle, and maintenance of regional
climate stability [1,2]. Observations from the RAPID array at 26.5° N indicate that AMOC
transfers over 25% of the total global meridional ocean heat transport to the Nordic Seas
[3,4]. Changes in AMOC intensity are directly linked to anomalous winter temperatures
in Europe, accelerated sea-level rise along the North American East Coast, and shifts in
precipitation patterns in the Sahel region [5,6]. A comprehensive analysis of multi-source
data reveals that AMOC intensity has undergone a significant decline since the mid-20th
century, with a decline rate of approximately 1.6 Sverdrup (Sv; 1 Sv =106 m3/s) per decade
during the 2004-2020 observation period [4,7]. However, this observed decline is system-
atically underestimated by current climate models, with the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) ensemble simulating a weakening that is 30-50% weaker
than observations [8,9], highlighting an unresolved gap in the traditional driving mecha-
nism theory.

As the dominant mode of atmospheric variability in the extratropical Northern Hem-
isphere, the Arctic Oscillation (AO) is characterized by a seesaw oscillation in sea-level
pressure between the Arctic and mid-latitudes [10]. During its positive phase, the AO is
associated with a strengthened polar vortex and a northward shift in the mid-latitude
westerly jet, which modulates the North Atlantic wind stress field and alters surface Ek-
man transport [11]. The AO also changes the distribution of high-latitude freshwater flux
through the Fram Strait via sea-ice export anomalies, with implications for salinity advec-
tion in the subpolar North Atlantic [12]. Since 1979, the cumulative duration of the AO
positive phase has reached a historic high, with the cumulative index increasing by 0.8
standard deviations by 2020 [13]. Simultaneously, the Arctic amplification effect—the en-
hanced warming of the Arctic relative to the global mean—has accelerated to approxi-
mately three times the global average warming rate [14]. Despite these concurrent trends,
the existing theoretical framework has not fully elucidated the mechanistic connection be-
tween AO dynamics and AMOC variability.

The current theory predominantly focuses on the regulation of interdecadal AMOC
changes by the North Atlantic Oscillation (NAO) [15,16]. The NAO-dominated paradigm
emphasizes that zonal wind stress anomalies modulate Ekman divergence and deep con-
vection in the Labrador Sea, thereby affecting AMOC strength [11,17]. However, this
framework has proven insufficient to explain the spatial heterogeneity of the observed
AMOC weakening, particularly the simultaneous contraction of the subpolar gyre and the
freshening of the Greenland Sea. Moreover, the correlation strength between AO and
AMOC in CMIP6 models is systematically lower than the observed value, with a deviation
of up to 40% [18], underscoring the inadequate representation of high-latitude air—sea—ice
coupling processes in existing Earth system models.

Recent advances in understanding AMOC stability have highlighted the importance
of freshwater forcing and its nonlinear interaction with wind-driven processes. Stommel’s
seminal box model [19] first revealed the bistable equilibrium characteristics of the THC
and proposed a threshold effect whereby freshwater input can trigger AMOC collapse.
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Subsequent studies have refined this framework, and recent assessments suggest that
AMOC weakening under extreme climate change scenarios may be more pronounced
than previously estimated [20]. Despite these advances, the independent role of AO-
driven forcing —acting through both wind stress and freshwater pathways—has not been
systematically quantified, and the cross-scale coupling between AO interannual variabil-
ity and AMOC interdecadal trends remains poorly understood.

This study therefore aims to address two core challenges. First, under the back-
ground of accelerated Arctic amplification, the traditional NAO-dominated paradigm
cannot fully explain the independent driving effects of atmospheric forcing on AMOC
variability, particularly the nonlinear superposition of freshwater flux pathway changes
and wind stress forcing anomalies. Second, existing models have failed to quantify the
cross-scale coupling mechanism linking sea-ice melting and ocean dynamic responses
across different AO decadal phases [21].

The specific research objectives of this study are: (1) to systematically analyze the
differential driving pathways of the AO positive and negative phases on AMOC decline
using multi-source observational and reanalysis data (ERA5, ORAS5, RAPID array), with
a focus on quantifying the relative contributions of wind stress curl anomalies and fresh-
water transport feedback; and (2) to construct a theoretical air-sea—ice coupling model
that explains how the Arctic amplification effect enhances the regulatory efficiency of AO
on AMOC decline by modifying Fram Strait sea-ice export and subpolar gyre structure.
This study introduces, for the first time, a triple coupling equation integrating the merid-
ional wind stress gradient, salinity transport, and mixed-layer stability into a unified
quasi-geostrophic framework, thereby overcoming the limitations of traditional models
that are dominated by zonal wind stress assumptions. The results are expected to provide
a refined dynamic basis for Intergovernmental Panel on Climate Change (IPCC) climate
risk assessments and to have practical application value for the early warning of extreme
cold-wave events and the formulation of science-based coastal adaptation strategies.

2. Literature Review
2.1. Research Progress of MOC Decline Mechanism

After decades of development, the study of the decline mechanism of the AMOC has
gradually shifted from a single temperature—salt-driven theory to a multi-factor coupling
framework [22,23]. The box model of early Stommel [19] first revealed the double equilib-
rium characteristics of THC and proposed the threshold effect that freshwater input can
cause AMOC collapse. Subsequent studies based on the Bryan—-Cox ocean model [24,25]
confirmed that the cooling subsidence of the North Atlantic high-latitude surface water is
the core power source to maintain the strength of AMOC by introducing the meridional
density gradient parameterization [26-28]. However, in recent years, the rapid melting of
the Greenland Ice Sheet (the average loss from 2002 to 2020 is 267 = 25 GT/yr [29,30]) has
led to a surge in freshwater input, which has significantly changed the traditional assump-
tion of temperature—salinity (T-S) balance [31]. Based on the CMIP5 model, Rahmstorf et
al. [32] indicate that each 0.1 PSU reduction in the surface salinity of the North Atlantic
might lead to a weakening of the AMOC intensity by approximately 15%. However, this
sensitivity was revised to a range of 9-12% in CMIP6 [33]. This suggests that the nonlinear
response of freshwater forcing requires reevaluation when integrated with dynamic pro-
cesses.
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Atmospheric circulation modes

Arctic Oscillation (AO) is a seesaw oscillation between the Arctic and the mid-latitude pressure
field. When the phase is positive, the polar vortex is enhanced; when the phase is negative, the
polar vortex is weakened and expands to the south, driving the cold wave southward.

Sea ice and ocean current feedback

AO changes the sea ice output of Fram Strait through wind stress, and then affects the
formation of deep water in Greenland Sea, indirectly regulating the intensity of AMOC. The
negative phase event of AO from 2010 to 2020 leads to the weakening of convection in Labrador
Sea, and the flow rate of AMOC decreases by 15%

Hemispheric climate chain

AO anomalies can trigger sudden warming events in the stratosphere (SSW), which affect the

2.2. Climatic Effects of Arctic Oscillation

The regulation mechanism of wind stress forcing on AMOC has been controversial
for a long time. Research based on the Ekman transport theory emphasizes that westerly
intensification promotes deep convection by enhancing the divergent flow field in the sub-
polar sea area [11]. However, the geostrophic adjustment process theoretical framework
posits that the change in wind stress curl affects the hysteretic response of meridional
overturning flow through Rossby wave adjustment [17]. For example, the northward
westerly shift driven by the positive phase of NAO can increase the AMOC intensity by
1-2 Sv [16], but its effect is partially offset by the negative feedback of freshwater flux on
an interdecadal scale [34]. It is worth noting that the existing models focus more on the
role of zonal wind stress and ignore the regulation of meridional wind stress gradient on
freshwater output in the Fram Strait [18], which may be one of the key factors for CMIP6
to underestimate the rate of AMOC decline.

As the main mode of atmospheric variability in the Northern Hemisphere, the cli-
mate effect of AO has gradually attracted attention in recent years. The positive phase of
AO corresponds to the deepening of the Arctic depression and the northward shift in the
mid-latitude westerly jet. This synoptic configuration leads to an increase in the mid-lati-
tude westerly in the North Atlantic (ranging from 5% to 8%) and the weakening of the
high-latitude easterly [10]. This reconstruction of the wind field affects the AMOC through
two distinct mechanisms: (1) enhanced Ekman transport drives the contraction of the sub-
polar vortex and reduces the heat release from the Labrador Sea [35]; and (2) the eastward
wind stress anomaly in the Fram Strait promotes the export of sea ice and fresh water to
the Greenland Sea, with an annual flux of 3200 + 450 km?3 [12]. In addition, the Arctic am-
plification effect enhances the positive feedback between AO and North Atlantic heat flux
by reducing sea-ice thickness (53% reduction in 1979-2020) and expanding open waters
[14]. For example, during the positive phase of AO, the extension of the Barents Sea ice-
free period led to an increase of 20-30 W/m? of latent heat released into the atmosphere,
further strengthening the westerly jet [13]. However, the existing studies mostly analyze
the impact of AO on regional sea ice or wind field in isolation, and lack systematic quan-
tification of its cross-scale coupling effect. Figure 1 provides a schematic overview of the
AO characteristics and its cascading effects on sea ice, deep-water formation, and hemi-
spheric climate.

position of the equatorial convergence zone through atmospheric teleconnection, resulting in

the shift of the westerly belt in the southern Hemisphere and forming a global scale climate

anomaly chain

Figure 1. Schematic overview of the Arctic Oscillation and its cascading effects. The positive phase

of AO enhances the polar vortex, which in turn modulates sea-ice export through Fram Strait and
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deep-water formation in the Greenland Sea, ultimately affecting AMOC intensity. The schematic is
adapted from established conceptual models of AO dynamics [10]; detailed quantitative pathways
and time delays identified in this study are presented in Section 5.1 and the corresponding schematic

diagram.

2.3. Basic Concepts and Climate Effects of AMOC

The Atlantic Meridional Overturning Circulation (AMOC) is a key component of the
Earth’s climate system and represents the Atlantic branch of the global thermohaline cir-
culation (THC). It is characterized by a northward flow of warm, saline surface waters
from the tropics and South Atlantic toward the subpolar North Atlantic, where heat loss
to the atmosphere increases the surface density and triggers deep convection. This process
forms cold, relatively fresh North Atlantic Deep Water (NADW), which returns south-
ward at depths between 1000 and 4000 m, forming a closed meridional overturning cell
(Figure 2). Through this circulation, AMOC redistributes approximately 1.3 petawatts
(PW) of heat poleward, accounting for roughly 25% of the total global meridional ocean
heat transport, and exerts a dominant control on the climate of the Northern Hemisphere
[1,2].

AMOC variability influences regional and global climate through multiple intercon-
nected pathways. Firstly, its strength directly modulates winter surface air temperatures
in Europe: a weakened AMOC reduces poleward heat transport, leading to colder winters
and more frequent extreme cold-air outbreaks in northwestern Europe [5]. Secondly, dy-
namic oceanographic adjustments associated with AMOC weakening cause a redistribu-
tion of mass in the North Atlantic, contributing to an accelerated relative sea-level rise of
up to 10-20 cm per century along the North American East Coast via changes in the geo-
strophic balance of the Gulf Stream [6]. Thirdly, AMOC-induced shifts in tropical Atlantic
sea surface temperatures influence the position of the Intertropical Convergence Zone
(ITCZ), which in turn affects precipitation patterns in the Sahel region and the Amazon
basin. Finally, AMOC plays a crucial role in the global carbon cycle by sequestering at-
mospheric CO: into the deep ocean through the solubility pump and biological pump. A
weakening AMOC reduces the efficiency of this deep-ocean carbon sink, potentially ac-
celerating the accumulation of CO: in the atmosphere and amplifying global warming.

Observations and modeling studies over the past two decades have revealed that
AMOC strength has been declining at an unprecedented rate. The RAPID array at 26.5° N
has recorded a weakening trend of approximately 1.6 Sv per decade during 2004-2020
[3,4,7]. Paleoclimate records and model simulations further suggest that AMOC may ap-
proach a critical threshold under continued greenhouse gas forcing, with potentially irre-
versible consequences for the global climate system [20]. Understanding the driving
mechanisms behind this observed decline is therefore of both fundamental scientific im-
portance and urgent practical relevance for climate risk assessment and coastal adaptation
planning. Figure 2 summarizes the basic structure of AMOC and its role in global heat
and salt redistribution, climate regulation, and carbon cycling.

https://doi.org/10.3390/jmse14131197
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Global thermal salt circulation core

The Atlantic Meridional Overturning Circulation (AMOC) is a key component of the
Earths climate system. It redistributes heat and salt globally by transporting warm
surface water northward and deep cold water southward, affecting regional climate
patterns.

Climate regulation mechanism

"
% ol

Changes in AMOC intensity are directly linked to winter temperatures in Europe, s .‘ _/ -

precipitation along the east coast of North America and the frequency of tropical Y/ ,ﬁ ' - N

storms. For example, its weakening could lead to colder northern Europe, increased ' Nl \g’ ¥} - fl

drought in the Sahel and changes in hurricane paths

Carbon cycle participation

AMOC regulates atmospheric CO: concentration through deep-sea carbon
sequestration, and its decline may weaken the function of ocean carbon sink and
accelerate the process of global warming.

Figure 2. Basic concepts of AMOC and its climate effects. AMOC redistributes warm, saline surface
waters northward and cold, relatively fresh deep waters southward, forming a closed meridional
overturning cell. This circulation plays a critical role in global heat and salt transport, regional cli-
mate regulation (European winter temperatures, Sahel precipitation, North American coastal sea
level), and carbon cycling through deep-ocean carbon sequestration. The schematic synthesizes es-
tablished understanding of AMOC structure [1,2]; quantitative AMOC trends and their driving
mechanisms from this study are presented in Sections 4 and 5.1 and the corresponding schematic

diagram.

2.4. Current Situation of Theoretical Defects

Significant deficiencies exist in the current theoretical framework. Firstly, the attrib-
ution of AMOC variability is overly dependent on the NAO-driven paradigm. Although
the interdecadal correlation between NAO and AMOC was up to 0.67 [15], the explana-
tory power decreased significantly after the 21st century (r = 0.32, 2000-2020), while the
negative correlation between AO and AMOC strengthened from -0.21 to -0.58 (based on
ORAS?S reanalysis data), suggesting that the independent role of AO was underestimated
for a long time. Secondly, the existing mechanism research is mostly limited to a single
time scale—for example, wind stress forcing is classified as interannual variability [36],
while the freshwater effect is regarded as an interdecadal signal [37] —ignoring the bridge
role of AO in converting high-frequency atmospheric variability into low-frequency ocean
response through sea-ice albedo feedback [21]. For example, the frequent occurrence of
AQ positive phase events can lead to a 15% increase in the cumulative freshwater output
of the Fram Strait, and then cause the decline of AMOC to last for decades through the
delayed effect of salinity advection. The lack of this cross-scale coupling mechanism
makes it difficult for existing models to capture the sensitivity of AMOC to Arctic changes,
resulting in greater uncertainty in the assessment of AMOC collapse probability in the
Intergovernmental Panel on Climate Change Sixth Assessment Report (IPCC AR®6) [38].

3. Theory and Method

3.1. Theoretical Framework
This study builds a theoretical framework based on the improved quasi-geostrophic
ocean model (QGOM), and introduces the AO forcing term and the air-sea boundary
layer coupling mechanism, aiming to systematically analyze the multi-scale physical pro-
cess of AO-driven AMOC decline. Based on the traditional Stommel-Arons theory [39],
https://doi.org/10.3390/jmse14131197
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the core equations of the model are extended as follows: (1) the meridional wind stress
gradient term is embedded in the meridional velocity equation to characterize the north-
ward shift effect of the North Atlantic westerly jet caused by the positive phase of AO;
and (2) in the air—sea interface flux parameterization, the ice-ocean freshwater exchange
module is coupled to quantify the regulation effect of the sea-ice output from the Fram
Strait on the Greenland Sea salinity advection. Specifically, the ocean dynamic module
adopts the layered quasi-geostrophic approximation, and the governing equation in-
cludes the potential vorticity conservation equation:
D fy% 02y 1 g daQ 1
ﬁ<V2¢+By+Wﬁ)=—EVXT+EE ()
where 1 is the stream function, T is the wind stress vector, = 0f/dy is the meridional
gradient of the Coriolis parameter (f = 2Q) sing, where () is the Earth’s rotation rate and ¢
is latitude), fo is the reference Coriolis parameter at the central latitude of the study do-
main, N2 = —(g/00)(00/0z) is the squared buoyancy frequency, oo = 1025 kg/m? is the refer-
ence density of seawater, g =9.81 m/s? is the gravitational acceleration, Q is the freshwater
flux forcing term, and a is the salinity expansion coefficient. « is defined as a =
—(1/0)(00/0S) at constant temperature and pressure, representing the fractional change in
seawater density per unit change in salinity (unit: psu).
The air-sea boundary layer coupling is realized through the exchange of momentum,
heat and freshwater flux. The freshwater flux term integrates the AO-driven sea-ice
d (pice

transport component:
Q= Qprecip - Qevap + ot EHice) +Ve (HicelUice) ()

where Hj., isthe thickness of seaice and u;, is the drift velocity of sea ice. The statistical
relationship between H;., and AO index is determined by regression of ERA5 reanalysis
data.

The methodological novelty of this framework lies in the simultaneous coupling of
the meridional wind stress gradient term and the ice—ocean freshwater flux module within
a single quasi-geostrophic model. This approach overcomes the limitation of traditional
zonally averaged models in characterizing high-latitude processes, where meridional
boundaries and freshwater exchange play a dominant role.

3.2. Data Sources

This study employs a multi-source data cross-validation framework to ensure the
robustness and reproducibility of the analyses. The following datasets are used:

(1) Atmospheric forcing fields: The atmospheric variables—including 10 m wind
field, surface heat flux, and sea-ice concentration—are obtained from the ERA5 reanalysis
produced by the European Centre for Medium-Range Weather Forecasts (ECMWE). The
data cover the period 1979-2020 at a horizontal resolution of 0.25° x 0.25° and are available
at hourly to monthly temporal resolutions [40].

(2) Ocean temperature, salinity, and circulation data: The three-dimensional ocean
temperature and salinity fields, as well as ocean current velocities, are obtained from the
Ocean Reanalysis System 5 (ORAS5) produced by ECMWEF. ORAS5 provides monthly
data at a horizontal resolution of 0.25° x 0.25° with 75 vertical levels, covering the period
1979-2020 [41]. These data are used to initialize the quasi-geostrophic ocean model
(QGOM) and to validate the simulated AMOC spatial structure and variability. The
mixed-layer depth is defined as the depth at which the potential density (g,) exceeds the
surface value (averaged over the upper 10 m) by 0.03 kg/m?, following the standard crite-
rion used in observational and modeling studies of deep convection regions [42].

https://doi.org/10.3390/jmse14131197
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Additionally, the Simple Ocean Data Assimilation version 3.4.2 (SODA3.4.2) is used
to extend the temporal coverage of the ocean analysis. SODA3.4.2 provides monthly ocean
fields at a horizontal resolution of 0.5° x 0.5° for the period 1871-2010 [43], and is em-
ployed for the long-term context of AMOC variability.

(3) CMIP6 multimodel ensemble: To assess the representation of AMOC trends in
state-of-the-art climate models, output from 12 models participating in the Coupled
Model Intercomparison Project Phase 6 (CMIP6) is analyzed [44]. The 12 models were se-
lected based on the availability of all required variables—monthly ocean temperature, sa-
linity, and three-dimensional velocity fields: sea surface wind stress and sea-ice concen-
tration and thickness—for both the historical simulation (1979-2014) and the high-emis-
sion SSP5-8.5 future scenario (2015-2100). The selected models are: CanESM5, TPSL-
CM6A-LR, CESM2, CNRM-CM6-1, GFDL-CM4, HadGEM3-GC31-LL, MIROC6, MPI-
ESM1-2-HR, MRI-ESM2-0, NorESM2-LM, UKESM1-0-LL, and EC-Earth3. Common sig-
nals across the multimodel ensemble are extracted using empirical orthogonal function
(EOF) analysis to distinguish internal variability from externally forced signals.

(4) AMOC observational constraints: Direct measurements of the AMOC strength at
26.5° N are obtained from the RAPID Meridional Overturning Circulation and Heat-flux
Array (RAPID-MOCHA) for the period 2004-2020 [3,4,7]. The RAPID data provide
monthly AMOC volume transport estimates vertically integrated across five depth layers,
and serve as the primary constraint for calibrating the meridional volume transport of the
QGOM at the 26.5° N section. The objective function for model calibration requires a root-
mean-square error (RMSE) < 0.15 Sv against the RAPID observations.

(5) Climate indices: The monthly AO index is obtained from the National Oceanic
and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) for the period
1979-2020. The index is defined as the leading principal component of empirical orthog-
onal function (EOF) analysis of 1000 hPa geopotential height anomalies poleward of 20°
N [10]. The monthly NAO index is obtained from the same source, based on the leading
EOF of 500 hPa geopotential height anomalies over the North Atlantic sector (20° N-80°
N, 90° W—40° E).

Table 1 summarizes the data sources, their spatial and temporal resolutions, and their
specific roles in this study.

Table 1. Summary of data sources used in this study.

Dataset Variables Horizontal Resolution Temporal Coverage Role in This Study
10 m wind, surface heat Atmospheric forcing;
ERA .25° x 0.25° 1979-202
> flux, sea ice 0-257>0.25 9-2020 AO/NAO index derivation
Model initialization; AMOC
ORAS5 OceanT,S, u, v, w 0.25° x 0.25°, 75 levels 1979-2020 validation; mixed-layer
depth
SODA34.2 OceanT, S, u, v 0.5° x 0.5° 1871-2010 Long-term AMOC context
CMIP6 (12 OceanT, S, u, \(; wind -1° (model-dependent) 1979-9100 Multimodel AMOC trend
models) stress; sea ice assessment
RAPID array AMOC volume transport _ 2004-2020 QGOM callbrétlon and vali-
at26.5° N dation
NOAA CPC AQO index, NAO index — 1979-2020 Climate mode identification

Note: RAPID array data from McCarthy et al. [3] and Frajka-Williams et al. [7].

3.3. Numerical Experiment Design

The numerical experiment design adopts a three-stage progressive strategy: (1) the
sensitivity test group quantifies the response differences in AMOC intensity, deepwater
formation rate and salinity advection by adjusting the AO index phase (positive/negative

https://doi.org/10.3390/jmse14131197
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1.5 standard deviations anomaly) forcing model boundary conditions; (2) based on the
control test (CTRL, AO index =0), the wind stress, freshwater flux and thermal forcing are
fixed in turn, and the independent contribution and synergistic effect of each factor is an-
alyzed by comparing the AMOC decline rate under each scenario (such as A AMOC wind
only vs. A AMOC freshwater only); and (3) the maximum covariance analysis (MCA) is
used to identify the spatial cooperative modes of AO and AMOC anomalies, and the dom-
inant coupling processes on the interannual (2-7 years) and interdecadal (10-30 years)
scales are extracted by singular value decomposition (SVD). The experimental design is
summarized in Table 2.

Table 2. Design parameters of numerical experiment group.

Experiment Group

Forcing Condition Control Variable Output Parameters

AO index + 1.5 standard devi- Fixed greenhouse gas concen- AMOC strength, deep-water for-

EXP1 ation anomaly tration (2015 level) mation rate

EXP2 Fixed wind stress field (CTRL AO freshwater flux anomaly  Salinity advection, mixed-layer
climatology) only depth

EXD3 Fixed freshwater flux (CTRL AO wind stress anomaly only Ekman suction, meridional over-

climatology) turning circulation

Note: The CTRL simulation uses monthly climatological boundary conditions averaged over the
period 1981-2010. The AO index anomaly of +1.5 standard deviations is applied as a constant sur-
face wind stress anomaly throughout each sensitivity experiment. EXP1 tests the full AO forcing
(wind + freshwater combined); EXP2 isolates the freshwater-driven pathway by prescribing clima-
tological wind stress; EXP3 isolates the wind-driven pathway by prescribing climatological fresh-

water flux.

At the level of statistical methods, the maximum covariance analysis (MCA) focuses
on the spatio-temporal covariant structure of the AO index time series and AMOC inten-
sity field, uses pre whitening treatment to eliminate the influence of autocorrelation, and
retains the cumulative interpretation variance of the first two modes at 285%. The covari-
ance analysis of the AO index time series and AMOC intensity field (26.5° N section) is
performed to extract spatial collaborative modes, and the cumulative interpretation vari-
ance of the first two modes is 87% (p < 0.01). Singular value decomposition (SVD) is ap-
plied to the coupling analysis of the wind stress field on the sea surface and the salinity
advection field in the North Atlantic, and the coupling modes with clear physical signifi-
cance are selected through significance test (Monte Carlo simulation, p <0.05). In addition,
based on the projection uncertainty analysis of CMIP6 multi-mode set, the variance-
weighted average method is used to construct the “observation-constrained AMOC de-
cline curve” to quantify the probability distribution of AMOC hitting the critical point
(defined as 50% strength reduction) under different AO evolution scenarios.

The methodological innovation is reflected in three aspects: (1) the meridional wind
stress gradient and ice—ocean freshwater flux module are coupled in the quasi-geostrophic
model for the first time, which breaks through the limitation of the traditional zonal aver-
age hypothesis in characterizing the high-latitude process; (2) the relative weights of wind
stress curl (contribution 42 + 6%) and freshwater transport (contribution 38 + 5%) on
AMOC decline are quantitatively distinguished by mechanism separation experiment,
and the nonlinear enhancement effect of Arctic amplification effect is identified; and (3)
the triangle verification framework of “observation mode theory” is constructed, and the
model deviation (meridional transport error < 0.12 Sv) is constrained by rapid array data
to ensure the physical reliability of the theoretical deduction. This method system not only
provides a universal analysis tool for the study of the Arctic Atlantic interaction but can
also be extended to the study of the variability attribution of other meridional overturned
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circulation systems. The results of the mechanism separation experiments are presented
and discussed in Section 4.1 (freshwater forcing contribution) and Section 4.2 (wind stress
forcing contribution).

3.4. Statistical Analysis

To isolate the independent influence of the Arctic Oscillation (AO) on AMOC varia-
bility from other concurrent climate modes, a suite of multivariate statistical techniques
was employed. Maximum covariance analysis (MCA) was applied to the AO index and
the North Atlantic sea surface salinity field to extract the dominant coupled modes of var-
iability. The MCA was performed on detrended and standardized fields after applying a
5-year moving average to emphasize interdecadal signals. The statistical significance of
the coupled modes was assessed using a Monte Carlo simulation with 1000 iterations, and
only modes significant at the p < 0.05 level were retained. For this analysis, the first two
leading MCA modes were retained, which together explain 87% of the squared covariance
(p <0.01).

Singular value decomposition (SVD) was applied to the coupled analysis of the sea
surface wind stress field and the North Atlantic salinity advection field. Prior to SVD,
seasonal adjustments were applied and EOF pre-filtering was performed using the first
five modes to reduce noise. The significance of the resulting SVD modes was tested using
a leave-one-out cross-validation procedure, and modes with clear physical interpretability
were retained (three modes retained, Monte Carlo simulation, p < 0.05).

To quantify the probability of AMOC crossing a critical threshold under different AO
evolution scenarios, a variance-weighted averaging method was applied to the CMIP6
multimodel ensemble. A Bayesian confidence interval (95%) was constructed to quantify
the projection uncertainty, and the resulting “observation-constrained AMOC decline
curve” provided a probabilistic estimate of the timing of potential AMOC collapse (de-
fined as a 50% reduction in strength relative to the 1979-2020 mean). Table 3 lists the sta-
tistical methods, preprocessing steps, significance testing procedures, and the number of
retained modes used in this study.

Table 3. Statistical method parameter settings.

Method Preprocessing Steps Significance Test Retained Modes
Maximum Covariance Anal- Detrending, standardization, ~Monte Carlo simulation 5
ysis (MCA) 5-year moving average (1000 iterations)
Singular Value Decomposi- Seasonal adjustment, EOF Cross-validation (leave-one- 3
tion (SVD) pre-filtering (first 5 modes) out)
Variance-Weighted Averag- Multimodel bias correction Bayesian confidence interval
ing (based on RAPID data) (95%) B

3.5. Model Validation Against RAPID Observations

To assess the reliability of the QGOM in reproducing observed AMOC variability,
we compared the modeled AMOC strength at 26.5° N against the RAPID array observa-
tions for the period 2004-2020 (Figure 3). The QGOM captures both the mean strength
and interannual variability of the observed AMOC, with a root-mean-square error (RMSE)
of 0.15 Sv. The correlation coefficient between the modeled and observed monthly AMOC
time series is r = 0.82 (p < 0.01), confirming that the QGOM adequately resolves the key
dynamics relevant to this study. The model slightly underestimates the amplitude of the
seasonal cycle (by approximately 0.3 Sv on average) but faithfully reproduces the promi-
nent interannual anomalies, including the marked weakening events observed in 2009-
2010 and 2014-2015. This level of agreement supports the use of the QGOM as a physically
consistent framework for the mechanism separation experiments described in Section 3.3.
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Figure 3. Comparison of AMOC strength at 26.5° N between the QGOM simulation and RAPID
observations for the period 2004-2020. The black solid line denotes the monthly RAPID observa-
tional estimate, and the red dashed line denotes the QGOM output. The root-mean-square error
(RMSE) is 0.15 Sv, and the correlation coefficient is r = 0.82 (p < 0.01), indicating that the model
faithfully reproduces the observed mean state and interannual variability of the AMOC.

4. Results and Analysis
4.1. Observation Evidence

The cooperative analysis based on ERA5 reanalysis data and RAPID array observa-
tions reveals a significant spatio-temporal covariance between the positive phase of the
Arctic Oscillation (AO, index > +1 standard deviation) and the weakening of AMOC in-
tensity. From 1979 to 2020, the AMOC intensity corresponding to the positive phase years
of AO (such as 1990, 2012, and 2016) decreased by 1.2 + 0.3 Sv on average compared with
the climatological mean state (p < 0.05; Table 4). The lag correlation analysis showed that
the correlation was strongest when the AO index led the AMOC change by approximately
3-5 years (r=-0.61, p <0.01). Table 4 provides the complete lag correlation coefficients for
lead times of 0 to 10 years. Spatially, the maximum covariance analysis (MCA) revealed
two key response centers linking the AO positive phase to AMOC weakening:

(1) Labrador Sea deep convection zone (55° N-65° N, 45° W-30° W): During AO pos-
itive phases, the winter mixed-layer depth decreased by 40 + 12 m, and the corresponding
deep-water formation rate declined by 0.8 Sv/decade. This shoaling of the mixed layer
suppresses the production of Labrador Sea Water, a major component of the deep limb of
the AMOC.

(2) Subpolar gyre region (50° N-60° N, 20° W-10° W): The sea surface height anomaly
(SSHA) exhibited a south-to-north negative dipole pattern, resulting in a 15-20% weaken-
ing of the meridional overturning transport across the subpolar gyre. This SSHA dipole is
consistent with a spin-down of the subpolar cyclonic circulation under persistent AO pos-
itive forcing.

Further analysis of ORAS5 temperature and salinity data revealed that the surface
salinity in the above regions decreased significantly during AO positive phases (-0.15 +
0.04 psu/decade). This freshening was strongly negatively correlated with the AO-driven
freshwater flux anomaly of +240 km?3/yr through Fram Strait (r = —0.73, p < 0.01; the clima-
tological annual-mean total freshwater export through Fram Strait is 3400 + 500 km?3/yr;
see Section 4.2). The interannual variability of the Fram Strait freshwater flux anomaly
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explains 58% of the AMOC intensity variance over the study period (Table 5), confirming
the critical role of the freshwater transport pathway in regulating salinity advection and
deep convection in the subpolar North Atlantic. Table 5 summarizes the AMOC decline
rates and the relative contributions of wind stress forcing and freshwater forcing for the
three key regions (Labrador Sea, Irminger Sea, and Subpolar Gyre region) during the
2004-2020 observation period.

Table 4. Lag correlation coefficient between AO index and AMOC strength (1979-2020).

Lag Time (Years) Correlation Coefficient (rr)  Significance Level (pp)
0 -0.32 0.04
3 -0.61 <0.01
5 -0.53 <0.01
10 -0.18 0.12

Table 5. AMOC decline rate and driver contribution in key regions (2004-2020).

AMOC Decline Rate Wind Stress Contri- Freshwater Contribu-

Region (Sv/Decade) bution (%) tion (%)
Labrador Sea 21+04 48+7 42+6
Irminger Sea 0.7+0.2 35+8 28+5

Subpolar Gyre region 1.5+0.3 40+6 38+5

Note: the contribution is calculated through the mechanism separation experiment, and the error

range is 95% confidence interval.

4.2. Dynamic Mechanism

The abnormal wind stress curl and Ekman suction change are the core dynamic path-
way of AO-driven AMOC decline. The mechanism separation experiment quantifies that
the meridional wind stress gradient caused by the positive phase of AO (the westerly
wind at 55° N increased by 0.8 + 0.2 m/s) results in a negative anomaly of wind stress curl
(-2 x 107 N/m?) in the subpolar sea area (50° N-65° N), which further reduces the Ekman
suction rate by 30-45% (approximately —2 x 10 m/s). This dynamic forcing contributed
42 + 6% to the decline of AMOC, with a characteristic response time of 0-1 year, and its
effect propagated southwestward through Rossby wave adjustment, resulting in a reduc-
tion of 1.1 Sv in the formation rate of deep water in the Labrador Sea (accounting for 55%
of the total decline of AMOC).

At the same time, the AO-driven easterly wind stress anomaly (+0.6 m/s) in the Fram
Strait accelerated the output of sea ice and fresh water, raising the total annual freshwater
export to 3400 + 500 km?® (an anomaly of +240 km?/yr relative to the climatological mean).
This freshwater flux anomaly reduced the salinity advection in southern Greenland by 18
+ 5%, and increased the surface buoyancy flux, resulting in a shoaling of the mixed layer
by 28 + 7 m. The contribution of freshwater forcing is 38 + 5%, and its effect gradually
increases on a decadal time scale, indicating that the negative feedback of salinity advec-
tion has a significant lag (3-5 years; see Table 4).

4.3. Thermal Feedback

The positive feedback associated with Arctic sea-ice albedo significantly amplifies the
modulation efficiency of the AO on AMOC. During the AO positive phase, the ice-free
period in the Barents—Kara Sea is prolonged by 23 + 5 days, and the surface albedo de-
creases by 0.15 + 0.03 (Table 6), leading to an increase in net shortwave radiation absorp-
tion of 12-18 W/m?. This additional heat flux enhances the meridional temperature gradi-
ent, causing the mid-latitude westerly jet to shift northward by 2.3 + 0.5 degrees of latitude
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and further intensifying the weakening trend of the high-latitude easterlies (-0.4 m/s per
decade). Simultaneously, the expansion of open water increases the latent heat release by
25 +7 W/m?, which drives a thickening of the atmospheric boundary layer by 200 + 50 m.
Through thermal adaptation mechanisms, the subpolar gyre contracts, weakening the
poleward heat transport to 0.4 PW.

The synergy between thermal feedback and dynamic forcing was quantified through
variance decomposition. Dynamic forcing alone explains R? = 0.28 of the AO-AMOC cou-
pling variance over the 2000-2020 sub-period. When thermal feedback is included, the
explained variance increases to R? = 0.59, indicating that the thermal feedback accounts
for an additional 31% of the variance. This corresponds to a 2.1-fold enhancement of the
AO-AMOC coupling strength during 2000-2020, compared with the 2.3-fold enhance-
ment over the full study period 1979-2020 (R?=0.71; see Abstract and Section 4.1). Sea-ice
melting contributed 63 + 8% of this amplification effect, as determined by the variance
reduction when sea-ice parameters are held at climatological values in the mechanism
separation experiments (Table 6). These results confirm that the ongoing Arctic amplifica-
tion, through its influence on sea-ice conditions, acts as a powerful amplifier of the AO-
driven AMOC decline, and that its role has become more pronounced in the most recent
decades.

Table 6. Response of Arctic sea-ice parameters to AO positive phase (1979-2020).

Parameter AQ Positive Phase Change Unit Contribution to AMOC Decline (%)
Sea-ice thickness -0.53 £0.12 m 22+4
Ice-free days per year +23+5 days/year 18+3
Surface albedo -0.15+0.03 — 15+3
Latent heat release +25+7 W/m?2 12£2

Note: The contribution to AMOC decline (%) was estimated through variance decomposition of the
mechanism separation experiments. For each parameter, the contribution represents the percentage
reduction in the total AO-AMOC coupling variance when that parameter is held constant at its cli-

matological mean value. Values are expressed as mean + 95% confidence interval.

4.4. Cross-Scale Interaction

The interannual variability of AO (2-7 year cycle) regulates the interdecadal trend of
AMOC (10-30 year cycle) through sea-ice and ocean memory effects. Singular value de-
composition (SVD) shows that the variance of the coupling mode interpretation of the AO
interannual oscillation and the North Atlantic salinity advection is 71%, and its spatial
pattern shows that the freshwater output anomaly in the Fram Strait can affect the con-
vection intensity in the Labrador Sea after a lag of 5-8 years. When AO positive phase
events occur continuously (such as 2005-2012), the cumulative freshwater flux anomaly
increases the AMOC decline rate to 1.8 Sv/decade, which is approximately 40% faster than
the random phase sequence.

In addition, the phase locking of AO and NAO has a nonlinear modulation effect on
AMOC weakening. Here, AO+/NAO- phase locking is defined as the co-occurrence of the
AOQO index exceeding +0.5 standard deviations and the NAO index falling below —0.5 stand-
ard deviations, persisting for at least one boreal winter season (December-February
mean). The same threshold criterion (absolute value > 0.5 standard deviations) is applied
to the other three phase combinations listed in Table 7. When the positive phase of AO
and the negative phase of NAO coexist (such as 2010-2015), the negative anomaly of wind
stress curl and the positive anomaly of freshwater forcing cooperate, resulting in a sudden
drop of AMOC intensity of 2.3 Sv (accounting for 85% of the total decline over the same
period). Conversely, when AO and NAO are in the same phase, the two effects are par-
tially offset, and the AMOC weakening rate decreases to 0.9 Sv/decade (Table 7).
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This discovery reveals the cross-modal coupling mechanism of the Arctic-mid-lati-
tude teleconnection, and provides a new perspective for explaining the underestimation
of AMOC variability in the CMIP6 model. The nonlinear amplification under AO+/NAO-
phase locking (1.8 Sv/decade) is approximately 4.5 times faster than under the AO-/NAO-
condition (0.4 Sv/decade; Table 7), highlighting the importance of considering AO-NAO
phase relationships in decadal AMOC predictions.

Table 7. Effect of AO-NAO phase combination on AMOC weakening rate (1979-2020).

Phase Combination AMC()S(‘Z,/]D;eecCI;EE)Rate Occurrence Frequency (%)
AO+/NAO- 1.8+0.3 18
AO+/NAO+ 0.9+0.2 12
AO-/NAO+ 0.6+0.1 22
AO-/NAO- 04+0.1 15

AOQO neutral/NAO neutral 0.7+0.2 33
Total — 100

Note: The phase definition is based on the normalized index threshold of +0.5 standard deviations.
“AO neutral/NAO neutral” includes all remaining phase combinations where either or both indices
fall within +0.5 standard deviations. Occurrence frequencies are calculated as the percentage of bo-

real winter seasons (DJF mean) within each phase combination category over the period 1979-2020.

4.5. CMIP6 Model Assessment of AMOC Trends

To quantify the systematic underestimation of AMOC weakening in current climate
models, we compared the historical AMOC trends from the 12 CMIP6 models analyzed
in this study against the RAPID observational estimate. The multimodel ensemble mean
AMOC trend over the historical period (1979-2020) ranges from -0.8 to —1.0 Sv/decade, as
reported in the comprehensive multimodel assessments of Weijer et al. [8] and Danabaso-
glu et al. [9]. In contrast, the RAPID array observations at 26.5° N yield a trend of -1.6
Sv/decade for the 20042020 period [7]. The intermodel spread (one standard deviation)
of the CMIP6 AMOC trends is approximately +0.3 to +0.4 Sv/decade, indicating consider-
able uncertainty across individual models.

The comparison reveals that the CMIP6 ensemble systematically underestimates the
observed AMOC decline by 30-50% (Table 8). Specifically, the ensemble mean trend of
approximately —0.96 Sv/decade reported by Danabasoglu et al. [9] corresponds to a 40%
underestimation relative to the RAPID observations. Even the most sensitive individual
CMIP6 models capture only 60-70% of the observed weakening rate. This systematic bias
is consistent with the findings of Bonnet et al. [45], who demonstrated that the delayed
emergence of AMOC-related climate impacts in model projections is directly linked to the
underestimation of the historical AMOC decline.

The 30-50% underestimation of AMOC weakening in CMIP6 models provides quan-
titative support for the central motivation of this study: that current Earth system models
do not fully capture the mechanisms driving the observed AMOC decline. As discussed
in Sections 5.1 and 5.2, this underestimation likely arises from the inadequate representa-
tion of high-latitude air-sea—ice coupling processes—particularly the AO-driven Fram
Strait freshwater flux anomaly and the associated wind stress feedback mechanisms iden-
tified in this study. These results underscore the importance of incorporating the AO-
driven pathways into future model development to improve the fidelity of AMOC pro-
jections. Table 8 summarizes the AMOC trend estimates from the CMIP6 multimodel as-
sessments and the RAPID observational estimate.

https://doi.org/10.3390/jmse14131197



J. Mar. Sci. Eng. 2026, 14, 1197

15 of 22

Table 8. Summary of AMOC trends from CMIP6 multimodel assessments and observational esti-

mates.
Data Source AMOC Trend (Sv/Decade)  Underestimation vs. RAPID Reference
RAPID observations (2004—-2020) -1.6 — [7]
CMIP6 ensemble mean -0.8to-1.0 —-37% to -50% [8]
CMIP6 ensemble mean -0.96 -40% [9]
CMIP6 intermodel spread (10) 0.3 to +0.4 — [8,9]

Note: Observational trend is based on RAPID array measurements at 26.5° N for 2004-2020. CMIP6
trends are calculated from historical simulations over comparable periods (see individual references
for exact time windows). Underestimation is calculated as (CMIP6 trend — RAPID trend)/IRAPID
trend | x 100%.

5. Discussion
5.1. Theoretical Innovation

As illustrated in Figure 4, the proposed “Arctic Oscillation-Subpolar Basin—~AMOC”
three-pole coupling mechanism integrates two cross-latitude pathways that operate on
distinct time scales. The wind-driven pathway (contribution 42 + 6%) responds within 0-
1 year to AO-induced wind stress curl anomalies over the subpolar gyre. During the AO
positive phase, the meridional wind stress gradient strengthens, producing a negative
wind stress curl anomaly that weakens Ekman suction by 30-45% in the subpolar seas.
This suppresses deep convection in the Labrador Sea, reducing the deep-water formation
rate by approximately 1.1 Sv. The effect propagates southwestward through Rossby wave
adjustment, directly weakening the lower limb of the AMOC.

Arctic Oscillation—Subpolar Basin-AMOC Three-Pole Coupling Mechanism

ind-Driven Pathway

AQ Positive Phase

Freshwater-Driven Pathway

Enhanced Meridional (0

]

(01 yr Fram Strait Easterly

\ = —— - -
l I Sea-Ice Albedo Feedback I
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l . ) P . . . v
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Figure 4. Schematic diagram of the proposed “Arctic Oscillation-Subpolar Basin~AMOC” three-
pole coupling mechanism. The AO positive phase drives AMOC weakening through two coupled
pathways: the wind-driven pathway (left, blue boxes): enhanced meridional wind stress gradient
— negative wind stress curl anomaly — Ekman suction weakening (|30-45%) — Labrador Sea deep
convection suppression (response time: 0-1 year), contributing 42 + 6% of the total AMOC decline;
and the freshwater-driven pathway (right, blue boxes): Fram Strait easterly wind anomaly — in-

creased sea-ice and freshwater export (+240 km?®/yr anomaly relative to a climatological total of 3400
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+ 500 km®/yr) — salinity advection negative feedback — mixed-layer shoaling by up to 30 m (re-
sponse time: 3-5 years), contributing 38 + 5%. The sea-ice albedo feedback (center, yellow dashed
box) amplifies both pathways by a factor of 2.1-2.3x through enhanced meridional temperature gra-
dient and latent heat release over expanding open-water areas. Time delays are annotated in red.
Dashed orange arrows indicate the amplifying effect of the sea-ice albedo feedback on both path-

ways.

The freshwater-driven pathway (contribution 38 + 5%) operates with a longer char-
acteristic delay of 3-5 years. The AO positive phase generates an easterly wind stress
anomaly over Fram Strait, accelerating sea-ice export and raising the freshwater flux
anomaly to +240 km?/yr relative to the climatological mean of 3400 + 500 km?/yr. This
freshwater pulse propagates into the Greenland Sea, where it reduces upper-ocean salin-
ity and triggers a negative salinity advection feedback. The resulting increase in surface
buoyancy flux shoals the mixed layer by up to 30 m, further inhibiting the formation of
dense water that feeds the deep branch of the AMOC.

Critically, the two pathways are not independent but are amplified by the sea-ice
albedo feedback. As the AO positive phase prolongs the ice-free period in the Barents—
Kara Sea by 23 + 5 days and reduces surface albedo by 0.15 + 0.03, the additional absorp-
tion of shortwave radiation (12-18 W/m?) and enhanced latent heat release (25 + 7 W/m?)
strengthen the meridional temperature gradient. This reinforces the northward shift in the
mid-latitude westerly jet and further weakens the high-latitude easterlies, closing a posi-
tive feedback loop that amplifies both the wind-driven and freshwater-driven pathways
by a factor of 2.1-2.3.

This mechanism differs from previous studies in three key respects. First, it provides
the first simultaneous quantitative partitioning of the wind-driven (42 + 6%) and freshwa-
ter-driven (38 + 5%) contributions to the observed AMOC decline over a consistent mul-
tidecadal period. While earlier studies have individually recognized the roles of wind
forcing [11] and freshwater fluxes through Fram Strait [12], the relative importance of
these two pathways had not been systematically compared using a unified framework.
Second, it identifies the cross-scale interaction between AO interannual variability and
AMOC interdecadal trends through sea-ice memory effects. The SVD analysis reveals that
the AO interannual oscillation explains 71% of the coupled variance with North Atlantic
salinity advection, and that freshwater export anomalies in Fram Strait can affect Labrador
Sea convection intensity after a lag of 5-8 years. Third, it reveals the nonlinear amplifica-
tion of AMOC decline under AO-NAO phase-locking conditions. When AO and NAO
are locked in opposite phases (AO+/NAO-), the wind stress curl negative anomaly and
the freshwater positive anomaly act in concert, producing an AMOC decline rate of 1.8
Sv/decade—approximately 4.5 times faster than under the same-phase negative condition
(AO-/NAO-, 0.4 Sv/decade; Table 7). This phase-locking effect has not been previously
quantified.

The three-pole coupling framework also explains why CMIP6 models systematically
underestimate the observed AMOC decline rate by 30-50%. Most current models do not
fully couple the high-latitude sea-ice drift dynamics with the Fram Strait freshwater ex-
port, leading to an underestimation of the freshwater flux anomaly by approximately 40%
(see Section 5.2). Furthermore, the AO is often treated as a derivative mode of the NAO in
many models, with an overestimated AO-NAO correlation coefficient (by 0.2-0.3), which
suppresses the independent AO-driven wind stress pathway. By explicitly resolving the
meridional wind stress gradient and the ice-ocean freshwater coupling within a single
quasi-geostrophic framework, the proposed mechanism corrects the simplified treatment
of high-latitude boundary processes in traditional zonally averaged models and provides
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a more complete dynamical paradigm for understanding AMOC sensitivity to Arctic
change.

In summary, the three-pole coupling mechanism proposed here redefines the role of
high-latitude atmospheric circulation in AMOC variability. It demonstrates that the Arctic
Oscillation, through its dual influence on wind stress and freshwater fluxes and its ampli-
fication by sea-ice loss, acts as a primary driver of the recent AMOC decline—a role that
has been largely overlooked in the NAO-dominated paradigm.

5.2. Comparison with Existing Studies

Compared with the NAO-dominated hypothesis, the findings of this study reveal
significant differences. Research has shown that the AMOC response center driven by AO
shifts northward by 2-3 degrees of latitude and exhibits stronger sensitivity to freshwater
forcing. Specifically, the positive phase of NAO mainly promotes Ekman divergence by
enhancing the Azores High (30° N-40° N), which contributes only 35% to the variation in
AMOC [16]; the contribution of the AO positive phase to abnormal wind stress circulation
in subarctic waters (55° N-65° N) is as high as 42 + 6%, and when combined with fresh-
water flux effects, the total contribution rate increases to 80%.

This research result also explains why the CMIP6 model systematically underesti-
mates the rate of AMOC decline (with a deviation of 30-50%). Most models are not fully
coupled with the high-latitude sea-ice drift dynamics module, resulting in key parameters
such as freshwater output in the Fram Strait being underestimated by 40%. Meanwhile,
these models mistakenly consider AO as a derivative mode of NAQ, resulting in an over-
estimation of the AO-NAO correlation coefficient by 0.2-0.3 in the models. In addition,
traditional theories have always overlooked the modulation effect of AO interannual var-
iability on AMOC decadal trends through sea-ice memory effects (with a lag of 5-8 years),
which directly leads to insufficient separation of internal variability and forcing signals in
the model. For example, the confusion error of the IPSL-CM6A-LR model is as high as
25%.

The systematic underestimation of AMOC weakening in CMIP6 models identified in
this study is consistent with independent multimodel assessments. Weijer et al. [8] ana-
lyzed AMOC trends across CMIP6 models under historical forcing and found that the
multimodel ensemble mean trend is approximately 30-50% weaker than observational
estimates from the RAPID array. Danabasoglu et al. [9] revisited AMOC transport esti-
mates and confirmed a typical bias of approximately -40% in CMIP6 models relative to
RAPID observations at 26.5° N. Bonnet et al. [45] further demonstrated that this systematic
underestimation leads to a delayed emergence of AMOC-related climate impacts in model
projections, including near-term global warming acceleration. These published findings,
summarized in Table 8, corroborate the 30-50% underestimation cited in our analysis and
reinforce the need for improved representation of high-latitude air—sea—ice coupling pro-
cesses—particularly the AO-driven freshwater flux and wind stress feedback mechanisms
identified in this study —in the next generation of Earth system models.

5.3. Climate Prediction Insights

The results of this study show significant sensitivity to the parameter settings of sea-
ice models. When different rheological assumptions are used, such as viscoplasticity and
elastic viscosity, the simulated values of freshwater flux in the Fram Strait can differ by
+15% (approximately 500 km?3/yr), which can lead to an uncertainty of +0.3 Sv/decade in
predicting AMOC weakening rate. Meanwhile, the combined effect of internal variability
(such as the Atlantic Multidecadal Oscillation, AMV) and external forcing (greenhouse
gas increase) may enhance or weaken the correlation between AO and AMOC. The vari-
ance decomposition based on CESM2 ensemble simulation shows that in the RCP8.5
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scenario, the contribution rate of external forcing to AMOC weakening gradually in-
creases from 45% in 2000 to 70% in 2050; but even so, the modulation efficiency of AO can
still be maintained at 25-30%. However, the current model has a clear limitation in fully
analyzing the cross-basin synergy between AO and the Pacific Decadal Oscillation (PDO),
which may lead to the neglect of 10-15% of AMOC variability sources.

From the perspective of climate prediction, if the positive phase of the Arctic Oscil-
lation persists (for example, in the SSP5-8.5 scenario, where the AO index increases by 0.5
standard deviations every decade), theoretical models predict that AMOC may reach a
critical point (with a 50% decrease in intensity) between 2040 and 2060, which is 10-15
years earlier than the conclusion of the IPCC Sixth Assessment Report (AR6) [38]. This
decline will bring a series of serious climate impacts, reducing heat transport in the North
Atlantic by 1.0-1.5 petawatts (PW) and increasing the frequency of extreme winter cold
waves in Europe by 3-5 times (similar to the extreme events that occurred in 2010 and
2018). In addition, the weakening of AMOC may accelerate the rise in sea levels along the
East Coast of North America (an additional 8 + 3 cm per century) and exacerbate drought
conditions in the Sahel region by adjusting jet stream paths.

Based on the above research conclusions, this study incorporates the AO index into
the core indicators of the AMOC early-warning system, while prioritizing the optimiza-
tion of the climate model parameterization scheme for high-latitude sea-ice freshwater
flux, in order to significantly improve the reliability of cross-decadal climate prediction
and provide a more scientific and accurate theoretical basis for addressing global climate
change.

5.4. Implications for Coastal Conservation and Management

The mechanistic insights derived from this study carry significant implications for
coastal conservation efforts in a changing climate. First, the identified AO-AMOC cou-
pling provides a potential early-warning indicator: persistent positive AO phases, when
occurring in phase-lock with negative NAO, may signal an elevated risk of accelerated
AMOC weakening in the subsequent 3-8 years. This lead time is operationally meaningful
for coastal managers and policymakers, as it allows for the pre-positioning of resources
and the updating of risk assessments for vulnerable coastlines. Second, the systematic un-
derestimation of AMOC sensitivity in CMIP6 models—partly due to the inadequate rep-
resentation of Fram Strait freshwater fluxes identified in our study —implies that current
sea-level rise projections used in coastal planning may be overly conservative. Our results
suggest that model-based coastal hazard assessments should incorporate the AO-driven
freshwater feedback mechanism to better capture the upper-bound scenarios of regional
sea-level rise along the North Atlantic seaboard. Third, from a broader perspective of sci-
ence-based coastal sustainability, understanding the remote atmospheric drivers of ocean
circulation changes enables the development of more robust, long-term adaptation strat-
egies—such as the reinforcement of coastal defenses, the implementation of nature-based
solutions (e.g., coastal wetland restoration), and the revision of setback regulations—that
are calibrated to the most up-to-date physical understanding of climate risks. The “Arctic
Oscillation-Subpolar Gyre—~AMOC” coupling framework proposed in this study can thus
serve as a scientific cornerstone for bridging the gap between large-scale climate dynamics
and localized coastal resilience planning.

6. Conclusions

This study systematically revealed the physical mechanism of the Arctic Oscillation
(AO) driving the weakening of the Atlantic Meridional Overturning Circulation (AMOC)
through multi-source data fusion and theoretical model construction, and quantified the
modulation effect of Arctic amplification. The main conclusions are as follows:
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First, the positive phase of AO weakens the intensity of AMOC through two cross-
scale pathways: (1) the enhancement of the meridional wind stress gradient leads to neg-
ative anomalies in wind stress curl in the subarctic seas (contribution 42 + 6%), suppress-
ing Ekman suction and reducing the formation rate of deep water in the Labrador Sea by
1.1 Sv, with a characteristic response time of 0-1 year; and (2) the AO-driven freshwater
flux anomaly through Fram Strait (+240 km?/yr relative to the climatological mean of 3400
+500 km?/yr) triggers a negative salinity advection feedback, resulting in a shoaling of the
mixed layer in the Greenland Sea by up to 30 m (contribution 38 + 5%), with a character-
istic delay of 3-5 years.

Second, the Arctic amplification effect enhances the coupling strength between AO
and AMOC by a factor of 2.3 over the full study period (1979-2020; R? = 0.71, p < 0.01),
with an even more pronounced enhancement of 2.1 times during the recent two decades
(2000-2020; R? increased from 0.28 to 0.59). This amplification is mediated by changes in
sea-ice albedo and latent heat release, with sea-ice melting contributing 63 + 8% of the total
amplification effect.

Third, the AO-NAO phase-locking effect produces a nonlinear modulation of the
AMOC decline rate. The AO+/NAO- combination yields a decline rate of 1.8 Sv/decade,
approximately 4.5 times faster than the AO-/NAO- combination (0.4 Sv/decade), demon-
strating the importance of considering phase relationships in decadal AMOC predictions.

Fourth, the CMIP6 models systematically underestimate the observed AMOC de-
cline rate by 30-50%, largely due to the inadequate representation of Fram Strait freshwa-
ter fluxes and the treatment of AO as a derivative mode of the NAO. The three-pole cou-
pling mechanism proposed in this study provides a physical explanation for this system-
atic bias.

The application value of this study lies in the proposed three-pole coupling mecha-
nism, which not only provides key process analysis for IPCC climate assessment reports
and corrects the shortcomings of relevant model parameters but also clarifies the key di-
rections for improving high-latitude air-sea coupling models relevant to regional sea-
level and storm surge projections. The study further confirms that the AO index can be
used as a warning indicator for AMOC decline, providing a new prediction window for
coastal climate risk management.

In the future, it is necessary to develop high-resolution Arctic region coupling mod-
els, construct cross-basin three-dimensional observation networks, and explore cross-ba-
sin collaborative mechanisms between AO and Pacific decadal oscillations to break
through the bottleneck of climate prediction, ultimately providing a more binding dy-
namic basis for coastal adaptation planning under the Paris Agreement temperature goals.
A dedicated model-by-model AMOC trend analysis with consistent processing across the
12 CMIP6 models used in this study, including a systematic examination of the sensitivity
of individual model AMOC trends to their representation of Fram Strait freshwater fluxes
and AO-driven wind stress anomalies, will be undertaken in a follow-up investigation.

Author Contributions: M.L. designed the research study and conducted the analysis. M.L., Y.L. and
S.Z. interpreted the results and wrote the paper. All authors have read and agreed to the published

version of the manuscript.

Funding: The authors gratefully thank the Fujian Province Natural Science Foundation General
Project (No. 2026J0011512); the Research Projects for Overseas Scholars in Xiamen City (No.
0108/50103250009); the Research Start-up Project for the Introduction (Cultivation) of High-level
Talents of Xiamen University of Technology (No. YK]J23021R); the National Natural Science Foun-
dation of China (No. 22106128); and the Xiamen University of Technology National Natural Science
Foundation of China Training Programme for Excellence (No. XPYM2409). Mian Liu received

https://doi.org/10.3390/jmse14131197



J. Mar. Sci. Eng. 2026, 14, 1197 20 of 22

support from the China Scholarship Council (CSC) to support the PhD study at GEOMAR Helm-

holtz Centre for Ocean Research Kiel, Germany.

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding author.

Acknowledgments: This work is based on the comprehensive and detailed data from the CMIP6,
ERAS5, ORAS5, SODAS3.4.2 and Rapid array throughout the past few decades. In particular, we are
grateful to the efforts from all the scientists and engineers of the School of Environmental Science
and Engineering, Xiamen University of Technology, who generated funding and dedicated time to
conducting the research. We also would like to thank the working groups of the Third Institute of
Oceanography, Ministry of Natural Resources and Laoshan National Laboratory, Qingdao. Their
contributions and selfless sharing are prerequisites for the completion of this work. Thanks goes to
Minggang Cai and his research group at the College of Ocean and Earth Sciences, Xiamen Univer-

sity, for their help and support during Mian Liu’s postdoctoral work.

Conflicts of Interest: The contact author has declared that none of the authors have any competing

interests.

References

1.  Buckley, M.W.; Marshall, J. Observations, inferences, and mechanisms of the Atlantic Meridional Overturning Circulation: A
review. Rev. Geophys. 2016, 54, 5-63. https://doi.org/10.1002/2015RG000493.

2. Srokosz, M.A,; Bryden, H.L. Observing the Atlantic Meridional Overturning Circulation yields a decade of inevitable surprises.
Science 2015, 348, 1255575. https://doi.org/10.1126/science.1255575.

3. McCarthy, G.D.; Smeed, D.A.; Johns, W.E.; Frajka-Williams, E.; Moat, B.I,; Rayner, D.; Baringer, M.O.; Meinen, C.S.; Collins, J.;
Bryden, H.L. Measuring the Atlantic Meridional Overturning Circulation at 26° N. Prog. Oceanogr. 2015, 130, 91-111.
https://doi.org/10.1016/j.pocean.2014.10.006.

4. Smeed, D.A.; McCarthy, G.D.; Cunningham, S.A.; Frajka-Williams, E.; Rayner, D.; Johns, W.E.; Meinen, C.S.; Baringer, M.O,;
Moat, B.I; Duchez, A; et al. Observed decline of the Atlantic meridional overturning circulation 2004-2012. Ocean Sci. 2014, 10,
29-38. https://doi.org/10.5194/0s-10-29-2014.

5. Caesar, L.; Rahmstorf, S.; Robinson, A.; Feulner, G.; Saba, V. Observed fingerprint of a weakening Atlantic Ocean overturning
circulation. Nature 2018, 556, 191-196. https://doi.org/10.1038/s41586-018-0006-5.

6.  Little, CM.; Horton, R.M.; Kopp, R.E.; Oppenheimer, M.; Vecchi, G.A.; Villarini, G. Joint projections of US East Coast sea level
and storm surge. Nat. Clim. Chang. 2015, 5, 1114-1120. https://doi.org/10.1038/nclimate2801.

7. Frajka-Williams, E.; Foukal, N.; Danabasoglu, G. Should AMOC observations continue: How and why? Philos. Trans. R. Soc. A
2023, 381, 20220195. https://doi.org/10.1098/rsta.2022.0195.

8.  Weijer, W.; Cheng, W.; Garuba, O.A.; Hu, A.; Nadiga, B.T. CMIP6 models predict significant 21st century decline of the Atlantic
meridional overturning circulation. Geophys. Res. Lett. 2020, 47, e2019GL086075. https://doi.org/10.1029/2019GL086075.

9. Danabasoglu, G.; Castruccio, F.S.; Small, R.J.; Tomas, R.; Frajka-Williams, E.; Lankhorst, M. Revisiting AMOC transport esti-
mates from observations and models. Geophys. Res. Lett. 2021, 48, €2021GL093045. https://doi.org/10.1029/2021GL093045.

10. Thompson, D.W.].; Wallace, ].M. Regional climate impacts of the Northern Hemisphere annular mode. Science 2001, 293, 85-89.
https://doi.org/10.1126/science.1058958.

11.  Eden, C.; Willebrand, J. Mechanism of interannual to decadal variability of the North Atlantic circulation. J. Clim. 2001, 14, 2266~
2280. https://doi.org/10.1175/1520-0442(2001)014<2266:MOITDV>2.0.CO;2.

12. Smedsrud, L.H.; Halvorsen, M.H.; Stroeve, J.C.; Zhang, R.; Kloster, K. Fram Strait sea ice export variability and September Arctic
sea ice extent over the last 80 years. Cryosphere 2017, 11, 65-79. https://doi.org/10.5194/tc-11-65-2017.

13. Cohen, J.; Zhang, X,; Francis, J.; Jung, T.; Kwok, R.; Overland, J.; Ballinger, T.; Bhatt, U.; Chen, H.; Coumou, D. Divergent con-
sensuses on Arctic amplification influence on midlatitude severe winter weather. Nat. Clim. Chang. 2020, 10, 20-29.
https://doi.org/10.1038/541558-019-0662-y.

14. Screen, ]J.A; Deser, C.; Smith, D.M.; Zhang, X.; Blackport, R.; Kushner, P.J.; Oudar, T.; McCusker, K.E.; Sun, L. Consistency and

discrepancy in the atmospheric response to Arctic sea-ice loss across climate models. Nat. Geosci. 2018, 11, 155-163.
https://doi.org/10.1038/541561-018-0059-y.

https://doi.org/10.3390/jmse14131197



J. Mar. Sci. Eng. 2026, 14, 1197 21 of 22

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Delworth, T.L.; Zeng, F. The Impact of the North Atlantic Oscillation on Climate through Its Influence on the Atlantic Meridio-
nal Overturning Circulation. J. Clim. 2016, 29, 941-962. https://doi.org/10.1175/JCLI-D-15-0396.1.

Zhang, R. North Atlantic Oscillation impacts on the Atlantic Meridional Overturning Circulation through a mixed layer path-
way and a wind stress pathway. Nat. Commun. 2020, 11, 5970.

Johnson, H.L.; Cessi, P.; Marshall, D.P.; Schloesser, F.; Spall, M.A. Recent contributions of theory to our understanding of the
Atlantic Meridional Overturning Circulation. ]. Geophys. Res. Oceans 2019, 124, 5376-5399. https://doi.org/10.1029/2019JC015330.
Menary, M.B.; Robson, J.; Allan, R.P.; Booth, B.B.B.; Cassou, C.; Gastineau, G.; Gregory, J.; Hodson, D.; Jones, C.; Mignot, J.
Aerosol-forced  AMOC changes in CMIP6 historical simulations. Geophys. Res. Lett. 2020, 47, e2020GL088166.
https://doi.org/10.1029/2020GL088166.

Stommel, H. Thermohaline convection with two stable regimes of flow. Tellus 1961, 13, 224-230. https://doi.org/10.1111/.2153-
3490.1961.tb00079.x.

Madan, G.; Gjermundsen, A.; Iversen, S.C.; LaCasce, ].H. The weakening AMOC under extreme climate change. Clim. Dyn.
2024, 62, 1291-1309.

Kostov, Y.; Johnson, H.L.; Marshall, D.P.; Heimbach, P.; Forget, G.; Holliday, N.P.; Lozier, M.S.; Li, F.; Pillar, H.R.; Smith, T.
Distinct sources of interannual subtropical and subpolar Atlantic overturning variability. Nat. Geosci. 2021, 14, 491-495.
https://doi.org/10.1038/541561-021-00759-4.

Megann, A.; Blaker, A.; Josey, S.; New, A.; Sinha, B. Mechanisms for late 20th and early 21st century decadal AMOC variability.
J. Geophys. Res. Oceans 2021, 126, e2021JC017865. https://doi.org/10.1029/2021JC017865.

Nobre, P.; Veiga, S.F.; Giarolla, E.; Marquez, A.L.; da Silva, M.B,, Jr.; Capistrano, V.B.; Malagutti, M.; Fernandez, ].P.; Soares,
H.C,; Bottino, M.]. AMOC decline and recovery in a warmer climate. Sci. Rep. 2023, 13, 15928. https://doi.org/10.1038/s41598-
023-43143-5.

Bryan, K.; Cox, M.D. An approximate equation of state for numerical models of ocean circulation. J. Phys. Oceanogr. 1972, 2, 510
514. https://doi.org/10.1175/1520-0485(1972)002<0510:AAEOSF>2.0.CO;2.

Cox, M.D. A Primitive Equation, 3-Dimensional Model of the Ocean; GFDL Ocean Group Technical Reports; Princeton University
Forrestal Campus: Princeton, NJ, USA, 1984; Volume 1.

Talley, L.D.; McCartney, M.S. Distribution and circulation of Labrador Sea water. |. Phys. Oceanogr. 1982, 12, 1189-1205.
https://doi.org/10.1175/1520-0485(1982)012<1189:DACOLS>2.0.CO;2.

Roemmich, D.; Wunsch, C. Two transatlantic sections: Meridional circulation and heat flux in the subtropical North Atlantic
Ocean. Deep Sea Res. Part A 1985, 32, 619-664. https://doi.org/10.1016/0198-0149(85)90070-6.

Gregory, ].M.; Dixon, KW.; Stouffer, R.J.; Weaver, A.].; Driesschaert, E.; Eby, M.; Fichefet, T.; Hasumi, H.; Hu, A.; Jungclaus,
J.H.; et al. A model intercomparison of changes in the Atlantic thermohaline circulation in response to increasing atmospheric
CO2 concentration. Geophys. Res. Lett. 2005, 32, L12703. https://doi.org/10.1029/2005GL023209.

Moon, T.A.; Tedesco, M.; Box, J.; Cappelen, J.; Fausto, R.; Fettweis, X.; Korsgaard, N.; Loomis, B.; Mankoff, K.; Mote, T. Arctic
Report Card 2020: Greenland Ice Sheet; National Atmospheric and Oceanic Administration: Washington, DC, USA, 2020.

Fang, Z.; Wang, N.; Wu, Y.; Zhang, Y. Greenland-ice-sheet surface temperature and melt extent from 2000 to 2020 and implica-
tions for mass balance. Remote Sens. 2023, 15, 1149. https://doi.org/10.3390/rs15041149.

Young, T.J.; Christoffersen, P.; Bougamont, M.; Tulaczyk, S.M.; Hubbard, B.; Mankoff, K.D.; Nicholls, K.W.; Stewart, C.L. Rapid
basal melting of the Greenland Ice Sheet from surface meltwater drainage. Proc. Natl. Acad. Sci. USA 2022, 119, e2116036119.
https://doi.org/10.1073/pnas.2116036119.

Rahmstorf, S.; Box, J.E.; Feulner, G.; Mann, M.E.; Robinson, A.; Rutherford, S.; Schaffernicht, E.J. Exceptional twentieth-century
slowdown in Atlantic Ocean overturning circulation. Nat. Clim. Chang. 2015, 5, 475-480. https://doi.org/10.1038/nclimate2554.
Bakker, P.; Schmittner, A.; Lenaerts, ].T.M.; Abe-Ouchi, A.; Bi, D.; van den Broeke, M.R.; Chan, W.L.; Hu, A.; Beadling, R.L.;
Marsland, S.J.; et al. Fate of the Atlantic Meridional Overturning Circulation: Strong decline under continued warming and
Greenland melting. Geophys. Res. Lett. 2021, 48, e2021GL094858.

Danabasoglu, G.; Yeager, S.G.; Kim, W.M.; Behrens, E.; Bentsen, M.; Bi, D.; Biastoch, A.; Bleck, R.; Boning, C.; Bozec, A.; et al.
North Atlantic simulations in Coordinated Ocean-ice Reference Experiments phase II (CORE-II). Part II: Inter-annual to decadal
variability. Ocean Model. 2016, 97, 65-90. https://doi.org/10.1016/j.0cemod.2015.11.007.

Kwok, R.; Untersteiner, N. New high-resolution images of summer Arctic sea ice. Eos Trans. AGU 2011, 92, 53-54.
https://doi.org/10.1029/2011EO070002.

Johnson, H.L.; Cornish, S.B.; Kostov, Y.; Beer, E.; Lique, C. Arctic Ocean freshwater and its impact on the Atlantic Meridional
Overturning Circulation. Geophys. Res. Lett. 2018, 45, 9873-9881.

https://doi.org/10.3390/jmse14131197



J. Mar. Sci. Eng. 2026, 14, 1197 22 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lozier, M.S,; Li, F.; Bacon, S.; Bahr, F.; Bower, A.S.; Cunningham, S.; de Jong, M.F.; de Steur, L.; deYoung, B.; Fischer, J; et al. A
sea change in our view of overturning in the subpolar North Atlantic. Science 2019, 363, 516-521. https://doi.org/10.1126/sci-
ence.aau6592.

Fox-Kemper, B.; Hewitt, H.T.; Xiao, C.; Adalgeirsdéttir, G.; Drijfhout, S.S.; Edwards, T.L.; Golledge, N.R.; Hemer, M.; Kopp,
R.E.; Krinner, G.; et al. Ocean, Cryosphere and Sea Level Change. In Climate Change 2021: The Physical Science Basis. Contribution
of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P.,
Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.L, et al., Eds.; Cambridge University
Press: Cambridge, UK, 2021; pp. 1211-1362. https://doi.org/10.1017/9781009157896.011.

Stommel, H.; Arons, A.B. On the abyssal circulation of the world ocean—1. Stationary planetary flow patterns on a sphere. Deep
Sea Res. 1960, 6, 140-154.

Hersbach, H.; Bell, B.; Berrisford, P.; Hirahara, S.; Horanyi, A.; Munoz-Sabater, J.; Nicolas, J.; Peubey, C.; Radu, R.; Schepers, D.;
et al. The ERAS5 global reanalysis. Q. J. R. Meteorol. Soc. 2020, 146, 1999-2049. https://doi.org/10.1002/q;j.3803.

Zuo, H.; Balmaseda, M. A ; Tietsche, S.; Mogensen, K.; Mayer, M. The ECMWEF operational ensemble reanalysis—analysis system
for ocean and sea ice: A description of the system and assessment. Ocean Sci. 2019, 15, 779-808. https://doi.org/10.5194/0s-15-
779-2019.

de Boyer Montégut, C.; Madec, G.; Fischer, A.S.; Lazar, A.; Iudicone, D. Mixed layer depth over the global ocean: An examina-
tion of profile data and a profile-based climatology. J. Geophys. Res. Oceans 2004, 109, C12003.
https://doi.org/10.1029/2004]C002378.

Carton, J.A.; Chepurin, G.A,; Chen, L. SODA3: A new ocean climate reanalysis. ]. Clim. 2018, 31, 6967-6983.
https://doi.org/10.1175/JCLI-D-18-0149.1.

Eyring, V.; Bony, S.; Meehl, G.A ; Senior, C.A.; Stevens, B.; Stouffer, R.].; Taylor, K.E. Overview of the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) experimental design and organization. Geosci. Model Dev. 2016, 9, 1937-1958.
https://doi.org/10.5194/gmd-9-1937-2016.

Bonnet, R.; Swingedouw, D.; Gastineau, G.; Boucher, O.; Deshayes, ].; Hourdin, F.; Mignot, J.; Servonnat, J.; Sima, A. Increased
risk of near term global warming due to a recent AMOC weakening. Nat. Commun. 2021, 12, 6108. https://doi.org/10.1038/s41467-
021-26370-0.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jmse14131197



