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Abstract

Ocean variability spans a wide range of scales, from centimetres to

thousands of kilometres, and seconds to millennia. Turbulence and

mixing occupy the smallest scales, with the Atlantic meridional over-

turning circulation (AMOC) at the largest scales. However, small-scale

processes can also affect the large-scale circulation. Past reviews have

considered how mixing sets or affects the mean and structure of the

Atlantic meridional overturning circulation. In this review, we consider

how mixing may affect the time variability of the AMOC. To do this,

we first define the AMOC, discuss drivers of variability and how they

are manifested in the observed overturning at the RAPID 26°N and

OSNAP arrays. We then consider how diabatic processes can change

the large-scale overturning circulation.
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1. INTRODUCTION

The Atlantic Meridional Overturning Circulation (AMOC) transports 10–20 Sv of water

across a vast domain, from 35°S to the northern North Atlantic. Besides transporting large

volumes of water, it also transports heat northward across all latitudes of the Atlantic,

making it a crucial component of the interhemispheric heat budget and a significant mod-

erator of climate across the entire Atlantic basin. The large-scale connectivity of water

mass properties across latitudes has invited depictions of the AMOC as a conveyor belt—a

slowly varying, laminar system with currents confined to narrow, smooth streams of wa-

ter (see Figure 1a). The real ocean, however, is replete with variability spanning many

orders of magnitude in space and time (see Figure 1b). This variability is underpinned

by turbulent motions—chaotic, multiscale velocity fluctuations—and it poses fundamental

challenges for the observation, interpretation, and modelling of the AMOC. Ocean mixing,

driven by turbulent processes, maintains abyssal stratification and is a key driver of the

global overturning circulation (Munk 1966, Kuhlbrodt et al. 2007), but mixing remains no-

toriously difficult to parameterise, with different parameterisation schemes producing wide

variations in modelled large-scale circulation (Danabasoglu et al. 2014). While there is an

extensive literature on closing the time-mean AMOC through tide- and wind-driven mix-

ing, here we focus specifically on the role of turbulent processes—deep convection, overflow

entrainment and water mass transformation—in generating both local and remote AMOC

variations.

2. CHARACTERISING THE OVERTURNING CIRCULATION

The classic conveyor belt diagram simplifies the four dimensional circulation patterns that

make up the AMOC. Despite this limitation, it captures several key characteristics of the

circulation: that (i) the AMOC transports water northward in the upper layers of the

Atlantic with a southward return flow at depth, (ii) the circulation spans latitudes from

the South Atlantic to the North Atlantic, and (iii) sinking in the northern high latitudes
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Figure 1

(a) A conveyor belt schematic of the Atlantic meridional overturning circulation showing warm
northward currents using red arrows and cold southward currents with blue arrows

(Frajka-Williams et al. 2016a). For other variants of the ocean conveyor diagram, see the review

in Richardson (2008). (b) A snapshot of sea surface temperature over the Gulf Stream on 22 May
2026 from NASA’s GHRSST L4 product (https://worldview.earthdata.nasa.gov/), where the

region is over the US east coast. Red colors indicate warmer temperatures, while blues and
purples represent cooler temperatures.

connects the northward and southward limbs of the circulation. To describe the variability of

the overturning and identify how turbulent processes may affect it, we first define the AMOC

mathematically, then discuss how changes in the ocean’s density structure can give rise to

changes in the large-scale circulation. We will see that trans-basin transports are sensitive

to changes in the boundary profiles of seawater density—i.e., density variations on the

continental slopes—leading to the inference that turbulent processes which affect seawater

density at the margins of the Atlantic are able to change the transport strength. This is

not to discount the important—possibly dominant—role of adiabatic processes in setting

boundary density, but rather to highlight where AMOC transports may be particularly

sensitive to diabatic processes.

2.1. Quantifying overturning

To quantify the AMOC, we use the index of the strength of the overturning volume transport

given by the overturning streamfunction Ψ(z). Given the meridional velocity field v(x, z, t)

at a fixed latitude, the overturning streamfunction in depth space is given by

Ψ(y, z, t) =

∫ z

zbot(y)

∫ xe(y,z′)

xw(y,z′)
v(x, y, z′, t) dxdz′, 1.

where zbot(y) is the seabed, and xw(y, z) and xe(y, z) are the western and eastern boundaries

of the basin at latitude y. Since the ocean has sloping sidewalls and the basin geometry

varies with latitude, the zonal limits depend on both y and z. The streamfunction Ψ has

units of volume transport in Sverdrups (1 Sv = 106 m3s−1). We will concentrate on the
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overturning transport in depth space; however, alternative definitions are also routinely used

and have different properties and interpretation (see Sidebar: Density-space overturning).

The index for AMOC strength MOCz is then given by the maximum of the streamfunction,

or

MOCz(y, t) = max
z

Ψ(y, z, t) . 2.

Conceptually, the streamfunction is equivalent to taking the zonally averaged vertical profile

of north–south velocity at a single latitude, multiplying it by the area of the basin at each

depth, and accumulating the result from the seabed upwards. The MOCz index is then

the net northward transport above the depth of maximum overturning zmoc(y, t), so that

MOCz(y, t) = Ψ(y, zmoc, t).

Figure 2

Overturning streamfunction in (a) depth, (b) density σ0 and (c) density σ2 space from

observations at 26°N (black) and the OSNAP array in the subpolar North Atlantic (blue). The

small circles show the value of the maximum of the overturning or MOCz , MOCσ0 and MOCσ2,
respectively. Shading indicates the interquartile range at each depth or density.

Overturning in depth-space closely reflects the terminology of the AMOC itself: a merid-

ional circulation (the vertical integral of meridional velocity) that overturns or reverses

direction (change in slope of Ψ(z) as a function of depth). At 26◦N, the streamfunction

typically exhibits a maximum near 1100 m depth (i.e., zmoc ≈ 1100 m), corresponding to

net northward transport above and net southward transport below that depth (see Figure

2a). At 26◦N in the Atlantic, the southward transport layers are referred to as North At-

lantic Deep Water (NADW) with the upper NADW between 1100 and 3000 m, and lower

NADW between 3000 and 5000 m. A minimum in the streamfunction at abyssal depths

(near 5000 m) represents the lower overturning cell, associated with northward flowing

Antarctic Bottom Water which is balanced by a portion of the southward flowing NADW.

We have used, for simplicity, a definition at a fixed latitude where meridional velocities

are perpendicular to a zonal section. More generally, the streamfunction can be computed
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across any section that spans from coast to coast on the western and eastern boundaries

of the Atlantic, using the velocity component perpendicular to that section. For non-zonal

sections, the interpretation as a meridional overturning requires care, since the section may

span a range of latitudes and potentially crossing between dynamically distinct regions such

as the subtropical and subpolar gyres. There is also no requirement for the streamfunction

Ψ(z = 0) to vanish; deviations from zero represent a net throughput of water due to

e.g., Bering Strait transport from the Pacific to the Atlantic, or volume changes due to

riverine input, ice melt or changes in evaporation and precipitation. Observations of the

AMOC typically assume no net throughput in order to constrain the velocity field; as a

consequence, the streamfunctions in Figure 2 return to zero at the surface (McCarthy

et al. 2015, Frajka-Williams et al. 2019).

2.2. Basin-scale geostrophic balance

While ocean circulation can be observed using current meter measurements, in practice this

is impractical at basin scales. Instead, large-scale circulation is determined using geostrophic

balance. Meridional geostrophic velocity is related to zonal gradients in pressure as

vg =
1

ρ0f

∂p

∂x
, 5.

where ρ0 is a constant reference density, f the Coriolis parameter, and p pressure varying

in x, z, and t. As we have restricted our discussion to overturning at a single line of

latitude, f is constant and drops out of the integral. Over large distances and where we

are interested in the net northward flow as for the AMOC, applying geostrophic balance

has the advantage that it naturally provides an average of the velocity profile between two

longitudes. To apply geostrophic balance instead of using direct current measurements, we

assume that ageostrophic flow is relatively small outside of the surface Ekman layer (Sinha

et al. 2018). Direct comparisons between thermal-wind-derived velocities and current meter

measurements in boundary current regions support this assumption, finding agreement up to

a depth-independent (barotropic) offset (Johns et al. 2008). In this simplification, the total

meridional velocity used for Equation (1) is v = vg+vek, where vek(z) = −τx/(ρ0fDek) is a

vertical profile of the meridional Ekman velocity given a zonal wind stress τx and assuming

the transport is uniformly distributed over the Ekman-layer depth Dek. Following Buckley

& Marshall (2016), with these simplifications the overturning streamfunction becomes

Ψ(z, t) = Ψg(z, t) + Ψek(z, t)

=

∫ z

zbot

pe(z̃, t)− pw(z̃, t)

ρ0f
dz̃ +

∫ z

zbot

∫ xe

xw

vek dxdz , 6.

where pe and pw are the ocean pressures at xe and xw, the eastern and western boundaries

of the basin, respectively. The subscript ·g denotes the geostrophic contribution to the

streamfunction (Hughes et al. 2013).

While the Ekman component of meridional velocity contributes to overturning strength

and variability, the Ekman component tends to be more important on annual and shorter

timescales; the geostrophic component carries more of the variance on interannual and

decadal timescales (Moat et al. 2020). In a numerical model, Hughes et al. (2018) demon-

strated that the seabed pressure anomalies at the boundaries of the Atlantic capture a

majority of the variability of the AMOC. In the remainder of this paper, we focus primarily

on the geostrophic component of overturning.
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Sidebar: Density-space overturning

Overturning in density space can better capture some aspects of overturning structure than depth space,

including clearer separation between overturning cells across the subtropics, subpolar North Atlantic and

Nordic Seas, and the density of maximum overturning (σmoc). It is also more directly linked to water

mass transformation processes, since changes in the density-space streamfunction reflect convergence and

divergence of cross-isopycnal transport, which is set by surface buoyancy forcing and interior diapycnal

mixing (Groeskamp et al. 2018). The differences between density- and depth-space streamfunctions can

themselves be physically informative: in the subpolar gyre, the discrepancy has been interpreted as evidence

for horizontal circulation across sloping isopycnals (Zhang & Thomas 2021), while at 26.5°N it reveals

a shallow subtropical overturning cell associated with subtropical mode water formation that is partly

cancelled in depth-space accumulation (Tooth et al. 2024). For a discussion of the merits of the density-

space definition, see Foukal & Chafik (2024); Danabasoglu et al. (2025) further recommend using both

density and depth space definitions simultaneously since they provide complementary information.

As a concrete example, in the subpolar North Atlantic the northward transport of relatively warm

waters occurs primarily in the upper ocean of the eastern basin, while southward transport of colder waters

is concentrated along the western boundaries across a broad depth range—a pattern more readily captured in

density coordinates than at fixed depths (Lherminier et al. 2007, Foukal & Chafik 2024). The density-space

overturning streamfunction Ψ(σ, t) is then

Ψ(y, σ̃, t) =

∫ xe(y)

xw(y)

∫ zsurf

zbot(y)

v(x, y, z, t)H(σ(x, y, z, t)− σ̃) dz dx, 3.

where H is the Heaviside function, equal to 1 where σ(x, y, z, t) > σ̃, i.e. where the local potential density

anomaly exceeds the specified density class, and 0 otherwise. For non-zonal sections, this expression gener-

alizes by replacing the integration along x at fixed y with integration along the section, using the velocity

component normal to it. In this formulation, Ψ(σ, t) represents the cumulative meridional transport of water

denser than σ rather than the transport of water below a depth level (see Figure 2b,c). This definition

avoids the need to explicitly transform the governing equations into density coordinates.

The overturning strength in density space is defined by

MOCσ(y, t) = max
σ

Ψ(y, σ, t) . 4.

The choice of density variable for the overturning coordinate varies, with some groups using σ0 (Lozier et al.

2019), σ2 (Moat et al. 2026) or neutral density γn (Fox et al. 2026). There is no consensus on which choice is

most appropriate, but the choice does affect the magnitude and variability of overturning, as well as details

of its interpretation (Danabasoglu et al. 2025).

2.3. Basin-scale thermal wind

Most AMOC observing systems estimate geostrophic currents using the thermal wind re-

lation (Frajka-Williams et al. 2019). Thermal wind relates the vertical shear in meridional

velocity to the zonal gradient in seawater density as

∂vg
∂z

= − g

ρ0f

∂ρ

∂x
, 7.
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where g is gravitational acceleration and ρ is seawater density. Density, derived from in situ

measurements of temperature and salinity, can then be used to estimate velocity (Frajka-

Williams et al. 2019, 2023). While the use of density instead of pressure has observational

advantages, it requires knowledge of a reference velocity, since thermal wind yields only the

vertical shear. To go from ∂vg/∂z to vg, we require a constant of integration termed the

level of known motion (vref ) or level of no motion (vref = 0).

Applying thermal wind, we can write the overturning streamfunction following Marotzke

et al. (1999) and Buckley & Marshall (2016) as

Ψ(z, t) =
g

ρ0f

∫ 0

z

∫ z′

zbot

(
ρw(z̃, t)− ρe(z̃, t)

)
dz̃ dz′︸ ︷︷ ︸

Ψtw(z,t)

+A(z)vref(t)︸ ︷︷ ︸
Ψext(z,t)

+Ψek(z, t) 8.

where A(z) =
∫ 0

z

∫ xe
xw
dx dz is the cross-sectional area of the basin from depth z to the

surface, and vref(t) is a depth-independent velocity. Physically, vref corresponds to the zonal

average of the reference velocity, which is in geostrophic balance with horizontal pressure

gradients rather than density gradients, and therefore is not constrained by thermal wind.

In this formulation, Ψtw is the thermal wind component of overturning and Ψext the external

or compensation component.

The depth-independent (barotropic) component of the flow is a real feature of the circu-

lation, and its time-varying part can in principle be inferred from differences in ocean bottom

pressure across the basin (Kanzow et al. 2007, Worthington et al. 2019). However, the ab-

solute accuracy and long-term stability of in situ bottom pressure measurements currently

limit the use of this approach for monitoring the AMOC over long timescales (Hughes et al.

2018). As a result, overturning arrays do not directly measure vref (neither the time-mean

nor the time-varying reference level velocity) and instead apply a compensation velocity

chosen to enforce a closure constraint on the streamfunction (Frajka-Williams et al. 2019).

The RAPID-MOCHA-WBTS (RAPID-Meridional Overturning Circulation and Heat trans-

port Array-Western Boundary Time Series) array at 26°N (hereafter, RAPID 26°N) chooses

a vref at each time step to ensure the streamfunction Ψ(z, t) vanishes at the surface (see

Figure 2a). The OSNAP array (Overturning in the Subpolar North Atlantic Program)

first references velocities to time-mean altimetric velocity field and then applies a compen-

sation velocity so that the streamfunction Ψ(σ, t) starts and ends at zero (see Figure 2b;

Li et al. 2017). The treatment of the compensation introduces ambiguity into estimates of

overturning from observing arrays since the depth-independent component of the transbasin

transport is not directly observed (see Frajka-Williams et al. 2023, for a discussion).

2.4. Role of boundary density in overturning

Applying the no-net-flow closure to vref in eq. (8), the geostrophic-shear component of

MOCz—i.e. thermal wind plus barotropic compensation, excluding Ekman—reduces to a

single weighted integral of the trans-basin density difference (Waldman et al. 2021, eq. 14):

MOCg-shz (t) ≈ g

ρ0f

[
(−zmoc)

∫ zmoc

zbot

(
1 +

z̃

h

)(
ρw(z̃, t)− ρe(z̃, t)

)
dz̃

+
(

1 +
zmoc
h

)∫ 0

zmoc

(−z̃)
(
ρw(z̃, t)− ρe(z̃, t)

)
dz̃

]
,

9.
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where h = −zbot is the basin depth. (Waldman et al. 2021 denote this AMOCg-sh and write

the density difference with ∆ρ = ρe − ρw, the opposite sign convention from ours.) The

Ekman contribution under the same no-net-flow closure is (1 + zmoc/h) MOCek
z (Waldman

et al. 2021, eq. 13), so that MOCz = MOCg-shz + (1 + zmoc/h) MOCek
z .

The weight on (ρw − ρe) is triangular: it vanishes at both the seabed and the surface

and peaks at zmoc with value |zmoc|(1 + zmoc/h). Density anomalies near zmoc therefore

exert the strongest leverage on MOCz, whether they arise from adiabatic processes (such

as boundary isopycnal displacement) or from diabatic processes (such as deep convection,

mixing, or surface buoyancy fluxes that modify the density of newly formed water masses).

The weight is a sensitivity rather than a contribution, however: the depths that dominate

MOCz variability are set by its product with the amplitude of (ρw − ρe) variability, which

is itself generally larger in the upper ocean and need not peak at zmoc.

To make this concrete, a lightening of Labrador Sea Water at the western boundary—

whether by diabatic processes such as deep convection or by adiabatic transport from

upstream—reduces ρw − ρe near zmoc and so reduces MOCg-shz (see Polo et al. 2014, and

references therein). The remainder of the paper examines the turbulent processes that

modify boundary density and, through the weighting in eq. (9), the overturning.

3. VARIABILITY OF THE OVERTURNING CIRCULATION

The drivers of AMOC variability span a wide range of processes and timescales (see Figure

3). These include the direct effect of surface Ekman transport due to zonal winds, water

mass transformation through heat loss in the northern high latitudes, contributions from

overflows supplying dense water from the Nordic Seas, and planetary and boundary wave

adjustment processes. In the Southern Ocean, wind-driven upwelling sustains the southward

return flow of NADW by drawing it upwards along isopycnals. For a detailed review of

AMOC drivers, see Buckley & Marshall (2016).

The boundary density framework developed in the previous section (Equation 8) pro-

vides a useful organising principle: to affect the thermal wind-driven component of over-

turning strength, a process must modify the zonal density gradient at the boundaries of the

Atlantic. These modifications can arise through two broad classes of processes. Adiabatic

processes—including wind-forced Rossby wave adjustment, wind-forced isopycnal heave,

and barotropic pressure changes—redistribute existing density surfaces without modifying

water mass properties, and can communicate changes rapidly across the basin. Diabatic

processes—including deep convection, entrainment of the overflows from the Nordic Seas,

and water mass transformation due to heat loss in the northern high latitudes—result in

irreversible modifications to water mass properties.

Theory and numerical models indicate that large-scale circulation changes can propagate

rapidly along boundaries and across basins through adiabatic dynamical adjustment (see

Johnson et al. 2019, and references therein). These adjustment timescales—typically 1–10

years in models—are much shorter than Lagrangian estimates of water mass transit times

for water parcels travelling from the subpolar to subtropical North Atlantic, which can

exceed two decades (Zou & Lozier 2016). This distinction suggests that wave-mediated

adjustment of the AMOC to subpolar forcing occurs on timescales of years rather than

decades.

Changes in boundary density—whether driven by adiabatically displaced isopycnals or

by diabatically modified water mass properties—determine overturning strength at sub-

8 Frajka-Williams



tropical and mid-latitudes, where the thermal wind framework applies most cleanly.

Figure 3

Schematic of the key processes which affect the AMOC, as well as the locations of monitoring

arrays in the North Atlantic (RAPID at 26.5°N and OSNAP in the subpolar North Atlantic). The
lower left of the figure represents Antarctica, and the upper right the northern North Atlantic.

Reproduced from Johnson et al. (2019).

To date, the variability of the overturning at 26°N has mostly been explained by adia-

batic processes. The AMOC at 26°N has been observed using a moored array since 2004 (see

Figure 4; Moat et al. 2026). Overturning variability is dominated by wind forcing (Jackson

et al. 2022, and references therein). The seasonal variability is explained by wind stress

curl at the eastern boundary near the Canary Islands which drives vertical displacements of

isopycnals at the eastern boundary (depressed in autumn, shoaled in spring) and produces

a seasonal AMOC cycle with a maximum in October and a minimum in April (Kanzow

et al. 2010, Chidichimo et al. 2010, Duchez et al. 2014a). Using a simple two-layer model,

Zhao & Johns (2014a) show more broadly that, across the subtropical and mid-latitude

North Atlantic, the seasonal cycle of the AMOC is dominated by changes at the eastern

boundary; in the South Atlantic, both western and eastern boundaries contribute.

On interannual timescales, contributions from the western boundary dominate over

the eastern boundary (Polo et al. 2014, Frajka-Williams 2015). Variations, including the

persistent dip in 2009/10, can also be explained by wind forcing (Evans et al. 2017) where

both meridional Ekman and geostrophic transport changes contribute (McCarthy et al.

2012). The geostrophic changes result from adjustment via westward propagating planetary

waves (Zhao & Johns 2014b) associated with a deepening of the thermocline at the western

boundary (Frajka-Williams et al. 2016b). The relatively strong AMOC in 2005 can also

www.annualreviews.org • Turbulence to AMOC 9



Figure 4

Time series of overturning strength at 26◦N (red) and its components: the Gulf Stream transport

through Florida Straits (blue), Ekman transport applied in the upper 100 m (black) and the

upper mid-ocean transport which is the net transport in the upper roughly 1100 m due to (i)
thermal wind, (ii) the compensation transport and (iii) the current meter measurements in the

western 25–45 km of the basin. Data are from the RAPID 26°N array (Moat et al. 2026).

be explained by adjustment to wind forcing with an associated uplifted thermocline at the

western boundary (Zhao & Johns 2014b). A numerical model study found that the AMOC

at 26°N adjusts to wind forcing within 2–3 years (Duchez et al. 2014b). This is shorter

than the time it would take for a Rossby wave to cross the 6000 km basin at 26.5°N at

a speed of 4–5 cm s−1. Idealised modelling studies suggest that in an ocean with a mid-

basin ridge, the adjustment to wind anomalies east of the ridge first occurs as a barotropic

signal; upon encountering the ridge, the barotropic anomaly sheds baroclinic waves that

propagate westward to the boundary (Andres et al. 2012). The result is that the baroclinic

wave adjustment only needs to span the 2700 km from the mid-Atlantic ridge at 50°W to

the boundary at 77°W to affect overturning. Both the seasonal and interannual variability

of the AMOC at 26°N can be explained by adiabatic processes. On longer timescales,

new evidence suggests that both the eastern and western boundaries contribute to AMOC

variability (Xing et al. 2026).

At 26°N on these timescales, adiabatic adjustment to wind forcing therefore dominates

the observed variability. This is not the full story for the AMOC: the dense water masses

that fill the lower limb must be created somewhere, by diabatic processes; once formed, their

properties propagate equatorward (Johnson & Marshall 2002) and set the long-timescale

envelope on which the wind-driven variability at 26°N rides (Buckley & Marshall 2016,

Yeager et al. 2021). The remainder of this paper examines those turbulent processes—deep

convection, overflow entrainment, and boundary mixing—and the pathways by which they

reach the subtropical AMOC.
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4. TURBULENCE AND OVERTURNING

For the steady-state overturning, the dense water formed at high latitudes must return to

the surface somewhere. Diapycnal mixing across the basin interior supplies at least part

of this return upwelling (Cimoli et al. 2023), with adiabatic wind-induced upwelling in

the Southern Ocean supplying another portion (see review by Kuhlbrodt et al. 2007, and

references therein). Recent advances have refined this picture, identifying that the intensi-

fication of mixing near the seabed and basin geometry together confine abyssal upwelling

to narrow regions near the boundaries (see Johnson et al. 2019, and references therein).

Whether interior mixing plays a significant role in the overturning, or whether the circula-

tion is primarily adiabatic, remains an open question. de Lavergne et al. (2021) provide an

overview of how mixing shapes the large-scale mean circulation and overturning through

three principal effects: (1) modifying surface wind and buoyancy forcing, (2) producing

and consuming water masses, and (3) altering density gradients. In what follows, we focus

on the second and third of these effects as they relate to AMOC variability. Specifically,

we consider water mass transformation across the subpolar gyre in §4.1, with particular

attention to deep convection in §4.2, and dense water overflows in §4.3. In §5, we examine

how these diabatic processes contribute to AMOC variability at lower latitudes through

adiabatic mechanisms.

4.1. Water mass transformation

The overturning streamfunction in density space Ψ(σ, t) (Equation 3) provides a natural

framework for understanding how turbulent processes drive AMOC variability. It is espe-

cially relevant in the subpolar North Atlantic where steeply sloping isopycnals mean that

depth and density coordinates capture very different aspects of the flow (Lherminier et al.

2007, Desbruyères et al. 2019, Zhang & Thomas 2021, Danabasoglu et al. 2025). Unlike

Ψ(z, t), which captures the depth-space structure of meridional transport, Ψ(σ, t) directly

relates to the rate at which water masses are transformed across density surfaces. The

subpolar overturning as measured at OSNAP, which spans from Labrador to Greenland to

Scotland, is fundamentally diabatic: it represents the transformation of warm, light Atlantic

Water into cold, dense NADW north of the array.

The water mass transformation (WMT) framework, formalised by Walin (1982) and

reviewed in Groeskamp et al. (2018), links the strength of the overturning in density space

to its diabatic drivers. In the absence of diapycnal mixing, cross-isopycnal volume fluxes at

any latitude must be accounted for entirely by air–sea buoyancy fluxes at the outcrop of the

relevant density surface: water densified by buoyancy loss in one region must be balanced by

lightening transformations elsewhere, so that the net surface-forced transformation across

each isopycnal outcrop sets the overturning strength at that density class. When diapycnal

mixing is also present, surface forcing no longer accounts for the full cross-isopycnal flux;

in steady state, the framework allows the interior transformation to be inferred from the

surface forcing by requiring net fluxes to balance for each density class, while in transient

states an imbalance instead appears as a tendency in the volume of the corresponding water

mass class. Because surface buoyancy fluxes are more directly tied to the diabatic drivers

of the circulation than velocity-based transport estimates, the WMT framework provides

both a diagnostic and a predictive tool for understanding the mean overturning and its

variability.
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4.1.1. Role in mean AMOC. Applying the WMT framework in the subpolar North At-

lantic demonstrates that air–sea buoyancy fluxes alone cannot account for the magnitude

of overturning at OSNAP; a residual mixing-driven transformation is also required (Evans

et al. 2023). Cooling by air–sea heat fluxes and mixing-driven freshening in the Nordic

Seas, Iceland Basin and Irminger Sea transform the warm, salty Atlantic Water to subpolar

mode water classes. Mixing in the interior of the Nordic Seas, over the Greenland–Scotland

Ridge, and along the boundaries of the Irminger Sea and Iceland Basin then drives the

accumulation of water in the density classes associated with NADW. Air–sea buoyancy

fluxes and mixing therefore play distinct but complementary roles in setting the time-mean

subpolar overturning strength (Evans et al. 2023).

4.1.2. Role in AMOC variability. The surface-forced component of the WMT framework

may also provide predictive skill for decadal AMOC variability. Desbruyères et al. (2019)

showed that anomalies in the rate of warm-to-cold water mass transformation at high lati-

tudes precede overturning changes at 45°N by 5–6 years, capturing the 1993–2010 decline in

overturning and subsequent recovery. This lagged relationship arises because surface-forced

density anomalies must be exported from the subpolar gyre into the boundary current sys-

tem and advected equatorward before they influence overturning at mid-latitudes—the same

propagation pathway that links Labrador Sea density anomalies to subtropical overturning

changes (Böning et al. 2006). The WMT framework thus provides a direct link between

subpolar water mass transformation, decadal AMOC variability and North Atlantic ocean

heat content changes.

4.2. Deep convection

In the wintertime northern North Atlantic, intense heat loss from the ocean to the at-

mosphere combines with weakened stratification to drive deep convection. Surface waters

become denser than those beneath, creating gravitational instability that triggers convec-

tive plumes penetrating downward with instantaneous vertical velocities w exceeding 10

cm s−1 (Marshall & Schott 1999, Steffen & D’Asaro 2002, Frajka-Williams et al. 2011).

These plumes generate vigorous three-dimensional turbulence that efficiently homogenizes

temperature and salinity within the convective chimney over the upper 500–2000 m of the

water column (Clément et al. 2024). After formation, restratification caps the convection,

leaving behind a relatively homogeneous water mass that then circulates within the inte-

rior Labrador and Irminger Seas or is exported southward in the boundary current (Li &

Lozier 2018). While convection is often conflated with the net sinking required to close

the overturning (Kuhlbrodt et al. 2007), it contributes very little to net sinking. (Note

that convection, deep water formation and sinking are often used interchangeably; see the

Sidebar: Convection, Deep Water Formation, and Sinking for an explanation of how these

terms are used.) Although the vertical seawater velocity w is large and downward within

convective plumes, compensating upwelling occurs between them, so the net vertical trans-

port is small. As a result, Labrador Sea convection accounts for only ∼2 Sv compared

with an overturning strength of ∼17 Sv (Pickart & Spall 2007), and the closure of the deep

limb’s return flow must happen elsewhere. Its contribution to the density of newly formed

deep water, and the consequences for mean NADW properties and AMOC variability, are

examined in turn.
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4.2.1. Role in mean NADW properties. Deep convection modifies the properties of

Labrador Sea Water (LSW), the upper layer of NADW. Models tend to overestimate the

depth of convection and overproduce LSW relative to observations (Li et al. 2019, Heuzé

2021), and this bias affects the simulated density structure of the deep western boundary

current (DWBC) and the mean AMOC. Proxies commonly used to infer Labrador Sea con-

vection intensity—such as the wintertime maximum mixed layer depth—do not reliably

represent the overturning in the Labrador Sea (Li & Lozier 2018). Small-scale turbulent

processes active during deep convection, including the lateral flux of freshwater from the

surrounding stratified waters into the convective region (Schiller-Weiss et al. 2024, Clément

et al. 2023), may further limit the depth and density of convective products, and remain

poorly represented in climate models (Heuzé 2021).

4.2.2. Role in AMOC variability. The relationship between Labrador Sea convection and

AMOC variability has been substantially revised in light of observational and modelling

evidence. Modelling studies established a close correspondence between convection intensity

and deep western boundary current transport, with convection leading AMOC changes at

subtropical latitudes by 1–2 years via the southward advection of density anomalies to 45°N
followed by rapid wave adjustment processes (Zhang et al. 2019). Density anomalies in the

1000–2500 m Labrador Sea layer were also shown to lead overturning changes at 26.5°N
(see Figure 5a and Robson et al. 2014, Jackson et al. 2016). However, Lozier (2012) found

insufficient observational evidence for a direct link between subpolar convection and DWBC

variability; the OSNAP array provided observational evidence that subpolar overturning is

dominated by water mass transformation east of Greenland rather than in the Labrador Sea

(Lozier et al. 2019). An independent estimate using the WMT framework reached the same

conclusion (Desbruyères et al. 2019). Moreover, the region of maximum transformation is

east of the Reykjanes Ridge, so that neither convection in the Labrador Sea nor the Irminger

Sea is implicated (see Figure 5b).

Part of the discrepancy between models and observations reflects the model biases de-

scribed above. A multimodel analysis found that while all models display a strong local

relationship between LSW volume and overturning in the Labrador Sea, the relationship

degrades considerably downstream with no consistent signal at subtropical latitudes on

interannual to decadal timescales (Li et al. 2019). The apparent contradiction is partly re-

solved by considering timescale and forcing amplitude. Under normal interannual variabil-

ity, Labrador Sea convection has negligible impact on AMOC—consistent with OSNAP—

but under exceptional forcing the impact can be substantial: the anomalously cold winters

of the early 1990s may have induced an AMOC anomaly exceeding 20%, driven by the

rapid spreading of mid-depth density anomalies from the Labrador Sea into the Irminger

Sea (Böning et al. 2023). Notably, the Labrador–Irminger density coupling appears bidi-

rectional: Menary et al. (2020) found that density anomalies generated in the Irminger

Sea can propagate into the Labrador Sea and dominate its density variability, suggesting

that correlations between Labrador Sea density and AMOC strength may sometimes re-

flect Irminger Sea forcing rather than a direct causal influence of Labrador Sea convection.

On multidecadal timescales, an eddy-resolving simulation nonetheless finds that sustained

anomalous LSW production plays a substantial role in AMOC variability (Yeager et al.

2021), and observation-based estimates suggest a relationship between Labrador Sea con-

vection and subpolar overturning on pentadal and longer timescales (Fox et al. 2026). The

OSNAP observational record of subpolar overturning is not yet long enough to test whether
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Figure 5

Subpolar changes and the AMOC showing (a) the difference in σ2 density as the 2007–2012

average minus the 1995–2000 average of density integrated from 1000–2500 m. Following Robson
et al. (2014), but using the EN4 dataset (Good et al. 2013), and (b) the time-mean surface-forced

transformation across the isopycnal surface σ0 = 27.4 kg m−3 in units of Sv m−2 for 1993–2017

(plotted using data from Buckley et al. 2023 provided by D. Desbruyères, pers. comm.). EN.4.2.2
data were obtained from https://www.metoffice.gov.uk/hadobs/en4/ and are © British Crown

Copyright, Met Office, [last access: June 17, 2025], provided under a Non-Commercial

Government Licence
(http://www.nationalarchives.gov.uk/doc/non-commercial-government-licence/version/2/).

convection affects low frequency, subpolar AMOC variability. These findings are consistent

with the boundary-density framework in §2.4: at 26°N, LSW spans depths of roughly 1000–

2400 m, sitting just below zmoc (∼1100 m) in the depth range where the weighting in

equation (9) remains close to its peak, so density changes in LSW exert stronger leverage

on MOCg-shz than anomalies of comparable magnitude near the surface or seabed.

4.3. Overflows

Overflows of dense Nordic Seas water across the Greenland–Scotland Ridge (GSR) also

form NADW, primarily filling the lower layers of the DWBC (Dickson & Brown 1994).

Specifically, overflows refer to the cascade of dense waters across relatively shallow sills

(e.g., Denmark Strait and the Faroe Bank Channel). Unlike deep convection, overflows

contribute directly to net sinking (Hughes & Griffiths 2006, Legg et al. 2009). The two prin-

cipal overflows—across Denmark Strait and the Faroe Bank Channel—together contribute

around 5 Sv to the DWBC (Østerhus et al. 2019). The overflows undergo intense diapycnal

mixing immediately downstream of the sills (within ∼200 km for Denmark Strait; Voet

& Quadfasel 2010), beyond which entrainment decreases substantially (Price & Baringer

1994). The mixing is primarily caused by shear-driven instabilities at the interface between

the dense gravity current and the overlying ambient water, where the Richardson number

falls below its critical value of 1/4 (Baringer & Price 1997, Voet & Quadfasel 2010). Bottom
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Sidebar: Convection, Deep Water Formation, and Sinking

The terms convection, deep water formation, and sinking are often used interchangeably when discussing

the AMOC, but they describe distinct physical processes.

Convection refers to vertical mixing driven by buoyancy loss at the ocean surface, typically observed

or quantified by the depth of the winter mixed layer. Convection vigorously redistributes properties within

the mixed layer, but produces negligible net vertical transport of water. It is a local mixing process that

does not directly drive net sinking.

Deep water formation refers to the production of a substantial volume of near-homogeneous deep

water through buoyancy loss and mixing. It is a specific case of water-mass transformation, which more

generally describes any cross-isopycnal flux and is rigorously defined and quantified in Sverdrups (Sv) using

the Walin framework.

Sinking, in the context of the overturning circulation, refers to the net downward transport of water

that converts upper-limb flow into the deep return flow. It can occur through subduction along sloping

density surfaces, overflow across sills, or gradual descent along boundary currents, and does not require

deep convective mixing.

Deep convection, deep water formation, and sinking can occur in the same regions but are not equivalent

and should not be used interchangeably when interpreting AMOC variability. Convection is often integral

to buoyancy-forced WMT and the two are commonly co-located, but the relationship is not strict: strong

convection in weakly stratified water may produce little net WMT, while strong WMT can occur without

deep convection—as in the eastern subpolar North Atlantic (Figure 5b), where wintertime mixed layers

may not exceed 400 m yet transformation rates are large in part because warm, low-density Atlantic Water

is being transformed across many density classes. In the depth-space streamfunction Ψ(y, z), the implied

downward motion at high latitudes is the sinking; in the density-space streamfunction Ψ(y, σ), the cross-

isopycnal flux at high latitudes is the deep water formation. The overturning strength in each framework

reflects different aspects of the same circulation.

drag and flow over rough topography provide additional turbulence, driving homogenisa-

tion of the bottom boundary layer and entrainment of ambient water from above. This

entrainment substantially increases the volume of overflow water while reducing its den-

sity. Importantly, the final density of the resulting water mass depends only weakly on the

density of the source water over the sill, because increasing the density contrast between

the overflow and ambient water intensifies the mixing; the volume, in contrast, depends

strongly on the density difference, since a larger contrast drives more vigorous entrainment

of ambient water (Legg et al. 2006, Danabasoglu et al. 2010).

4.3.1. Role in mean NADW properties. The overflow-entrainment process—operating on

dense source waters supplied by the Nordic Seas—is a primary determinant of the density

and depth of the lower limb of the AMOC (Danabasoglu et al. 2010). Spurious numerical

mixing in depth-coordinate models is often larger than the vigorous physical mixing that

should occur (Legg et al. 2006), and the diapycnal mixing downstream of overflow sills

directly affects the structure and magnitude of the AMOC (Wang et al. 2015). Including

overflow parameterisations improves the North Atlantic mean state considerably, deepening

the DWBC and improving tracer distributions, but may also damp AMOC variability by
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enhancing Labrador Sea stratification (Yeager & Danabasoglu 2012). Even with the best

parameterisation, however, correctly capturing overflows requires both an adequate supply

of dense source waters and realistic interior properties for entrainment to act on; biases in

surface fluxes or in the upstream water-mass structure therefore limit model fidelity (Dan-

abasoglu et al. 2010). Improving overflow representation in models has been a persistent

focus of research (Legg et al. 2009, Jackson et al. 2025).

4.3.2. Role in AMOC variability. Recent observations have revealed a sustained decline in

DWBC transport on both sides of Greenland. Koman et al. (2024) documented a 26%

drop in DWBC transport denser than σ0 = 27.8 kg m−3 east of Greenland between 2014

and 2020, which they attributed roughly equally to a thinning of the overflow layer and a

weakening of velocities; the layer thinning was caused by freshening of the dense water that

deepened the 27.8 kg m−3 isopycnal. Using the OSNAP West array on the west side of

Greenland, and adopting a lighter density threshold to define the overflow layer, Sun et al.

(2025) found a larger reduction of 32% over 2014–2022, with layer thinning dominating over

velocity weakening. The layer thinning is consistent with the freshening signal reported by

Koman et al. (2024), though the partitioning between thinning and velocity weakening

differs, likely reflecting the different density thresholds and locations. Taken together, these

results demonstrate that DWBC transport has diminished on both sides of Greenland since

2014.

At the same time, the volume transports of the source waters across the Denmark Strait

and Faroe Bank Channel sills have remained stable over this period (Jochumsen et al. 2017,

Østerhus et al. 2019, Larsen et al. 2024). Instead, Sun et al. (2025) used a streamtube

model (Price & Baringer 1994) to show that decreased downstream entrainment accounts for

virtually the entire Denmark Strait Overflow Water (DSOW) transport reduction, and for a

substantial fraction of the Northeast Atlantic Deep Water (NEADW) reduction. Warming

of the Faroe Bank Channel overflow (Larsen et al. 2024) and freshening of both Denmark

Strait and Faroe Bank Channel overflows (Sun et al. 2025) reduced the density contrast

between the overflows and the ambient waters above, thereby weakening the entrainment

process. These hydrographic changes are consistent with a large-scale freshening anomaly

observed across the North Atlantic between 2012 and 2016 that subsequently spread towards

the Greenland–Scotland sills (Holliday et al. 2020, Devana et al. 2021). This identifies

large-scale subpolar hydrographic variability and accompanying changes in entrainment

mixing—rather than overflow sill transport—as the primary control on DWBC transport.

This conclusion echoes model studies showing that overflow parameterisations damp AMOC

variability by changing density structure rather than through overflow transport directly

(Yeager & Danabasoglu 2012).

5. LINKING SUBPOLAR CHANGES WITH SUBTROPICAL OVERTURNING

In the previous section, we examined how water mass transformation, convection, and

overflows affect—or fail to affect—the local (subpolar) overturning. The AMOC spans

many latitudes, so here we consider how the products of the small-scale diapycnal processes

in the subpolar North Atlantic may affect the variability of the subtropical AMOC.

From the RAPID observations at 26°N and several modelling studies (e.g., Frajka-

Williams 2015, Polo et al. 2014, 2020) we see that the strongest contributor to MOCz(t) at

26°N is ρw(z, t) (see also §2.4). This simplification allows us to consider how turbulent pro-
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cesses may affect the time variability of the subtropical AMOC. In §3, we showed that much

of the seasonal to interannual variability in the subtropical overturning can be explained

by local wind forcing, through Ekman transport, through local wind stress curl over the

boundary, or through an adjustment to the wind stress curl forcing at the same latitude.

From §2.4 and Polo et al. (2014), we expect that to change the thermal wind component

of the subtropical and mid-latitude AMOC, the density at the western boundary, weighted

towards the depth of maximum overturning, must change.

5.1. Propagation of AMOC signals between latitudes

Changes in subpolar water mass properties must ultimately be communicated to the sub-

tropical Atlantic to affect the overturning at lower latitudes. As discussed in §3, dynami-

cal adjustment through boundary-trapped and basin-crossing waves can propagate signals

rapidly—on timescales of 1–10 years—without requiring physical advection of water parcels

(Johnson & Marshall 2002, Marshall & Johnson 2013, Pillar et al. 2016, Kostov et al. 2021).

Forced ocean models generally show that subpolar AMOC variability is followed by coher-

ent subtropical changes after several years (Bingham et al. 2007, Zhang 2010, Yeager &

Danabasoglu 2014), though coupled models exhibit a broader range of coherence depending

on timescale and model physics (Xu et al. 2019). Variability in the lower NADW layer

(3000–5000 m) forms a key link between the subpolar gyre and subtropical AMOC (Zou

et al. 2019). Idealised model studies suggest that the meridional communication of AMOC

signals is mediated by rapidly propagating boundary waves at the western boundary of the

Atlantic (see Figure 3; Johnson & Marshall 2002, Marshall & Johnson 2013, Johnson et al.

2019). Boundary density may provide an additional link between subpolar buoyancy forcing

and subtropical AMOC strength (Polo et al. 2014, 2020), consistent with the thermal wind

arguments derived in §2.4.

Identifying signals of meridional connectivity in observational data presents consid-

erable challenges. The relatively short records limit the timescales that can be consid-

ered (annual to interannual) for direct coherence of transport variability. On subannual

timescales, moored observations indicate rapid basin-scale adjustment to wind forcing

through barotropic and baroclinic wave processes (Elipot et al. 2016). On interannual

timescales, density-based transport estimates compared between 47°N and 26°N (Wett et al.

2023) and between 26°N and 16°N (Frajka-Williams et al. 2018) hint at relatively rapid ad-

justment (about one year from 47°N to 26°N, and less than 1 year from 26°N to 16°N),

though the records are short and the number of degrees of freedom is small. On longer

timescales, hydrographic sections reveal coherent temperature and salinity anomalies on

isopycnals (i.e., density-compensated T–S anomalies) that propagate toward the subtrop-

ics over several years (van Sebille et al. 2011, Le Bras et al. 2017, Fortin & Lozier 2024,

Chomiak et al. 2025). Anomalies on isopycnals, however, do not directly modify density

gradients and therefore do not necessarily imply changes in overturning transport. Moored

transport records at 26°N are starting to be long enough to consider decadal timescale vari-

ability, where the low-frequency geostrophic AMOC variability (here approximated as the

total MOCz minus the surface Ekman transport) covaries with the average deep density

anomaly as well as salinity anomalies on deep isopycnals (see Figure 6). These changes

are consistent with western boundary density driving AMOC changes as discussed in §2.4.

However, isopycnal depths also fluctuate, so the changes cannot be unambiguously linked

to diabatic rather than adiabatic changes.
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Figure 6

Time series of (a) the MOC-Ekman component of transport and the average σ2 density in the

range 820–4820 dbar near 26.5◦N, 76.5◦W from the RAPID 26°N array and (b) the depth of the
σ2 = 37.1 kg m−3 isopycnal and absolute salinity anomaly of the waters below this isopycnal,

from the same location. Time series have had the seasonal climatology removed and are filtered

with a 12-month Tukey filter to focus on the interannual and longer timescales.

Petit et al. (2025) take a different angle on the subpolar–subtropical link, relating mid-

latitude overturning strength MOCz to the density of maximum overturning σmoc in the

subpolar region rather than to subpolar overturning strength MOCσ. A change in σmoc
coincides with basin-wide shifts in water mass transformation—towards the production of

denser or lighter water masses—which may be communicated rapidly to the subtropics

through adiabatic adjustment even when the subpolar overturning strength is unchanged.

This shifts the relevant subpolar observable from transport strength (or watermass density)

to a property of the overturning circulation itself (the density of maximum overturning),

providing an alternate potential link between the turbulent processes discussed in Section 4

and mid-latitude overturning variability; whether σmoc also covaries with proxies of subpolar

water-mass transformation (e.g., the density of recently formed Labrador Sea Water) was

not evaluated.

Taken together, the studies in this subsection identify several distinct routes by which

subpolar conditions can reach the subtropical AMOC: transport-to-transport coherence be-

tween latitudes (most clearly seen in forced ocean models), propagation of density anoma-

lies along boundary-trapped wave pathways (which modify the thermal-wind component of

subtropical overturning), and—most recently—variations in the density of maximum over-

turning in the subpolar region that may be communicated through adiabatic adjustment

(Petit et al. 2025). Spice anomalies propagating equatorward along isopycnals, while ob-

served in several studies, do not by themselves modify density gradients and so do not

directly imply transport changes but may coincide with density changes.
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5.2. Boundary vs interior in the subpolar North Atlantic

Overflow waters tend to circulate around the basin boundaries, providing a direct link

between overflows and boundary densities. Anomalies generated by deep convection, on

the other hand, arise primarily in the interior of subpolar basins. Their influence on large-

scale overturning through basin-wide geostrophic transports depends on the signal of change

being exported to the basin boundaries where they can modify boundary pressure gradients.

This interior-to-boundary communication is a necessary step in the chain linking high-

latitude turbulent processes to subtropical AMOC variability.

Interior-to-boundary exchanges have been examined extensively in idealised modelling

studies (see review in Johnson et al. 2019). A fundamental result is that regions of deep

convection are found in the basin interior while regions of net sinking are localised near

the boundaries (Spall & Pickart 2001, Spall 2003), with the downwelling width scaling with

the baroclinic deformation radius (∼10 km). Mesoscale eddies play a central role in con-

necting the two: they transport buoyancy from the boundary current into the convective

interior, and return dense convected water to the boundary, allowing downwelling to occur

near the boundary even as isopycnals shoal following the mean cyclonic flow (Spall 2010).

The temperature, salinity and density of the exported water mass (from interior to bound-

ary) depend on the balance between mean advection along the boundary current, lateral

eddy fluxes into the interior, and air–sea buoyancy exchange (Spall 2004, Straneo 2006).

Critically, it is the density gradient along the boundaries—not the interior—that controls

the strength of the overturning (Spall & Pickart 2001), further supporting our focus on the

boundaries in §2.4.

Observational evidence for the export of convective products to the boundary is mixed:

Lagrangian pathways to the boundary currents are neither direct nor rapid. Floats de-

ployed during the Labrador Sea deep convection experiment failed to follow the expected

pathways into the deep western boundary current to the subtropics (Fischer & Schott 2002).

Subsequent Lagrangian studies using isobaric floats or numerical particles found that many

trajectories instead followed interior pathways (Bower et al. 2019). However, despite the

Lagrangian picture suggesting no rapid connection between the interior and boundary cur-

rents, moored array observations show rapid export of interior ventilated waters toward

boundary currents (Le Bras et al. 2020, Koelling et al. 2022) with slantwise convection

playing a key role (Le Bras et al. 2022). Glider observations in the Labrador Sea find

evidence for submesoscale instabilities and strong horizontal gradients that may drive lat-

eral exchange (Clément et al. 2023, 2024). Recent observations in a Southern Hemisphere

overflow (Orkney Passage) demonstrate that small-scale, submesoscale processes also oc-

cur in deep boundary currents on steep topography (Naveira Garabato et al. 2019), with

implications for North Atlantic overflows. These submesoscale processes provide an addi-

tional mechanism for boundary-interior exchange in overflow waters that would then modify

boundary density.

The recent studies of small-scale processes in the subpolar gyre may help resolve the

apparent disconnect between open ocean convection and the generation of density anomalies

on the boundary. Once on the boundary, fast wave-adjustment processes can transmit the

signal of change to lower latitudes. Quantifying the relative contributions of these pathways

to boundary density variability, and establishing the timescales on which they operate, is

essential for linking turbulent mixing processes to AMOC variability.
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6. DISCUSSION AND OUTLOOK

This review has examined how turbulent processes affect AMOC variability using boundary

density as the integrating framework. The thermal wind relation demonstrates that AMOC

changes depend on zonal density gradients at basin boundaries, providing a framework

for identifying which turbulent processes are dynamically relevant. Adiabatic processes

can reposition density surfaces rapidly via boundary waves, while diabatic processes—

convection, overflow entrainment, and water mass transformation—irreversibly modify

source water properties.

The impacts of these turbulent processes are timescale-dependent. On mean, seasonal

and interannual timescales, OSNAP observations show that subpolar AMOC variability

is dominated by water mass transformation east of Greenland rather than Labrador Sea

convection; model evidence suggests that exceptionally strong forcing in the Labrador Sea

can drive multidecadal AMOC changes, a relationship that the current OSNAP record

(2014–2022) is too short to resolve (Fu et al. 2025). Overflow entrainment, driven by the

density contrast between source and ambient waters, has recently been shown to control

DWBC variability despite stable sill flows from the Nordic Seas (Sun et al. 2025). However,

despite a 26% decline in DWBC transport east of Greenland since 2014, the AMOC at

OSNAP has remained relatively steady over the same period, raising questions about how

local DWBC transport relates to subpolar overturning (Koman et al. 2024).

A quantitative link between decadal variability in open ocean convection in the Labrador

and Irminger Seas and AMOC variability at lower latitudes remains to be established.

Whether the rate-limiting step is the density of the recently formed water masses, the

transmission of that density signal to the boundary, or its subsequent propagation equator-

ward along the western boundary remains unclear. The sensitivity of subtropical and mid-

latitude AMOC variability to how and where density anomalies appear on the boundary—

and whether the resulting signals are large enough to be detectable—is a key open question.

The interior-to-boundary pathways that link small-scale turbulent processes to basin-scale

changes are not yet well constrained, though recent observations suggest active exchange

at mid-depths (Le Bras et al. 2020, 2022). Addressing these questions will require the

continued operation of the OSNAP and RAPID arrays, together with targeted boundary

observations, to connect subpolar sources of variability to subtropical overturning.

SUMMARY POINTS

1. The geostrophic-shear component of AMOC strength is set by the trans-basin

boundary density difference via thermal wind, with a depth-dependent weighting

that peaks at the depth of maximum overturning (zmoc) and vanishes at the surface

and seabed.

2. Both adiabatic and diabatic processes can contribute to AMOC variability, includ-

ing on short timescales.

3. The subpolar AMOC is set by water mass transformation east of Greenland in the

mean and on annual to interannual timescales.

4. Observational evidence linking Labrador Sea convection to subpolar AMOC vari-

ability remains inconclusive over the current record, though modelling studies sug-

gest a role on decadal and longer timescales.

5. Since 2014, the deep western boundary current (DWBC) transport has declined
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on both sides of Greenland while Nordic Seas overflow transports and the AMOC

at OSNAP have remained relatively steady; the DWBC decline is attributable to

changes in entrainment downstream of the sills.

FUTURE ISSUES

1. Identifying useful predictors for subtropical AMOC variability (e.g., the subpolar

density of maximum overturning or density of Labrador Sea Water) requires testing

across longer model integrations and observational records.

2. Improving overflow representation in climate models requires both better parame-

terisations and reduced biases in the source water properties and surface buoyancy

fluxes that drive entrainment.

3. The mechanisms by which interior density anomalies generated by convection and

overflows are communicated to the basin boundaries—and their quantitative contri-

bution to boundary density variability—remain poorly constrained by observations.

4. Sustained observations of the AMOC in the subpolar North Atlantic (e.g., the OS-

NAP array) are needed to determine observationally whether Labrador Sea convec-

tion drives AMOC variability—a relationship suggested by modelling studies but

not yet resolvable from the current observational record.

5. Continued monitoring of the DWBC on both sides of Greenland, paired with

subtropical AMOC observations, is required to establish whether the recent

entrainment-driven decline in lower NADW transport continues and whether the

resulting density anomalies reach and influence subtropical overturning.
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