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Abstract. The North Atlantic Subpolar Gyre (SPG) plays a fundamental role in the global climate system through the formation

of dense North Atlantic Deep Water (NADW) as part of the Atlantic Meridional Overturning Circulation. Observations show

pronounced decadal variability in SPG water mass properties; however, it remains unclear to what extent such thermohaline

changes impact the formation of dense water. Here, we explore the mechanisms governing dense water formation along the

path of the SPG using Lagrangian water parcel trajectories in an eddy-rich ocean sea-ice hindcast. We show that neither the5

rate of transformation of water parcels across density surfaces nor their thermohaline properties on arrival into the eastern

SPG are rate-limiting factors governing dense water formation. Instead, the total amount of dense water formed during transit

around the SPG can be skilfully predicted based solely on the volume transport of light, upper limb waters arriving into the

eastern SPG via the branches of the NAC
:::::
North

:::::::
Atlantic

:::::::
Current. This relationship between upper limb volume transport and

dense water formation emerges since the SPG boundary current is long enough for all upper limb thermal anomalies to be10

damped during transit. Multi-decadal subpolar overturning variability in density-space is therefore closely related to the
:::
Our

::::::
findings

:::::::::
emphasise

:::
the

:::::
close

:::::::::
relationship

:::::::
between

:::
the

:
strength of the SPG

:::
and

:::::::
subpolar

:::::
dense

:::::
water

::::::::
formation

::
on

::::::::::::
multi-decadal

::::::::
timescales, such that a stronger SPG circulation following persistent positive phases of the North Atlantic Oscillation results

in greater NADW formation along-stream. Our findings emphasise the coupling between the SPG and overturning circulations

and underscore the
::::
This

::::::::::
underscores

:::
the

:
importance of monitoring the state of the SPG for both decadal and longer-term15

climate predictions.

1 Introduction

Observations and ocean reanalyses indicate that the upper subpolar North Atlantic Ocean (SPNA) exhibits pronounced ther-

mohaline variability on decadal timescales (Curry et al., 1998; Bersch, 2002; Bersch et al., 2007; Lozier and Stewart, 2008;

Holliday et al., 2018, 2020; Fu et al., 2020), with significant implications for both regional and global climate (e.g., Zhang20

et al., 2019; Kim et al., 2020). On a regional scale, the northward propagation of upper ocean thermohaline anomalies from

the SPNA into the Nordic Seas yields predictable climate impacts on surface air temperatures over northwest Europe (Collins

and Sinha, 2003; Keenlyside et al., 2008; Li et al., 2013; Årthun et al., 2017), Arctic sea ice extent (Zhang, 2015; Yeager et al.,

2015) and the rates of Greenland glacial melting (Straneo and Heimbach, 2013). The impacts of North Atlantic multi-decadal

1



SST variability also extend far beyond the regional scale, including through hemispheric teleconnections which contribute to25

changes in West African and Indian summer monsoon rainfall (Feng and Hu, 2008; Goswami et al., 2006; Luo et al., 2011;

Martin and Thorncroft, 2014; Martin et al., 2014) and Paci�c decadal climate variability (Zhang et al., 2007; d'Orgeville and

Peltier, 2007; Zhang et al., 2019).

Both observational and numerical modelling studies have repeatedly identi�ed low-frequency subpolar ocean dynamics as

the principal source of high-latitude upper ocean thermohaline variability (Årthun and Eldevik, 2016; Desbruyères et al., 2015;30

Grist et al., 2010; Robson et al., 2016; Yeager and Robson, 2017; Cha�k et al., 2023). In particular, multi-decadal changes

in the subpolar gyre (SPG) and overturning circulations (Yeager et al., 2021; Kim et al., 2024), excited by �uctuations in the

North Atlantic Oscillation (NAO; Hurrell 1995; Marshall et al. 2001), have been shown to modulate the poleward heat transport

by warm and saline subtropical waters into the eastern SPNA (Jacobs et al., 2019; Desbruyères et al., 2013). Two important

examples are the 1990s and 2010s when persistent positive phases of the NAO induced a delayed warming and salini�cation35

of the upper eastern SPG (Desbruyères et al., 2021; Fu et al., 2020; Cha�k et al., 2023), which propagated downstream into

the Nordic Seas (Fan et al., 2023; Passos et al., 2024). This potentially predictable in�uence of subpolar ocean dynamics on

the North Atlantic climate system is further underscored by initialised decadal predictions (Marotzke et al., 2016; Smith et al.,

2019; Boer et al., 2016), which show a strong sensitivity in retrospective forecast skill to the initialised subpolar ocean state

(e.g., Robson et al., 2012; Msadek et al., 2014; Hermanson et al., 2014; Yeager and Robson, 2017).40

To date, very few studies (e.g., Passos et al., 2024) have investigated the extent to which the arrival of such anomalies persist

to impact the formation of dense water masses downstream. On the one hand, we might expect that upper ocean thermoha-

line anomalies will feed back onto thestrengthof the subpolaroverturningcirculation
:::::::::
production

::
of

::::::
North

:::::::
Atlantic

:::::
Deep

:::::
Water

::::::::
(NADW)

:
by impacting the ef�ciency of diapycnal water mass transformationand,therefore,the productionof North

Atlantic DeepWater(NADW) downstream. Indeed, this view forms the basis of the salt-advection feedback (Stommel, 1961;45

Rahmstorf, 1996; de Vries and Weber, 2005), in which a weakened Atlantic Meridional Overturning Circulation (AMOC)

transports less salt into the SPNA, thereby reducing NADW formation through increasing strati�cation, which further weakens

the AMOC. However, this view is at odds with a number of recent observational studies (Fu et al., 2020; Fraser and Cun-

ningham, 2021; Mercier et al., 2024; Koman et al., 2024), which show that the strength of subpolar overturning has remained

relatively stable in spite of the large-scale thermohaline variability observed throughout the SPNA during recent decades. Fu50

et al. (2020) reconcile this by suggesting that only a weak coupling exists between upper limb thermohaline anomalies and

the magnitude of subpolar dense water formation on multi-decadal timescales. However, precisely what controls the amount

of dense water formed along the path of the SPG and its relationship to subpolar overturning variability on multi-decadal

timescales remains poorly understood.

When exploring the downstream evolution of upper ocean thermohaline anomalies in the SPNA, studies adopting the tradi-55

tional Eulerian frame of reference typically use lagged correlation analysis (Holliday et al., 2008; Årthun and Eldevik, 2016;

Årthun et al., 2017; Fan et al., 2023), which relies upon the coherent propagation of signals downstream. In reality, how-

ever, thermohaline anomalies are communicated over a diverse range of advective timescales owing to the dispersive nature

of subpolar circulation pathways (e.g., Yashayaev and Seidov, 2015), which often convolve water masses from many different
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sources. In this study, we overcome this challenge by adopting a Lagrangian approach to investigate the controls on dense60

water formation along the path of the SPG. By evaluating Lagrangian water parcel trajectories in an eddy-rich ocean sea-ice

hindcast, we are able to trace the evolution of upper limb thermohaline anomalies arriving into the eastern SPNA and directly

assess their in�uence on the formation of NADW during their transit of the SPG.

This study is organised as follows. In Section 2, we introduce the eddy-rich ocean sea-ice hindcast, Lagrangian particle

tracking experiments and both the Eulerian and Lagrangian diagnostics used in our analysis. Section 3.1 explores the nature65

of dense water formation along the path of the SPG, including validation against OSNAP observations. We investigate the

sources of variability in along-stream dense water formation in Section 3.2. In Section 3.3, we propose a linear model to

skilfully predict along-stream dense water formation. Section 3.4 explores the two dense water formation pathways circulating

cyclonically around the SPG. Finally, in Section 3.5, we assess the role of remote buoyancy forcing in driving decadal variations

in dense water formation along the path of the SPG. The study concludes with a critical discussion and summary of our main70

�ndings and their wider implications for observing subpolar AMOC variability in Section 4.

Time-mean(2014-2020)Euleriandiapycnaloverturningstreamfunctionsat(a)OSNAPEastand(b)OSNAPWestcalculated

usingtheORCA0083-GO8p7hindcast(black)andOSNAPobservations(purple).Theshadedregionsrepresent� 1 (monthly)

standarddeviationin the Eulerianoverturningstreamfunction. Time seriesof maximumEuleriandiapycnaloverturningat

(c) OSNAPEastand(d) OSNAPWestcalculatedusingthe ORCA0083-GO8p7hindcast(black) andOSNAPobservations75

(purple).

2 Methods

2.1 Ocean General Circulation Model

To investigate the variability of dense water formation along the path of the subpolar gyre, we use output from the eddy-

rich, global ORCA0083-GO8p7 numerical ocean model con�guration (Megann et al., 2022; Archibald et al., 2025). This80

uses the Nucleus for European Modelling of the Ocean (NEMO) ocean circulation model version 4.0.4 (Madec et al., 2019)

implemented in the UK Global Ocean (GO) version 8 con�guration. This is a pre-release con�guration of the Global Ocean

and Sea Ice (GOSI) version 9 (Guiavarc'h et al., 2025) developed by the UK Joint Marine Modelling Programme in preparation

for CMIP7.

The NEMO ocean model is discretised on an Arakawa C-grid with a nominal 1/12� resolution (equivalent to� 8 km in the85

subtropical North Atlantic and� 4 km in the Arctic). The extended version of the quasi-isotropic ORCA12 orthogonal tri-polar

grid (eORCA12) is used, with poles located on land in Canada, Siberia and Antarctica. In the vertical, the model uses 75

unevenly spaced z� -partial-step coordinate levels with unperturbed depth increments ranging from 1 m to 250 m. The depth

increment of the grid cells at each vertical level varies through time due to the implementation of a non-linear free surface

(Madec et al., 2019). Within the NEMO framework, the NEMO Ocean Engine (NEMO-OCE) is coupled to the SI3 sea-ice90

model (Vancoppenolle et al., 2023; Blockley et al., 2024). For a comprehensive description of the ORCA0083-GO8p7 model

con�guration users are referred to Guiavarc'h et al. (2025).
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The ORCA0083-GO8p7 integration is initialised from rest with temperature and salinity from the climatology of an Argo-

based observational objective analysis (EN4; Good et al., 2013) covering 1995-2014. The model is forced by the Japanese

55-year atmospheric reanalysis (JRA55-do; Tsujino et al., 2018) for the period 1958-2021. We disregard the initial 18 years of95

the integration when model adjustment is largest and make use of the monthly-mean velocity and tracer �elds output between

1975-2021.

To assess the �delity of the subpolar ocean circulation in the ORCA0083-GO8p7 hindcast, we compare the simulated diapy-

cnal overturning to OSNAP observations between 2014-2020. Figures 1a-b show the time-mean Eulerian diapycnal overturning

stream functions at the OSNAP East and OSNAP West sections calculated using both the model and observations. Overall, we100

�nd good agreement between the modelled and observed overturning stream functions in density space at the OSNAP array.

At OSNAP East, the maximum of the time-mean diapycnal overturning stream function in the model (13.5� 2.3 Sv at 27.51

kg m� 3) is slightly weaker than observed (14.5� 3.0 Sv at 27.55 kg m� 3). However, this is primarily due to the weaker time-

mean net northward transport across the section in the model (0.8� 1.1 Sv) compared to the 1.6 Sv imposed in the OSNAP

observational calculation. Figure 1b shows that there is also close agreement between both the magnitude and isopycnal of105

maximum diapycnal overturning in the model (2.1� 2.8 Sv at 27.70 kg m� 3) and observations (2.2� 1.8 Sv at 27.69 kg m� 3)

at OSNAP West. This is particularly encouraging, given that many eddy-rich models considerably overestimate the time-mean

strength of diapycnal overturning in the Labrador Sea (e.g., Petit et al., 2023; Markina et al., 2024). Once we account for

the larger net southward �ow across the OSNAP West section in the model (-2.4� 0.8 Sv) compared with that imposed in

the OSNAP observational calculation (-1.6 Sv), we do �nd that the modelled diapycnal overturning is slightly stronger than110

observed.

Figures 1c-d show the time series of diapycnal overturning strength at OSNAP East and OSNAP West determined by

calculating the maximum of each monthly overturning stream function. Although we �nd a signi�cant correlation (r = 0 :55,

p < 0:01) between the modelled and observed diapycnal overturning strength at OSNAP East, it is clear that the model (monthly

SD = 2.6 Sv) underestimates the monthly overturning variability captured in observations (monthly SD = 3.0 Sv). In contrast, at115

OSNAP West, we �nd a much weaker correlation (r = 0 :27, p < 0:05) since the observed diapycnal overturning strength is less

variable than found in the model, especially on seasonal timescales. The stronger overturning seasonality in the model is due

to the presence of warmer (+ 0.14� C) and saltier (+ 0.1 g kg� 1) waters in the western Labrador Sea compared with OSNAP

observations, which experience less density compensation between wintertime cooling and year-round freshening (Zou et al.,

2020; Bebieva and Lozier, 2023).120

In addition to reproducing much of the observed strength and monthly variability of overturning along the OSNAP array, we

also �nd reasonably good agreement between the modelled (6.5� 1.0 Sv) and observed (5.8� 0.7 Sv; Østerhus et al., 2019)

overturning strength at the Greenland-Scotland Ridge (1995-2015). Given our focus on the formation of dense water along

the boundary current of the SPG in this study, we also highlight the close agreement between the time-mean top-to-bottom

strength of the East Greenland Current (-33.8� 2.7 Sv) in the model and that observed by Daniault et al. (2016) (-33.1�125

2.6 Sv) between 2002-2012 along the OVIDE section. However, in the Labrador Sea, the model (-27.4� 5.8 Sv) slightly
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Figure 1.
::::::::
Time-mean

::::::::::
(2014-2020)

::::::
Eulerian

::::::::
diapycnal

::::::::
overturning

:::::
stream

::::::::
functions

:
at

:::
(a)

::::::
OSNAP

:::
East

:::
and

:::
(b)

::::::
OSNAP

::::
West

:::::::
calculated

:::::
using

::
the

:::::::::::::::
ORCA0083-GO8p7

:::::::
hindcast

:::::
(black)

:::
and

:::::::
OSNAP

:::::::::
observations

:::::::
(purple).

:::
The

::::::
shaded

:::::
regions

::::::::
represent

::
� 1

::::::::
(monthly)

:::::::
standard

:::::::
deviation

:
in

:::
the

:::::::
Eulerian

:::::::::
overturning

:::::
stream

:::::::
function.

::::
Time

:::::
series

::
of

::::::::
maximum

:::::::
Eulerian

:::::::
diapycnal

:::::::::
overturning

::
at

::
(c)

:::::::
OSNAP

::::
East

:::
and

::
(d)

:::::::
OSNAP

::::
West

:::::::
calculated

:::::
using

::
the

:::::::::::::::
ORCA0083-GO8p7

:::::::
hindcast

:::::
(black)

:::
and

:::::::
OSNAP

:::::::::
observations

:::::::
(purple).

underestimates the time-mean (1997-2014) strength of the DWBC at 53� N as reported by Zantopp et al. (2017) (-30.2� 6.6

Sv where� � � 27.68 kg m� 3).

In spite of these differences, we consider the broad overall agreement between the strength of both the SPG and diapycnal

overturning circulations simulated in the ORCA0083-GO8p7 hindcast and that observed along trans-basin arrays as suf�cient130

justi�cation for using this model to investigate the nature of dense water formation along the path of the SPG.

2.2 Lagrangian Particle Tracking

We evaluate the Lagrangian trajectories of virtual water parcels advected by the time-evolving velocity �elds of the ORCA0083-

GO8p7 hindcast using TRACMASS version 7.1 (Aldama-Campino et al., 2020). TRACMASS belongs to the inaugural family

of Lagrangian particle tracking tools, which allow users to quantify the volume transport pathways of
:
a

:
steady, incompressible135

�ow �eld by modelling water parcel trajectories as individual stream tubes (e.g., Blanke and Delecluse, 1993; Döös, 1995).
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Here, we use the stepwise stationary scheme, which divides the duration between successive monthly-mean velocity �elds into

100 intermediate time steps during which volume transports are assumed constant. We calculate purely advective water parcel

trajectories without attempting to parameterise the effects of vertical convective mixing in the surface mixed layer. This is

because Tooth et al. (2023b) showed that introducing random vertical displacements along water parcel trajectories inside the140

surface mixed layer did not in�uence the strength and variability of along-stream diapycnal transformation.

The Lagrangianexperimentusedin this study evaluatesthe
::
To

::::::::::
investigate

:::
the

::::::
extent

::
to

::::::
which

:::::::::::
thermohaline

:::::::::
anomalies

::::::
arriving

:::
in

:::
the

::::::
eastern

::::
SPG

::::::::
in�uence

::::
the

::::::::
formation

::
of

::::::
dense

:::::
water

:::::::::::
along-stream,

::::
we

:::::::
evaluate

:::
the

:::::::::::::
forward-in-time

:
trajecto-

ries of water parcels sampling the full-depth northward transport across a subsection of the OSNAP East array extending

from the Reykjanes Ridge (RR, 30� W) to the Scottish Shelf (SS).We choosethis
:::
This

::::::::
approach

::::::
differs

::::
from

::::::::
previous

::::::
studies145

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., MacGilchrist et al., 2020; Georgiou et al., 2021; Fröhle et al., 2022),

::::::
which

::::::
employ

:::::::::::::::
backwards-in-time

::::::::::
trajectories

:
to

:::::::
identify

::
the

:::::::
sources

:::
and

::::::
export

::::::::
pathways

::
of

:::::::
NADW

::::::
�owing

:::::::::
southward

::
in

:::
the

:::::
lower

:::::
limb.

:::
We

:::::::
consider

::::
only

:
a

:
subsection of the

::::::
OSNAP array to focus our analysis on the waters which �ow northward across OSNAP

East in the northern, central and southern branches of theNAC
:::::
North

:::::::
Atlantic

:::::::
Current

::::::
(NAC)

:
and to avoid sampling the

recirculating upper limb waters which return northward in the Irminger Current (see Fig. 2).
:::
One

::::::::
limitation

::::::::
resulting

::::
from

::::
this150

:::::::
decision

::
is

:::
that

:::
we

:::
do

:::
not

:::::::
quantify

:::
the

::::::::::
contribution

::
of

:::::
upper

:::::
limb

:::::
water

::::::
parcels

:::::
which

::::
�ow

:::::::
directly

::::
into

:::
the

:::::::
Irminger

::::
Sea

:::
via

::
the

::::::::::::
northernmost

::::
NAC

::::::
branch

::::::::::::::::::::::::::::::::::::::
(e.g., Daniault et al., 2016; Cha�k et al., 2022)

::
to

::::::
NADW

:::::::::
formation

:::::
along

:::
the

::::
path

::
of

:::
the

::::
SPG.

:

Water parcels are initialised every month for 456 consecutive months between 1975-2012. Water parcels are assigned to

each grid cell along the model-de�ned OSNAP East array(RR-SS)in proportion to the northward volume transport across the

grid cell face. Each water parcel represents a volume transport� 2.5 mSv to ensure that a suf�ciently large number of water155

parcels are initialised to calculate robust Lagrangian diagnostics (Jones et al., 2016).

In total, more than 12.5 million water parcels are advected forwards-in-time using monthly mean velocity �elds for a max-

imum of 9-years to determine their future trajectories. Water parcel trajectories are terminated on reaching the maximum

advection time (� max ) or upon meeting any one of the following geographical criteria (Fig. 2): (i) crossing (southward) a

subsection of the OSNAP West array (53� N) (ii) crossing the Greenland-Scotland Ridge, (iii) crossing the Davis or Hudson160

Straits or (iv) crossing 51� N. Figures 3a-c
:::
a-b

:
show that the 9-year maximum advection time is suf�cient to capture the SPG

circulation because the accumulated volume transports reaching OSNAP West and the Greenland-Scotland Ridge have sta-

bilised within this period. The location, conservative temperature and absolute salinity along each water parcel trajectory are

calculated through linear interpolation using the monthly-mean model tracer �elds. The potential density referenced to the sea

surface (� � ) is calculated along each trajectory using the TEOS-10 equation of state (McDougall et al., 2012) as implemented165

in the ORCA0083-GO8p7 hindcast (Megann et al., 2022).

2.3 Lagrangian Diagnostics

To quantify the amount of dense water formed along the path of the North Atlantic SPG, we calculate the Lagrangian diapycnal

overturning stream function (Tooth et al., 2023a),F (� � ; t), in density-coordinates using only the subset of water parcel trajec-

tories initialised at timet which transit from OSNAP East (NAC) to OSNAP West (53� N) within the� max = 9-year maximum170
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