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ABSTRACT: The overturning circulation in the subpolar North Atlantic and Nordic seas is the product of a net densifica-
tion by air–sea buoyancy forcing and mixing that transforms light Atlantic Water into dense North Atlantic Deep Water.
Recent studies have shown that the magnitude of the time-mean overturning circulation as measured at the Overturning in
the Subpolar North Atlantic Program (OSNAP) mooring array can be attributed to the water mass transformation by air–
sea fluxes and mixing to the north of the array. However, connecting subpolar overturning variability on seasonal time
scales to seasonal variations in water mass transformation is contentious. Here, we show in observations and a state esti-
mate that seasonal variability in water mass transformation by air–sea buoyancy fluxes and mixing predominantly affects
the storage of water in water mass classes within the subpolar basins, rather than driving seasonal changes in the overturn-
ing circulation at the OSNAP mooring array. Furthermore, we show that the seasonal formation and export of dense water
from the Irminger and Labrador Seas cannot fully explain overturning seasonality at OSNAP. Instead, the seasonal cycle
of overturning as measured at the OSNAP mooring array is the result of seasonal imbalances in the inflows and outflows
of dense water across the array, linked to seasonal changes in the density field imprinted on the circulation of the subpolar
gyre. This implies that intra-annual-to-seasonal dense water transport variability at OSNAP cannot be interpreted as an
overturning circulation associated with the formation and export of dense water.

KEYWORDS: Fluxes; Mass fluxes/transport; Meridional overturning circulation; Ocean circulation; Inverse methods;
Seasonal variability

1. Introduction

In the subpolar North Atlantic, warm, salty, and light wa-
ters of subtropical origin are made cooler and fresher but ulti-
mately denser by air–sea buoyancy fluxes and mixing (Xu
et al. 2018; Berglund et al. 2023; Buckley et al. 2023; Evans
et al. 2023). As part of the Atlantic meridional overturning
circulation (AMOC), this diapycnal water mass transforma-
tion produces North Atlantic Deep Water (NADW) that fills
the deep interior of the Atlantic Ocean. Deep waters are
eventually upwelled in the Southern Ocean (Marshall and
Speer 2012). Dense water formation plays a key role in the
sequestration of excess anthropogenic heat and carbon diox-
ide, mitigating the impact of climate change (IPCC 2021).
Seasonal-to-interannual variations in the meridional transports

of heat and freshwater associated with the AMOC may impact
sea surface temperature and salinity, with important implica-
tions for European weather (Duchez et al. 2016; Oltmanns et al.
2020).

According to the water mass transformation framework
described byWalin (1982), the diapycnal water mass transforma-
tion by air–sea buoyancy fluxes and mixing within a domain is
equivalent to the diapycnal overturning streamfunction mea-
sured at the boundary of the domain. Analysis using data from
the Overturning in the Subpolar North Atlantic Program
(OSNAP; Lozier et al. 2017, 2019) mooring array has re-
vealed that in the time mean, cooling by air–sea buoyancy
fluxes transforms light Atlantic Waters into subpolar mode
water, and mixing between and Atlantic Water and Arctic
Water further cools and freshens Atlantic Water. NADW is
mainly formed by mixing of subpolar mode waters, interme-
diate waters, and overflow waters originating in the Nordic
seas (Evans et al. 2023; Zou et al. 2024). These results com-
plement the existing and ongoing body of work in the subpo-
lar North Atlantic that address the mechanisms of air–sea
buoyancy forcing and mixing in relation to water mass trans-
formation (Brambilla et al. 2008; Stendardo et al. 2024; Spall
and Pickart 2001; Spall 2003, 2004; Straneo 2006; Fer et al.
2010; Beaird et al. 2012; Brüggemann and Katsman 2019; Xu
et al. 2018; Le Bras et al. 2020; Petit et al. 2020; Dey et al.
2024; Stendardo et al. 2024).
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However, understanding the impact of time-varying air–sea
buoyancy fluxes and mixing on the diapycnal overturning as
measured at OSNAP is more challenging. For example, Petit
et al. (2020) show that the seasonal cycle of water mass trans-
formation by air–sea buoyancy fluxes in the Irminger Sea (IS)
and Iceland Basin (IB) far exceeds the seasonality of the over-
turning measured at OSNAP, as anticipated by the theoretical
work of Marshall et al. (1999). Several studies have found that
the variability and export of dense water from the subpolar
North Atlantic do not reflect the rate at which dense water is
formed due to the subbasin- and basin-scale recirculation of
dense water in the subpolar gyre (Dengler et al. 2006; Fischer
et al. 2010; Zantopp et al. 2017; Handmann et al. 2018). As a
result of these recirculations, the residence time in the subpo-
lar gyre (decadal) is much longer than typical time scales of
dense water formation (MacGilchrist et al. 2021; seasonal).
The consequence is that on shorter time scales, dense water
formation affects the storage of dense water in the Irminger
Sea andLabrador Sea (LS) as opposed to the diapycnal overturn-
ing (Buckley et al. 2023). As such, only interannual-to-decadal
water mass transformation results in changes in overturning
(Marsh 2000; Brambilla et al. 2008; Desbruyères et al. 2019;
Årthun 2023), where the time scale of air–sea buoyancy forc-
ing variability exceeds that of the residence time of water in
the subpolar North Atlantic.

A recent study by Fu et al. (2023) shows that the seasonal
cycle of overturning at OSNAP lags that of the surface-forced
water mass transformation by 5 months, with dense water for-
mation peaking in January and the overturning peaking in May.
Their analysis does not go further in determining whether the
export of the dense water (i.e., transport southward across the
OSNAP mooring array in the East Greenland Current and Lab-
rador Current) that is formed in January drives a peak in the
overturning in May, where the delay is associated with the tran-
sit time of the newly formed dense water from its formation site
to the OSNAP mooring array. However, they do show that the
seasonal cycle of water mass transformation by air–sea buoyancy
fluxes is ;3 times the seasonal range in the overturning at
OSNAP, implying that seasonal water mass transformation is
balanced by storage rather than export in accord with previous
studies. Previous work at OSNAP has found no discernible rela-
tionship between seasonal dense water formation and export
across the OSNAP mooring array (Li et al. 2021), and model-
based analyses have further highlighted this disconnect (Fox
et al. 2025). However, as also discussed in Fu et al. (2023), a
recent analysis of the export of dense water formed in the
Irminger Sea finds that some seasonally formed dense water is
exported within the East Greenland Current within 3 months of
its formation and may imprint on the seasonal cycle of the dia-
pycnal overturning at the eastern OSNAP mooring array (Le
Bras et al. 2020). Indeed, based on the transport variability
across the OVIDE hydrographic section between Portugal and
Greenland, Mercier et al. (2024) speculate that this lagged ex-
port of dense water drives seasonal density changes in the East
Greenland Current, leading to the observed seasonal peak in
overturning. Similarly, Tooth et al. (2023b) and Wang et al.
(2021) find that seasonal density changes in the Irminger Sea

drive the seasonal cycle of overturning in an ocean model and
reanalysis, respectively.

Prior literature clearly demonstrates that the seasonal cycle
of water mass transformation exceeds that of export, and on
average, waters have long (decadal) residence times in the
subpolar gyre. However, it is possible that some waters are ex-
ported more rapidly, allowing the seasonal cycle of water mass
transformation to drive a seasonal cycle in export. As a result,
we reexamine the seasonal variability of water mass transfor-
mation by air–sea buoyancy fluxes and mixing in the subpolar
North Atlantic using observations and a state estimate. We
will then determine how this water mass transformation im-
pacts the overturning as measured at the OSNAP mooring
array in terms of the export of dense water from the Irminger
Sea and the Labrador Sea.

2. Methods

We begin by describing the water mass transformation frame-
work used to relate dense water export and overturning variabil-
ity at OSNAP to dense water formation by air–sea buoyancy
forcing and mixing in the region to the north of the OSNAP
mooring array. We then describe the datasets used to calculate
each of the terms in this water mass transformation framework.

a. The water mass transformation framework

The rate of change in the volume V of water between two
tracer surfaces can be related to the diasurface transformationG
of water across the tracer isosurfaces (Walin 1982). If the do-
main in question is bound by a fixed open section, then V also
depends on the transport of water M into the domain between
the two tracer surfaces (i.e., C* 6 DC/2), so that

dV(C*, t)
dt

5 M 1
­G(C*, t)

­C
, (1)

where C is a generic tracer and * denotes the tracer isosur-
face. Further, the diasurface transformation G can be sepa-
rated into the contributions by air–sea exchange E, where
tracer surfaces outcrop at the sea surface, and mixing F which
is calculated as a residual:

G(C*, t) 5 E(C*, t) 1 F(C*, t): (2)

As described in Evans et al. (2023), this framework can,
therefore, be used to quantify how air–sea buoyancy fluxes
and mixing contribute to the magnitude of the overturning in
density, temperature, and salinity space. Here, we use the
methods outlined in Evans et al. (2023) to relate the variabil-
ity of the overturning as measured at the OSNAP mooring ar-
ray (i.e., M) to the water mass transformation by air–sea
buoyancy fluxes E and mixing F, with a particular focus on
seasonal time scales. We focus on the region to the north of
the OSNAP mooring array, including the subpolar North
Atlantic, the Nordic seas, and the Arctic Ocean. As in Evans
et al. (2023), we do not consider the transport through the Be-
ring Strait in our analysis, which in this context we consider to
be negligible.
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b. Data sources

This analysis uses an observational-based combination of
datasets and an ocean state estimate to relate the variability
of the overturning at the OSNAP mooring array to the water
mass transformation by air–sea buoyancy fluxes and mixing.
In both datasets, to calculate the volume, V, and the water
mass transformation, G, we use gridded fields of temperature
Q and salinity S binned into density, temperature, and salinity
space. The calculation of the water mass transformation by
air–sea buoyancy fluxes, E, requires gridded fields of surface
net heat and freshwater fluxes, while the water mass transfor-
mation implied by the overturning, M, is calculated using
gridded fields of temperature, salinity, and velocity along the
OSNAP mooring array which forms the boundary of our do-
main. The residual term, F, is then calculated by subtracting
the overturning, M, and the air–buoyancy forcing, E, from the
water mass transformation, G, giving the water mass transfor-
mation in G that is not explained by air–sea buoyancy forcing
and transport of water in/out of our domain. In the water
mass transformation framework, this residual transformation,
F, is interpreted as the water mass transformation due to mix-
ing, but in the observations, it also includes errors linked to
instrumentation, sampling, and interpolation.

The observational-based combination of datasets is made
up of EN4, ARMOR3D, ERA5, NCEP CFSv2, JRA-55, and
OSNAP. Using these datasets, volume V and transformation G
are calculated using EN4 and ARMOR3D. The water mass
transformation by air–sea buoyancy fluxes E is calculated using
air–sea fluxes from ERA5, NCEP CFSv2, and JRA-55, and sur-
face Q and S are calculated from EN4 and ARMOR3D. Fur-
ther, the overturning M is calculated using data from the
OSNAP mooring array. The residual term F is then calculated
using the six combinations of these datasets, e.g., EN4/ERA5/
OSNAP and EN4/NCEP CFSv2/OSNAP. The volume and
water mass transformation shown for the observations, there-
fore, represent a mean of these dataset combinations, and
their standard deviation provides a measure of uncertainty in
our final results.

From EN4 and ARMOR3D, we use gridded fields of Q and
S. EN4 is an objective analysis of all available subsurface Q

and S profiles, resulting in monthly gridded fields with 18 hori-
zontal resolution and 42 irregularly spaced depth levels. We
use version EN4.2.2 with the bias correction g10, downloaded
on 29 January 2024 (Good et al. 2013). ARMOR3D is a multi-
observational (Q and S profiles, satellite-altimeter-based sea
level anomaly and satellite-based sea surface temperature
fields) analysis, providing monthly fields of Q and S with a
horizontal resolution of 0.258 and 50 irregularly spaced depth
levels (Guinehut et al. 2012). These observational-based products
have been used to study water mass properties and variability in
the subpolar North Atlantic and Nordic seas (Broomé et al.
2020; Holliday et al. 2020; Kenigson and Timmermans 2021;
Verezemskaya et al. 2021; Evans et al. 2023; Årthun et al. 2025).

From ERA5, we use surface latent heat flux, surface sensi-
ble heat flux, surface net solar radiation, surface net thermal
radiation, evaporation, and total precipitation, at a monthly
resolution and a 0.258 horizontal resolution (Hersbach et al.

2021). From NCEP CFSv2, we use downward longwave radia-
tion flux, upward longwave radiation flux, downward shortwave
radiation flux, upward shortwave radiation flux, sensible heat
flux, latent heat flux, and evaporation minus precipitation (Saha
et al. 2012). We use monthly mean NCEP CFSv2 data with a
0.58 horizontal resolution. From JRA-55, we use the monthly
mean model two-dimensional average diagnostic fields for latent
heat flux, sensible heat flux, downward longwave radiation flux,
upward longwave radiation flux, downward solar radiation flux,
upward solar radiation flux, evaporation, and total precipitation
(JMA 2013) with a horizontal resolution of;0.58.

For the calculation of the water mass transformation implied
by the overturning M, we use observational-based gridded fields
of Q, S, and cross-sectional velocity from the OSNAP mooring
array. The OSNAP mooring array was deployed between New-
foundland and Greenland and from Greenland to Scotland in
August 2014, and data are currently available up to June 2022
(Fu et al. 2025). The OSNAP data are averaged into 30-day
bins. All of the observational-based data described above are se-
lected to span the same time period as the OSNAP time series.

The ocean state estimate used here is the Estimating the
Circulation and Climate of the Ocean, version 4 release 4
(ECCOv4r4). We use monthly three-dimensional fields
(;18 horizontal resolution) of Q, S, velocity, bolus velocity, net
heat flux, and net freshwater flux (Forget et al. 2015; Fukumori
et al. 2021; ECCO Consortium et al. 2021). In ECCOv4r4, we
calculate the transport across a section of the model grid that
matches the location of the OSNAP mooring array. ECCOv4r4
uses an adjoint model to determine the optimal combination of
ocean model initial conditions, model parameters, and atmo-
spheric boundary conditions to give the best agreement between
model output and observations in a kinematically and dynami-
cally consistent way. ECCOv4r4, therefore, ultimately uses the
same observational data sources as EN4 and ARMOR3D; how-
ever, the application differs. In contrast to reanalysis products
based upon sequential methods, adjoint-based ECCOv4r4 esti-
mates are free of artificial internal heat and freshwater sources/
sinks and fulfill known conservation laws exactly. As a result,
the volume budget characterized by the water mass transforma-
tion framework will balance exactly.

In both the observations and ECCOv4r4, we calculate den-
sity as the potential density anomaly referenced to 0 dbar (s),
using the Thermodynamic Equation of Seawater 2010 (IOC
et al. 2010) and 1980 International Equation of State, respec-
tively. Therefore, in the observations, Q and S represent Con-
servative Temperature and Absolute Salinity, respectively. In
ECCOv4r4, Q and S represent potential temperature and
practical salinity, respectively. We calculate the temporal vari-
ability of the diapycnal overturning at a time-varying density
of maximum overturning, so that

MOC(t) 5 max[M(s*, t)] 5 max
�s

smax

�xe

xw

y(x, s*, t)dxds
[ ]

,

(3)

where y is the velocity normal to the OSNAP section. The xw
and xe are the western and eastern limits of the integration,
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which extend from Labrador to Scotland for the full OSNAP
section, from Labrador to Greenland for the western portion
of the OSNAP section, and from Greenland to Scotland for
the eastern portion of the OSNAP section.

3. Results

a. Water mass transformation in the subpolar North
Atlantic and Nordic seas

In this section, we will assess the role of air–sea forcing and
mixing in driving seasonal changes in the overturning variabil-
ity at the OSNAP mooring array. Ultimately, we aim to deter-
mine if seasonal changes in dense water export drive seasonal
changes in the diapycnal overturning at OSNAP. It is, there-
fore, useful to first assess how the basin-scale circulation and
density structure of the subpolar North Atlantic imprints on
the velocity and density along the OSNAP mooring array and
how this ultimately manifests as an overturning at OSNAP.

Warm, salty, and light Atlantic water enters the subpolar North
Atlantic along the North Atlantic Current (NAC, Fig. 1a). Along
its path through the subpolar basins, Atlantic Water is gradually
cooled and freshened, forming subpolar mode water and ulti-
mately Labrador seawater. Combined, Labrador seawater and

dense overflow water (originating from north of the Greenland–
Scotland Ridge) form NADW. The velocity normal to the
OSNAP mooring array (Fig. 1b) reveals a complex flow pattern
consisting of a broad area of northward flowing light (and warm)
Atlantic Water between the Iceland Basin and Scotland (2500-
km distance ordinate to the eastern end of the OSNAP array)
fed by theNAC. To the west of the NAC is a series of topograph-
ically bound inflows and outflows along the Reykjanes Ridge
(RR) and around the continental margins of Greenland and Lab-
rador/Newfoundland. In addition, there are weaker recircula-
tions to the east of the Labrador Current and the East Greenland
Current, where the former is resolved only by one mooring near
the 500-km distance ordinate (Lavender et al. 2000; Våge et al.
2011; Handmann et al. 2018). These recirculations are likely wind
driven but modulated by the stratification in the subpolar gyre,
topographic effects, and eddy fluxes (Spall and Pickart 2003).

In the eastern subpolar basin, between Greenland and
Scotland, the shoaling of isopycnals from east to west results
from the increase in the proportion of dense (and cold) water
outflows compared to the light (and warm) water inflows. Con-
sequently, light and warm water is predominantly imported
northward across OSNAP east, while dense and cold water is
exported southward. In the Labrador Sea (OSNAP west),

FIG. 1. Subpolar North Atlantic circulation and OSNAP velocity. (a) A schematic representa-
tion of the circulation in the subpolar North Atlantic, showing the northward-flowing NAC, and
the progressive cooling and densification (represented by the arrow color) of Atlantic Water as
it circulates around the IB, the RR, the IS, and the LS. The black line shows the location of the
OSNAP mooring array, with the along-section distance from the Labrador Coast marked.
(b) Time mean of the velocities normal to the OSNAP mooring array from observations (2014–20),
with positive values indicating northward flow across the array. The black contours show isopycnal
surfaces of s, and the vertical gray lines and triangle markers indicate the positions of the OSNAP
moorings.
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the water that flows southward across OSNAP in the Labra-
dor Current is denser (cooler and fresher) than the water
that flows in via the West Greenland Current. However, this
contrast in density is much less than that in the eastern basin,
resulting in a weaker diapycnal overturning across OSNAP
west (Lozier et al. 2019).

The contrast in the density, temperature, and salinity of wa-
ter entering the subpolar North Atlantic across the OSNAP
array versus the density, temperature, and salinity of the
water exported from the subpolar North Atlantic can be used
to derive the overturning streamfunction in density, temper-
ature, and salinity space (Fig. 2; Evans et al. 2023). The
strength of the observed and modeled overturning in den-
sity, temperature, and salinity space is the maximum of the
overturning streamfunction with time-mean values of 15.11,
20.76, and 15.74 Sv (1 Sv ; 106 m3 s21) at 27.675 kg m23,
4.008C, and 35.18 g kg21 in the observations and 13.16,
16.80, and 14.68 Sv at 27.675 kg m23, 4.008C, and 35.03 in
ECCOv4r4 (Fig. 2). While the overturning in tracer coordi-
nates is weaker in ECCOv4r4 compared with observations,
this does not prevent us from using ECCOv4r4 as a tool to

understand how seasonal water mass transformations may impact
overturning. Given that ECCOv4r4 is a physically and dynami-
cally consistent framework, we can, therefore, more definitively
quantify the relative roles of water mass transformation and stor-
age in setting the variability of the diapycnal overturning in the
state estimate to help us better understand the observations.

While the structure and magnitude of the time-mean over-
turning streamfunction is set by the time-mean transformation
by air–sea buoyancy fluxes and mixing (Evans et al. 2023),
variability of the diapycnal overturning streamfunction [i.e.,
M in Eq. (1); Figs. 3e,f] differs from that of the water mass
transformation by air–sea buoyancy fluxes [i.e., E in Eq. (2);
Figs. 3c,d] and mixing [i.e., F in Eq. (2); Figs. 3g,h]. Instead,
the variability of air–sea buoyancy fluxes and mixing drives
changes in the volume of water in density classes north of the
OSNAP mooring array [i.e., G in Eq. (1); Figs. 3a,b; see also
Buckley et al. 2023]. For example, in both the observations
(Fig. 3, left column) and ECCOv4r4 (Fig. 3, right column),
the variability of the diapycnal water mass transformation by
air–sea buoyancy fluxes and mixing is dominated by the sea-
sonal cycle, with densification and cooling during the winter

FIG. 2. Overturning in the subpolar North Atlantic. (a) Diapycnal overturning streamfunction calculated along the observed OSNAP
section (blue) and the equivalent section in ECCOv4r4 integrated from dense to light. (b) Diathermal overturning streamfunction calcu-
lated along the observed OSNAP section (blue) and the equivalent section in ECCOv4r4. (c) Diahaline overturning streamfunction calcu-
lated along the observed OSNAP section (blue) and the equivalent section in ECCOv4r4. The dashed lines show the respective tracer
value at the maximummagnitude of the overturning.
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and lightning and warming during the summer. In contrast,
the range in variability of the diapycnal overturning stream-
function is much less. Therefore, the transformation of water
by air–sea buoyancy fluxes and mixing affects the storage of
water in density classes and does not produce an equivalent
response in the export of water from the region north of the
OSNAP mooring array.

The comparison between the observations and ECCOv4r4
in Fig. 3 also highlights differences between the water mass
transformation calculated using the observations and ECCOv4r4.
For example, in the observations, dV/dt (representing the
storage of water in density classes) has a larger range com-
pared to ECCOv4r4 and is generally noisier, particularly at
higher densities. In contrast, the variability of the air–sea flux
and overturning terms is similar in the observations and EC-
COv4r4. As a result, the residual term, calculated by subtract-
ing the overturning and air–sea flux terms from the dV/dt

term, is also different in the observations and ECCOv4r4. The
larger variability in the dV/dt term in the observations is likely
caused by errors linked to instrumentation, sampling, and the in-
terpolation of the gridded Q and S fields and, for the residual
term, by mismatches between the data products used in the cal-
culation. While ECCOv4r4 may not exactly simulate the vari-
ability of the diapycnal overturning at the OSNAP mooring
array, we can be confident that the physical and dynamical con-
sistency of ECCOv4r4 reduces the impact of such errors and
allows us to close the volume budget (Evans et al. 2017; Heimbach
et al. 2019). ECCOv4r4 clearly demonstrates that seasonal varia-
tions in air–sea buoyancy forcing and mixing impact the storage
of water in density classes as opposed to the diapycnal overturn-
ing. Hereinafter, we will, therefore, only show the storage and
residual terms using data from ECCOv4r4.

Seasonal water mass transformation by air–sea buoyancy
forcing and mixing to the north of the OSNAP mooring array,

FIG. 3. Subpolar North Atlantic water mass transformation in density space. (left) Water mass transformation calcu-
lated from the observational dataset combination and (right) water mass transformation from ECCOv4r4. (a),(b) The
transformation of water derived from the volume change, i.e., the storage of water north of OSNAP, where a positive
transformation implies densification. (c),(d) The water mass transformation by air–sea buoyancy forcing. (e),(f) The
overturning streamfunction. (g),(h) The residual water mass transformation that we attibute to mixing. The dashed
black line marks the density of the maximum of the mean overturning streamfunction.
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therefore, predominantly leads to changes in the storage of
water within density classes, rather than driving seasonal
changes in the diapycnal overturning at OSNAP with a similar
magnitude. This decoupling between seasonal water mass
transformation and overturning is evident in the seasonal out-
cropping of isopycnals in the subpolar North Atlantic (Fig. 4).
This shows that the large changes in isopycnal outcrop area at
the sea surface (Figs. 4a,b) generally only impact the vertical
density structure in the upper 500 m and in the interior of the
subpolar basins (Figs. 4c,d). The seasonal cycle of wintertime
densification and summertime lightning, therefore, acts on water
predominantly shallower than 500 m. In these regions and at
these depths, the export time scale of seasonally formed dense
water means that this dense water is re-entrained by the seasonal
“demon” as described in MacGilchrist et al. (2021), so that on a
seasonal basis, the same water is transformed between density
classes. In addition, Fig. 4 highlights how the OSNAP mooring
array intersects the regions where dense water isopycnals outcrop
in the Irminger and Labrador Seas and, therefore, where dense
water forms. This implies that local seasonal changes of density
and dense water formation may impact the seasonal transport
variability, in addition to the advective propagation of any re-
mote density anomalies.

b. Seasonal overturning and water mass transformation

In the previous section, we showed that the seasonal water
mass transformation by air–sea buoyancy forcing and mixing
does not drive a seasonal diapycnal overturning at OSNAP
with a similar magnitude. In this section, we will examine this
disconnect in more detail, by assessing the structure of the
seasonal cycle in density space and by examining the lagged
correlation between the water mass transformation and the
diapycnal overturning.

The seasonal cycle of the diapycnal overturning and water
mass transformation further reveals the contrast between the
large seasonality of the water mass transformation by air–sea
buoyancy fluxes and the weaker seasonality of the overturning
at OSNAP in both the observations and ECCOv4r4 (Fig. 5).
The seasonal cycle of the diapycnal overturning at the density of
maximum overturning in the observations and ECCOv4r4 has
amplitudes of ;6 and ;4.5 Sv, peaking in April and May, re-
spectively. This is compared to the seasonal cycle of the wa-
ter mass transformation by air–sea buoyancy fluxes that has
an amplitude of .50 Sv, peaking in January (observations)
and February (ECCOv4r4). In ECCOv4r4, dV/dt has a sea-
sonal amplitude of ;65 Sv and peaks in February/March and
the residual term has a seasonal amplitude of ;17 Sv with a
peak in March.

Focusing on ECCOv4r4, profiles of water mass transforma-
tion in density space (Figs. 5c–f) highlight that across all den-
sities, the seasonal cycle of air–sea buoyancy forcing leads to
changes in the seasonal cycle of dV/dt, as opposed to the dia-
pycnal overturning. Further, the phase and structure of these
seasonal cycles in density space (i.e., air–sea buoyancy forcing
and overturning) are different. In both the observations and
ECCOv4r4, the large seasonality in the water mass transfor-
mation by air–sea buoyancy fluxes and mixing, therefore,
does not drive a seasonal cycle in the overturning with a
similar magnitude and timing. Instead, the volume change
or storage in density classes (Fig. 5b, red line) changes to re-
flect the seasonal cycle of air–sea buoyancy fluxes and
mixing.

While we show above that the seasonality of water mass trans-
formation by air–sea buoyancy fluxes and mixing exceeds the
seasonality of the overturning, it may be that some physically
meaningful lagged correlation exists between the water mass

FIG. 4. Seasonal isopycnal outcrop variability in the subpolar North Atlantic. (a) March and (b) August mean
(2010–22) surface density in EN4.2.2 showing the outcropping area for s 5 27.58 kg m23, s 5 27.65 kg m23, and
s 5 27.77 kg m23. (c),(d) Depth sections along the red lines are shown for the respective months. The black lines indi-
cate the position of the OSNAPmooring array.
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transformation and the overturning, as discussed in Fu et al.
(2023). Indeed, an analysis of the lagged correlation between the
time series of the maximum diapycnal overturning streamfunc-
tion and the transformation by air–sea buoyancy fluxes at all
densities reveals a significant correlation where the air–sea buoy-
ancy fluxes leads the overturning by 4–5 months across all densi-
ties (Fig. 6). One possible explanation for this lagged correlation,
discussed in Fu et al. (2023), is the delay between the seasonal
wintertimemaximum in dense water formation within the subpo-
lar basins and the export of this dense water across the OSNAP
section in theEastGreenlandCurrent and the Labrador Current,
where it is assumed that dense waters take 4–5 months to reach
the OSNAP section from their formation regions. We will, there-
fore, test this hypothesis by examining the relationship between
dense water formation, dense water export, and diapycnal over-
turning in the observations.

c. The relationship between dense water formation,
export, and overturning at OSNAP

In this section, we examine whether rapid export of dense
water in boundary currents can explain the correlation be-
tween transformation by air–sea buoyancy fluxes and the
overturning (Fig. 6), despite the much larger seasonal cycle of
the former (Fig. 5). To do this, we separately consider the
eastern and western components of the OSNAP array and
calculate the export within the boundary currents. We calcu-
late water mass formation by air–sea buoyancy fluxes using
ERA5. We consider dense waters between the mean density
of maximum overturning (sOV) and s 5 28.0 kg m23, where
sOV is calculated separately for OSNAP east and west. When
accumulated across the full width of the eastern and western
OSNAP arrays, the transport of these dense waters should be

FIG. 5. Seasonal diapycnal overturning and water mass transformation. (a),(b) The seasonal cycle of the diapycnal overturning and the
water mass transformation by air–sea buoyancy forcing at the density of maximum overturning for the observations and ECCOv4r4. For
ECCOv4r4, the seasonal cycle of the storage and residual terms at the density of maximum overturning is also shown in (b). For the obser-
vations only, the monthly mean values are calculated using data from 2015 to 2021 inclusive. The colored shading shows the 90% confi-
dence interval of the monthly mean determined using a Monte Carlo approach. Monthly mean profiles in density space calculated from
ECCOv4r4, showing (c) the rate of change of volume or storage, (d) the water mass transformation by air–sea buoyancy fluxes, (e) the
overturning streamfunction at OSNAP, and (f) the residual water mass transformation. The solid colored lines show individual months,
and the thick solid black line shows the time mean. The dashed line shows the mean density of maximum overturning.
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equivalent to the diapycnal overturning that we calculate by
integrating meridional velocity from dense to light, except
that we calculate the diapycnal overturning with a time-varying
sOV.

We first consider the formation and export of dense water
in the eastern OSNAP basin, focusing on water between the
mean seast

OV 5 27:575kg m23 and s 5 28.0 kg m23 (Figs. 7a,b).
We calculate formation between the OSNAP east mooring ar-
ray and the Greenland–Scotland Ridge. In this region, forma-
tion (dashed black line) peaks in January (Fig. 7b); previous
studies have shown that these dense water classes are pre-
dominantly formed in the Irminger Sea (Petit et al. 2020). If
the formation of this dense water leads to a lagged increase in
the overturning, we would, therefore, expect to see a corre-
sponding 4–5-month lagged peak in the dense water export
within the East Greenland Current (EGC), the main outflow
for dense water formed in the Irminger Sea, defined here as

the section of southward transport between Greenland and
39.68W (see the dashed vertical line in Figs. 2a and 3a in the
online supplemental material).

However, to fully account for the variability and seasonal
cycle of the overturning at OSNAP east (solid black line,
Figs. 7a,b), the dense water volume transport (between seast

OV
and s 5 28.0 kg m23) must be integrated across the full ex-
tent of the OSNAP east mooring array (red line, Figs. 7a,b)
not just the EGC (red line, Figs. 7a,b). Further, the seasonal
maximum of dense water export in the EGC (blue line, Fig. 7a)
can be seen clearly in January/February each year, lagging the
peak in the formation by air–sea heat fluxes (dashed black line,
Fig. 7a) by a month or so, although the seasonal peaks are less
strong in the export than the transformation. In contrast, the
seasonal peaks in the OSNAP east dense water transport and
overturning (red and black lines, Fig. 7a) are not as consistent in
their timing and magnitude. The seasonal cycle of export in the

FIG. 6. Lagged correlation between the diapycnal overturning and water mass transformation. A comparison be-
tween the observational dataset combination and ECCOv4r4. The standardized (time-mean anomaly, divided by the
standard deviation) seasonal cycle of the overturning streamfunction and the diapycnal air–sea buoyancy flux at the
density of maximum overturning [(a) observations, (b) ECCOv4r4; the colored shading shows the 90% confidence in-
terval of the monthly mean determined using a Monte Carlo approach]. The lagged correlation for the observations
and ECCOv4r4 between the maximum of the diapycnal overturning streamfunction and the water mass transforma-
tion by (c),(d) air–sea buoyancy fluxes and (e),(f) the diapycnal overturning streamfunction at all densities. A positive
(negative) value indicates that overturning lags (leads). The dashed black line shows the density of maximum
overturning.
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EGC current (blue line, Fig. 7b) and OSNAP east (red line,
Fig. 7b) is quite different. The export in the EGC is maxi-
mum in January/February, less than 1 month after the maximum
in the transformation by air–sea buoyancy fluxes, although the
export remains elevated until April. In contrast, the seasonal ex-
port over the full OSNAP east peaks in April/May. This implies
that the seasonal (and interannual) variability of the diapycnal
overturning at OSNAP east is not only driven by the export of
recently formed dense water in the Irminger Sea but also by the
accumulation of transport variability along the full length of
OSNAP east.

At OSNAP west, we examine dense water formation
and export between the mean swest

OV 5 27:725kg m23 and
s 5 28.0 kg m23 (Figs. 7c,d). We compare dense water forma-
tion, in the region between the OSNAP west array and the Davis
Strait (black dashed line, Figs. 7c,d), to the diapycnal overturning
(solid black line, Figs. 7c,d), the dense water transport in the

West Greenland Current (WGC) and Labrador Current (LC,
orange line, Figs. 7c,d), and the dense water transport across the
full OSNAP west array (purple line, Figs. 7c,d).

At OSNAP west, we examine the net dense water transport
in the WGC and LC. This choice is linked to the weaker dia-
pycnal overturning in the western OSNAP basin, which
means that the density of water flowing into the Labrador Sea
via the WGC is close to the density of the water flowing out
of the Labrador Sea via the LC (see Fig. 1b). Therefore, as we
are interested in the net dense water export from the Labra-
dor Sea, we consider the WGC and LC together.

The WGC (,47.68W) and LC (.49.758W) are defined
based on the zonal extent of the time-mean northward and
southward transport at the boundaries of the Labrador Sea
(see the dashed vertical line in supplemental Figs. 2a and 3a).
Within our definition of the LC, we also include the wind-
driven recirculation present offshore of the LC, hereinafter

FIG. 7. Formation, export, and overturning. A comparison between dense water formation, export of dense water,
and overturning variability at (a),(b) OSNAP east and (c),(d) OSNAP west for (a),(c) the full observational time se-
ries and (b),(d) the seasonal cycle. At OSNAP east, this comparison focuses on dense water from the mean density of
maximum overturning (seast

OV 5 27:575kg m23) to s 5 28.0 kg m23. At OSNAP west, this comparison focuses on the
dense water from swest

OV 5 27:725kg m23 to s 5 28.0 kg m23. For these respective density ranges, formation in the respec-
tive basins by air–sea buoyancy fluxes is shown by the black dashed lines, and volume transport at OSNAP, representing
export, is shown in the solid colored lines. Formation and export are compared to the overturning (solid black lines). At
OSNAP east, dense water export is comparedwithin the EGC and across the full easternOSNAPbasin. AtOSNAPwest,
dense water export is comparedwithin the combined LC andWGCand across the full westernOSNAPbasin.
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referred to as the Labrador Current recirculation (LCR;
Lavender et al. 2000) evident in theOSNAP transports as a sea-
sonal flow reversal between 50.358 and 49.758W (supplemental
Fig. 3a). The limits marking the extent of the WGC and the LC
also demarcate the coverage of the OSNAP west moorings (gray
triangles, supplemental Figs. 2 and 3).

The seasonal cycle (and interannual variability) of the dia-
pycnal overturning agrees well with the integrated dense wa-
ter export across OSNAP west, peaking in May, but with a
weaker seasonal cycle than OSNAP east (black and purple
lines, Figs. 7c,d). Dense water formation to the north of the
OSNAP west array is maximum during January and February
(dashed black line, Figs. 7c,d). However, the export of dense
water in the WGC/LC peaks in April and May (orange line,
Figs. 7c,d), with a seasonal amplitude that is ;4 times larger
than the diapycnal overturning. This suggests that dense water
export in the boundary current is compensated by dense wa-
ter transport in the interior Labrador Sea, so that dense water
export across OSNAP west bears little resemblance to the
dense water export in the boundary currents. The seasonal

cycle of export in the boundary currents (red line, Fig. 7d) is
similarly much larger than the seasonal cycle across OSNAP
west (blue line, Fig. 7d). Our analysis, therefore, does not sup-
port a strong lagged relationship between water mass forma-
tion and export in the boundary currents of the eastern and
western OSNAP basins on these time scales.

The inability to establish a relationship between seasonal
dense water formation and dense water export across OSNAP
motivates us to examine the seasonal cycle of volume trans-
port and how this varies along the OSNAP array. First, we
compare the seasonality of volume transport in density space
to the seasonal maximum and minimum of the diapycnal over-
turning streamfunction within each basin (Fig. 8). At OSNAP
east, we show the diapycnal overturning streamfunction at its
seasonal minimum (November, blue line, Fig. 8a) and maxi-
mum (April, red line, Fig. 8a). Between s ; 27.75 kg m23 and
s 5 28.0 kg m23, the profiles of the seasonal minimum and
maximum diverge, caused by a net reversal in the dense
water transport from southward to northward, centered at
s 5 27.75 kg m23. Focusing on the seasonal cycle of

FIG. 8. Seasonal volume transport at OSNAP. (a) A comparison between the observed seasonal maximum and
minimum overturning streamfunction at OSNAP east and OSNAP west, the seasonal volume transport in density
space for (b) OSNAP west and (c) OSNAP east, and (d) the cumulative (from east to west) volume transport across
each OSNAP basin from swest

OV to s 5 28.0 kg m23 (OSNAP west) and from seast
OV to s 5 28.0 kg m23 (OSNAP east)

during the seasonal maximum and minimum overturning. The horizontal dashed lines in (b) and (c) indicate swest
OV

and seast
OV, respectively. The vertical dotted lines in (d) indicate (from west to east) the geographical boundaries used

in Fig. 7, for the LC, LCR, WGC, and EGC. The gray triangles indicate the positions of moorings that make up the
OSNAP array, where the inverted triangles indicate short moorings; see mooring positions in Fig. 1 for reference.
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volume transport in density space at OSNAP east (Fig. 8c),
we see that there is a net import (northward transport) of wa-
ter at s ; 27.75 kg m23 during most of the year except for
April and May. This seasonal reversal results in both an in-
crease in the total dense water (i.e., s . seast

OV) export and the
diapycnal overturning. The cumulative dense water transport
(integrated from east to west) for the seasonal minimum and
maximum (blue and red lines, Fig. 8d; gray triangles indicate
mooring positions) reveals that this is linked to a reversal in
the dense water transport in the Iceland Basin and East Rey-
kjanes Ridge Current, between 258 and 308W (marked by a
change in the slope of the cumulative transport), and by an in-
crease in the southward transport of the EGC.

At OSNAP west, the seasonal minimum (August) and maxi-
mum (May) of the diapycnal overturning streamfunction di-
verges between swest

OV and s ; 27.8 kg m23 due to a reduction in
the net southward transport of dense water (purple and orange
lines, respectively; Fig. 8a). This seasonal change in the net
southward transport is evident in Fig. 8b near s ; 27.75 kg m23,
which also highlights the apparent complexity of the net dense
water transport into and out of the Labrador Sea. The seasonal

contrast in the cumulative dense water transport at OSNAP west
(Fig. 8d) is predominantly linked to an increase in the net south-
ward transport of the LC system and is partly compensated for by
an increase in the net northward transport of the WGC and a re-
versal of the net dense water transport within the interior of the
Labrador Sea. In the LC, the seasonality of dense water export is
dominated by the seasonal reversal of the LCR that transports
dense water northward for much of the year except in April/May/
June (Fig. 9, see also supplemental Figs. 3 and 8).

To further characterize the key regions of seasonal dense
water transport variability along OSNAP east and west, we
show the seasonal anomaly of the cumulative dense water
transport (Fig. 9a), calculated by subtracting the time-mean cumu-
lative dense water transport from the monthly mean cumulative
dense water transport (i.e., subtracting the solid black line from
the colored lines in supplemental Fig. 2). To qualitatively highlight
the drivers of dense water transport, we also use the cumulative
dense water transport calculated with a time-mean density field
but with varying velocity (Fig. 9b) and with the time-mean veloc-
ity field but with varying density (Fig. 9c; see also supplemental
Figs. 2–10). While density and velocity variability in this context

FIG. 9. Drivers of seasonal dense water transport variability. The anomaly of the observed monthly mean cumula-
tive (from east to west) dense water volume transport with respect to the time mean from swest

OV to s 5 28.0 kg m23

(OSNAP west) and from seast
OV to s 5 28.0 kg m23 (OSNAP east). (a) Each month is shown by the colored lines. To

separate the drivers of dense water transport variability, the cumulative volume transport variability is calculated (b)
using the time-mean density while allowing velocity to vary and (c) using the time-mean velocity while allowing the
density to vary. The gray triangles indicate the positions of moorings that make up the OSNAP array, where the in-
verted triangles indicate short moorings; see mooring positions in Fig. 1 for reference.
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will never be completely independent, the separation used
here provides a good basis for a qualitative comparison. Along
OSNAP east, this confirms that much of the cumulative seasonal
dense water transport anomaly originates from the region be-
tween 258W and the East Reykjanes Ridge (;308W), and this is
set by variability in the velocity field. Along OSNAP west, cumu-
lative seasonal dense water transport anomalies arise from oppos-
ing variability in the interior of the Labrador Sea and LCR (see
also supplemental Figs. 8–10) and are again driven by variability
in the velocity field. Seasonal variability in the density field con-
tributes to the seasonality of the EGC, WGC, and the LC. Com-
bined, the dense water transport in the Iceland Basin, the East
Reykjanes Ridge, the interior Labrador Sea, and the LCR is a
key driver of diapycnal overturning seasonality. Notably, these
sections of the mooring array are sparsely instrumented, and
transport estimates here rely on hydrographic data. This is evident
in the relative smoothness of the seasonal dense water transport
anomaly in these regions compared to the sections of theOSNAP
array that are more densely instrumented (supplemental Figs. 5
and 8).

In summary, at both OSNAP east and west, given the com-
plex nature of the dense water inflows and outflows along the
length of the mooring array, linking the export of recently
formed dense water to the seasonality of the diapycnal over-
turning at OSNAP is challenging. At OSNAP east, the sea-
sonal maximum in the dense water export of the EGC lags
the peak in dense water formation by ,1 month, but dense
water export remains elevated through April. This elevated
dense water export in the EGC, combined with a reversal of
dense water transport within the Iceland Basin and East Rey-
kjanes Ridge, leads to the peak in the diapycnal overturning
during April. At OSNAP west, the net transport of dense wa-
ter by the WGC and LC peaks in May, as does the diapycnal
overturning, which both lag the peak in dense water forma-
tion by 4 months. However, the seasonal cycle of dense water
transport is dominated by the seasonal reversal of the LCR
and partly compensated by a reversal of dense water transport
in the interior of the Labrador Sea. To fully account for the
seasonal (and interannual) variability of the diapycnal over-
turning at OSNAP, dense water export must be integrated
across the full width of the array, as opposed to only consider-
ing dense water export in the EGC and LC. Further, much of
the diapycnal overturning seasonality arises from portions of
the OSNAP array that are sparsely instrumented and trans-
port estimates rely on hydrographic data.

4. Discussion and conclusions

In this study, we have used observations andmodel-based state
estimates to understand the drivers of seasonal variability in the
diapycnal overturning streamfunction at theOSNAPmooring ar-
ray in the subpolar North Atlantic. We compared the diapycnal
overturning as measured and simulated at the OSNAP mooring
array to changes in the storage of water in density classes and the
diapycnal water mass transformation by air–sea buoyancy fluxes
and mixing. This highlights that seasonal variability in water mass
transformation by surface buoyancy forcing and mixing in the re-
gion north of the OSNAP mooring array predominantly affects

the storage of water in density classes with a seasonal cycle that is
at least an order of magnitude larger than that of the overturning
(Fig. 5).

Despite this discrepancy, we find a significant correlation
between the maximum overturning streamfunction and the
diapycnal transformation by air–sea buoyancy fluxes, where
the air–sea fluxes lead the overturning by 4–5 months, in
agreement with Fu et al. (2023). To determine if this lag is
linked to the propagation time of dense water from its forma-
tion site to the OSNAP array, we compared the observed sea-
sonal and interannual variability of dense water formation to
the export of dense water and the diapycnal overturning as
measured at OSNAP. This shows that the seasonal cycle of
overturning at OSNAP is the product of imbalances in the in-
flows and outflows of dense water across the full OSNAP sec-
tion, as opposed to the export of recently formed dense water
in the East Greenland Current and Labrador Current.

In the eastern subpolar basin, dense water formation peaks
in January, followed by a seasonal peak in dense water export
in the East Greenland Current , 1 month later. The seasonal
peak in the diapycnal overturning at OSNAP east in April is
partly driven by an increase in dense water export in the East
Greenland Current, which remains elevated following its sea-
sonal maximum, and by an increase in the net southward
transport of dense water within the Iceland Basin and East
Reykjanes Current. In the Labrador Sea, the seasonal maxi-
mum in the net export of dense water within the West Green-
land Current and Labrador Current lags the seasonal cycle in
dense water formation by 3–4 months, but this variability is
dominated by a seasonal reversal of the normally northward
wind-driven recirculation adjacent to the Labrador Current.
Further, the seasonal cycle of dense water export, and there-
fore the overturning, is modulated by compensating variabil-
ity in the transport of dense water within the interior of the
Labrador Sea.

We find that density variability along the OSNAP mooring
array controls the seasonality of dense water transport within
the East Greenland Current, the West Greenland Current,
and the Labrador Current. Velocity variability controls the
seasonality of dense water transport in the Iceland Basin, the
East Reykjanes Ridge, the interior Labrador Sea, and the re-
circulation in the Labrador Current. As we have shown, dense
water transport in these latter regions of the OSNAP mooring
array is important for the seasonality of the diapycnal over-
turning, yet these regions are relatively sparsely instrumented
and rely on hydrographic data to estimate transport. Float-,
drifter-, and model-based studies have highlighted the com-
plex circulation that overlays the basin-scale circulation of the
North Atlantic Subpolar Gyre (including the recirculation in the
Labrador Current) that is not fully resolved by the OSNAP
mooring array (Lavender et al. 2000; Spall and Pickart 2003;
Dengler et al. 2006; Zantopp et al. 2017). Further, Handmann
et al. (2018) highlight that the location of the terminating moor-
ing in the western portion of the OSNAP west array is critical
for capturing the variability of the LCR. This raises the question
of whether the current mooring configuration fully captures the
recirculation in the Labrador Current and any other dense water
recirculation pathways and, in the case of the former, whether
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the mooring data provide enough information to determine if
there is actually a seasonal flow reversal or if there is instead a
zonal expansion and contraction of the boundary current system.

Our water mass transformation analysis makes use of observa-
tions and a model-based state estimate, both of which have their
own strengths and weaknesses. We use observations from the
OSNAPmooring array in combination with gridded fields of tem-
perature and salinity from hydrography and surface buoyancy
fluxes from reanalysis. The model-based analysis uses ECCOv4r4
with fields of temperature, salinity, surface buoyancy forcing, and
velocity fitted to observations. While the ECCOv4r4-based esti-
mate of the diapycnal overturning at OSNAP does not exactly
match themooring-based observations, ECCOv4r4 is a useful tool
for understanding water mass transformation budgets because
ECCOv4r4 is dynamically and kinematically consistent and
preserves property budgets exactly. On the other hand, the
storage and residual terms estimated using observations also
include errors linked to instrumentation, sampling, and inter-
polation, which impact our interpretation of these results. Fur-
ther, as discussed above, we show that much of the seasonal (and
interannual) variability is driven by densewater transport changes
in regions of theOSNAP array with limited or nomoorings, ques-
tioning the validity of the transport estimates in these regions.

We have, therefore, shown that the seasonal overturning vari-
abilitymeasured at theOSNAPmooring array cannot be fully ex-
plained by seasonality in the formation of dense water by air–sea
buoyancy fluxes and mixing, implying that at these time scales,
the OSNAP mooring array does not capture changes in the dia-
pycnal overturning circulation associatedwith densewater forma-
tion. Previous literature has shown that we should not necessarily
expect the seasonal diapycnal overturning at OSNAP to reflect
dense water formation because the residence time of water in the
subpolar North Atlantic and Nordic seas is longer than the sea-
sonal variability of water mass transformation in this region
(Bower et al. 2009; MacGilchrist et al. 2021; Buckley et al. 2023;
Tooth et al. 2023b). Instead, water mass transformation manifests
as an annual breathing mode, where the forcing causes layers to
expand and contract without either propagating elsewhere or im-
pacting the overturning.

Our results suggest that the diapycnal overturning mea-
sured at the OSNAP mooring array represents seasonal
density variability imprinted on the circulation of the North
Atlantic Subpolar Gyre, where the overturning is a product of
a complex interplay of inflows and outflows at the points
where the array intersects the gyre (Tooth et al. 2023b). In
other words, the recirculation of dense water within the sub-
polar gyre contaminates the relationship between the diapyc-
nal overturning and the export of dense water via the main
outflows of the subpolar basins. Previous studies have simi-
larly highlighted how compensation between dense water in-
flows and outflows prevents the seasonality of dense water
formation and export from imprinting onto the seasonality
of the subpolar diapycnal overturning (Zantopp et al. 2017;
Wang et al. 2021; Handmann et al. 2018). Further, Koman
et al. (2024) also find that longer-term changes in the dense
water transport of the deep western boundary current in the
Irminger Sea do not lead to a similar decline in the diapycnal
overturning at OSNAP. Our results, therefore, also point out

the challenge of understanding how a collapse of the diapycnal
overturning in the subpolar North Atlantic would manifest in the
overturning estimated at OSNAP if transport variability on
seasonal-to-interannual time scales is the product of aliased
subpolar gyre variability driven by a combination of wind
and buoyancy forcing (Spall and Pickart 2003; Kostov et al.
2021).

This work, therefore, raises the question of whether the
Eulerian overturning as measured at the OSNAP mooring array
is a suitable metric to quantify a buoyancy-driven AMOC in the
subpolar North Atlantic associated with dense water export on
shorter time scales. By design, the Eulerian overturning com-
pares temporally disconnected inflows and outflows of light
and dense water (i.e., the inflowing water is not the same as the
outflowing water), and we show that the overturning measured
at the OSNAP mooring array on seasonal time scales reflects
seasonal imbalances in the inflows and outflows of dense water
across the array. In models, an alternative framework would be a
Lagrangian approach (Tooth et al. 2023a), in which water mass
transformation is captured along the trajectories of water parcels,
providing an estimate of the seasonal overturning that can be re-
lated directly to air–sea buoyancy fluxes and mixing. When using
observations, this work highlights that the sources of short-term
variability captured at moored arrays must be carefully consid-
ered before attributing the measured transport changes to dia-
pycnal overturning variability linked to dense water formation
and export.
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GLOBAL_MULTIYEAR_PHY_ENS_001_031/. ECCOv4r4
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was accessed via https://ecco-group.org/. OSNAP data are avail-
able via https://www.o-snap.org/data-access/. The Python-based
code used to calculate water mass transformation is available
here onGitHub at https://github.com/dgwynevans/wmt.
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Brüggemann, N., and C. A. Katsman, 2019: Dynamics of downw-
elling in an eddying marginal sea: Contrasting the Eulerian
and the isopycnal perspective. J. Phys. Oceanogr., 49, 3017–
3035, https://doi.org/10.1175/JPO-D-19-0090.1.

Buckley, M. W., M. S. Lozier, D. Desbruyères, and D. G. Evans,
2023: Buoyancy forcing and the subpolar Atlantic meridional
overturning circulation. Philos. Trans. Roy. Soc.,A381, 20220181,
https://doi.org/10.1098/rsta.2022.0181.

Dengler, M., J. Fischer, F. A. Schott, and R. Zantopp, 2006: Deep
Labrador Current and its variability in 1996–2005. Geophys.
Res. Lett., 33, L21S06, https://doi.org/10.1029/2006GL026702.

Desbruyères, D. G., H. Mercier, G. Maze, and N. Daniault, 2019:
Surface predictor of overturning circulation and heat content
change in the subpolar North Atlantic. Ocean Sci., 15, 809–
817, https://doi.org/10.5194/os-15-809-2019.

Dey, D., R. Marsh, S. Drijfhout, S. A. Josey, B. Sinha, J. Grist,
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