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Abstract The steady‐state buoyancy budget of the Atlantic Meridional Overturning Circulation (AMOC)
balances water mass transformation with meridional export. Using historical ocean data, Deep Argo
observations, and atmospheric reanalysis, we assess the residual of this balance—water mass volume trends—
and its role in the transformation budget of the Subpolar North Atlantic and Nordic Seas on interannual to
bidecadal timescales. On long timescales, volume trends in deep convective seas can be large but the volume
expansion or contraction of the upper and lower AMOC limbs remain minimal, suggesting that water mass
transformation and AMOC intensity may be interchangeable. Conversely, interannual trends are larger across
all regions and all density ranges. The volume of the AMOC limbs is significantly impacted so relationships
with transformation rates can only be established when considering the timescales of the southward export of
transformed water masses out of the subpolar domain.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is a system of
ocean currents that relies on a balance between the light‐to‐dense transformation of water masses at high
latitudes and their meridional flows from and towards low latitudes. Using novel ocean observations from Deep
Argo floats, we analyze changes in the volume of these water masses on interannual to multidecadal timescales.
Over long periods, the overall structure of AMOC remains stable despite large volume redistributions between
deep water masses, suggesting a close link between water mass transformation and AMOC strength. However,
on shorter timescales, volume redistributions between the AMOC limbs are more pronounced, making it
difficult to directly infer AMOC intensity from transformation metrics.

1. Introduction
The global overturning circulation exerts a large control on the thermohaline structure of the ocean, ventilating its
deep and abyssal layers with young upper waters and transporting them meridionally before they eventually
return towards the surface through both diabatic (mixing‐driven) and adiabatic (e.g., wind‐driven Ekman
pumping) processes. A key contributor to this deep ventilation is the along‐stream density increase of upper
waters and their localized deep convection in the Subpolar North Atlantic (SPNA) and in the Nordic Seas (e.g.,
Brambilla et al., 2008). The end product of this light‐to‐dense transformation is the so‐called North Atlantic Deep
Water (NADW), which feeds the lower limb of the Atlantic Meridional Overturning Circulation (AMOC) and
carries relatively cold, oxygenated, and carbon‐rich waters even to the Southern Ocean (e.g., Jackson et al., 2022;
Mercier et al., 2024; Talley et al., 2011). Deep convection and AMOC intensity were for a long time considered
causally linked. However, they represent distinct processes. Water mass transformation frameworks can illu-
minate whether and how variations in the production of dense waters influence the overturning (Walin, 1982).
The NADW volume budget, that is, the balance among its formation rate, destruction rate, export rate, and local
volume trend, is therefore a crucial indicator of climate dynamics (e.g., Desbruyères et al., 2019; Fu et al., 2024;
M. S. Lozier, 2023; Mackay et al., 2020; Petit et al., 2020). The character of this balance is thought to be
timescale‐dependent. Changes in formation rates are likely to be balanced locally by changes in the volume of
water masses on relatively short timescales (e.g., seasonal to interannual) and by large‐scale export of water
masses on longer timescales (e.g., decadal) (Buckley et al., 2023), although some modeling and observational
analyses suggest rapid flushing (<1 year) of newly formed NADW by the boundary currents encircling the
marginal seas of the SPNA (Feucher et al., 2019; Le Bras et al., 2020; Li et al., 2019). Assessing this hypothesis in
models or observations remains challenging, due either to inherent biases in models or reanalyzes—especially in
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the deep ocean—that can lead to unrealistically strong relationship between water mass transformation and
meridional transport (i.e., overproduction of NADW and too weak interior recirculations) or due to the difficulty
of measuring mixing‐driven transformation rates (i.e., lack of widespread microstructure data) (Evans
et al., 2023). However, unraveling how some components of the NADW budget have evolved over the past is
becoming possible.

Until recently, the absence of basin‐scale and continuous monitoring of water mass properties in deep and abyssal
layers meant that analyses of NADW volume changes over the whole water column could only be done using
ship‐based hydrography data sets (e.g., Lherminier et al., 2010; Yashayaev, 2007). Those studies provide
remarkable insights into the variability of NADW properties but inevitably suffer from sampling biases that limit
their spatial and temporal representativeness (sparse repeats along nominal sections in summer). For instance, an
analysis of abyssal volume trends in the Southern Ocean based on repeat hydrography sections revealed that the
associated uncertainties often approach—or even exceed—the magnitude of the detected signals (Purkey &
Johnson, 2012).

Now the technology routinely used since the early 2000s to measure the upper two km of the water column year‐
round—the global Argo array of profiling floats (Johnson et al., 2021; A. P. S. Wong et al., 2020)—is being
extended to the seabed to fill in this gap. Its added value in supplementing repeat hydrography is already evident
(Zilberman et al., 2023). For example, Deep Argo data have enabled more precise estimates of Antarctic Bottom
Water warming trends (Johnson, 2022; Johnson et al., 2020) and revealed shorter‐term changes, such as recent
warming in the Southwest Pacific Basin (Johnson et al., 2019) or a reversal in Lower NADW temperatures in the
mid‐2010s (Desbruyères et al., 2022). This Deep‐Argo array is particularly dense and homogeneous in the SPNA
and Nordic Seas (Desbruyères et al., 2022; Petit et al., 2022; Racapé et al., 2019), which allows us to perform a
comprehensive comparison of currentNADWvolumewith historical climatology down to the seabed, and hence to
assess imbalances between transformation rates and export rates during recent years and decades. Specifically, the
strength of the regional Deep Argo array is to enable a first full‐depth and basin‐scale analysis of NADW volume
changes with unprecedented low levels of uncertainty.

2. Data and Methods
The volume and buoyancy budget of a layer below an isopycnal surface σ—the so‐called Walin framework
(Walin, 1982)—is given by:

∂tV(ϕ,σ) = F(ϕ,σ) +M(ϕ,σ) − ψ(ϕ,σ) (1)

which describes the balance of the surface‐forced transformation F, the mixing‐driven transformation M, the
meridional export ψ, and the local rate of change of volume ∂tV (e.g., Buckley et al., 2023). Here, we seek to
provide robust time‐mean full‐depth estimates of observed ∂tV on bidecadal, decadal, and interannual timescales.
To do so, the height of evenly spaced σ1 surfaces (resolution 0.01 kg m− 3) above the bottom—noted h thereafter
—is computed for a 2014–2023 collection of full‐depth profiles of conservative temperature and absolute salinity,
and using the maximum between the ETOPOv1 bathymetry and the deepest profile measurement as the bottom
depth. The same is done with collocated profiles derived from 1

4
° World Ocean Atlas 2023 (WOA) decadal

averages before computing the anomalies hʹ (Johnson et al., 2019). The analysis is presented for a domain
encompassing the SPNA (defined here to the north of 42°N and south of the Greenland‐Iceland‐Scotland sills and
Davis Strait) and the Nordic Seas (NS hereafter), with the former further split into a western and an eastern
subdomain (NWA and NEA hereafter) see insert in Figure 1b. The NWA and NEA are delimited here by the crest
of the mid‐Atlantic Ridge, which forms a natural boundary between relatively young and old NADW vintages
(Rhein et al., 2015). This split is particularly relevant for the upper component of NADW formed within the
northwestern SPNA, which often dominates NADW volume trends, as will be seen.

Our 2014–2023 data set is derived from a combination of full‐depth Deep Argo and shipboard CTD profiles. The
Deep Argo database consists of 4,820 profiles from an array of 66 Deep‐Arvor 4,000 floats (Le Reste et al., 2016)
deployed since 2014 (Figure 1). The nominal cycle duration of Deep Argo floats is 10 days. The nominal vertical
resolution of Deep Argo profiles is platform‐dependent but typically ranges between 1 and 2 db in the surface
layer, 5–7 db in the intermediate layer, and 7–10 db in the deep layer. This array has been growing most in recent
years, with a median date for all profiles in September 2021 and median dates of first and last float cycles in
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August 2020 and February 2023 respectively. Deep Argo deployments were repeatedly carried out within all
major sub‐basins and marginal seas of the SPNA and Nordic Seas, achieving a satisfactory homogeneous basin‐
scale sampling distribution in 2020. The interiors of the Labrador Sea, Irminger Sea, Norwegian Sea, Greenland
Sea, and (northern) Newfoundland Basin all have profile concentration exceeding 20 per 1.5° lat. × 2.5° long. bin.
Data coverage is as expected reduced but satisfactory in boundary regions, while data gaps exist in‐between the
Labrador and Irminger seas, in the interior of the Iceland basin, and in the Iberian abyssal plain. Data gaps in the
eastern basins partly result from the use of only delayed‐mode quality‐controlled profiles (A. Wong et al., 2022)
and will soon be filled following recent deployments. In the meantime, we further improve the spatial and
temporal sampling coverage by complementing the Deep Argo database with 903 full‐depth shipboard CTD

Figure 1. (a) Number of Deep‐Argo profiles within 1.5° lat. × 2.5° long. grid cells. Location of the 5,723 profiles used in the
analysis are shown with black and white dots for Deep Argo and shipboard CTD, respectively. The major basins mentionned
in the text are labeled. (b) Time distribution of the Deep Argo profiles used in the analysis for SPNA (black), NWA (blue),
NEA (red) and NS (green). Bars indicate the number of profiles per year and lines indicate the cumulative percentage of the
database available each year. The densely sampled 4‐year time‐span 2020–2023 (gray shading) is used compute interannual
volume changes (see Section 2). The insert shows the three subdomains analyzed: Northwest Atlantic (NWA; blue),
Northeast Atlantic (NEA; red) and Nordic Seas (NS; green).
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profiles from the World Ocean Database 2023, collected between 2014 and 2023. This results in a combined data
set of 5,723 profiles for the time‐span 2014–2023, and ensures that nearly all 1.5° lat × 2.5° lon bins—aligned
with deep‐ocean decorrelation length scales—are populated with data. It also enhances the sampling coverage
for the earlier years, which were less sampled by Deep Argo floats.

The 2014–2023 Deep Argo/Shipboard CTD database is first compared against two decadal WOA averages that
benefit from full‐depth and high‐quality hydrography data collected during the WOCE and subsequent GO‐SHIP
era: 1995–2004 (4,535 shipboard CTD profiles) and 2005–2014 (2,577 shipboard CTD profiles). The 1995–2004
and 2005–2014 decades captured contrasting upper NADW vintages in the SPNA: dense and homogeneous
during 1995–2004 (following a period of relatively deep convection) and light and stratified during 2005–2014
(following a period of relatively shallow convection although punctuated by convective events in the latest years).
The deep data distribution underlying the latest WOA average (2015–2022) is substantially reduced, with only
609 deep shipboard casts (see Figure S1 in Supporting Information S1). This sparseness motivates our decision to
use our combined Deep Argo/Shipboard CTD data set (5,723 deep profiles) to characterize the 2014–2023
decadal state with improved spatial coverage. For each subdomain (NWA, NEA, NS), basin‐mean profiles of
hʹ are obtained by evaluating a linear fit through 2014–2023 hʹ values at the mid‐point of the time‐span (Jan 1st
2019; see Figure S2 in Supporting Information S1). This procedure affords more weight to be assigned to the
earlier, less‐sampled years, resulting in a more representative anomaly for the 2014–2023 period. Those hʹ
profiles are then converted into volume trends below σ1 surfaces using the WOA‐derived areas of σ1 surfaces for
each subdomain and the number of years from the mid‐point of theWOA time‐spans (Jan 1st 2000 for 1995–2004
and Jan 1st 2010 for 2005–2014) (e.g., Purkey & Johnson, 2012). At each density level, a 95% confidence interval
for unweighted least squares regressions (Student's t‐distribution) is provided using the residuals of the linear fit
and a number of degrees of freedom computed as the number of distinct 1.5° lat. × 2.5° long. × 60‐day bins
containing at least one value of hʹ (assuming decorrelation length and time scales of 160 km and 60 days,
respectively following Purkey and Johnson (2010) and Johnson et al. (2015)). For the whole SPNA‐NS domain,
this number reaches∼1700 circa σ1 = 32.4 kg m− 3 and gradually decreases to 0 towards the deepest portion of the
basins (at σ1 = 32.82 kg m− 3, not shown). The large decrease in the number of degrees of freedom near the bottom
causes an increase in the width of the confidence intervals.

Secondly, we follow Johnson et al. (2019) and estimate interannual volume trends during 2020–2023 for each
subdomain by fitting linear functions versus time of hʹ values at each density level regardless of profile locations
and using the full 1955–2022 WOA23 average as a reference field (minor sensitivity to the reference field was
confirmed using two additional climatologies: WOA23 climate normals for 1981–2010 and 1991–2020; not
shown). This operation is done for six overlapping periods (2020–2021, 2021–2022, 2022–2023, 2020–2022,
2021–2023, 2020–2023), with standard errors and 95% confidence intervals derived as stated above. To focus on
the magnitudes of the changes, rather than their signs, we analyze the root mean square and associated uncertainty
of the six trend estimates. While the impact of potential aliasing of temporal and spatial variability in the
climatology due to sparse and non‐regular data distribution should not be neglected locally, it should largely
average out in large‐scale analysis such as the one presented here.

The magnitudes of ∂tV indicate whether an equilibrium between water mass transformation (surface‐forced and
mixing‐driven) and export rates for any isopycnal layers (e.g., AMOC limbs or NADW components) holds for the
latest bi‐decadal (denoted ∂tV2018

2000 thereafter), decadal (denoted ∂tV2018
2010 thereafter), and interannual (denoted

∂tV2023
2020 thereafter) time‐spans. Although the absence of diapycnal mixing estimates prevents a full closure of the

water mass transformation budget, we evaluate the relative importance of ∂tV in front of F by computing |∂tVF |,
where F is computed monthly between 42°N and 80°N for each time span as:

F(σ) =
1
Δσ

∫∫

ϕ>42N

[
α
Cp
Q + β

S
1 − S

(E − P)]Π(σ)dx dy, (2)

where α is the thermal expansion coefficient, β is the haline contraction coefficient, S is the surface salinity, Cp is
the specific heat, Q is the heat flux into the ocean, and E and P are evaporation and precipitation, respectively
(e.g., Grist et al., 2012;Marsh et al., 2005; Petit et al., 2020). Π(σʹ(x,y)) selects the density outcrop and is given by
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Π(σ(x,y)) =
⎧⎨

⎩

1, σ −
Δσ
2

< σ≤ σ +
Δσ
2

0, elsewhere.

Here, ocean surface variables (σ,α, β,S,Cp)were obtained from themonthlyEN4 4.2.2.Data set (Good et al., 2013)
and atmospheric fluxes (Q, E, P) were obtained from the monthly ERA5 data set (Hersbach et al., 2020).

3. Results
Historical and modern shipboard hydrography surveys have allowed analysis of the characteristic and time‐
varying thermohaline properties of the water masses occupying the lower limb of the AMOC across key ba-
sins or passages of the SPNA‐NS domain (e.g., Blindheim & Østerhus, 2005; de Jong & de Steur, 2016; Dickson
et al., 2002; Lherminier et al., 2010; Petit et al., 2018; Piron et al., 2017; Yashayaev, 2007; Yashayaev &
Loder, 2016). The key strength of the present combination of a dense Deep Argo array with shipboard CTD
profiles lies in its unprecedented, nearly homogeneous consistent sampling of the full vertical and horizontal
extents of the domain over a relatively short time window (in constrast approximately 64%, 63%, and 47% of the
NWA, NEA, and NS volumes are not sampled by the core 0–2,000 m Argo array). Volumetric diagrams in the
temperature‐salinity space for the Deep Argo time‐period (2014–2023) (Figure 2) capture the relatively fresh and
warm core of Labrador Sea Water (LSW) formed in the northern NWA (Labrador and Irminger Seas) which
reaches the NEA as a warmer and saltier water mass owing to mixing‐driven isopycnal transformation. Below,
both ISOW and DSOW, which respectively enter the SPNA in the NEA (Iceland‐Scotland sills) and in the NWA
(Denmark Strait) are notably lighter than their source, intermediate and deep water masses within the NS (some of
which are too deep to spill across the sills). This relative lightness reflects the strong influence of entrainment‐
driven diapycnal mixing with upper mode waters and intermediate waters as the overflow plumes traverse the
sills and cascade downward. As ISOW enters the NWA across the mid‐Atlantic and Reykjanes ridges, it is further
transformed through entrainment and mixing and develops into the voluminous NEADW, which is in turn further
diluted by LSW and DSOW into a fresher product as it spreads westward and southward into the NWA.
Volumetric diagrams using WOA averages for 1995–2004 and 2005–2014 (Figures S3 and S4 in Supporting
Information S1, respectively) help to attribute specific volume changes to specific water masses based on their
thermohaline properties instead of fixed density criteria.

The bidecadal anomaly (i.e., 2014–2023 minus 1995–2004) shows downwelling for almost all NADW isopycnal
surfaces, likely reflecting AMOC‐related multidecadal variability superimposed on long‐term warming. The
diapycnal structure of this downwelling reveals a large domain‐mean sinking that reaches a first maximum value
of − 150 ± 31 m at σ1 = 32.39 kg m− 3 (Figure 3a, black line). This signal extends across the entire domain, but
larger regional sinking amplitudes are observed in the NWA and NEA compared to the NS. Local anomalies can
exceed 300 m in the interior of the Labrador and Irminger seas where deep convection is prominent, as well as in
the Norwegian Sea and near the Mid‐Atlantic Ridge (Figure 4a). In the NWA, negative anomalies are mostly
confined to the intermediate density range (σ1 < ∼ 32.47 kg m− 3), whereas in the NEA, they remain substantial
down to the seafloor. This pattern aligns with a striking contraction of ISOW source waters in the NS (up to 492±
44 m in the NSDW and GSDW isopycnal range) as well as with the general process in which ISOW entrains LSW
signals as it cascades down the sills.

The streamfunction ∂tV2018
2000 shows that the dominant basin‐mean contraction of the water column below

σ1 = 32.39 kg m− 3 and the expansion above it occurred at a rate of 2.20± 0.14 Sv (Figure 3b). This dense‐to‐light
volume redistribution is equally partitioned between the NWA and the NEA but appears at slightly denser levels
in the NWA, in line with the progressive density increases assocated with water mass transformation along the
cyclonic gyre. Volumetric thermohaline diagrams (Figure 2 and Figure S3 in Supporting Information S1) reveal
that this dominant signal is due to the formation (or expansion) of a relatively light LSW class (peaking at σ1 ∼
32.37 kg m− 3 during 2014–2023; Figure 2) and the consumption of denser LSW and NEADW classes (peaking at
σ1 ∼ 32.42 kg m− 3 and σ1 ∼ 32.45 kg m− 3 during 1995–2004, respectively; Figure S3 in Supporting Infor-
mation S1). In the NS, the consumption of bottom waters reaches a maximum value of 1.01 ± 0.09 Sv at
σ1 = 32.82 kg m− 3.
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Figure 2. Depths (in m) of σ1 isopycnal surfaces from the NWA (blue), NEA (red) and NS (green) subsets of Deep Argo and shipboard CTD profiles used in the present
study and the corresponding conservative temperature‐absolute salinity thickness diagrams. The thicknesses (in meters) of individual T‐S bins were calculated for each
profile with bin resolution 0.01°C × 0.001 g kg− 1, and then averaged across all profiles within each subdomain. Black contours shows σ1 values. Acronyms are LSW
(Labrador Sea Water), ISOW (Iceland Scotland Overflow Water), NEADW (North East Atlantic Deep Water), DSOW (Denmark Strait Overflow Water), AIW (Arctic
Intermediate Water), NSDW (Norwegian Sea Deep Water), GSDW (Greenland Sea Deep Water), and AODW (Arctic Ocean Deep Water).
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Last but not least, we find that ∂tV2018
2000 is small and insignificant at σ1 = 32.2 kgm− 3 (0.16± 0.15 Sv), which is near

the typical density level ofmaximumSPNAoverturning on observational overturning streamfunctions estimated at
the southern exit of the SPNA (i.e., near the permanent pycnocline). This result suggests a balance between
transformation and export rates on this bidecadal time‐span for the whole AMOC lower limb. Formation due to
surface buoyancy fluxes is largely balanced by consumption due to export and mixing down to σ1 ∼ 32.35 kgm− 3

(Figure 3). Below this density level and most particularly near the core of LSW range (σ1 ∼ 32.4 kg m− 3), ∂tV2018
2000

becomes an important contributor to the water mass transformation budget and accounts for at least 30% of the
surface‐forced transformation rates.

The decadal anomaly (i.e., 2014–2023minus 2005–2014) in the depth of isopycnal surfaces shows the persistence
of the dominant spatially homogeneous bidecadal anomaly, with a domain‐mean sinking of − 74 ± 28 m at
σ1 = 32.39 kg m− 3 (Figure 3d) and a corresponding contraction below that isopycnal surface of 2.28 ± 0.27 Sv
(Figure 3e). This magnitude aligns with the bidecadal estimate and suggests a temporally linear decrease in the
volume of this particular layer. Likewise, the sinking of dense isopycnal surfaces in the NS is continued at a
similar rate, with a domain‐mean sinking of − 261 ± 53 m and a corresponding contraction of 1.01 ± 0.21 Sv at
σ1 = 32.82 kg m− 3. Most strikingly, the decadal anomaly additionally shows a large rising of isopycnal surfaces
within the upper portion of the lower AMOC limb peaking at σ1 = 32.35 kg m− 3 (hʹ = 51 ± 36 m) (Figure 3d,
black line). This large decadal signal is primarily found west of the mid‐Atlantic ridge (NWA), with local upward
displacements notably exceeding 500m in the interior of the Labrador and Irminger Sea and as high as 250m along
the gyrewestern boundaries (Figure 4b). This new vintage of upper NADWhas started to invade the Iceland Basin,
while the farther regions (e.g., Iberian and Porcupine abyssal plains) are still occupied by the remnants of the earlier
1995–2004 vintage (negative hʹ). Overall, the decadal anomaly and its associated volume trend equate to an
expansion of the 32.35 kg m− 3 < σ1 < 32.4 kg m− 3 density class of 3.9 ± 0.65 Sv, which is balanced by a
contraction below σ1 = 32.39 kgm− 3 and above σ1= 32.35 kgm− 3. Therefore, it suggests an accelerated expansion
of the relatively light LSW class since the mid‐1990s, at the expense of both denser and lighter classes (this pattern
is also evident from the shift of the characteristic LSWsalinityminima towards 32.35< σ1 < 32.40 kgm− 3 density
class in Figure S3 in Supporting Information S1 and Figure 2).

Finally, similar to the bidecadal trend, ∂tV2018
2010 remains small near the density level of maximum overturning

(0.07 ± 0.31 Sv at σ1 = 32.2 kg m− 3), indicating a direct balance between transformation and export rates for the
entire lower limb of the AMOC during this decadal time span (Figure 3f). However, the density level at which this
balance breaks down decreases, with the ratio |∂tVF | now exceeding 30% below σ1 = 32.3 kg m− 3.

Focusing on the amplitudes of the interannual changes, rather than the details, the RMS of interannual anomalies
in the depth of isopycnal surfaces during 2020–2023 (Figure 3g) typically ranges between 25 and 125 m (large
peaks exceeding 200 m at the very bottom of the NWA and NEA likely result from a limited number of data
points). Uncertainties are as expected larger than for the bidecadal and decadal cases but anomalies remain sta-
tistically significant (at the 95% level) over the whole water column. The associated RMS of volume trends below
isopycnal surfaces ∂tV2023

2020 (Figure 3h) are relatively large (i.e., compared to bidecadal and decadal values) and
span the entire vertical extent of the AMOC lower limb. Again, the most significant volume changes are
foundwithin the LSWdensity range in the NWA,with RMS values as high as 5.45± 1.80 Sv at σ1 = 32.35 kgm− 3.
At higher densities, typically below σ1 = 32.40 kg m− 3, volume trends are dominated by the NEA and NS.

At all density levels, the magnitude of ∂tV2023
2020 represents a substantial fraction of, and in some cases approaches,

the surface‐forced transformation F (Figure 3i). In particular, and unlike the bidecadal and decadal trends, the
interannual volume trends of the entire AMOC lower limb are non‐negligible and can exceed 30% of F below the
typical density level of maximum overturning (3.02 ± 1.86 Sv at σ1 ∼ 32.2 kg m− 3). This result suggests that a
direct equilibrium between transformation rates and the AMOC is unlikely to exist on yearly timescales.

4. Conclusion and Discussion
The strength of the AMOC across a given latitude (or a trans‐basin section) is often associated with the rate at
which the relatively warm and light waters of its upper limb are transformed into the relatively cold and dense
waters of its lower limb. This formation‐to‐export relationship, which is relevant to all isopycnal layers or
components of the NADW, can only hold when changes in the volume of those layers north of the given latitude
remain minimal. It is therefore likely to depend on the timescale of variability, specifically whether this timescale
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Figure 3.
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is shorter or longer than the residence timescale of NADW in the SPNA. Here, we build on the availability of a
novel homogeneous and full‐depth Deep‐Argo sampling of the SPNA and Nordic Seas (and hence on largely
reduced uncertainties) supplemented by shipboard deep CTD data to assess this hypothesis from the density level
of maximum overturning down to the seafloor, and during the latest bidecadal (2000–2018, 19 years), decadal
(2010–2018, 9 years) and interannual (2020–2023) time‐spans.

We find that the density level below which these transformation and export equilibrate decreases with timescale.
On both bidecadal and decadal timescales, the basin‐mean volume of the AMOC limbs (i.e., above and below the
main pycnocline approximately) remains relatively constant, with linear volume trends negligible (and barely
statistically significant) with respect to typical surface forcing and AMOC anomalies at the southern exit of the
SPNA. In other words, anomalies in the volume of the AMOC lower limb, which are most likely caused by air‐sea
buoyancy fluxes, have sufficient time to propagate towards the southern exit of the domain (42°N herein) where
they are ultimately “converted” into an anomalous streamfunction in the water mass transformation budget. Water
mass transformation rates and AMOC magnitudes therefore appear to be interchangeable quantities on such
timescales. This hypothesis aligns with the near‐zero multidecadal volume trend of the AMOC limbs north of the
OSNAP section in several reanalyzes (Fu et al., 2024). It also aligns with modeling analyses showing significant
correlation between indices of surface‐forced water mass transformation and AMOC intensity when the former is
past‐averaged over 10‐yearlong windows (Grist et al., 2012). On shorter interannual timescales, volume trends of
the AMOC limbs exceed the typical magnitude of observed AMOC variability (∼1.7 Sv for a 2‐year lowpass
filtered time series at 47°N in Wett et al. (2023)). Volume (or buoyancy) anomalies remain within the SPNA,
preventing a direct balance between water mass transformation and the AMOC at the southern exit of the SPNA,
so that the export of transformed water masses into boundary currents by eddies and out of the marginal seas and
subpolar domain (e.g., Le Bras et al., 2020; M. Lozier et al., 2022) must be considered to develop meaningful
proxies. This aligns with the strong 0‐lag correlation between surface‐forced transformation and AMOC volume
trends in reanalyzes (Fu et al., 2024). It is also consistent with Desbruyères et al. (2019), who identified a 5‐year
lagged relationship between surface‐forced transformation rates and AMOC variability at 45°N on multiyear
timescales. Finally, it agrees with studies demonstrating a similar coupling mediated by the southward propa-
gation of NADW anomalies along the boundary on such timescales, which subsequently influence horizontal
circulation, ocean heat transport, and heat content (Chafik et al., 2023; Desbruyères et al., 2021; Kostov
et al., 2021).

Across all timescales, individual NADW components can exchange volume locally at rates comparable to their
distinct export along the boundary and representing a significant fraction of their surface‐forced transformation.
(e.g., Le Bras et al., 2020; Zantopp et al., 2017). On long time scales, such exchanges are generally more pro-
nounced to the west of the MAR and for the LSW density range, and in the Nordic Seas in the density range of
overflow source waters, reflecting the proximity of deep convection sites. The typical magnitude of the bidecadal
and decadal volume trends reported herein agree with previous estimates based on shipboard hydrography (e.g.,
∼2 Sv of LSW production over the 25‐year period 1964–1972 to 1995–1997 in Yashayaev (2007)). The bidecadal
and decadal trends reported here provide, for the first time on a basin‐wide scale, a comprehensive quantification
of the progressive depletion of the densest Labrador Sea Water vintage ever observed (formed in the early mid‐
1990s and commonly referred to as “classical” LSW) and the concurrent formation and eastward spreading of its
lighter counterpart (known as “upper” LSW). The latter occurred at a faster rate since the mid‐2000's, in line with
a period of relatively strong atmospheric forcing and convective activity in the marginal seas of the SPNA, with a
notable persisting positive phase of the North Atlantic Oscillation (NAO) during 2014–2023 (our Deep‐Argo/
Shipboard CTD time‐span). Surface heat loss, convection depth, and (upper) NADW density all intensified
during 2012–2018 before starting a recovery phase (still ongoing), which closed the second major cycle of in-
termediate water formation in the past four decades (Yashayaev, 2024). In the Nordic Seas, the bidecadal and
decadal consumption of the densest components of NADW aligns with a sustained multi‐decadal warming
combined with surface freshening during the latest decade. This was likely due to increased inflow of less saline

Figure 3. Top line: (a) Basin‐mean anomalous height of σ1 surfaces hʹ (units m) above the sea‐floor (Deep‐Argo minusWOA23) in the SPNA (black), NEA (red), NWA
(blue) and NS (green) for the bidecadal 2000–2018 time‐span (i.e., 2014–2023 minus 1995–2004). (b) The corresponding basin‐mean rate of change of volume below σ1
surfaces (in Sv). Shadings indicate the 95% confidence interval (see Section 2 for details). (c) The 2000–2018 mean surface‐forced water mass transformation F (see
Equation 2) (black line), with coloring showing the quantity ∂tV

F . (d, e, f) Same as panels (a, b, c) but for the decadal 2010–2018 time‐span (i.e., 2014–2023 minus 2005–
2014). (g, h, i) Same as panels (a, b, c) but for the RMS of six overlapping time‐spans within 2020–2023 (see Section 2).
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Figure 4. (a) Anomalous heights (in m) of σ1 = 32.39 kg m− 3 computed from differences between Deep‐Argo estimates and
the collocated WOA23 1995–2004 climatology. (b) Anomalous heights of σ1 = 32.35 kg m− 3 computed from differences
between Deep‐Argo estimates and the collocated WOA18 2005–2014 climatology. Anomaly profiles were averaged within a
1.5° latitude × 2.5° longitude horizontal grid.

Geophysical Research Letters 10.1029/2025GL117970

DESBRUYÈRES ET AL. 10 of 13

 19448007, 2025, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
117970 by N

O
A

A
 - Seattle, W

iley O
nline L

ibrary on [11/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Atlantic Water that has reduced convective mixing in recent years (Almeida et al., 2023; Mork et al., 2019; Strehl
et al., 2024).

On shorter interannual timescales, the contribution of local volume trends to the water mass transformation budget
increases across all basins and across thewhole density range of theAMOC lower limb.As expected, volume trends
within the density range occupied by upperNADWoccur predominantly in theNWAwheremajor convection sites
are found, whereas the NEA and NS, which encompass major pathways of overflow‐derived water masses (e.g.,
Zou et al., 2020), dominate at higher densities. Importantly, interannual volume trends within the whole NADW
density range can typically be as high as their corresponding surface‐forced transformation rates. Finally, inter-
annual displacements of the density level of maximum overturning are as important in the NEA than in the NWA,
aligning with previously reported patterns of surface‐forced water mass transformation peaking in the Irminger,
Iceland and Rockall basins (e.g., Buckley et al., 2023; Desbruyères et al., 2019; Kostov et al., 2021).

This analysis confirms the usefulness of ad hoc reconstructions of transformation rates from surface mea-
surements of temperature and salinity and heat and salt fluxes when inferring the AMOC variability on time-
scales longer than a few years (Desbruyères et al., 2019; Fu et al., 2024; Petit et al., 2020). It also warns about
the inappropriateness of this approach when inferring the export of distinct NADW components on all time-
scales, which require in situ measurements even on decadal and multi‐decadal timescales (e.g., Zantopp
et al., 2017). Finally, this analysis further demonstrates the key capabilities of Deep Argo floats to monitor the
full water column year‐round and over large spatial extents, and to derive key diagnostics on water mass
property changes with unprecedented low level of uncertainties—up to three times lower than those derived
from shipboard measurements alone (Figure S5 in Supporting Information S1). This capability is particularly
valuable and timely for assessing the variability of deep ocean layers in climate models, which are increasingly
used to predict the future behavior of the AMOC including the potential for abrupt slowdowns in the coming
decades. Accelerating the implementation of the global Deep Argo array is therefore becoming an evident
prerequisite not only to monitor the Earth Energy Imbalance precisely (von Schuckmann et al., 2023), but also to
describe the climate‐relevant dynamics (mean and variability) of ocean basins with energetic and deep‐reaching
vertical and diapycnal connections (see Zilberman et al. (2023) for a comprehensive review of Deep Argo
achievements so far).

Data Availability Statement
This study used ship‐based CTD data from WOD 2023 (Garcia et al., 2024) downloaded from https://www.ncei.
noaa.gov/products/world‐ocean‐database on 1 March 2025, and Deep Argo CTD data downloaded from an Argo
Global Data Assembly Center on 28 February 2025 (Argo, 2000). These data were collected and made freely
available by the International Argo Program and the national programs that contribute to it (https://argo.ucsd.edu,
https://www.ocean‐ops.org). The Argo Program is part of the Global Ocean Observing System. This study also
uses ETOPO 2022 Bathymetry data (available at NOAANational Centers for Environmental Information (2022)).
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