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Abstract

The historical evolution of the Atlantic Meridional Overturning Circulation (AMOC) remains
debated due to limited continuous observations. To bridge this gap, we leverage historical
hydrographic data spanning 1955 to 2022 to constrain a high-resolution global ocean model.
Here, we show an overall weakening of the AMOC relative to a 1955-1964 baseline, interrupted
by a transient recovery during 1995-2004. The regional footprint of this weakening shifts over
time. While earlier reductions (~7% during 1965-1994) are driven by suppressed dense water
formation in the subpolar North Atlantic, steeper recent declines (~11% during 2005-2022) stem
from combined reductions across the subpolar North Atlantic and Nordic Seas, despite partially
compensating increases in the Arctic Ocean. Sensitivity experiments reveal that the AMOC
weakening is overwhelmingly driven by a long-term freshening regime, manifested by repeated
episodes of high-latitude salinity anomalies—occurring during the 1970s—1990s and again in
recent years—that are broadly tied to Arctic export and Greenland ice melt. Finally, while a
relatively cold thermal state during 1975-2004 partially buffers the freshwater-driven decline,
this thermal compensation is absent during 2005-2022 due to anomalous warming of the Nordic
Seas and the Labrador Current, acting alongside the freshwater forcing to drive the steeper

modern decline of the AMOC.
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Introduction

A broad consensus exists among Coupled Model Intercomparison Project (CMIP) models
that the Atlantic Meridional Overturning Circulation (AMOC) will significantly weaken by the
end of the 21st century under increasing anthropogenic greenhouse gas forcing!™. A large-scale
slowdown of the AMOC would disrupt the interhemispheric redistribution of oceanic heat, salt,
nutrients, and carbon, with far-reaching implications for marine ecosystems, coastal sea levels,
climate, and extreme weather patterns®!2. Reliably predicting the AMOC’s future trajectory
requires an in-depth understanding of its historical evolution. However, continuous direct
observational records from dedicated monitoring arrays, such as RAPID, OSNAP, and SAMBA,
only commenced within the last two decades'*"1°; thus, capturing AMOC’s long-term historical
evolution remains a significant challenge.

To bridge this gap, proxy records (e.g., sea surface temperature-based) and surface-forced
prognostic numerical models have been widely used'®?°. However, proxy records are inherently
indirect, and prognostic models often face challenges in fully resolving or representing key
localized processes, such as Greenland-Scotland Ridge overflows and ice-sheet melting?!2.
Additionally, the standard practice of restoring surface salinity to long-term climatologies to
prevent model drift can artificially suppress critical freshwater feedbacks and distort simulated
AMOC variability. As such, the historical evolution of the AMOC and its driving mechanisms
remain heavily debated?-3!.

Further complicating this debate, the AMOC is not driven by a single, localized point of
deep-water formation®. Instead, its strength is intrinsically tied to a shifting balance of dense
water formation via open-ocean convection and diapycnal mixing along current pathways across

multiple regions, including the subpolar North Atlantic (Labrador Sea, Irminger Sea, and Iceland
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Basin), the Nordic Seas (Iceland Sea, Norwegian Sea, and Greenland Sea), and the Arctic
Ocean®**?, In particular, recent studies suggest that the relative contributions of these distinct
basins are evolving, emphasizing the increasingly critical roles played by the Nordic Seas and
the Arctic Ocean®’***2, Yet, precisely mapping how the regional footprint of dense water
formation has shifted in the past decades remains difficult without a unified, observation-based
framework.

Furthermore, identifying the precise physical drivers of these interdecadal shifts requires
untangling the competing influences of salinity and temperature. While increasing freshwater

fluxes from Arctic export and Greenland ice melt*-!

, coupled with a reduction in wintertime
brine rejection from retreating local sea ice®*>* have likely suppressed deep convection by
enhancing upper-ocean stratification, historical cooling in the subpolar North Atlantic—

manifesting as the warming hole!®!7->48

—should provide stabilizing negative feedback, partially
offsetting this high-latitude buoyancy gain. However, the long-term stability of this critical
temperature feedback—especially in the face of recent Arctic warming and potential southward
advection of the excess heat—remains largely unexplored. If this historical thermal buffer is
eroding or reversing, the destabilizing impact of continued freshwater forcing on the AMOC may
be substantially amplified in the future.

The limitations inherent in current observations, proxy records, and prognostic models
highlight a critical need to leverage historical hydrographic data to reliably quantify the AMOC’s
past trajectory, map its evolving spatial structure, and isolate its driving mechanisms. Building
on recent successes in reproducing directly observed AMOC transport values across multiple

transects®”>?, here we use a hydrography-based robust diagnostic framework to estimate the

interdecadal changes of the AMOC since the mid-1950s and trace its spatial footprint across the
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subpolar North Atlantic, Nordic Seas, and Arctic Ocean. Specifically, we conduct a series of
global ocean and sea-ice model simulations, restoring temperature and salinity fields toward
historical observations for each decade between 1955 and 2022 (see Methods). Through this
approach, we identify an overall weakening of the AMOC superimposed on prominent decadal
variability, marked by a distinct northward expansion of the decline into the Nordic Seas.
Furthermore, by decoupling the competing influences of salinity and temperature anomalies, we
demonstrate that the decline is primarily freshwater-driven and identify a recent erosion of the

system’s historical thermal buffer.

Results

The 1955-1964 baseline state. Before quantifying the historical evolution of the AMOC and its
regional components, we first establish its mean state during the 1955-1964 baseline period, the
first decade of systematic global hydrographic sampling®. By calculating the AMOC
streamfunction in potential density space (p2), our hydrography-based robust diagnostic
framework captures distinct water mass transformations across the subpolar North Atlantic
(45°N-70°N, MOCspo), the northern Nordic Seas and Baffin Bay (70°N-80°N, hereafter simply
the northern Nordic Seas; MOCnor), and the Arctic Ocean (80°N-90°N, MOCarc; Fig. 1; see
Methods). During this baseline period, the AMOC exhibits a robust, large-scale overturning
structure. At the 45°N transect, which integrates the dense water formation poleward of this
latitude, the maximum overturning streamfunction reaches 20.75 Sv at a potential density (p2) of
approximately 1036.6 kg m3 (Fig. 1b). This total overturning transport can be partitioned into its
distinct regional components.

The open-ocean convection and diapycnal mixing occurring within the subpolar North
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Atlantic (MOCspo, Fig. 1b) account for the largest fraction of this transport (11.92 Sv), which
compares favorably with previously estimated subpolar deep water mass formation rates (e.g., ~9
Sv; and up to ~12.5 Sv)%!2. Further north, the system captures a transport of 8.83 Sv crossing the
70°N transect (Fig. 1c¢), which is in reasonable agreement with the ~8.0 Sv observational estimate
of total Atlantic Water outflow crossing the Greenland-Scotland Ridge® and other observational
estimates of overturning across the ridge (e.g., ~7.9 Sv; ~7.7 Sv)**%. This northern transport is
further partitioned into a 4.31 Sv contribution from dense water formation within the northern
Nordic Seas (MOCnor) and a prominent 4.53 Sv overturning cell across the Fram Strait and
Barents Sea at 80°N, representing dense water formation within the Arctic Ocean (MOCarc, Fig.
1d). This 4.53 Sv overturning transport is largely consistent with the long-term mooring-based
estimates of the combined Atlantic Water import to the Arctic Ocean across the Fram Strait (~3.0
Sv)% and the Barents Sea Opening (~2.0 Sv)®’. Together, these regional contributions of dense
water formation balance the poleward transport of 20.75 Sv in the AMOC’s upper limb (p2 <
1036.6 kg m™*) during the 1955-1964 baseline, serving as the reference point for evaluating the

subsequent interdecadal evolution and the shifting spatial footprint of dense water formation.

Sustained decline (1965-1994) and partial recovery (1995-2004). Following the 1955-1964
baseline period, our robust diagnostic framework identifies a prolonged period of modest AMOC
weakening spanning the next three decades (~7% reduction at 45°N during 1965-1994; Figs. 2b-
d, S1d-f). Relative to the baseline, the total overturning transport at 45°N exhibits consistent
interdecadal reductions, dropping by 1.49 Sv during 1965-1974 (Figs. 2h, S11) and reaching a
peak decline of 1.53 Sv during 1985-1994 (Figs. 2f, S1j)—decades that closely coincide with the

well-documented Great Salinity Anomalies*®87!,
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By decomposing these reductions into their regional components, it becomes evident that this
sustained weakening is overwhelmingly driven by suppressed dense water formation within the
subpolar North Atlantic (Figs. 2f-h, S1j-1). Across all three decades between 1965 and 1994, this
subpolar sinking (MOCspo) exhibits deficits relative to the baseline period (e.g., drops of 1.58 Sv
in 1965-1974 and 1.54 Sv in 1985-1994), broadly matching the total AMOC decline at 45°N.
While dense water formation in the northern Nordic Seas initially shows a compensatory
increase (+0.54 Sv in 1965-1974; Figs. 2h, S11), this northern buffer fades in subsequent
decades, allowing the subpolar deficits to dominate the broader AMOC slowdown. Notably, the
deep portion of the AMOC’s lower limb (p2 = 1037 kg m) weakens during these subsequent
decades (Fig. 2b, ¢, S1d, e), indicating that even without a sharp drop in total transport
amplitude, the southward return flow from the northern Nordic Seas becomes less dense during
1975-1994 (Fig. S2c, g).

The prolonged AMOC decline spanning 1965-1994 is interrupted by a distinct, partial
recovery over the 1995-2004 decade (Fig. 2a). During this interval, the total AMOC deficit at
45°N diminishes to just 0.76 Sy relative to the baseline (Fig. 2e). Our regional breakdown reveals
that this recovery is driven by a combination of an easing subpolar deficit and a shift in the
spatial footprint of dense water formation further north. Specifically, although subpolar dense
water formation remains suppressed relative to the baseline (by 0.97 Sv), this deficit is markedly
attenuated compared to the 1.54 Sv deficit of the preceding decade. This easing of the subpolar
deficit reflects a lagged oceanic adjustment to the well-documented deepest and densest
Labrador Sea Water (LSW) formed in the early to mid-1990s, which was driven by a strong
positive phase of the North Atlantic Oscillation (NAO)’>7%, In tandem with this subpolar

recovery, the 1995-2004 partial rebound is further facilitated by a notable strengthening of dense
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water formation within the Arctic Ocean (+0.47 Sv). Together, these regional dynamics partially
offset the sustained deficits of the previous decades (1965-1994), temporarily stabilizing the

broader AMOC system.

Resumed and steepened decline (2005-2022). The temporary stabilization captured during the
1995-2004 decade ends after the turn of the century, marking the steepest period of AMOC
decline in the historical record (~11% reduction at 45°N during 2005-2022; Fig. 3). During
2005-2014, the total overturning transport at 45°N weakens by 2.34 Sy relative to the baseline
(Fig. 3f). Decomposing this transport reveals that the renewed slowdown is primarily driven by a
decline in dense water formation within the subpolar North Atlantic, where the anomaly reaches
-2.63 Sv. This drop far exceeds the opposing, yet insufficient, buffering effect of the Arctic
Ocean (+0.80 Sv; Fig. 3h). Notably, during this same decade, the northern Nordic Seas also
exhibit a 0.51 Sv deficit, signaling the initial weakening of this northern buffer. Nevertheless,
because the concurrent increase in dense water formation in the Arctic Ocean acts as a
counterweight, the net transport of dense water across 70°N exhibits continued stability (+0.29
Sv; Fig. 3g). This regional buffering effect is broadly in line with the high-latitude overturning
stability reported in a recent study*'.

In the most recent period (2015-2022), while the total AMOC transport at 45°N remains
weakened with a negative anomaly of -2.15 Sv (Fig. 3b), our robust diagnostic framework
reveals a notable shift in the underlying regional drivers of this continued decline. While the
subpolar anomaly eases moderately to -1.45 Sv, this localized partial recovery is offset by a
reduction further north. In particular, dense water formation within the northern Nordic Seas

(MOCnor) undergoes a substantial decline, falling by 1.12 Sv, representing a ~26% reduction
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(Fig. 3c). Consequently, the southward transport of dense water across the 70°N transect reaches
its most pronounced negative anomaly (-0.70 Sv) in the historical record, despite the persistent
buffering effect of the Arctic Ocean (+0.42 Sv; Fig. 3d).

Ultimately, these recent decades demonstrate that the interdecadal AMOC weakening is no
longer confined to the subpolar North Atlantic. While dense water formation in the northern
Nordic Seas remains relatively stable throughout much of the 20th century, this regional
resilience ends after 1995-2004. Specifically, the upper limb of the AMOC becomes
increasingly buoyant, preventing it from undergoing sufficient densification in the subpolar and
Nordic regions. This increase in buoyancy is clearly reflected in an overall shift of the upper
limb toward lower density classes (Fig. 3). Consequently, these excessively buoyant surface
waters are forced to travel further northward, penetrating beyond the Fram Strait and Barents Sea
into the Arctic Ocean, where dense water formation finally takes place (Fig. 3d, h)*!. While an
increase in dense water formation within the Arctic Ocean provides a partial buffer, it is
insufficient to offset the deficit emerging in the northern Nordic Seas during 2015-2022. This
transition marks a critical erosion of the system’s historical northern stability, sustaining the

AMOC’s weakened state through the most recent decade.

Long-term suppression and interdecadal shifts of open-ocean convection. To identify the
physical mechanisms underlying the interdecadal transport anomalies, we first examine the
changes in open-ocean convection, as represented by late-winter (March) Mixed Layer Depth
(MLD) anomalies (Fig. 4). While early hydrographic observations from WOCE and recent
observational evidence from OSNAP suggest that open-ocean convection in the Labrador Sea

plays a smaller role in the mean state of the AMOC than traditionally assumed®>””’8, it remains a
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vital driver of the AMOC’s interdecadal variability and long-term changes’>’¢. In agreement
with these findings, our results show that the sustained AMOC weakening is strongly coupled
with the suppression of open-ocean convection in the Labrador Sea and across other key
formation regions of the North Atlantic.

During the partial AMOC recovery period of 1995-2004, the Labrador Sea retains a
deepened mixed layer (Fig. 4c)—a residual imprint of the deepest and densest LSW formed
during the early to mid-1990s, which was driven by a prolonged positive phase of the NAQ’*7,
Therefore, this period provides a clear modern baseline, representing the most recent instance of
a lagged overturning response following a robust convective state. However, this resilience ends
as the system enters the 21st century. During the period of most significant AMOC decline at
45°N (2005-2014), the Labrador Sea exhibits a widespread and pronounced reduction in MLD
(Fig. 4b). This aligns well with the stark reduction in dense water formation in the subpolar
region during this period (AMOCspo ~ -2.63 Sv), capturing the well-documented suppression of
convection in observational records’.

In the most recent decade (2015-2022), the convective signature becomes more complex:
while MLDs remain relatively deep at the center of the Labrador Sea, they are markedly reduced
along the basin boundaries (Fig. 4a). This spatial contraction suggests that while interior
convection partially recovers following the period of suppression®’, the inhibition of diapycnal
mixing along the basin boundaries—specifically across the pathways of the subpolar boundary
current system—may hinder or delay the transport of dense water into the deep boundary
current®™3!, Such localized cessation and retreat of the convective margin via fresh and warm
sub-mesoscale flows from the boundary currents during isolated convective events have been

documented by recent high-resolution glider observations®?. Consequently, this potentially limits
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the volume of dense water available for southward export, explaining why the subpolar anomaly
(AMOCspo) remains negative at -1.45 Sv despite the recovered interior convection.

These modern patterns find historical analogs earlier in the record. The massive suppression
of deep convection during 19651974 (Fig. 4f)®*—the most extensive in the historical record—
shows a striking resemblance to the 2005-2014 period of suppressed convection (Fig. 4b).
Similarly, the MLD anomalies during 1975-1994 (Fig. 4d, ) mirror the MLD shoaling across
the basin boundaries during 2015-2022. These earlier periods of weakening (1965-1994) are
closely associated with the propagation of Great Salinity Anomalies through the Subpolar Gyre,
which stratified the water column and inhibited dense water formation**%®"!, Thus, our findings
suggest that the recent decline represents a contemporary recurrence of these historical
convective suppressions, occurring alongside an eroding northern stability.

Notably, this decrease in dense water formation is not limited to the subpolar region. Our
results also capture a sustained decline in the intensity of open-ocean convection within the
Nordic Seas beginning in 1975-1984 (Fig. 4a—e). Previous studies have attributed this reduction
to the wintertime retreat of local sea ice and the associated decrease in brine rejection, combined
with diminished surface turbulent heat loss to the atmosphere and consequent anomalous
warming>2°3. The persistence of this northern suppression through 2015-2022 highlights a
continuous erosion of the northern buffer, ultimately manifesting as a poleward extension of the

AMOC weakening.

Downstream weakening and interdecadal shifts of the DWBC. It is important to note that
dense water formation is not solely the product of open-ocean convection; significant water mass

transformation also occurs via diapycnal mixing and boundary current cooling across the

11
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subpolar North Atlantic, the northern Nordic Seas, and the Arctic Ocean. Regardless of their
diverse regional origins or specific formation mechanisms, these dense water masses ultimately
exit the subpolar system via the DWBC and adjacent interior pathways®*%. In this sense, the
DWBC functions as an important artery of the AMOC’s lower limb, integrating these various
upstream signals and carrying the collective pulse of the overturning circulation southward.
Therefore, to examine how the upstream convective suppressions translate into physical
transport, we analyze the meridional velocity anomalies across 45°N (Fig. 5).

The velocity profiles show an overall weakening of the DWBC before and after the 1995-
2004 partial recovery period, consistent with AMOC’s interdecadal anomalies during the
corresponding periods (Figs. 2, 3). They also reveal a critical distinction between the two most
recent decades of decline. During 2005-2014 (Fig. 5b), the DWBC weakening is predominantly
focused at mid-depths (500-2000 m), aligning closely with the core layer of LSW (1000-2500
m). This corresponds remarkably well with our earlier findings (Fig. 3) that the deficit in dense
water formation during this period of suppressed convection is largely confined to the subpolar
region (AMOCspo = -2.63 Sv, AMOCnor = -0.51 Sv). In contrast, during the 2015-2022 period
(Fig. 5a), the DWBC weakening becomes much more robust, spanning nearly the entire deep-
water column from 1000 to 4000 m. This downward extension of the velocity deficit matches the
suppressed sinking in both the subpolar North Atlantic and the northern Nordic Seas (AMOCspo
=-1.45 Sv, AMOCnor = -1.12 Sv). This indicates that during the most recent decade, the DWBC
weakening is no longer confined to the LSW core but extends into the deeper overflow waters,
namely the Iceland—Scotland Overflow Water and Denmark Strait Overflow Water, typically
occupying depths below 2500 m3. Notably, the DWBC profile during 1975-1994 (Fig. 5d, e)

exhibits a similar weakening in the deep overflow layers, mirroring the modern 2015-2022 case.
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This physical constriction of the DWBC during 1975-1994 and 2015-2022 is strongly
corroborated by the AMOC streamfunction in density space. Specifically, the deepest portion of
the AMOC’s lower limb (p2 = 1,037 kg m™3) exhibits a corresponding weakening during the
respective periods of 1975-1994 and 2015-2022 (Figs. 3, S1). This persistent deep-layer deficit
indicates that the southward return flow originating from the Nordic Seas is shifted toward lower
density classes during these decades of widespread decline. Crucially, this further reinforces our
earlier hypothesis that the AMOC state during 2015-2022 represents a re-emergence of past
large-scale disruptions, governed by the same underlying physical mechanisms.

We note that while the advective timescale for water masses to physically travel from the
Nordic Seas overflows to the Labrador Sea interior and then into the DWBC at 45°N can span

several years to a decade®”

, the covariability on decadal timescales between the overflows and
the DWBC at 45°N could also be mediated by rapid dynamical adjustment. As shown in
previous theoretical and modeling studies®*?, high-latitude buoyancy anomalies excite Kelvin
waves and topographic Rossby waves. These baroclinic waves propagate downstream along the
continental slope on a much faster timescale, adjusting the downstream geostrophic transport of
the DWBC long before the anomalous water masses themselves arrive at the western boundary.

Therefore, the covarying signals of the DWBC and the Nordic Seas overflows may reflect this

rapid wave-driven boundary adjustment.

Salinity-driven weakening and thermal compensation. While these deficits in the AMOC’s
deep lower limb and the corresponding constriction of the DWBC characterize the 1975-1994
and 2015-2022 periods, they raise a broader mechanistic question regarding the entire historical

record: is the overall weakening of the AMOC relative to the 1955-1964 baseline period

13
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primarily driven by temperature or salinity changes? To isolate the relative contributions of these
competing buoyancy forcings, we conducted two sets of sensitivity experiments (see Methods).
In the first set of experiments, the robust diagnostic model was forced with the actual decadal
salinity fields while temperature was held constant at the 1955-1964 baseline state, effectively
isolating the salinity effect. In the second set, the robust diagnostic model was forced with the
actual decadal temperature fields while holding salinity constant at the baseline state, isolating
the thermal effect.

The AMOC streamfunction anomalies from these decoupled experiments reveal a stark
contrast. When forced by interdecadal salinity changes alone (Figs. 6a-d, S3a, b), the robust
diagnostic model reproduces profound, deep-reaching transport deficits that overall resemble the
total AMOC decline. In these salinity-isolated scenarios, dense water formation in the subpolar
North Atlantic (MOCspo) and total export at 45°N exhibit large reductions across all periods,
including the 1995-2004 partial recovery period (Figs. 6i-1, S3e, f). The salinity-driven
weakening is the largest in 1985-1994 and 2015-2022 periods, suggesting that the freshening
effect in 2015-2022 is as large as that during the Great Salinity Anomalies of the 1980s and
1990s. Conversely, when forced by temperature changes alone (Fig. 6e-h, S3c, d), the isolated
thermal forcing acts to increase overturning during the entire 1975-2004 period, serving as a
compensatory mechanism. This dynamic tug-of-war is explicitly quantified in the regional
transport summaries (Figs. 6i-1, S2e, f). For example, during the 1995-2004 partial recovery
period, the isolated salinity forcing drives a large transport deficit at 45°N (by 2.26 Sv), which is
partially offset by the thermal forcing’s attempt to increase dense water formation in the subpolar
North Atlantic (+0.55 Sv), the northern Nordic Seas (+0.33 Sv), and the Arctic Ocean (+0.30 Sv)

(Fig. 6k).
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Crucially, however, a stark reversal emerges during the recent 2005-2022 period. Over these
two decades, thermal changes actively suppress the total export at 45°N, abandoning their
historical compensatory role. Specifically, the isolated thermal forcing accounts for a 1.48 Sv
reduction in dense water formation within the subpolar region during 2005-2014 (Fig. 6j) and a
1.16 Sv reduction in the northern Nordic Seas during 2015-2022 (Fig. 6i). As a result of this
shift, thermal anomalies no longer buffer the salinity-driven decline, but instead act in tandem
with it. Ultimately, these sensitivity experiments demonstrate that while the sustained
interdecadal weakening of the AMOC remains fundamentally a salinity-driven phenomenon, the
recent breakdown of thermal compensation renders the AMOC system increasingly vulnerable to
high-latitude freshwater forcing.

To trace the origins of the salinity-driven weakening and the recent reversal of thermal
compensation, we further examine the spatial distribution of buoyancy anomalies within the
preconditioning layer of the upper 250 m (Figs. 7, 8). For open-ocean deep convection to occur,
wintertime surface density must increase sufficiently to break through the resulting upper-ocean
buoyancy barrier. However, the decadal salinity anomaly fields (Fig. 7) reveal a persistent and
widespread accumulation of surface freshwater (negative salinity anomalies) across the western
subpolar North Atlantic. This extensive surface freshening during 1965-1994 clearly reflects the
successive Great Salinity Anomalies of the 1970s, 1980s, and 1990s**-48:68-7! Tt appears to be
well-connected along the pathways of the Greenland-Labrador Current system, pointing toward
both Arctic and Greenland origins. This surface freshening pauses during the partial recovery
period of 1995-2004, before resuming during 2005-2022 with a strong spatial connection to
both source regions (Fig. 7a, b). Additionally, recent studies documented that strong freshening

events originating in the eastern Iceland Basin®? during 2012-2016 propagated into the Irminger
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Sea and were subsequently advected by the regional boundary currents®.

While this surface freshening creates a highly buoyant surface cap that increases vertical
stability and suppresses the formation of LSW, the mechanism by which this surface freshening
affects the DWBC is dynamically distinct. Specifically, an increase in surface buoyancy across
the Labrador Current directly alters the surface zonal pressure gradient, accelerating the
southward surface geostrophic current. At depth, however, the thermal wind relationship dictates
that this pressure gradient anomaly reverses because the upper ocean is occupied by anomalously
light water compared to the neighboring interior ocean. Consistent with this baroclinic pressure
gradient anomaly, the geostrophic flow at depth slows down, manifesting as a reduction in
DWBC transport. Our sensitivity experiments explicitly capture this dynamical signature,
demonstrating a large-scale, salinity-driven reduction of DWBC transport extending into the
deep overflow layers (below 2500 12)% spanning the entire 1975-2022 period (Fig. S4).

During 1975-1994, the freshwater cap is partially mitigated by widespread upper ocean
cooling across the western subpolar North Atlantic (Fig. 8d, e). These negative temperature
anomalies effectively destabilize the surface waters, helping to erode the freshwater cap and
force the open-ocean convective mixing that sustains the compensatory thermal overturning
observed in our sensitivity experiments. During the subsequent 1995-2004 partial recovery

phase, the upper 250 m of the subpolar region exhibits mild warming’>*?

, indicating that surface
heat loss no longer drives the thermal destabilization. Instead, negative temperature anomalies
persist at depth (Fig. S5¢), reflecting the residual imprint of the massive cold and fresh LSW
layer formed during the early to mid-1990s’>%%8, Consequently, it is these deep, fresh, and cold

anomalies (Figs. S5c¢, S6¢) that simultaneously sustain the salinity-driven weakening and the

compensatory thermal overturning throughout this decade.
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Once this deep thermal buffer is slowly depleted (Fig. S5a, b), however, the surface
temperature fields for the 2005-2022 period (Fig. 8a, b) reveal why the historical safety net fails.
Widespread warming is apparent in the Nordic Seas, Baffin Bay, and along the Labrador Current
during the 2005-2014 and 2015-2022 intervals®>!%. Instead of destabilizing the surface to offset
the freshwater influence, this positive temperature anomaly further increases surface buoyancy to
interfere with dense water formation. It also accelerates the surface Labrador Current while
restricting the DWBC (Fig. S7a, b). Therefore, by working in tandem with the increased
freshwater influx, the modern thermal state acts to amplify the surface buoyancy, thus
contributing to the DWBC decline.

It is worth noting that while the basin margins and northern seas warm during the 2005-2022
periods, the interior subpolar North Atlantic remains anomalously cold, a feature that becomes
particularly pronounced during 2015-2022 (Fig. 8a, b). This localized cooling, which is referred
to as the North Atlantic warming hole, is often interpreted as a signature of reduced ocean heat

C!0543557 or a sign of increased deep convection®’.

transport associated with a weakened AMO
Regardless of its origin, our findings suggest that this interior cooling is insufficient to overcome

the increased stratification established in the Nordic Seas and along the boundary current

pathways. Consequently, it fails to offset the broader AMOC decline.

Discussion

In this study, we reconstructed the historical states of the AMOC since the mid-1950s and
investigated the drivers of its interdecadal changes using a robust diagnostic ocean model
constrained by historical hydrographic observations. Our results suggest that the AMOC’s

interdecadal evolution from the baseline period of 1955-1964 follows a prolonged weakening
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(1965-1994), a brief partial recovery (1995-2004), and then a subsequent steep decline (2005—
2022). As such, it cannot be solely characterized by a monotonic (human-induced) decline or
interdecadal (natural) variability, but rather by a complex interplay of the two**!°!. While the
1965-1994 weakening is driven by suppressed dense water formation in the subpolar region, the
recent decline (2005-2022) stems from combined reductions across the subpolar North Atlantic
and northern Nordic Seas, against a partial, compensating increase within the Arctic Ocean.

According to the sensitivity experiments, in which the salinity- and temperature-driven
changes in the AMOC are decoupled, the AMOC decline—both prior to and after the partial
recovery period (1995-2004)—is primarily driven by salinity anomalies characterized by spatial
patterns that point toward increased freshwater influxes from Arctic export and Greenland ice
melt. The magnitude of the freshwater-driven AMOC decline during the recent decades (2005—
2022) is on par with that during 1985-1994, the decade coinciding with the Great Salinity
Anomalies of the 1980s and 1990s. Collectively, these results suggest that the AMOC system has
been operating under a long-term freshening regime since the mid-1960s, manifested by repeated
episodes of severe negative salinity anomalies that are broadly, though not exclusively, tied to
Arctic export and Greenland ice melt.

However, thermal buffering by a relatively cold state is apparent during 1975-2004. In
particular, the transient rebound in 1995-2004 occurs solely because the temperature-driven
AMOC anomalies—associated with a massive volume of cold LSW formed during a prolonged,
strongly positive phase of the NAO in the preceding years—temporarily mask this freshwater-
driven suppression. Following this transient rebound, however, the system seems to cross a
critical threshold, marking a breakdown of the thermal buffering in 2005-2022. Widespread

warming in the Nordic Seas and along the basin margins now works in tandem with freshwater
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influxes to create a highly buoyant surface cap. This combined buoyancy anomaly suppresses
dense water formation and drives a baroclinic adjustment that actively curtails southward DWBC
transport, ultimately driving the steeper decline of the AMOC in the modern era

It is important to acknowledge the key limitations inherent in our hydrography-based robust
diagnostic framework. First, the spatial and temporal coverage of the hydrographic data (World
Ocean Atlas 2023, WOA23)!92103 before the beginning of the Argo era (the early 2000s) is more
limited than in recent decades. Because the WOA?23 objective analysis scheme fills data-scarce
regions by mapping sparse anomalies against a modern-dominated, ““all-data” background
climatology, historical fields in data-void zones naturally exhibit a structural smoothing toward
post-Argo mean conditions. Additionally, the standard Argo floats are fundamentally restricted
to the upper 2000 m of the water column. Consequently, the vast majority of deep-ocean
hydrographic data below 2000 m rely on shipboard CTD profiles and deep Argo floats, which
remain far scarcer than core Argo observations across all decades. While these well-known
baseline constraints in WOA23 are mitigated here by utilizing decadally averaged hydrographic
fields, it still represents the primary source of uncertainty in our historical reconstruction for the
deep ocean and the pre-Argo era.

Second, while the overall trajectory of AMOC evolution largely agrees with a previous
robust diagnostic analysis?’, there are important discrepancies regarding the attribution of the
underlying drivers. Previously, the interdecadal AMOC changes during 1955-2017 were
attributed to a delayed response to the NAO, a mode of long-term natural climate variability.
This conclusion prevailed because the AMOC decline during 2005-2017 (following the 1995—
2004 partial recovery) remained relatively weak; consequently, the NAO signal obscured longer-

term trends and dominated the interdecadal AMOC evolution. Crucially, our sensitivity
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experiments indicate that the NAO is not the overriding driver for the long-term trajectory. They
demonstrate that while the strong positive NAO in the early to mid-1990s remains the primary
driver of the decadal-scale partial recovery during 1995-2004, the overall AMOC weakening
before and after this period is largely driven by a long-term freshening regime, linked to repeated
episodes of high-latitude salinity anomalies.

While based on a similar robust diagnostic approach, the previous study used a lower
horizontal resolution (1°) ocean model than the 0.25° employed here, along with different
numerical configurations and parameterizations. Therefore, we tested the sensitivity of the
AMOC reconstruction to horizontal model resolution by performing additional sets of robust
diagnostic model simulations using 1° and 0.5° resolutions (see Methods). These experiments
show that the AMOC at 45°N weakens by only 0.98 Sv over the 2005-2022 period in the 1°
resolution case (Fig. S8b, f). This is in line with the previous robust diagnostic study®. In the
0.5° resolution case, the AMOC exhibits a much greater weakening of 1.81 Sv (Fig. S9b, 1),
which closely approaches the 2.25 Sv reduction in our main results. Interestingly, the
compensating role of the Arctic Ocean is generally greater in the lower-resolution cases than in
our main results, which is partly responsible for the differences in the extent of AMOC decline.
This resolution dependence is likely linked to the representation of the boundary currents, which
tend to be more locally balanced and diffusive—and thus less dynamically connected to
upstream changes—in the lower-resolution models.

Ultimately, this sensitivity to model resolution and the data sparsity in the deep ocean and
during the pre-Argo period serve as an important caveat: the interdecadal AMOC evolution
derived from our robust diagnostic framework carries inherent structural uncertainties, and thus

should not be viewed as an exact historical trajectory or a substitute for continuous direct
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monitoring programs. Rather, it stands as a complementary tool that helps estimate and resolve
long-term AMOC changes, while clarifying the complex physical processes driving them.
Finally, based on the findings and insights gained from our robust diagnostic framework, the
evolution of the AMOC over the next decade will serve as a crucial test of its near-term
trajectory. One possibility is that the system will continue to decline under sustained high-
latitude freshening and warming. Alternatively, the enhanced subpolar deep convection
documented during the recent period could trigger a delayed, partial recovery of the AMOC,
mirroring the temporary stabilization that occurred during 1995-2004. The uncertainty
surrounding these contrasting pathways underscores the critical importance of maintaining

sustained ocean observations to closely monitor which trajectory the AMOC system will take.

Methods

Data and model used. In this study, we carried out a series of global ocean and sea-ice model
simulations with the model temperature and salinity fields constrained by the 0.25° resolution
World Ocean Atlas 2023 climatology (WOA23)!%219 an approach often referred to as robust
diagnostic model simulations'®. These simulations were conducted using the Modular Ocean
Model version 6 (MOMS6) and the Sea Ice Simulator version 2 (SIS2.0) from the Geophysical
Fluid Dynamics Laboratory??, and were driven by surface forcing fields derived from the
European Centre for Medium-Range Weather Forecasts reanalysis-5 (ERA5)'%. Both the ocean
and sea-ice model components have a nominal horizontal resolution of 0.25°, comprising 1,440
zonal and 1,080 meridional grid cells globally. This configuration utilizes a Mercator grid across
the tropics and extra-tropics, a bipolar grid northward of approximately 64°N, a spherical grid

between roughly 67°S and 78°S, and a displaced pole grid southward of 78°S. The ocean model
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has 75 layers in an isopycnal-z* hybrid vertical coordinate system.

Robust diagnostic model simulations. To reconstruct the AMOC and its interdecadal changes
since the mid-1950s, the model temperature and salinity fields were relaxed to WOA?23 for each
target period between 1955 and 2022 (i.e., 1955-1964, 1965-1974, 1975-1984, 1985-1994,
1995-2004, 2005-2014, and 2015-2022). Our robust diagnostic framework computes ocean
circulation fields that are dynamically consistent with these historical hydrographic fields. As
such, it is not designed to explicitly simulate fully transient physical processes; instead, it relies
on geostrophic balance and mass continuity—constrained by long-term averaged hydrography—
to diagnose ocean circulation, water mass transformations, and the resulting decadal AMOC
states. Each simulation was integrated for 50 years. For the initial cycle of integration, the
surface flux fields were prescribed sequentially from the corresponding historical years (e.g., a
10-year loop for the full decades, or an 8-year loop for the 2015-2022 period). This forcing cycle
was then repeated periodically through year 50.

All simulations approached their respective equilibrium states after the first cycle. To
account for model spin-up and to ensure the deep ocean reached a robust equilibrium, the first 20
years of integration were discarded, and the outputs from the final 30 years were time-averaged
for the analysis. Because the temperature and salinity fields were relaxed to the decadal
climatologies throughout the integration, internal ocean variability is heavily suppressed.
Consequently, the final 30 years represent a largely deterministic equilibrium state forced by the
climatological temperature and salinity fields and the repeating atmospheric cycle, rendering
traditional statistical significance tests against internal ocean variability inapplicable in our

experimental design.
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AMOC streamfunction in density coordinates and region definitions. To capture the full
overarching structure of the overturning circulation and its high-latitude variability, the AMOC
streamfunction (¥) is calculated by integrating the meridional velocity zonally across the
Atlantic—Arctic basin in potential density space referenced to 2000 dbar, from the ocean floor
upward to a specific potential density (p2) surface:

max

P2

Xw
Y, p2) =— f j v dxdp, D
P2 Xe

where x,, and x. represent the western and eastern boundaries of the Atlantic—Arctic basin, and
p2"* is the maximum density at the ocean floor. The strength of the AMOC at specific latitudes
is defined as the maximum value of this streamfunction.

While the vast majority of previous observational and reanalysis studies evaluate high-
latitude overturning transport (e.g., across the Greenland—Scotland Ridge, Fram Strait, and
Barents Sea) using surface-referenced potential density (po)**3-***!, our framework intentionally
utilizes p». At the near-freezing temperatures characteristic of high-latitude regions, the thermal
expansion coefficient of seawater approaches zero at the surface. Therefore, when using po,
distinct intermediate, overflow, and deep-water masses collapse into a narrow range of density
classes. When the velocity field is integrated across these compressed layers, overlapping
northward and southward flow components suffer a degree of numerical cancellation, which
artificially diminishes the diagnosed baroclinic shear. By referencing potential density to 2000
dbar (p2), the thermobaric effects inherent to the non-linear equation of state expand the density
coordinate spectrum for these cold, dense water masses. This reference frame effectively
prevents artificial transport cancellation within the streamfunction integration, providing a more

physically robust representation of the true maximum overturning intensity across the high-
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latitude passages. Indeed, a direct sensitivity test using our model data demonstrates that
calculating the AMOC streamfunction at 70°N in po space results in an overturning transport that
is approximately 1-2 Sv weaker than that calculated in p> space. Consequently, we caution that a
direct comparison of our absolute overturning transport values with those from previous po-based
studies is subject to systematic offsets inherent to the choice of vertical coordinate.

To quantify the rate of net diapycnal sinking within specific regional basins, we calculate the
difference in maximum overturning transport between their respective latitudinal boundaries.
This defines the diapycnal sinking rates for the subpolar North Atlantic between 45°N and 70°N
(MOCspo = MOC4sny — MOC70n), the northern Nordic Seas between 70°N and 80°N (MOCnor =
MOC70n — MOCson), and the Arctic Ocean poleward of 80°N (MOCarc = MOCson). Under this
sign convention, net diapycnal sinking within each basin is defined as positive. For the
hydrographic analysis, the Labrador Sea Water (LSW) layer is defined by the vertical depth

range of 1000-2500 m across the subpolar North Atlantic.

Optimization of the robust diagnostic model. While the original robust diagnostic
framework!% employed relatively strong damping (i.e., an e-folding timescale of less than one
year) to derive steady-state ocean circulations, such aggressive relaxation can over-constrain
internal model physics and introduce unphysical heat and salt sources/sinks. To explore
interdecadal changes in large-scale circulation without over-constraining the model’s internal
dynamics, a much less restrictive constraint is required. To determine an optimal temperature
and salinity relaxation coefficient, we carried out several tuning experiments. In agreement with
an earlier study”’, the spatial pattern and strength of the AMOC became unrealistic when the

relaxation coefficient was set below an e-folding time of ~3 years, whereas interdecadal changes
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in temperature and salinity in the high-latitude North Atlantic significantly deviated from those
of WOAZ23 when the relaxation coefficient was increased beyond an e-folding time of ~10 years.
Therefore, an e-folding time of 5 years was applied to relax the model temperature and salinity
toward WOAZ23 for the entire water column. For the surface layer, the e-folding time scales
proportionally with layer thickness, equivalent to 30 days per 10 m.

However, initial model results yielded a maximum AMOC transport across 26.5°N that was
much weaker than direct observations from the RAPID array'% (Fig. S10a). Additionally, the
southward return flow of dense water (oo = 27.5 kg m™>) from the Nordic Seas across the OSNAP
array was significantly underestimated compared to observations'®’ (Fig. S10d). These
deficiencies are largely due to the model’s horizontal resolution (0.25°), which is inherently
insufficient for fully resolving the narrow, deep overflow currents across the Denmark Strait and
Faroe-Bank Channel?!??. To circumvent this critical shortcoming, we modified the topography
within the Denmark Strait and Faroe-Bank Channel. Specifically, the Denmark Strait was
deepened from ~600 m to 900 m, and the Faroe-Bank Channel from ~900 m to 1000 m. Both
channels were also widened to ensure a minimum of four grid points across each passage.
Following this topographic adjustment, the modeled AMOC transport achieved reasonable
agreement with direct observations across the RAPID and OSNAP arrays (Fig. S11). These
topographic adjustments, combined with the selections of optimal relaxation coefficients, allow
us to reconstruct interdecadal AMOC changes that are consistent with hydrographic observations

while maintaining a physically realistic AMOC state.

Sensitivity experiments. In addition to the primary set of robust diagnostic model simulations,

we carried out four sets of sensitivity experiments. The first two sets were designed to isolate the
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576  relative contributions of salinity-driven versus temperature-driven buoyancy forcing to the

577  AMOC'’s interdecadal changes. In the first set, the model salinity fields were relaxed to the

578  actual decadal salinity fields from WOA?23, while the model temperature fields were relaxed to
579  the 1955-1964 baseline state. For example, S2015:T1955 denotes the experiment constrained by
580  2015-2022 salinity and 1955-1964 temperature. In the second set, the model temperature fields
581  were relaxed to the actual decadal temperature fields, while the model salinity fields were

582  relaxed to the 1955-1964 baseline state (e.g., T2015:S1955, for example, denotes the experiment
583  constrained by 2015-2022 temperature and 1955-1964 salinity). Note that due to the

584  nonlinearity of the seawater equation of state, the linear sum of these isolated experiments does
585  not fully account for the total anomaly, with the remaining variance attributed to nonlinear

586 interaction terms. In this study, we focus on these isolated components to quantify their primary
587  contributions to the AMOC’s interdecadal changes.

588 The remaining two sensitivity experiments were designed to evaluate the impact of the

589  model’s horizontal resolution on the reconstructed AMOC and its interdecadal changes, helping
590  to reconcile the key discrepancies between the current findings and a previous study?. These
591  resolution sensitivity experiments were identical to the primary set of robust diagnostic model
592  simulations, but were conducted using lower horizontal resolution configurations at 1° and 0.5°
593  (Figs. S8, S9).

594

595  Data availability

596  The World Ocean Atlas 23 (WOA23) data were downloaded from NOAA’s National

597  Centers for Environmental Information at https://www.ncei.noaa.gov/access/world-ocean-atlas-

598  2018. The European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis-5
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(ERAS) surface flux data were downloaded from the Copernicus Climate Change Service at

https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-single-levels. All other data used in

this study will be made available at https://www.ncei.noaa.gov before the publication.

Code availability
The code of the Modular Ocean Model version 6 (MOMG6) and the Sea Ice Simulator version 2

(SIS2.0) is publicly available from the public GitHub repository at https://github.com/NOAA-

GFDL/MOMG6.
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Figure 1. Baseline AMOC state and regional components. (a) Total AMOC streamfunction in
potential density (p2) coordinates against latitude for the 1955—-1964 baseline period. (b—d)
Profiles of the AMOC in p> across 45°N, 70°N, and 80°N. Regional maximum AMOC transport
values across 45°N and 70°N (MOC4sn, MOCron), and the rates of sinking in the broader
subpolar North Atlantic between 45°N and 70°N (MOCspo), the northern Nordic Seas between
70°N and 80°N (MOCnor), and the Arctic Ocean poleward of 80°N (MOCarc) are indicated
within the profiles (see Methods). P1955 denotes the 1955-1964 baseline period. The vertical
dash-dot lines in (a) indicate 45°N, 70°N, and 80°N latitudes, while the horizontal dash-dot lines
in (a) indicate two p> isopycnal horizons (1036.6, and 1037 kg m ) that roughly demarcate the
boundaries between the AMOC’s upper and lower limbs, and between the lower limb and the

Nordic Seas overflow waters, respectively.
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Figure 2. Decadal AMOC streamfunction anomalies and regional transport summaries for

1965-2004. (a—d) AMOC streamfunction anomalies in potential density (p2) coordinates against

latitude for a 1995-2004, b 1985-1994, ¢ 1975-1984, and d 19651974 periods relative to the

1955-1964 baseline period. (e-h) Corresponding bar plots summarizing the absolute transport

values for regional MOC components (MOC4sn, MOCspo, MOC70n, MOCnor, and MOCarc)

compared to the baseline period (hatched bars). Analysis periods are denoted by their initial

boundary years (e.g., P1955 represents the 1955-1964 baseline, P1965 represents 1965-1974,

and P1995 represents 1995-2004). The vertical dash-dot lines in (a—d) indicate 45°N, 70°N, and

80°N latitudes, while the horizontal dash-dot lines in (a—d) indicate two p> isopycnal horizons

(1036.6, and 1037 kg m*) that roughly demarcate the boundaries between the AMOC’s upper

and lower limbs, and between the lower limb and the Nordic Seas overflow waters, respectively.
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Figure 3. AMOC streamfunction and profiles for the 2005-2014 and 2015-2022 decadal
periods. (a, e) Total AMOC streamfunction in potential density (p2) coordinates against latitude
for a 2025-2022, and b 2005-2014 periods. Contour lines represent the total transport, while
color shading indicates the transport anomaly relative to the 1955-1964 baseline period. (b—d, f-
h) Profiles of the AMOC in p> across 45°N, 70°N, and 80°N. Solid lines in (b—d, f~h) denote the
specified decadal period, and dashed lines (b—d, f-h) represent the baseline period. Inset boxes

indicate the transport difference (AMOC) for specific regional components. Analysis periods are
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45°N off the Grand Banks of Newfoundland (49.5°W to 47°W) showing anomalies in meridional
velocity for all six decadal periods (a 20152022, b 2005-2014, ¢ 1995-2004, d 1985-1994, e
1975-1984, and f 1965-1974) relative to the 1955-1964 baseline period. Contours represent the
total southward velocity, and color shading represents the anomaly. Red shading indicates a
positive anomaly (a weakening of the southward flow), while blue shading indicates a negative
anomaly (an intensification of the southward flow). Analysis periods are denoted by their initial
boundary years (e.g., P1955 represents the 1955-1964 baseline, and P2015 represents 2015—

2022).
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Figure 6. Attribution of AMOC changes to salinity and temperature forcing from the 1985-
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runs constrained by decadal salinity but relaxed to baseline temperature. (Middle Column)
Anomalies for runs constrained by decadal temperature but relaxed to baseline salinity. (Right
Column) Bar plots quantifying the isolated salinity and temperature effects on regional MOC
components. S2015:T1955, for example, denotes the experiment constrained by 2015-2022
salinity and 1955-1964 temperature, whereas T2015:S1955 denotes the experiment constrained
by 2015-2022 temperature and 1955-1964 salinity. P1955 denotes the 1955-1964 baseline
period. The vertical dash-dot lines in (a—h) indicate 45°N, 70°N, and 80°N latitudes, while the
horizontal dash-dot lines in (a—h) indicate two p> isopycnal horizons (1036.6, and 1037 kg m2)
that roughly demarcate the boundaries between the AMOC’s upper and lower limbs, and
between the lower limb and the Nordic Seas overflow waters, respectively. See Figure S3 for

S1975:T1955, S1965:T1955, T1975:S1955, and T1965:S1955.
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Figure 7. Upper-ocean (0-250 m) salinity anomalies from the Arctic to the Subpolar North
Atlantic. Time-averaged salinity anomaly of the upper 250 m for each of the six decadal periods
(a2015-2022, b 2005-2014, ¢ 1995-2004, d 1985-1994, e 1975-1984, and f 1965-1974)

relative to the 1955—-1964 baseline period. Analysis periods are denoted by their initial boundary

years (e.g., P1955 represents the 1955-1964 baseline, and P2015 represents 2015-2022).
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Figure 8. Upper-ocean (0-250 m) temperature anomalies from the Arctic to the Subpolar
North Atlantic. Time-averaged temperature anomaly of the upper 250 m for each of the six
decadal periods (a 2015-2022, b 2005-2014, ¢ 1995-2004, d 1985-1994, e 1975-1984, and f
1965-1974) relative to the 1955-1964 baseline period. Analysis periods are denoted by their
initial boundary years (e.g., P1955 represents the 1955-1964 baseline, and P2015 represents

2015-2022).
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