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1. Introduction
In the Atlantic Ocean, near-surface currents advect warm subtropical waters into the subpolar regions 
where they cool and sink before returning southward as denser abyssal waters. The resulting current sys-
tem, the Atlantic Meridional Overturning Circulation (AMOC), provides major pathways for the redistribu-
tion of oceanic heat, freshwater and carbon. The AMOC has no equivalent in the Pacific or Indian oceans, 
which lack the high salinities and high latitudes required for such a dynamical process to occur (Buckley & 
Marshall, 2015). As global temperatures have risen (Hansen et al., 2010), questions about the role of AMOC 
variability as both a driver and consequence of climate change, over a wide range of time scales, have be-
come increasingly pertinent. Of particular importance is the relationship between the AMOC and Atlantic 
Multidecadal Variability (AMV) in sea surface temperature (SST) (Zhang et al., 2019), which impacts air 
temperature in North America and Europe, rainfall in Northern Africa and India and, Atlantic hurricane 
activity (Zhang & Delworth,  2006). The AMV is thought to be linked to ocean circulation (Delworth & 
Mann, 2000; Frajka-Williams et al., 2017; Zhang et al., 2019), however we currently lack the knowledge of 
historical ocean circulation required to confirm this.

In recent years, targeted monitoring arrays have been successful in constraining AMOC transport esti-
mates at various latitudes as well as capturing variability. The RAPID Meridional Overturning Circulation 
and Heat-flux Array (RAPID-MOCHA, Cunningham et al., 2007) provides a continuous record of AMOC 
strength, along with associated heat and freshwater fluxes ( ΘE Q  and fE Q ), in the subtropical North Atlantic 
(STNA) at 26.5°N from 2004 to present (McCarthy, Smeed, et al., 2015; Moat et al., 2020). During this pe-
riod the AMOC exhibited large variability, and underwent a weakening event in 2008 from which it is yet 
to recover (Smeed et al., 2018). This result, together with evidence that the AMOC strength in the subpolar 
and subtropical gyres may be uncoupled over annual to decadal time scales (Bingham et al., 2007; Lozier 
et al., 2010), changed the perspective of AMOC variability by revealing a rich spatial and temporal struc-
ture. From 2014 onwards the RAPID-MOCHA array has been complemented by the Overturning in the 
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Subpolar North Atlantic Program (OSNAP) array which spans the subpolar North Atlantic (SPNA). Lozier 
et  al.  (2019) and Li et  al.  (2021) report early OSNAP results for the AMOC which displayed significant 
temporal variability which, unexpectedly, was dominated by changes in the Irminger and Iceland Basins, 
east of Greenland. Although these programmes give an unprecedented insight into AMOC structure and 
change on monthly to interannual time scales, the observational record remains too short to place AMOC 
variability in the context of decadal or multidecadal climate change.

Longer AMOC time series estimates have been generated using proxies such as surface temperature (Caesar 
et al., 2018; Rahmstorf et al., 2015), sediment cores (Thornalley et al., 2018) or coastal surface height (Mc-
Carthy, Haigh, et al., 2015). Caesar et al. (2021) showed that a coherent decline is evident during the 20th 
century in numerous AMOC proxies, suggesting the AMOC has weakened exceptionally since the onset of 
the industrial era. However, proxy records are not equivalent to measurements of ocean circulation. Fur-
thermore, there is little consistency amongst proxies on multidecadal time scales (Caesar et al., 2021; Chen 
& Tung, 2018), so questions remain over the dynamical links between proxies and the AMOC.

Numerical models allow AMOC hindcasts, forecasts, and sensitivity tests under a variety of forcing sce-
narios and have provided new insights into AMOC variability over seasonal to millennial time scales (e.g., 
Cheng et al., 2013; Karspeck et al., 2017; Robson et al., 2018; Zhang, 2008). Of particular interest to climate 
modellers is the partitioning of climate indices, such as AMV, into internally versus externally (including 
anthropogenically) forced components (Haustein et al., 2019). While some models suggest the AMOC and 
AMV are coherent over multidecadal time scales (Moat et  al.,  2019; Zhang,  2007,  2008), they generally 
underestimate the role of the AMOC in AMV (Zhang et al., 2019) and have largely failed to capture the ob-
served AMV pattern under realistic external forcing (Buckley & Marshall, 2015), indicating internal variabil-
ity plays a significant role. Furthermore, simulations by Arzel et al. (2018) show that internal multidecadal 
variability may emerge spontaneously, while the recent results of Kim et al. (2019) identify ocean dynamical 
changes as essential in driving the AMV. In contrast, however, simulations by Booth et al. (2012), Haustein 
et al. (2019), Watanabe and Tatebe (2019) recreated an AMV-like response when aerosol emissions forcing 
was added, while Mann et al. (2021) suggest that the AMV is the result of volcanic activity perturbing the 
climate system. Longer AMOC time series based on ocean observations can be used to ground-truth the 
both simulations and proxies, and establish dynamical links between the AMOC and AMV. For example, a 
recent reconstruction of the AMOC in the Nordic Seas based on hydrography (Rossby et al., 2020) indicates 
close correlation with the AMV over the last E 70 years and found no evidence for AMOC weakening.

The North Atlantic internal density field has been measured with increasing spatio-temporal resolution 
throughout the 20th century, allowing computation of the historical baroclinic streamfunction. However, 
the scarcity of surface height observations in the pre-satellite era (before 1993) is a barrier to quantifying 
the barotropic component of the flow in the ocean interior. Inverse methods (e.g., Wunsch, 1978) provide a 
means of determining the velocity at some reference level and thus solving for the general circulation. The 
Bernoulli inverse (BI) method (Killworth, 1986) generates a surface height field (E ) and hence a surface 
geostrophic velocity field, based on hydrography alone. Cunningham (2000) derived a BI formulation for 

E  as a function of conservative temperature, ΘE , and salinity, E S, and validated it in an eddy-resolving model 
framework.

In this study, we apply an adapted version of the BI method from Cunningham (2000) to the EN4.2.1 (here-
after EN4) analysis data set (Good et al., 2013). The resulting E   field is combined with the hydrography 
data to solve for the general geostrophic circulation on the zonal section at 50°N, the approximate southern 
boundary of the SPNA. From these fields, the AMOC is diagnosed in neutral density space. We present 
our methods in Section 2, establish confidence in the BI method during the modern era in Section 3, then 
present the AMOC timeseries, along with associated heat and freshwater fluxes, from 1900 to present, in 
Section 4. We describe our approach to quantifying uncertainties in Section 5, paying special attention to the 
uncertainty due to sparse data coverage towards the start of the record. Finally, in Section 6, we discuss the 
implications of our results in the broader context of multidecadal climate variability in the North Atlantic.
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2. Methods
2.1. Data

Gridded EN4 temperature and salinity products Good et al. (2013), using Gouretski and Reseghetti (2010) 
corrections, were obtained from the UK Met Office website. These consist of the all observations since 1900 
optimally interpolated onto a 1-degree horizontal grid with 42 depth levels, with a monthly temporal reso-
lution. Where observations are sparse, the fields are relaxed towards a default climatology. Each datum is 
accompanied by an uncertainty value and a weight factor between 0 and 1, both of which reflect the error 
associated with gridding a varying, sometimes sparse, network of observations. According to EN4 weight 
values, 50°N is latitude with the best observational coverage of the Atlantic in the first half of the 20th cen-
tury. Figures S3–S6 show the temporal evolution of the EN4 ΘE  and E S, their uncertainties, and their weight 
factors at the boundaries at 50°N. EN4 ΘE  and E S values on this section were corrected for any instances of 
unstable stratification or sub-freezing temperatures (an occasional occurrence near the western boundary).

Gridded satellite altimetry data were obtained from the Copernicus Marine Environment Monitoring Ser-
vice. AMV data were accessed via the National Centre for Atmospheric Research Climate Data Guide web-
site (Trenberth et al., 2019). The time series consists of the area-weighted North Atlantic SST between 0 and 
65°N, which is detrended by subtracting the global mean SST (Trenberth & Shea, 2006).

2.2. The Bernoulli Inverse

At each time step, we identified the intersections in ΘE S  space between each neighboring pair of EN4 
profiles at 50°N. The Bernoulli Function, (Θ, , )E B S P , where E P is pressure, was evaluated on each profile 
(using the function “gsw_geo_strf_Cunningham” provided in the Gibbs Seawater Oceanographic Toolbox 
(McDougall & Barker, 2011), and differences E B  computed at each intersection point. We assume the ocean 
is inviscid, such that ΘE S  intersections are linked by streamlines. As E B is conserved along streamlines up 
to a linear dependence on sea surface height, E , we may write:

   1 2 1 2g B B     (1)

for each intersection and hence solve for the implied surface height difference, E  , between the two profile 
locations. In general, two adjacent profiles may have many ΘE S  intersections and the implied E   may not 
be unique. We therefore take the mean value of E   across all intersections.

2.3. Transport and Overturning

The meridional velocity component was computed using thermal wind shear and referenced to the surface 
geostrophic currents implied by E  . The calculation was carried out twice, using E   from both the Bernoulli 
Inverse and satellite altimetry. Following Lozier et al. (2019), a background velocity was added at each time 
step so that the net transport through the section was zero. The mean (±1 std) value of the background 
velocity was +0.30 (±0.21) cm s−1, where northward flow is positive. We consider only geostrophic flow, 
therefore Ekman transport is omitted from our calculations. Transports were mapped into neutral den-
sity (E  ) classes, integrated zonally and cumulatively integrated vertically to find the overturning stream 
function (E ) in density space:

γ
min(γ )(γ, ) ( ,γ , )d dγ .xe

xw
t v x t x     (2)

The maximum value of E  is defined to be the AMOC strength for each month:

AMOC( ) max ( , ) .t t


    (3)

Heat and freshwater transports were calculated following for example, Lozier et al. (2019):

max(γ)
0 min(γ)( ) ( ,γ, ) ( ,γ, )d dγxw

p xe
Q t C v x t x t x    (4)

max(γ)
min(γ)

( ,γ, )( ) ( ,γ, ) d dγxw
f xe

S x tQ t v x t x
S

   (5)
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where 6 3 1 1
0 4.1 10 Jm K , 35.10g kgpE C S       is the spatiotemporal mean salinity on the section, and eE x  

and wE x  represent the east and west ends of the section respectively. We calculate the mass transport similar-
ly, integrating spatially over the neutral density flux:

0( ) ( , , )γ( , , )d dxw
m H xe

Q t v x z t x z t x z  - (6)

where H is the maximum water depth.

3. Comparison With Satellite Altimetry: 1993–2018
The time-averaged, BI-generated zonal surface gradient, and hence the surface geostrophic flow, replicates 
the large-scale features of the equivalent field computed from satellite altimetry (Figure 1). In particular, 
the North Atlantic Current (NAC) centered around −43 °E is in the correct position, and the broad, positive 
surface flow in the east of the basin is captured excellently. However, extrema from the BI appear damped in 
comparison to satellite altimetry, most notably in the region of southward flow to the west of the NAC core. 
The divergence of the two solutions over the shelf near either coastline contributes minimally to transport. 
Note that the satellite fields were spatially filtered at 10E , the approximate horizontal decorrelation length-
scale for EN4 hydrography. Corresponding geostrophic velocity fields, ( , , )BIE v x z t  and ( , , )SAE v x z t , are shown 
in Figure S1.

Comparison of the overturning streamfunctions, ( , )BIE t  and ( , )SAE t , indicates that the BI solution ac-
curately recreates the main overturning structure, with the structure of the northward-flowing upper limb 
particularly well captured (Figure S2). BIE   has a greater amplitude than SAE   due to under-representation of 
the southward barotropic flow in the highest density classes, and the isopycnal partitioning the upper and 
lower limbs is in a higher density class (Figure S1).

Anomalies of AMOC ( )BIE t  and AMOC ( )SAE t  for the time period 1993–2018 are presented in Figure 2. AMOCBIE  
resembles AMOCSAE  ( 0.52E r  ), although fails to reach many of the high-frequency extrema, corresponding 
to abrupt periods of exceptionally high or low overturning, implying that the BI solution may not be suita-
ble for studying intra-annual AMOC variability. However, the method largely captures the interannual and 
decadal variability, with E r increasing to 0.61 when comparing time series of annual mean values. Further-
more, our reconstruction is broadly coherent with the results from the RAPID-MOCHA array, which saw 

Figure 1. 1993–2018 mean zonal surface gradient at 50°N from the BI applied to EN4 data (blue) and gridded absolute 
dynamic topography from satellite altimetry, low-pass filtered at 10E  (black). Corresponding EN4 bathymetry is shown 
in gray.
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a sharp decline in overturning in the late 2000s followed by a gradual increase over the mid 2010s (Smeed 
et al., 2018). Together, these results suggest the BI method applied to the EN4 data set can yield meaningful 
information about low-frequency AMOC variability in the pre-satellite era.

4. Overturning in the SPNA: 1900–2019
The AMOCBIE  anomaly for 1900–2019 is shown in Figure 3a. There is no statistically significant trend over 
this time period. The AMOC is anomalously strong from the 1930s to the 1950s and again in the 1990s and 
2000s. This variability is reminiscent of the AMV (Delworth & Mann, 2000), and we investigated this further 
by plotting the 10-year low-pass filtered AMOCBIE  anomaly alongside the AMV (Figure 3b). This reveals a 
striking relationship between the two time series, with clear coherence of the multidecadal modes of vari-
ability. The low-frequency AMOCBIE  variability has an amplitude of E 2 Sv and consistently leads the AMV. 
The maximum cross-correlation between the filtered time series, 0.57E r  , occurred with a lag of 2.5 years 
and was significant at the 95% level. The relationship does appear to vary over time, with typically greater 
lag times in the second half of the record.

The time series for heat, freshwater and mass fluxes yields mean (E  1 std) values of ΘE Q  = 0.56 (E 0.11) PW, 
fE Q  = −0.14 (E  0.08) Sv and mE Q  = −16.5 (E 2.7) Gg s−1. The filtered time series of ΘE Q  and mE Q  (Figure 4) are 

both closely related to the AMOC, with correlations of 0.72E r   and 0.94E r    respectively, indicating that 
variability in both ΘE Q  and mE Q  is dominated by circulation changes. ΘE Q  and fE Q  are strongly anti-correlated 
( 0.91E r   ), suggesting a degree of density compensation, and display significant increasing and decreasing 
trends respectively, indicating that the SPNA has gained heat and increasingly exported freshwater since 
1900. We note that the peaks in fE Q  anomaly (i.e., reduced southward freshwater flux) in the 1970s and 2010s 
correspond to two major SPNA freshening events (Dickson et al., 1988; Holliday et al., 2020).

Figure 2. Time series of AMOCBIE  (blue) and AMOCSAE  (black) anomalies at 50°N for the period 1993–2018. Narrow 
(bold) lines indicate monthly (annual mean) values. We include for comparison observed AMOC-Ekman annual mean 
values from the RAPID-MOCHA array at 26°N (red).
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5. Uncertainty
The clear interannual variability throughout the AMOC time series (Figure 3a) is evidence that, even in 
the early 20th century when hydrographic observations are relatively sparse, EN4 contains information 
about the geostrophic circulation beyond the climatological default. We must, however, account for poten-
tial errors introduced into our AMOC time series due the changing number and distribution of available 
observations.

EN4 uncertainty values already account for the error introduced when gridding sparse data (Good 
et al., 2013). As our time series is informed solely by the EN4 hydrography data, we seek a simple method 
of translating these uncertainties into an uncertainty estimate in the AMOC. Not all data points contribute 
equally to the AMOC signal, with variability instead dominated by the values at the boundaries (Figures S3–
S5). Moreover, the AMOC computed in depth space, which both scales and covaries ( 0.92E r  ) with the 
AMOC computed in neutral density space, is a function solely of boundary ΘE  and E S values once zero net 
transport is imposed. Our approach is therefore to propagate the uncertainty in the boundary hydrography 
through each stage of the calculation for the AMOC in depth space (the explicit formulae for calculating 
AMOC uncertainty are left to the Supporting Information S1).

Boundary ΘE , E S and E   anomalies relative to the default climatology are shown in Figures S3–S5, while cor-
responding weight values, which signify the influence of observation relative to climatology, are shown in 
Figure S6. At the eastern boundary, these fields deviate from the climatology throughout the last century, 
with the exception of the two world wars. At the western boundary, however, the first 10 years of the record 
shows very little variability beyond the climatological default, and the variability at 1000 m depth appears 

Figure 3. (a) Annual mean AMOCBIE  anomaly at 50°N for the period 1900–2010, with 10 year low-pass filtered data 
in bold. The shaded region represents the uncertainty associated with the changing observational network, discussed 
in Section 5. (b) AMOCBIE  anomaly versus Atlantic Multidecadal Variability (AMV), each with a 10-year low-pass filter. 
Annual AMV values are shown in narrow red.
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greatly suppressed for much of the first 25  years. Figure  S6 shows that the derived envelope of AMOC 
uncertainty reflects the effect of data sparsity and generally decreases as observational coverage increases 
over time.

6. Discussion
We see no significant AMOC weakening trend over the last 120 years. This is in agreement with the Rossby 
et al. (2020) reconstruction in the Nordic Seas, and apparently contradicts the proxy reconstructions of Cae-
sar et al. (2018), Rahmstorf et al. (2015) and Thornalley et al. (2018). However, from the 1930s onwards we 
see qualitative agreement with Caesar et al. (2018), with mostly a high AMOC until the 1950s, followed by 
a weakening throughout the 1960s and then a lesser peak around 2000. The disagreement lies between 1900 
and 1930, when we found the AMOC increased by around 4 Sv (Figure 3a) whereas Caesar et al. (2018) see 
a high AMOC throughout. Our uncertainty estimate exceeds 3.6 Sv over this most of this period (Figure S6). 
Thus, although our results do not resolve AMOC weakening over the last century, they should not be inter-
preted as evidence to the contrary. Further work is required to better constrain the AMOC in the early 20th 
century in order to clarify this issue.

Our results indicate that the AMOC at 50°N exhibited significant multidecadal variability throughout 
the last 120 years, and we anticipate that AMOC variability on this time scale is non-local. For example, 
the decrease in AMOC strength after the millennium is consistent with RAPID-MOCHA results (Moat 
et al., 2020) for the STNA (Figure 2). The increase in the 1990s is consistent with Robson et al. (2012), who 
attributed SPNA warming to strong AMOC, while Jackson et al. (2016) find evidence of this strengthening 
phase in the STNA, again suggestive of meridional coherence.

We have encountered compelling evidence that AMOC variability at 50°N leads the AMV by E 2–3 years 
(Figure 3b) and is therefore likely to be closely coupled to low-frequency North Atlantic SST variability. This 

Figure 4. Annual (10-year low-pass filtered) anomalies of (a) ΘE Q  and (b) fE Q  are shown in narrow (bold). Panel (a) also 
shows 10-year low-pass filtered mE Q  anomaly in bold black.
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result is in agreement with simulations by Moat et al. (2019), who find a 95% significant correlation between 
the two parameters with E 5 years lag in the SPNA. These links reaffirm the hypothesis that the AMOC and 
AMV are coherent (Moat et al., 2019; Rossby et al., 2020; Zhang, 2007, 2008), and lend credence to the ap-
proach of using SST as an AMOC proxy (Caesar et al., 2018; Rahmstorf et al., 2015) over multidecadal time 
scales. The weakening of the AMOC and decline in ΘE Q  in the last E 10 years (Figures 3a–3c) is therefore an 
indication that the AMV will soon enter a negative phase, as argued by Bryden et al. (2020) and Frajka-Wil-
liams et al. (2017). If the AMV is forced externally, as asserted by for example, Haustein et al. (2019) and 
Mann et al. (2021), this would suggest that multidecadal AMOC variability is also. Aerosol-forced AMOC 
variability is proposed by Menary et al. (2020) based on CMIP6 results, although with a multidecadal pat-
tern that differs to our observational analysis.

We propose that AMOC/AMV coherence over the last 120 years is due to a two-way coupling between the 
two parameters. It is intuitive that high overturning, and associated meridional heat transport (Figure 4a), 
acts to increase SST. That the corresponding upper ocean temperature anomaly feeds back into the AMOC 
is perhaps less obvious. The strong anticorrelation between the AMOC and mE Q  suggests that a positive 
northward buoyancy flux anomaly through 50°N is associated with a strong AMOC signal (since buoyancy 
flux is proportional to mE Q  but with opposite sign). Positive buoyancy anomalies in the upper SPNA will act 
to inhibit downwelling, impacting the AMOC signal at 50°N at a later time. Since SPNA downwelling is 
the primary driver of overturning (Petit et al., 2020; Zhang & Thomas, 2021), this introduces the potential 
for negative feedback in the AMOC. We suggest this feedback mechanism operates on multidecadal time 
scales, and is therefore responsible for the dominant multidecadal mode of variability. External impulses 
might be responsible for exciting this behavior but, as found by Mann et al. (2021), they need not by syn-
chronous with the AMV.

Examining the conditions north of our section (Figure  5) shows that anomalous buoyancy advection 
through the 50°N section is indeed closely coupled with the density field in the eastern SPNA. This agree-
ment between circulation and the scalar density field gives some affirmation that our dynamical approach 
is consistent with the evolving conditions in the wider North Atlantic. The low density since the turn of the 
millennium is exceptional, however, in that it does not appear to be explained by the variability in mE Q . This 
is an indication that factors besides the overturning at 50°N have increasingly influenced conditions in the 
SPNA in recent years (Frajka-Williams et al., 2017; Holliday et al., 2020).

Figure 5. Time series of potential density anomaly, 0E  , spatially averaged over the eastern SPNA (−44–0E E, 50–66E N, 
full water depth), with annual mean (10-year low-pass filtered) values shown in narrow (bold) green. mE Q  anomaly from 
Figure 4a is shown in black for direct comparison.
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From a zonally integrated perspective, our findings raise the possibility that density anomalies (relative to 
the long-term mean) circulate along AMOC streamlines which enter then exit the SPNA on multidecadal 
time scales. Multidecadal AMOC variability is intrinsically tied to the evolution the density field, while the 
AMV is simply the associated surface temperature signature. However, as the observed AMV time series is 
∼150E  years long (Trenberth et al., 2019) it is not clear whether this behavior is stable, phase-locked by timely 
atmospheric feedbacks (e.g., Kostov et al., 2019), or whether the period (amplitude) of variability will drift 
(decrease) as the along-streamline density structure is homogenised via diffusion. Furthermore, with the 
relationship between density and circulation appearing to change in recent years (Figure 5), it is unclear 
how the AMOC/AMV coupling will respond to a continually warming climate.

Data Availability Statement
All the data used in this study are publicly available. EN4.2.1 data are available at https://www.metoffice.
gov.uk/hadobs/en4/download-en4-2-1.html, gridded satellite altimetry data are available at https://re-
sources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_
L4_REP_OBSERVATIONS_008_047, and the AMV timeseries is available at https://climatedataguide.ucar.
edu/climate-data/atlantic-multi-decadal-oscillation-amo.
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