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Abstract
The Atlantic Meridional Overturning Circulation (AMOC) is a tipping component of the climate system, with a quasi-global 
impact. Several numerical and observational studies emphasized two modes of AMOC variability, characterized by two 
distinct Atlantic sea surface temperature patterns. One is associated with centennial changes, the Trend Mode, and the other 
with the Atlantic Multidecadal Oscillation (AMO). The origin of the different manifestations of these modes it is not fully 
understood. Using observational data and an ocean general circulation model we present evidence that, whereas the Trend 
Mode is mainly linked with deep water formation in the Nordic Seas and with a North Atlantic AMOC cell centered at 50° 
N, AMO is related with deep water formation in the Labrador and Irminger Seas and with an overturning cell centered at 20° 
N. In combination with previous studies, these results imply that a main route of increasing atmospheric  CO2 concentration 
influence on AMOC passes through deep water formation in the Nordic Seas and it is reflected in a subpolar North Atlantic 
meridional cell.
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1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) 
is one of the major tipping elements of the climate system 
(Buckley and Marshall 2016; Lenton et al. 2008). It has a 
nonlinear behavior linked to thresholds (Stommel 1961; 
Rahmstorf 1995) and played a key role in past major cli-
mate changes (e.g. Knorr and Lohmann 2007). AMOC has a 
large impact (e.g. Vellinga and Wood 2008; Liu et al. 2017), 
enhanced by its links with the Atlantic sea surface tempera-
ture (SST), which spreads its influence across the globe, 
through atmospheric teleconnections (e.g. Li et al. 2014). 
Through its transport of heat and carbon from the surface to 
the deep levels, it plays a major role in the climate response 

to anthropogenic forcing (Drijfhout et al. 2012; Marshall 
et al. 2014).

Whereas on intra-annual and interannual timescales 
AMOC variability is driven by local wind forcing, on dec-
adal and longer timescales thermohaline processes become 
an important control factor. Decadal and centennial Atlantic 
overturning variations are thought to originate from subpolar 
regions, in response to time varying deep water formation 
(Zhang 2010) and buoyancy forcing (Yeager and Danaba-
soglu 2014). These processes manifest in localized regions 
with deep convective mixing, like the Labrador and Irminger 
Sea (Labrador Irminger Seas Deep Water Formation—LIS-
DWF) (Jungclaus et al. 2005; Kuhlbrodt et al. 2007) and 
the Nordic Seas (Nordic Seas Deep Water Formation—
NSDWF) (Langehaug et al. 2012). Overflow Waters formed 
via NSDWF and delivered to the North Atlantic across the 
Greenland-Iceland-Scotland Ridge are denser than Labrador 
Sea water. Disruptions of deep convection in these regions 
can induce large changes of the Atlantic overturning (Zhang 
and Delworth 2005; Zhang et al. 2011).

For the historical period models simulate a modest 
AMOC decrease between preindustrial (1850–1900) and 
present day (2006–2015), which is most pronounced dur-
ing the last decades (Collins et al. 2019). Most climate 
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projections indicate that it will suffer a centennial scale 
slowdown during the twenty-first century, mainly in 
response to intensified North Atlantic freshwater and heat 
fluxes, induced by increased atmospheric  CO2 concentration 
(Collins et al. 2013). This is supported by analyses based 
on observational data (Dima et al. 2021). However, there 
are significant quantitative differences between the various 
model simulations, which imply large uncertainties regard-
ing the future evolution of the Atlantic overturning.

Observations about this oceanic component are necessary 
in order to constrain its variability. Direct measurements of 
AMOC intensity extend over a relatively short period of 
time (Bryden et al. 2005; Smeed et al. 2014; Srokosz and 
Bryden 2015), but they are complemented by indirect infer-
ences based on long-term observational SST fields or sub-
surface information (Latif et al. 2004, 2006; Lohmann et al. 
2008; Zhang et al. 2019). Indirect observational evidence 
indicates that the AMOC weakening trend already started 
in the late-nineteenth century and that its low-level intensity 
during the last decades is unprecedented in the last millen-
nium (Rahmstorf et al. 2015; Caesar et al. 2021).

While the understanding of the AMOC dynamics requires 
breaking down Atlantic Ocean circulation into its uninte-
grated components (Wunsch and Heimbach 2013), an 
approach towards reducing the uncertainty about its evolu-
tion could be based on a decomposition of its variations. His-
torical simulations from the Coupled Model Intercompara-
tion Project Phase 5 show that the first two dominant modes 
of AMOC changes, explaning 71% of the total variance, are 
represented by a centennial and an oscillatory multidecadal 
component (Cheng et al. 2013). Consistent with these, two 
AMOC modes were presented in a multi-millennial con-
trol integration of the Kiel Climate Model (Park and Latif 
2008), together with their distinct projections on the SST 
field. These two modes, a centennial trend and the Atlantic 
Multidecadal Oscillation (AMO), were also separated based 
on instrumental SST fields (Dima and Lohmann 2010). It 
was shown that they explain the largest part of variance at 
multidecadal and longer time scales variance for an SST-
based AMOC index (Dima et al. 2021). Numerical simula-
tions show that North Atlantic SST indices reproduce, with 
significant accuracy, the decadal to centennial AMOC vari-
ations (Latif et al. 2004; Rahmstorf et al. 2015; Caesar et al. 
2018).

The goal of this study is to identify the origin of the dif-
ferent manifestations of these two AMOC modes. Our strat-
egy consists in: (1) separation of the two observed Atlantic 
SST footprints, which were linked to overturning changes in 
previous studies; (2) identification of the two Atlantic SST 
footprints in fields derived from a simulation with an ocean 
general circulation model; (3) identification of the AMOC 
modes associated with the Atlantic SST footprints in simulated 
fields; (4) investigation of the potential connections between 

AMOC/SST modes and the North Atlantic deep water forma-
tion regions.

2  Data and methods

As the AMOC transports a large amount of heat, one could 
infer ocean circulation changes based on observed SST data, 
the longest measured oceanic quantity. As we investigate 
interannual to centennial variability and one needs accu-
rately determined spatial patterns, we use the HadISST.v1.1 
data set distributed on a global grid with a 1° × 1° spatial 
resolution and which covers the 1870–2016 period (Rayner 
et al. 2003).

The Empirical Orthogonal Functions (EOF) method 
is used in order to separate observed SST modes. Before 
applying this method, the global warming trend is removed 
by subtracting the annual global mean from each grid 
point. The global mean time series is quasi-identical with 
that of the average SST anomalies over a smaller domain 
(e.g. 0–360° E, 70° S–70° N) and therefore the subtracting 
method is not sensitive to scarcity of data in high latitudes. 
EOF is applied to annual mean anomalous SST fields, cover-
ing the Atlantic basin (75° W–20° E, 80° S–80° N). In order 
to check the robustness of the results across datasets, the 
analyses were performed also based on the ERSST.v5 data 
set, distributed on a global grid with a 2° × 2° resolution, 
covering the 1854–2016 period (Huang et al. 2015), with 
virtually identical results (not shown).

EOF analyses are also performed on SST, meridional 
overturning stream function and mixed layer depth (MLD) 
fields derived through a simulation performed with an 
ocean general circulation model. The Finite-Element Sea-
Ice Ocean Model (FESOM) is integrated in a regionally 
focused, but globally covered model setup. The model has a 
regional resolution of up to 7 km, and the simulations cover 
the 1958–2009 time period (Scholz et al. 2013, 2014). The 
model set-up was designed to study the variability in the 
deep-water formation areas and was therefore regionally 
better resolved in the Labrador Sea, Greenland Sea, Wed-
dell Sea and Ross Sea. The ocean state of the model set-up 
features pronounced variability in the Atlantic Meridional 
Overturning Circulation as well as the associated mixed 
layer depth pattern in the North Atlantic deep-water forma-
tion areas (Scholz et al. 2013, 2014; Ionita et al. 2016).

3  Results

3.1  Two distinct observed SST modes

The first EOF of the observed Atlantic SST field, explaining 
21% of the total variance, is marked by significant loadings 
located in regions with vertical components of the ocean 
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circulation, like the subpolar gyre and the Gulf Stream, but 
also in the Gulf of Guinea and the mid-latitudes of the South 
Atlantic, indicating a direct link with fluctuations in the deep 
ocean levels (Fig. 1c). It includes also an inter-hemispheric 
dipole, indicative of AMOC fluctuations. The corresponding 
time component is characterized by a centennial-scale trend 
(Fig. 1a). The Trend Mode (hereafter TM) pattern is marked 
by three centers of alternating signs, disposed from SW to 
SE of Greenland (Fig. 1c), a structure which was linked to 
overturning changes (Born et al. 2009; Zhang et al. 2011; 
Drijfhout et al. 2012).

One notes that the North Atlantic structure of EOF1 has 
some projection on the tripole pattern, which was linked 
with the North Atlantic Oscillation (NAO) impact on the 
SST fields (Viesbeck et al. 2003). However, whereas NAO is 
dominated by interannual variability and show no centennial 
scale trend, PC1 is marked by a long term increase starting 
in the late nineteenth century (Fig. 1a), which is of specific 
importance here. The NAO impact on the SST field appears 
to be rather reflected in EOF4 and EOF5 of the Atlantic SST 
field, which resemble the tripole pattern in North Atlantic 
(Fig. S2).

Both, EOF2 and EOF3 show dominant positive anoma-
lies in North Atlantic and include also anomalies of oppo-
site sign in the Southern Hemisphere sector of this basin 
(Fig. S1). Furthermore, their time components are marked 
by multidecadal fluctuations. As these features are charac-
teristics of AMO’s footprint on the SST field, we consider 
that these two EOFs/PCs, together, describe this mode. Its 
spatial structure is obtained by adding their patterns (previ-
ously multiplied by the standard deviations of the corre-
sponding PCs) and its time component is derived by adding 
the associated PCs. This mode explains 19% of variance 
(obtained as the sum of the variances explained by EOF2 
and EOF3). The north–south dipolar structure is the typi-
cal surface footprint of AMOC variations (Latif et al. 2004; 
Marini and Frankignoul 2014). As its structure includes 
positive anomalies distributed over almost the whole North 
Atlantic, it likely reflects intensified northward heat trans-
port due to strong AMOC (Latif et al. 2004). The resulted 
time series includes the typical time intervals of positive 
and negative AMO phases (Sutton and Hudson 2005; Dima 
and Lohmann 2007) and it is characterized by the abrupt 
transitions between two distinct states (Dima and Lohm-
ann 2011) (Fig. 1b). These properties represent the typical 
spatial and temporal characteristics of the AMO (Schles-
inger and Ramankutty 1994). Several studies indicate that 
this mode is linked with AMOC changes (Latif et al. 2004; 
Knight et al. 2005). Here we further investigate these pro-
posed links.

We consider the identification of the modes through this 
procedure as optimal, based on three criteria:

1. A very similar decomposition of AMOC long-term vari-
ability over the instrumental period in two modes was 
emphasized based on control and historical model inte-
grations (Schmidt et al. 2014) and based only on North 
Atlantic SSTs (Dima et al. 2021);

2. The two reconstructed modes have clear distinct char-
acteristics, without containing mixed information, as do 
the initial EOFs/PCs. Whereas, AMO is characterized 
by multidecadal fluctuations and a monopolar spatial 
structure in North Atlantic, the Trend Mode is associ-
ated with a centennial trend and a tripolar structure in 
this sector; the correlation between the corresponding 
reconstructed time components is insignificant;

3. The sum of the time components of these two distinct 
modes reconstructed based on the North Atlantic SSTs 
is significantly correlated (0.77) with an SST-based 
AMOC index (Dima et al. 2021; Fig. 1e in their study), 
suggesting that together, these two modes provide a 
quasi-complete decomposition of AMOC decadal and 
longer-term variability.

The existence of two distinct AMOC modes, with dif-
ferent projections on the Atlantic SST, raises the question: 
what is the origin of the differences between the manifesta-
tions of these two types of variations? In order to address 
this question, we analyze oceanic fields derived from an 
ocean general circulation model integration.

3.2  Two simulated SST modes

An EOF analysis was also performed on the annual Atlan-
tic (75° W–20° E, 80° S–80° N) SST field simulated with 
the FESOM model (Scholz et al. 2013, 2014). In the simu-
lation, the second Atlantic SST-EOF, explaining 13% of 
variance includes the three centers of alternating signs 
extending from the Gulf Stream area to the Nordic Seas 
(Fig. 2a), which are typical for the AMOC trend mode 
(Fig. 1c). The associated time series is dominated by a 
growing trend and aligns well with the corresponding 
observed component (Fig. 1a). The correlation coefficient 
over the common period is 0.58.

The dominant EOF of the simulated SST field, explain-
ing 19% of total variance, is marked by the AMO typical 
interhemispheric dipole (Fig. 2b). The associated time 
component, which is well aligned with the corresponding 
observed time series (Fig. 1b), reflects the AMO positive 
phases (1958–1968 and 1997–2009) and its negative state 
extending over 1970–1990 time interval. The correlation 
coefficient over the common period is 0.69. The similarity 
between the two pairs of patterns and time components 
indicates that FESOM simulates well the two SST modes.



840 M. Dima et al.

1 3

1880 1900 1920 1940 1960 1980 2000
Year

-4

-3

-2

-1

0

1

2

3

4
St

an
da

r d
ev

ia
tio

n
Observed SST Trend Mode
Simulated SST Trend Mode

1880 1900 1920 1940 1960 1980 2000
Year

-4

-3

-2

-1

0

1

2

3

4

St
an

da
r d

ev
ia

tio
n

Observed AMO
Simulated AMO

a) b)

c) d)

Fig. 1  Modes of Atlantic SST variability, derived through EOF 
analysis. a time component of the dominant SST mode (black line); 
b time component of the second dominant SST mode (black line); c 
the pattern of the dominant mode (°C), explaining 21% of variance, 
associated with EOF1; c the pattern of the second dominant mode 

(°C), explaining 19% of variance, derived as linear combination of 
EOF2 and EOF3. In panels a and c are also shown the time compo-
nents (blue lines) associated with the simulated SST Trend Mode and 
AMO, derived through EOF analysis, with patterns shown in Fig. 2. 
The time components are normalized with their standard deviations
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3.3  Two distinct simulated AMOC modes

In order to investigate the modes of AMOC variability, EOF 
analysis is performed also on the annual averages of zonal 
mean streamfunction for the meridional domain (30° S–80° 
N. 0–5000 m depth).

The first five EOFs, explaining 80% of variance, are 
considered in our study (Fig. S2). Whereas PC1, PC2 and 
PC4 are characterized by growing trends over the analyzed 
period, PC3 and PC5 are marked by multidecadal fluctua-
tions. Therefore, we consider that the former and the lat-
ter groups of PCs are describing two different modes. The 
stream function pattern of the first modes (associated with 
a trend) is obtained by adding EOF1, EOF2 and EOF4 (pre-
viously multiplied by the standard deviations of the corre-
sponding PCs). The associated time component is obtained 
by adding the corresponding PCs (Fig. 3a). Hereafter this 
mode is referred also as the Trend Mode (TM), in corre-
spondence with the analogue SST mode. In a similar manner 
are combined EOF3/PC3 and EOF5/PC5 in order to derive 

the pattern and the time component of the other mode. The 
TM, explaining 60% of variance, is marked by a cell of 
negative anomalies centered at about 50° N/1000 m depth 
and one with positive anomalies centered at 15° S/1700 m 
(Fig. 3c). One notes that North Atlantic AMOC changes 
were linked with corresponding variations in the southern 
sector of this basin (Zhu and Liu 2020).

EOF3 and EOF5 (Fig. S3e, i) are marked by positive 
cells located between equator and 50° N, whereas their 
PCs are modulated by multidecadal variability which 
includes a negative phase of negative values during the 
1970s and 1980s (Fig. S3f, j). These common properties 
indicate that these two EOFs/PCs are associated with the 
same mode. Its pattern, explaining 21% of variance, is 
obtained by adding EOF3 and EOF5 (previously multi-
plied with the standard deviations of the corresponding 
PCs) and its time component is derived through the super-
position of the corresponding normalized, PC3 and PC5. 
The AMOC pattern associated with this mode is marked 
by an overturning cell centered at about 20° N/2000 m 

Fig. 2  Dominant modes of simulated Atlantic SSTs derived through EOF analysis. a the pattern of the EOF2 (°C), explaining 13% of variance; b 
the pattern of EOF1 (°C), explaining 19% of variance. The EOFs were multiplied with the standard deviations of the corresponding PCs
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depth (Fig. 3d). The amplitude of its variations is slightly 
larger than 1 Sv. The associated time series shows the typi-
cal AMO fluctuations (Fig. 3b).

3.4  Simulated Atlantic ocean surface footprints 
of the two AMOC modes

In order to derive the simulated surface footprints of the 
two AMOC modes, we regressed their associated time 
components (Fig. 3a,b) on the SST field. The regression 
pattern (Fig. 4a) of the trend-like time component includes 
the main characteristics of the simulated SST trend mode: 
the tripole located in North Atlantic, the positive anoma-
lies in South Atlantic to 60° S and negative anomalies 
southward (Fig. 4a), consistent with previous studies (e.g. 
Zhu and Liu 2020). Similarly, the regression map (Fig. 4b) 
of the second time component resembles closely the pat-
tern of the simulated AMO SST pattern (Fig. 2b). There-
fore, the structures of the two regression maps indicate 
that the two SST modes reflect changes corresponding to 
the two AMOC modes. Whereas the SST trend mode is 
linked to a weakening AMOC cell centered at 50° N and 
one located around 15° S, AMO is connected to an AMOC 
cell centered around 20° N.

3.5  Simulated modes of North Atlantic deep water 
formation

In order to investigate potential links between NADWF sites 
and AMOC modes, an EOF analysis is performed on the 
simulated MLD field. The second dominant EOF, explainig 
17% of variance, is marked by a center of maximum values 
located in the Nordic Seas (Fig. 5c). Its corresponding time 
series indicate decreasing mixed layer depth and therefore 
weakening convection, over the integration period (Fig. 5a). 
The dominant MLD mode, explaining 36% of total vari-
ance, is marked by the center of maximum values located 
in the Labrador and Irminger Seas (Fig. 5d). Its time series 
(Fig. 5b) indicates reduced convection during the 1960s and 
after 1997, but maximum values in between these time inter-
vals, in anti-correlation with the AMO time series (Fig. 3b). 
This indicates that this dominant MLD mode is linked with 
deep water formation in the Labrador and Irminger seas.

3.6  Links between the two NADWF sites 
and the two AMOC modes

In order to investigate possible connections between 
NADWF and the two AMOC modes, the time components 
associated with the dominating MLD modes (Fig. 5a, b) 
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Fig. 3  Modes of simulated streamfunction variability derived through 
EOF analysis. a time component of the trend mode (sum of normal-
ized PC1, PC2 and PC4); b time component of the multidecadal 
mode (sum of normalized PC3 and PC5); c the pattern of the trend 
mode (Sv), explaining 60% of variance, derived as linear combina-

tion of EOF1, EOF2 and EOF4, which are previously multiplied with 
the standard deviations of the corresponding PCs; d the pattern of the 
multidecadal mode (Sv), explaining 21% of variance, derived as lin-
ear combination of EOF3 and EOF5, which are previously multiplied 
with the standard deviations of the corresponding PCs
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are regressed on the simulated Atlantic streamfunction 
and SST fields. The regression of the trend-like MLD time 
component (Fig. 5a) on the streamfunction field has max-
imum values when the last lags the former with 7 years. 
The regression pattern (Fig. 6a) includes the two centers of 
negative, respectively positive values, centered around 50° 
N and 15° S (Fig. 3c). For a 8 year lag, the SST regression 
map includes the centers of alternating signs in North Atlan-
tic, positive anomalies in subtropical South Atlantic and 
negative anomalies close to Antarctica (Fig. 6c), which are 
typical for the SST Trend Mode (Fig. 1c and Fig. 2a). The 
negative center located south of Greenland could be consid-
ered a response to the relatively weak AMOC cell located 
around 50° N (Fig. 3c and Fig. 6a). All mentioned features 
are significant at the 95% confidence level. Therefore, the 
decreasing MLD in the Nordic Seas (Fig. 5a, c) appears to 
be associated in North Atlantic with a reduced AMOC cell 
located around  50oN and negative SST anomalies south of 
Greenland (Fig. 6a, c).

Similarly, the regression of the time component of the 
dominant MLD mode (Fig.  6b) on the Atlantic stream 
function and SST fields show maximum values for lags of 
9 years and 12 years, respectively. Whereas the stream func-
tion regression pattern (Fig. 6b) is dominated by a positive 
center located close to 20° N, the SST corresponding struc-
ture (Fig. 6d) is marked by dominating positive SST anoma-
lies in North Atlantic and negative loadings in the southern 
hemisphere sector of this basin. All features mentioned here 
are significant at the 95% confidence level. These indicate 
that changes in MLD in the Labrador and Irminger Seas 
are associated with an AMOC cell centered around 20° N 
and a monopolar North Atlantic SST pattern. These associa-
tions between the AMOC structures and the SST patterns 
corresponding to TM and AMO are also derived through a 
Canonical Correlation Analysis (CCA) (Fig. S4).

In synthesis, the EOF, CCA and regression analyses of 
the simulated SST, MLD and AMOC fields indicate that 
each of the two SST modes is linked with a distinct North 

Fig. 4  Simulated regression SST patterns of the AMOC time compo-
nents. a Regression map of the North Atlantic AMOC trend (Fig. 3a) 
on the SST field (°C/std.dev.); b Regression map of the AMOC 

multidecadal component (Fig. 3b) on the SST field (°C/std.dev.). The 
regions for which the regression is significant above the 95% confi-
dence level are covered by red grids



844 M. Dima et al.

1 3

Atlantic deep water formation region: whereas TM is con-
nected with NSDWF, AMO is linked with LISDWF.

4  Discussion

These results provide constraints about the physical mecha-
nisms linking the deep water formation in the two regions 
with the corresponding AMOC cells and SST patterns. 
At long time scales, the lowest part of the Deep Western 
Boundary Current (DWBC), which propagates westward and 
then southward, is fed by the Nordic Seas overflow system, 
which has a significant influence on AMOC (Hawkins and 
Sutton 2008). A downslope of DWBC in the deep ocean 
levels could result in the bottom vortex stretching with cor-
responding ocean surface changes on the Northern Recircu-
lation Gyre, associated with adjustment of the Gulf Stream 
position (Zhang and Vallis 2007, Born et al. 2009; Zhang 
et al. 2011; Langehaug et al. 2012, Yeager and Danabasoglu 
2012). Through geostrophic balance, an anomalous DWBC 
affects also the subpolar AMOC cell. These processes, could 
generate the North Atlantic SST dipole, which marks the 
SST pattern of TM (Fig. 1c).

Positive density anomalies in LISDWF, which results 
in an intensified upper limb of DWBC and an associated 
AMOC strengthening through geostrophic balance, gen-
erates a relatively strong circulation in the Gulf Stream 
(Langehaug et al. 2012; Yeager and Danabasoglu 2012; 
Wouters et al. 2012; Ortega et al. 2016). Its relatively warm 
waters spread eastward over North Atlantic along the sur-
face currents and generates the horseshoe pattern of AMO 
(Fig. 1b) in about 7 years, as was shown based on obser-
vational data (Sutton and Allen 1997; Dima and Lohmann 
2004). One notes that the North Atlantic AMOC cell of TM 
(Fig. 3c) is located northward relative to the correspond-
ing cell of AMO (Fig. 3d), consistent with the fact that the 
location of the forcing factor of the former, NSDWF, is 
also located further northward than the LISDWF. Conistent 
with this, numerical simulations indicate that while decadal 
AMOC variations as that associated with AMO are forced 
by flux anomalies in the subpolar North Atlantic, longer time 
scales AMOC changes originates further north, in the Arctic 
(Sevellec et al. 2017).

Previous studies emphasize a significant role of LISDWF 
in forcing AMOC changes (Eden and Willebrand 2001; Bai-
ley et al. 2005; Getzlaff et al. 2005, Danabasolu et al. 2012). 
However, it was argued that at interannual and decadal time 
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Fig. 5  Dominant modes of simulated North Atlantic DJF MLD. a 
Time evolution of the normalized time component associated to 
EOF2; b Time evolution of the normalized time component associ-
ated to EOF1; c EOF2, explaining 17% of variance, multiplied by 

the standard deviation of MLD (contour interval is 50 m); d EOF1, 
explaining 36% of variance, multiplied by the standard deviation of 
MLD (contour interval is 50 m)
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Fig. 6  Links between NADWF sites and AMOC/SST modes. a 
Regression map of the North Atlantic MLD-PC2 (Fig.  5a) on the 
streamfunction field (Sv/std.dev.); the former leads by 7  years; b 
Regression map of the North Atlantic MLD-PC1 (Fig.  5b) on the 
streamfunction field (Sv/std.dev.); the former leads by 9  years; c 

Regression map of the North Atlantic MLD-PC2 (Fig. 5a) on the SST 
field (°C/std.dev.); the former leads by 8 years; d Regression map of 
the North Atlantic MLD-PC1 (Fig. 5b) on the SST field (°C/std.dev.); 
the former leads by 12 years. The regions for which the regression is 
significant above the 95% confidence level are covered by red grids
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scales, changes in Labrador Sea water volume are not clearly 
linked with MOC response across latitudes (Li et al. 2019). 
This apparent contradiction was reconciled by suggesting 
that the Labrador density anomalies, which were linked with 
AMOC changes, are originating in the Irminger Sea. In this 
last region, surface foring generates density anomalies which 
propagate in the Labrador Sea, where they dominate the var-
iations of this variable (Menary et al. 2020). In our study, 
the dominant North Atlantic MLD mode includes large load-
ing over both, Labrador and Irminger Seas (Fig. 5d), and 
therefore there is no distinction between changes in water 
properties in these two seas.

Based on analyses of ocean data from the Overturning in 
the Subpolar North Atlantic Program (OSNAP), for August 
2014 to April 2016, it was suggested that the transformation 
of warm, salty shallow waters into cold, fresh deep waters 
moving southward in the Irminger and Iceland basins are 
largely responsible for the overturning variability in the 
subpolar North Atlantic (Lozier et al. 2019). By linking the 
NSDWF with the subpolar AMOC cell, our study reinforces 
this result.

In our simulation with the ocean model, the TM and 
AMO are explaining comparable amount of variance in the 
North Atlantic stream function field, but their associated 
North Atlantic AMOC cells are centered at different lati-
tudes, at 50° N and 20° N, respectively. Consistent with this, 
a dual temporal manifestation of North Atlantic meridional 
circulation was reported in a model integration in which 
a fluctuation between AMO phases was associated with 
an anomalous AMOC cell centered at 20° N (Lozier et al. 
2010).

In numerical simulations, the LISDWF appears to impact 
significantly AMOC in the subtropics only in models with 
“eddy-permitting” resolution (Getzlaff et al. 2005). The 
AMOC response in the subtropics appear to result from a 
superposition of a fast dynamical adjustment through waves 
propagation and a southward advective mass propagation.

If the essential mechanisms for Dandgaard-Oeschger 
(DO) events, characterized by rapid warmings in North 
Atlantic during glacial periods, likely linked with AMOC 
changes (e.g. Dima et al. 2018), are the known processes 
which operate on different (glacial) background conditions 
(Li and Born 2019), then the links proposed in our study 
can contribute to the understanding of mechanisms of past 
climate changes and projections of future AMOC evolution. 
For example, as the TM is linked to NSDWF, which is cov-
ered by sea ice during glacial times, this mode could provide 
the background stable cold state of AMOC, consistent with 
its relative long characteristic time scale over the instru-
mental period. The LSDWF is closer to the southern limit 
of sea ice which could insulate the ocean circulation from 
atmospheric forcing in a more variable manner. Therefore, 
the AMO-AMOC mode is more likely to play an active role 

in DO fluctuations, as was suggested (Dima and Lohmann 
2010). Regarding the future AMOC evolution, the suppres-
sion of Labrador convection under global warming (Wood 
et al. 1999; Brodeau and Koenigk 2016) before a full AMOC 
shutdown, implies a cessation of AMO.

5  Conclusions

The main goal of this study was to identify the origin of the 
different manifestations of two AMOC modes, as reflected 
on the SST field. The observational and numerical results 
presented here, indicate that the origin of the distinction 
between the two AMOC modes is linked with their asso-
ciations with different North Atlantic deep water forma-
tion sites. Whereas the centennial TM is associated with 
NSDWF, AMO is essentially linked with LISDWF. While 
changes in NSDWF are reflected in North Atlantic through 
an overturning cell centered at 50° N, variations in LISDWF 
is linked with an AMOC cell centered at 20° N. Our results 
are consistent with previous studies which identifies the 
North Atlantic subpolar SSTs, on which the North Atlantic 
cell associated with TM has strong impact, as an indicator 
of long-term AMOC changes (Dima and Lohmann 2010; 
Rahmstorf et al. 2015; Caesar et al. 2018).

The North Atlantic AMOC cell of TM was emphasized 
as a northward intensification of anthropogenically forced 
AMOC changes, through a coupled model twenty-first cen-
tury simulation performed under the A1B scenario, which 
does not include any changes in solar irradiance and vol-
canic aerosols (Zhang 2010). Together with our results, this 
implies that the centennial scale AMOC weakening trend, 
which was linked with increasing atmospheric  CO2 con-
centration forcing (Caesar et al. 2018; Dima et al. 2021), 
is linked with the NSDWF and with the subpolar North 
Atlantic AMOC cell. Our results are in line with previ-
ous suggestion that the main element which governs the 
AMOC response to global warming is the density of inter-
mediate waters in the Greenland-Iceland-Norwegian Seas, 
which influences the density of North Atlantic deep water 
(Schweckendiek and Willebrand 2005).
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