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Abstract
We characterise, and explore the drivers of, differences in the internal variability of the atlantic meridional overturning 
circulation (AMOC) across five NEMO-based CMIP6 class climate models. While the variability of AMOC variability 
is dominated by its lower dense limb in all models, there is large diversity in the timescale, multidecadal variability, and 
latitudinal coherence of AMOC across models. In particular, the UK models have much weaker AMOC multidecadal vari-
ability and latitudinal coherence. The model diversity is associated with differences in salinity-governed surface density 
variations which drive high-density water mass transformation (WMT) in the Greenland–Iceland–Norwegian Seas (GIN) 
and the Arctic. Specifically, GIN Seas WMT shows large multidecadal variability which has a major impact on AMOC 
variability in non-UK models. In contrast, the smaller variability in GIN Seas WMT in the UK models has limited impact 
on the lower latitude AMOC via the Denmark strait overflow mass transport. This leads to a latitudinally less coherent and 
weaker multidecadal variability of the AMOC lower limb. Such differences between UK and non-UK models are related 
to differences in model mean states and densification processes in the Arctic and GIN Seas. Consequently, we recommend 
further in-depth studies to better understand and constrain processes driving salinity changes in the Arctic and GIN Seas for 
more reliable representation of the AMOC in climate models.

1  Introduction

The Atlantic meridional overturning circulation (AMOC) 
plays a pivotal role in shaping the mean state and variability 
of the North Atlantic climate system and beyond (Zhang 
et al. 2019). Changes to AMOC, therefore, have profound 
impacts on various aspects of the Earth system (Yeager and 
Robson 2017; Bellomo et al. 2021; Jackson et al. 2022). 
Although there are various hypotheses revolving around the 
drivers and causes of AMOC changes on various timescales, 

model studies suggest that AMOC is sensitive to changes in 
external forcing, for example: solar radiation and volcanic 
emissions (Pausata et al. 2015; Ye et al. 2023), greenhouse 
gas emissions (Bakker et al. 2016; Hu et al. 2020), and 
aerosol forcing (Hassan et al. 2020; Menary et al. 2020a). 
Climate models project that future AMOC is likely to slow 
down as global warming continues (Weijer et al. 2020; Liu 
et al. 2020). However, such projections are uncertain due to 
many factors (Reintges et al. 2017; Bellomo et al. 2021). In 
particular, projections of future AMOC changes are very 
sensitive to model-simulated mean state and internal vari-
ability of AMOC (Weijer et al. 2020; Ma and Jiang 2023). 
However, our limited understanding of the AMOC inter-
nal variability, and how that might evolve as a consequence 
of global warming, remains one of the largest sources of 
uncertainty in near-term future AMOC projections (Roberts 
and Palmer 2012; Roberts et al. 2014; Reintges et al. 2017; 
Jackson et al. 2022).

It has long been recognised that AMOC is highly vari-
able on a range of timescales—from days to millennia (Rob-
son et al. 2016; Jackson et al. 2019; Srokosz et al. 2021; 
Megann et al. 2021). Numerous studies have demonstrated 
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that AMOC multidecadal variability is a major driver of 
the North Atlantic sea surface temperature (SST) changes 
(Zhang et al. 2019). That is, the AMOC plays an important 
role in the Atlantic multidecadal variability (AMV) which 
modulates wide-ranging atmospheric and oceanic processes. 
The link between AMOC and AMV, as well their implica-
tions for wider weather and climate systems, provide long-
term predictability of the climate in the broad North Atlantic 
region (Smith et al. 2020) and beyond. Nonetheless, such 
predictability relies upon the accurate simulation of AMOC 
in climate models that is compromised by many factors 
including model parameterisations (Marshall et al. 2017), 
model biases (Heuzé 2017), and coupling with other compo-
nents of the Earth system (Kostov et al. 2019). For example, 
the Coupled Model Intercomparison Project (CMIP) Phase 
5 models have large spread in AMOC multidecadal vari-
ability which is mostly underestimated compared to observa-
tions (Yan et al. 2018; Xu et al. 2019). Compared to CMIP5, 
there are significant advances in the latest generation CMIP6 
models (Eyring et al. 2016). For example, it is reported that 
CMIP6 models are closer to observed interannual AMOC 
variability compared to CMIP5 (Kelson et al. 2022). Yet, 
CMIP6 models still present significant uncertainty and bias 
in characterising the mean state and variability of AMOC 
(Weijer et al. 2020).

A recent study by Lai et al., (2022) reported significant 
differences in the simulation of AMV between two versions 
of the UK Met Office models made for CMIP6 (HadGEM3-
GC3.1-LL and HadGEM3-GC3.1-MM). They found that 
such differences are associated with the representation of 
AMOC related to model resolution and many other pro-
cesses. Particularly, HadGEM3-GC3.1-LL lacks AMOC 
meridional coherence and the depth-space subsurface den-
sity anomalies in this model are confined to the subpolar 

latitudes. However, it is unclear whether the difference in 
AMOC is specific to the HadGEM3 model, or whether it is 
resolution-specific or other factors contribute. To address 
these questions, we take advantage of five models that have 
similar ocean configurations within CMIP6. Specifically, 
they are three non-UK models (CNRM-CM6-1, EC-Earth3, 
IPSL-CM6A-LR) and two UK models (HadGEM3-GC31-
LL and UKESM1-0-LL). We aim to characterise model 
diversity in simulating AMOC multidecadal variability, 
latitudinal coherence, as well as the processes driving such 
differences. To preclude the impact of externally forced 
changes, we analyse the preindustrial control (piControl) 
experiment (Table 1) made for CMIP6.

While the nature of AMOC internal variability remains an 
open question, there is increasing evidence that buoyancy-
forced surface water mass transformation (WMT) in the 
Subpolar North Atlantic (SPNA) plays a critical role (Kim 
et al. 2020; Yeager et al. 2021). That is, the transformation 
of warm, light surface waters along the northward upper 
limb of the overturning into cold, dense North Atlantic deep 
water (NADW) in high-latitude regions is believed to sustain 
AMOC and its variability. However, the relative roles of 
SPNA subregions in this mechanism remain unclear (Yeager 
et al. 2021). For example, Zhang and Thomas (2021) argued 
that WMT in the Arctic plays more important role in sus-
taining AMOC, whereas WMT in Labrador and Greenland 
seas have long been thought to be the key driver of AMOC 
change. Here, we employ WMT analysis to explore impor-
tant processes that might explain model differences in simu-
lating AMOC internal variability.

The paper is structured as follows. In Sect. 2, we briefly 
introduce models and data used in this work, as well as the 
computations of the AMOC and WMT in density space and 
the WMT analysis. We characterise AMOC mean states and 

Table 1   The 5 NEMO-based climate models used in this study

For each model, we analyse the first 500 years of one ensemble member (i.e., variant) from the CMIP6 piControl experiment

Model CNRM-CM6-1 IPSL-CM6A-LR EC-Earth3 HadGEM3-GC31-LL UKESM1-0-LL

variant r1i1p1f2 r1i1p1f1 r2i1p1f1 r1i1p1f1 r1i1p1f2
Ocean grids
(ni × nj × nLevel)

362 × 294 × 75 362 × 332 ×75 362 × 292 ×75 362 × 332 × 75 362 × 332 × 75

Isoneutral mixing coef-
ficient

1000 m2 s −1

Vertical mixing scheme Turbulent Kinetic Energy (TKE) + internal 
wave-induced mixing parameterization of de 
Lavergne et al. (2019), including tidal

TKE + a double 
diffusive mixing 
parameterization; a 
tidal mixing param-
eterization has been 
added to OPA of de 
Lavergne et al. (2019)

TKE

Atmospheric model ARPEGE-Climat 6.3 LMDZ6 IFS GA7.1 GA7.1
Sea ice model Gelato 6 LIM3.6 LIM3 CICE CICE
Model reference Voldoire et al. (2019) Boucher et al., (2020) Döscher et al., (2021) Kuhlbrodt et al. (2018) Sellar et al., (2019)
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multidecadal variability across models in Sect. 3 and 4. We 
then explore the links between surface WMT and AMOC 
diversity in Sect. 5. Important processes behind model dif-
ferences are analysed in Sect. 6 and summarised in Sect. 7. 
Our major findings are summarised and discussed in Sect. 8.

2 � Data and methods

2.1 � Models and simulations

We examine the representation of the AMOC in five 
CMIP6 climate models (Table 1). All the five models use 
the Nucleus for European Modelling of the Ocean (NEMO) 
version 3.6 (NEMO3.6) with ORCA1 grid as their ocean 
models. Note however that other component models, such 
as the atmosphere and sea ice, are model-dependent. The 
ORCA1 grid has 75 vertical levels and a nominal horizontal 
resolution of around 1° that is refined to around 1/3° around 
the equator and polar regions. Also, there are small differ-
ences in the bathymetry across models, which leads to dif-
ferences in the representation of overflow transport across 
the Scotland-Greenland ridge. To focus on the AMOC inter-
nal variability, we analyse the CMIP6 preindustrial control 
(piControl) simulation. The piControl experiment employs 
fixed pre-industrial era (i.e., 1850 here) external forcings 
including solar, land use, greenhouse gases, etc. To accom-
modate the different simulation lengths across models, we 
only analyse the first 500 years from each model.

Of the five models, two are from the UK Met Office – the 
physical climate model HadGEM3-GC31-LL and the Earth 
system model UKESM1-0-LL. These two models share 
the same physical–dynamical core (Sellar et al. 2020). For 
example, they employ the same atmosphere (i.e., Global 
Atmosphere 7.1 (GA7.1)) and sea ice (i.e., Los Alamos 
Sea Ice Model (CICE)) models. The atmosphere has a hori-
zontal resolution of approximately 135 km and 85 levels 
with a model lid at 85 km above sea level. Major differ-
ences between HadGEM3-GC31-LL and UKESM1-0-LL 
revolve around the addition of more Earth system processes 
and couplings in the latter (Sellar et al. 2019). For example, 
UKESM1-0-LL has interactive treatments of ocean heat and 
carbon uptake, carbonate chemistry, and ocean biology. For 
simplicity, we refer these two models as the “UK models” 
hereinafter.

In addition to the two UK models, we also analyse three 
other fully-coupled climate models that also use NEMO3.6 
as their ocean model component. CNRM-CM6-1 was 
jointly developed by the Centre National de Recherches 
Météorologiques (CNRM) and Cerfacs (Voldoire et  al. 
2019). The atmospheric component of CNRM-CM6-1 
is based on version 6.3 of the global atmospheric model 
ARPEGE-Climat. It has a horizontal resolution of about 1.4° 

at the equator and 91 vertical levels up to 0.01 hPa. Sea ice 
within CNRM-CM6-1 is represented by Gelato 6 (Voldoire 
et al. 2019). EC-Earth3 is an Earth System Model developed 
collaboratively by the European research consortium EC-
Earth (Döscher et al. 2021). It consists of the atmosphere 
model IFS and the sea ice module LIM3. The atmosphere 
model adopts a linearly reduced Gaussian grid equivalent 
to 512 × 256 longitude/latitude (approximately 0.7° at the 
equator) and 91 levels in the vertical (up to 0.01 hPa). 
Finally, IPSL-CM6A-LR is the low resolution (LR) version 
of the IPSL-CM6A model (Boucher et al. 2020). It employs 
LMDZ6 as its atmospheric model and LIM3.6.for sea ice. 
The atmosphere has a horizontal resolution of 1.25° × 2.5° 
and 79 levels in the vertical (up to 1 Pa). We refer to these 
three models as the “non-UK models” hereafter.

2.2 � Observations and reanalysis

The observation-based SST analysis from the Hadley Cen-
tre Sea Ice and Sea Surface Temperature (HadISST; Rayner 
et al. (2003)) is used here. We compare HadISST 1871–1950 
climatological mean with piControl following Lai et al., 
(2022). We note however that model-to-observation biases 
are insensitive to the climatological period selected. We also 
use the 1901–1950 ocean temperature and salinity data from 
version 4.2.2 of the Met Office Hadley Centre “EN” series 
(EN4; Good et al. (2013)) to calculate sea water density 
and compare to those from CMIP6 piControl. It should be 
noted that there is very limited observational dataset being 
integrated in the EN4 dataset for the period 1901–1950, and 
this is particular the case for the Arctic (Good et al. (2013)).

2.3 � Computation of metrics

We calculate seawater density offline using the Thermody-
namic Equation of Seawater–2010 (TEOS-10) referenced 
to the pressure level 2000 dbar, i.e., Sigma2. We choose 
Sigma2 for direct comparison to AMOC calculated in den-
sity space using Sigma2, which has the advantage to bet-
ter characterize deep water masses over large areas. We 
acknowledge that Sigma2 quantitatively differs slightly from 
Sigma0 due to non-linear components involved in the defi-
nitions. However, the results and conclusions of this study 
are not sensitive to such differences. The temperature-driven 
component of density evolution is calculated using the same 
equation but using time-varying monthly mean temperature 
while holding the salinity at their monthly climatological 
means and vice versa for the salinity-driven density evolu-
tion (Lai et al. 2022).

We present AMOC in density (Sigma2) space unless oth-
erwise denoted. Density-space AMOC is computed by inte-
grating basin-wide meridional volume transport as a function 
of isopycnals following Menary et al. (2020b). Specifically, 
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densities are regridded onto velocity grids and the overturn-
ing is calculated by summing volume transports along the 
line and then summing cumulatively in density space. Also, 
following Menary et al. (2020b), we do not apply compensa-
tion term to remove the impact of a non-zero net transport 
along a given latitude for the reasons discussed therein. We 
present AMOC strength primarily using the maximum of 
overturning streamfunction at 45°N (AMOC45) in density 
space—defined at the isopycnal where the climatological 
maximum of the overturning at 45°N occurs (hereinafter as 
Sigma_amoc45). We also present the overturning at 65°N 
and 60°N using the same method where applicable. To avoid 
confusion, we hereinafter refer the whole SPNA AMOC as 
overturning, and AMOC at Sigma_amoc45 as AMOC45. 
We define the lower limb of the overturning as the density 
classes above (i.e., denser than) the Sigma_amoc45, and the 
upper limb as density classes below (i.e., lighter than) the 
Sigma_amoc45.

We compute the AMV index as the area average of lin-
early detrended SST over North Atlantic region (0°N–90°N, 
75°W–15°E) following Lai et al. (2022).

We calculate surface forced WMT by integrating the sur-
face density flux (freshwater flux plus heat flux) over the 
outcropping region for a given isopycnal following Lange-
haug et al. (2012) and Yeager et al. (2021). Additionally, we 
compute WMT driven by surface density variations using 
the same method but with time-varying monthly mean sur-
face temperature and salinity while holding surface heat and 
freshwater fluxes at their monthly climatological means. 
Similarly, we calculate surface flux driven WMT using 
time-varying monthly mean surface heat and freshwater 
fluxes while holding surface temperature and salinity at their 
monthly climatological means (Petit et al. 2021). The sur-
face WMT is integrated for the whole SPNA region as well 
as regional basins defined in Figure S1. The regional seas 
include: the Labrador Sea (LAB) that is demarcated by the 
western section of the OSNAP campaign; the Irminger–Ice-
land Basin (IIB) enclosed by the western section of the 
OSNAP campaign and the lines along the Sills; the western 
subpolar gyre (WSPG) that includes the LAB and the south-
western part of the subpolar gyre; Eastern subpolar gyre 
(ESPG) that includes the IIB and the south-eastern part of 
the subpolar gyre; the Greenland–Iceland–Norwegian seas 
(GIN); and the Arctic Ocean (ARC) north of the GIN Seas, 
including the Barents Sea.

To calculate the Greenland-Scotland Ridge overflow 
transport (GSRO) along the Greenland-Iceland sills (Sills),, 
we first extract vertical profiles of volume transport along 
the Sills line; the line is defined along vorticity points of the 
Arakawa C grid. We use this line to extract volume fluxes 
(both meridional and zonal) on their natural grid points in 
order to preserve the model transports. These transports are 
regridded into density space. For more details, please refer to 

Jackson et al. (2020) and Jackson and Petit. (2022). We then 
define the overflow by integrating water masses denser than 
36.8 kg m−3 in density space following (Petit et al. 2021). 
Finally, we compute GSRO as the sum up of overflow water 
denser than 36.8 kg m−3 across the Denmark strait, the Ice-
land–Fareo channel, and the Fareo–Scotland channel.

For all indices defined above, we compute their low-fre-
quency component using a 15-year moving mean and refer 
to the 15-year smoothed data as multi-decadal variability. To 
assess the statistical significance of the relationship between 
time series (i.e., cross correlation and lagging regression), 
we apply the 15-year block bootstrap method following Lai 
et al. (2022). To avoid the impact of model drifts on regres-
sions, we perform linear detrending to all metrics before 
statistical analysis.

3 � Models’ mean state and bias

Before comparing the variability of the overturning and the 
mechanisms that control it, we first compare the mean state 
of the models.

Figure 1a1–e1 show that all the NEMO models are cold-
biased in the broad SPNA region compared to HadISST. 
This is most pronounced in the subpolar gyre with a cold 
bias of up to − 6 K in all models. Sea-ice covered areas are 
masked off in this comparison. The cold bias is a common 
issue in low-resolution models due to the representation of 
the North Atlantic Current that is too weak and too zonal 
(Danabasoglu et al. 2014). Meanwhile, there is a warm bias 
along the northern edge of the ESPG in UK models. The top 
100 m are generally too fresh in all models compared to EN4 
in the broad SPNA region, and particularly in the central 
subpolar gyre (Fig. 1 a2–e2). However, all models simulate a 
too saline Gulf stream, Iceland basin, and the seas along the 
coast of UK and Norway; this is also a common feature of 
low-resolution models associated with a too weak AMOC. 
Notably, salinity bias in the Arctic shows a distinct contrast 
between the UK and non-UK models. Here, non-UK models 
are too saline while the UK models are too fresh (also see 
Figs. S2 and S3).

The annual mean climatology of the top 500 m mean 
density (Fig. 1 a3–e3) shows a similar spatial pattern across 
models, featuring a relatively denser WSPG compared to 
the ESPG. Meanwhile, the GIN Seas stand out as the dens-
est region of the whole North Atlantic in all models. It is 
important to note the Arctic features a lighter upper ocean 
sea water (Figs. 1d3, e3) along with a deeper (around 100 m) 
mixed layer (Fig. S2a1) in the UK models compared to non-
UK models. This is consistent with the model-simulated 
upper ocean salinity that is fresher in the Arctic in the UK 
models. A careful comparison between the spatial pattern of 
upper ocean salinity bias to upper ocean density climatology 
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reveals the dominant role of salinity in the distribution of 
upper ocean sea water density in all models. This is consist-
ent with the fact that the upper ocean stratification is domi-
nated by the salinity distribution in the broad SPNA region 
in all models as well as in EN4 (Fig. S2).

Wintertime deep convection is strongest in the GIN Seas 
in all models, yet the strength and centres of the deep con-
vection regions differ across models (Fig. 1 a4–e4). There 
are considerable differences in winter convection in the LAB 
across models. For instance, UK models show deeper LAB 
convection compared to non-UK models. The EC-Earth3 
model (Fig. 1b4) has the weakest convection in LAB likely 
related to excessive sea ice coverage there (Fig. 1b5), but 

stronger convection in the Iceland basin compared to all 
other models. Over the Arctic, the differences in the mixed 
layer depth mean state is generally small, but there is a 
noticeable difference in the multidecadal variability of the 
mixed layer depth with EC-Earth3 having significantly more 
variability than the other models (Fig. S4).

Models show a wide range of the mean states of the 
SPNA overturning in both density-space (Fig. 2a1–e1) and 
depth-space (Fig. S5). In density-space, the basin-wide time-
mean overturning strength increases from subtropical to sub-
polar latitudes, peaking between 55°N and 60°N. The basin-
wide overturning is strongest in CNRM-CM6-1 (Fig. 2a1) 
and weakest in IPSL-CM6A-LR (Fig. 2c1). This is also 

Fig. 1   Model mean state and bias. a1–e1 Annual mean SST bias (K) 
compared to HadISST (1871–1950 mean). a2–e2 0–100  m annual 
mean sea water salinity bias (psu) compared to EN4 (1901–1950 
mean). a3–e3 Climatological mean of top 500 m annual mean density 

(Sigma2; kg m−3). a4–e4 Climatological mean of March mixed layer 
depth climatology (km). a5–e5 Climatological mean of the winter 
(December–March) mean sea ice concentration (%)
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shown by the maximum overturning at 45°N (i.e., AMOC45 
in Figs. 3a, b), where IPSL-CM6A-LR is weakest (about 
9 Sv) while CNRM-CM6-1 is strongest (about 14 Sv). In 
addition to the basin-wide overturning, there is also a sub-
polar overturning cell (55°N–60°N) that is prominent in all 
models. However, the magnitude of the subpolar cell, and 
the density classes over which it resides, varies significantly 
across models. It is important to note that the lower limb of 
the overturning spans a wider range of density classes in UK 
models (i.e., it is more diffuse). For instance, the maximum 
overturning at 60°N (blue plus signs) and 45°N (green plus 
signs) occur in lighter classes (Fig. 2d1, e1) in UK than in 
non-UK models. North of the subpolar latitudes, there is an 
overturning cell above 37.0 kg m−3 corresponding to over-
turning in the GIN Seas that is around 1.3–1.9 times stronger 
in non-UK models compared to UK models.

4 � Diversity in the variability and latitudinal 
coherence of AMOC

In this section, we characterise the multi-decadal variability 
and latitudinal coherence of the AMOC in density-space, 
focusing on the diversity across models (Figs.  2, 3, 4). 
Figure 3a shows the time series of AMOC45 measured at 

Sigma_amoc45. The five NEMO models show very differ-
ent simulations of the magnitude, timescale, and variability 
of AMOC45. The UK models show substantially smaller 
magnitude AMOC45 multidecadal variability (Fig. 3a, b). 
As consistent with AMOC45, the time series of AMV also 
shows pronounced difference between UK and non-UK 
models, with much larger variability in the latter (Fig. 3c, 
d). The AMOC45 variability has a broadly consistent impact 
on the North Atlantic sea surface temperatures across mod-
els, with increased AMOC45 associated with basin-wide 
warming (Fig. 3e). However, the UK models show weaker 
AMV variations while non-UK models, and particularly 
EC-Earth3, show larger AMV variations associated with 
multidecadal AMOC45 variations (Fig. 3f). Such differences 
between UK and non-UK models are consistent with the 
weaker AMOC45 variability in UK models.

Figures 2a2–e2 show the multidecadal variability of the 
overturning in density space. The structure of the multi-
decadal variability shows considerable difference to that of 
mean overturning (Fig. 2a1–e1). In particular, the largest 
variability tends to occur at different isopycnals and lati-
tudes compared to that of the mean state. Specifically, in 
non-UK models, the largest variability generally occurs in 
the lower limb where waters are denser than Sigma_amoc45 
(i.e., around 36.7 kg m−3 as denoted by the green crosses). 

Fig. 2   Mean state, multidecadal variability, and coherence of the 
annual mean AMOC stream function (Sv) as a function of density 
(Sigma2; y-axis; kg m−3) and latitude (x-axis). The top row shows the 
climatological mean. The second row shows the standard deviation of 
15-year running mean of annual mean AMOC. The third row shows 

the instantaneous correlation between AMOC and low-frequency 
AMOC60. The density layers at which the climatological maximum 
of AMOC at 45°N, 60°N, and 65°N are shown in each model and 
denoted by, respectively, the green, blue, and purple pluses
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Note that EC-Earth3 (Fig. 2b2) presents large variance in 
both the upper and lower limbs. Overall, in non-UK mod-
els, the largest variability is found at the layer where the 
largest variation in the deep western boundary current is 
found (Yeager et al. 2021). In contrast, the UK models show 
smaller variability at all latitudes (Fig. 2d2, e2), as has also 
been seen in the time series of AMOC45 (Fig. 3a, b). In 
the UK models, there are also three distinct cells of large 
variance that reside in different density layers. This includes 
two distinct cells of prominent variance in the dense limb 
(i.e., around 36.7 and 36.9 kg m−3), whilst the highest vari-
ance is found in the upper limb spanning the density classes 

of 36.2–36.5 kg m−3. In non-UK models, however, the two 
cells of large variance in the lower limb seem to be merged 
into one, implying a possible entrainment of the deep sea 
overflow water. Such entrainment of deep water seems to be 
either too weak or missing in the UK models.

Along with the difference in the multidecadal variabil-
ity of the overturning, UK models also show weaker lati-
tudinal coherence of the overturning. First, Fig. 2a3–e3 
show that there is a weaker correlation between AMOC60 
and the overturning at lower latitudes. This suggests a 
weaker link between subtropical and subpolar overturning 
in UK models. Indeed, the UK models lack the latitudinal 

Fig. 3   AMOC45 and AMV. a Time series of annual mean (thin lines) 
and 15-year running mean (thick lines) AMOC45, b AMOC45 inter-
annual (thin vertical bar) and multidecadal (15-year running mean; 
thick vertical bar) variability measured by standard deviation. c, 
d The same as a, b, but for AMV. Horizontal bars in b, d show the 

climatological mean states. e cross correlation and f lead-lag regres-
sion of AMV onto normalised low-frequency (15-year running mean) 
AMOC45. AMOC45 leads AMV to the right of the x-axis in num-
ber of years. Solid circles in e, f denote statistical significance at the 
p ≤ 0.05 level based on a two-sided Monte Carlo test
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coherence of overturning circulation in density-space as 
seen in non-UK models (Figs. 4 and S6). Albeit a weaker 
signal in CNRM-CM6-1, the lower limb anomalies start 
generally from high-latitudes and then propagate slowly 
southward to subtropical regions in all non-UK models. 
These anomalies then propagate to the upper limb and per-
sist. However, in UK models (bottom two rows in Fig. 4), 
the anomalies are confined to the subpolar gyre and do not 
propagate meridionally to subtropical regions over time 
and the AMOC45 changes show a much weaker link to 
previous overturning anomalies at high latitudes.

The weak latitudinal coherence of the overturning cir-
culation in UK models is consistent with the fact that the 
subsurface (1500–2500 m) density anomalies do not prop-
agate along the western boundary in UK models (bottom 
two rows in Fig. 5). In contrast, there is a clear southward 
propagation of the subsurface density anomalies along the 
western boundary over time in non-UK models (Top three 
rows in Fig. 5). In addition to the weak latitudinal coher-
ence of subsurface density anomalies, the GIN Seas density 
anomalies also show a weak link with density anomalies 
south of the Sills and lower latitudes in UK models. This is 

Fig. 4   Propagation of the overturning anomalies in density space 
(Sigma2; y-axis; kg m−3). Contours show the climatological mean of 
annual mean AMOC stream function while colours show regression 
of the overturning onto AMOC45 (Sv/σAMOC45). From left to right are 

respectively 40, 20, 10, 0  years before and 5  years after AMOC45. 
The density layers at which the climatological maximum of AMOC 
at 45°N, 60°N, and 65°N are denoted by, respectively, the green, blue, 
and purple pluses
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consistent with the overturning anomalies that seem to be 
disconnected between the subpolar gyre and the GIN Seas 
in the UK models (Fig. 4).

Despite the differences, the above analysis shows that 
the density-space overturning anomalies consistently start 
from the lower dense limb at high latitudes in all the five 
models. This is supported by the finding that multidecadal 
variability of AMOC45 is dominated by the variability in 
the lower dense limb rather than the level where the maxi-
mum overturning occurs in density space across models 
(Figs. 6 and S7). The dominance of the lower dense limb in 
the multidecadal variability of the overturning is consist-
ent with Yeager et al. (2021). More specifically, the lower 
dense limb of the overturning at 45°N leads the AMOC45 

index (measured at Sigma_amoc45). Meanwhile, changes 
in the upper limb lag the AMOC45 index (Fig. 6). It is, 
however, noted that there are clear differences between 
UK and non-UK models in the magnitude, timescale, and 
variability of the lower dense limb of the overturning.

The diversity in the timescale of the lower limb over-
turning shown in Fig. 6 is in line with Fig. 3 which shows 
diversity in the timescale of AMOC45 across models. We 
also note that the timescale of AMOC in non-UK mod-
els features a strong multi-centennial variability, as have 
also been reported by Jiang et al. (2021) and Meccia et al. 
(2023). This is in clear contrast to UK models where the 
centennial AMOC variability is absent.

Fig. 5   Propagation of deep layer (1500–2500  m) density anomalies associated with the normalised  low-frequency (15-year running mean) 
AMOC45 (kg m−3/σAMOC45). From left to right are respectively 20, 10, 5, 0 years before and 5 years after AMOC45
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5 � Surface water mass transformation 
and links to the variability 
of the overturning

To explore processes that underpin the differences in the 
lower dense limb of the overturning and thereby differences 
in the variability and coherence between UK and non-UK 
models, we turn to WMT analysis in this section. We pri-
marily use the AMOC45 index to explore the relationship 
between the overturning and WMT over the broad SPNA 
region North of 45°N (including the whole Arctic Ocean). 
Figure 7a shows that there is a strong link between multi-
decadal AMOC45 variations and changes in the SPNA-inte-
grated WMT that is averaged across density bins. This justi-
fies the usage of surface WMT analysis for understanding 
the multidecadal variability of the overturning circulation. 
We also note that the link between AMOC and WMT is in 
line with Desbruyères et al. (2019), and has been analyti-
cally established by Swingedouw et al. (2019). It is clear, 
however, that the WMT changes associated with AMOC45 
show substantial difference between UK and non-UK mod-
els (Fig. 7b). That is, the WMT anomalies associated with 
AMOC45 are significantly weaker in the UK models. This 
is consistent with the finding that UK models have weaker 
magnitude variability and latitudinal coherence of the 
overturning.

The climatological mean of SPNA-integrated annual 
mean WMT peaks around 36.5 kg m−3 in non-UK mod-
els (Fig. 7c–e). However, the UK models (Fig. 7f–g) show 
three peaks spanning the light-density classes (around 
35.3–35.8 kg m−3), the intermediate-density classes (around 
36.3 kg m−3), as well as the high-density classes (around 
36.9 kg  m−3). This is consistent with the diffuse lower 
limb of the overturning circulation in UK models shown 
in Fig. 2. For WMT integrated over high-density classes 
above 36.5 kg m−3, the climatology mean state shows similar 
spatial pattern and magnitude across models (top rows in 
Figs. 8 and S8): that is, most high-density WMT occurs in 
the GIN Seas, with consistent WMT in the Norwegian Seas 
in most models and to a lesser extent from IIB and LAB. 
This is also seen in Fig. 7c–g which confirm that the GIN 
Seas dominate SPNA high-density WMT in all models. We 
note that the Arctic WMT in UK models (Figs. 7f, g), pri-
marily in light-density classes, is much stronger compared 
to non-UK models that have most of the WMT in high-den-
sity classes. In contrast to the similar spatial pattern and 
magnitude of the mean state of high-density classes WMT, 
the multidecadal variability of WMT integrated over high-
density classes shows significant difference between UK and 
non-UK models (bottom rows in Figs. 8 and S8). That is, the 
multidecadal variability of high-density WMT in UK models 
is much weaker. Indeed, Figs. 7k, l show that the UK models 

Fig. 6   Lead-lag regression of density-space overturning at 45°N onto 
the normalised low-frequency (15-year running mean) AMOC45 
index (Sv/σAMOC45). The horizontal green lines denote the den-
sity layer where the climatological maximum overturning at 45°N 
(AMOC45) occur in each model. Density-space overturning at 45° 

leads AMOC45 index to the left. Dotted stippling denotes statistical 
significance at the p ≤ 0.05 level based on a two-sided Monte Carlo 
test. Y-axis is the density (Sigma2; kg m−3) coordinate, and x-axis 
denotes number of years before and after AMOC45 peaks
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feature much stronger light-density variability in the Arctic 
but much weaker high-density variability in the GIN Seas 
and the Arctic.

The above implies that the weaker multidecadal variabil-
ity of the overturning circulation is associated with weaker 
changes in SPNA high-density WMT in the  UK mod-
els, and particularly of those generated in the Arctic and 
GIN Seas. To further understand this, we examine SPNA 
WMT anomalies associated with multidecadal AMOC45 

variations, focusing on the contributions from different 
basins of the SPNA region (Fig. 9a1–e1). We first note that 
increased WMT at high-density classes consistently leads 
the AMOC45 in all models. We stress again this is con-
sistent with the finding that the AMOC45 multidecadal 
variability is dominated by lower dense-limb variability 
rather than by the variability of the maximum overturning 
(Fig. 6). It is also worth noting that the WMT in ESPG lags 
AMOC45 in most models as denoted by the pink contours 

Fig. 7   Relationship between AMOC45 and water mass transforma-
tion (WMT) in the broad subpolar North Atlantic (SPNA; includ-
ing the Arctic). a cross correlation and b lead-lag regression (Sv/
σAMOC45) of SPNA integrated WMT (averaged across all density bins) 
onto normalised low-frequency (15-year running mean) AMOC45. 
WMT leads AMOC45 to the left and lags to the right of the x-axis 
by years. The second row shows the climatological mean of annual 
mean WMT (x-axis, Sv) integrated over SPNA as a function of 

Sigma2 (y-axis; kg m−3). Also shown are the decompositions into 
regional seas: the Greenland-Iceland-Norwegian Seas (GIN; yellow), 
Eastern Subpolar Gyre (ESPG; magenta), Western Subpolar gyre 
(WSPG, blue), Irminger sea – Iceland basin (IIB; green), Barents Sea 
(Barents; brown), and the Arctic (ARC; cyan). The third row is the 
same as the second row, but for multidecadal variability of annual 
mean WMT. Solid circles in a, b denote statistical significance at the 
p ≤ 0.05 level based on a two-sided Monte Carlo test
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in Fig. 9 which shows the ESPG dominates WMT follow-
ing a peak in AMOC. This link between WMT in ESPG 
and the AMOC45 had also been reported in the Community 
Earth System Model (Yeager et al. 2021). Although the loca-
tion of increased WMT is model dependent, changes in the 
GIN Seas appear to be important in all models with addi-
tional roles for LAB in the high-density changes. That is, 
increased WMT in high-density classes in GIN Seas clearly 
leads AMOC45. However, the role of the GIN Seas appears 
to be smaller both in terms of magnitude and persistence in 
the UK models (Fig. 9d1, e1).

The Arctic also appears to play an important role in the 
variability of the overturning in non-UK models. Specifi-
cally, increased WMT in the Arctic, as denoted by the cyan 
contours in Fig. 9 which shows the Arctic dominates WMT 
prior to the peak in AMOC, leads the AMOC45 in all mod-
els and appears to pre-condition GIN Seas WMT at denser 
water mass classes in non-UK models. That is, in non-UK 
models, increases in high-density WMT in the Arctic is lead-
ing increases in the GIN Seas WMT in even higher den-
sity classes. This is particularly important in the EC-Earth3 
model that sees the most prominent high-density WMT in 
the Arctic. As a result, there are increases in lower-limb 
density anomalies that lead AMOC45 increases. However, 
such preconditioning (i.e., high-density class WMT in the 
Arctic leading to further high-density class WMT in the GIN 
Seas) is absent in the UK models; in these models the Arctic 
WMT occurs in much lighter water masses and the Arctic 
WMT is disconnected from dense waters.

The importance of WMT in the Arctic and GIN Seas over 
high-density classes in non-UK models is supported by their 
projections on the GSRO shown in Fig. 10a, b, where the 
GSRO shows strong projection on AMOC65. By contrast, 
in UK models, high-density class WMT in Arctic and GIN 
Seas has very limited influence on the GSRO. The readers 

are referred to Fig. S8 for the same analysis but for WMT 
separated between the Arctic and the GIN Seas in Fig. S9. 
This is consistent with the fact that the multidecadal vari-
ability of GSRO in the UK models (around 0.2 Sv) is much 
weaker compared to that in the non-UK models (around 
0.6–0.8 Sv). A possible hypothesis is that internal diapycnal 
mixing between light water masses transformed in the Arctic 
and dense water masses transformed in GIN Seas might be 
weakening the influence (Fig. 9). This might be related to the 
mean state of mixed layer depth and convection in the GIN 
Seas due to different mixing schemes employed in the UK 
models (Table 1), and we suggest an in-depth examination of 
this for future work. Consistently, the GSRO shows a weaker 
projection on AMOC45 in UK models compared to non-
UK models (Fig. 10c, d). We notice the different lags in the 
projections. However, we are not clear about the processes 
shaping such differences, and this could be a focus for fur-
ther research.

In short, our analysis above demonstrates a clear link 
between the low frequency variability of the overturning 
and high-density class WMT in GIN Seas and the Arctic. 
This link is much stronger in non-UK models than in UK 
models. This is also consistent with the differences in the 
latitudinal coherence of the overturning between UK and 
non-UK models.

6 � Drivers of surface water mass 
transformation changes

Given the close link between high-density WMT in the 
Arctic and GIN Seas and the variability of the overturn-
ing circulation, it is necessary to understand the drivers 
of WMT changes in these regions. The WMT variations 
associated with low-frequency AMOC45 (Fig. 9 top row) 

Fig. 8   Climatological mean and multidecadal (15-year running mean) variability of water mass transformation (WMT) flux (m m−2 day−1) inte-
grated above 36.5 kg m−3
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are predominately driven by variations in surface density 
(Fig. 9 middle row) rather than variations in surface fluxes 
(Fig. 9 bottom row) in the whole SPNA region in all mod-
els. This is consistent with Petit et al. (2021) and Årthun 
(2023) who found that surface WMT variations over the 
subpolar gyre region is dominated by surface density vari-
ations using observational datasets. We therefore conclude 
that model differences in surface densification processes 
are critical drivers of differences in high-density WMT and 
hence difference in the variability of the overturning circula-
tion between UK and non-UK models. As such, we further 
explore the drivers of surface density changes. We found that 
the SPNA sea surface density variation is primarily driven 

by changes in surface salinity in all models (Fig.S10). For 
example, in the GIN Seas, surface density variation is pri-
marily driven by surface salinity changes that is partially 
counteracted by changes in surface temperature (Fig. 11). 
Meanwhile, in the Arctic, surface density variation is almost 
entirely driven by surface salinity changes (Fig. S11). Note 
the variability of surface density in both the Arctic and GIN 
Seas are much smaller in UK models than non-UK models, 
and see smaller influence of salinity variations.

Sea surface salinity in the Arctic and GIN Seas can 
change due to various processes. For instance, changes in 
atmospheric forcing, meridional transport of salinity and 
freshwater from the Atlantic, and subsurface processes. 

Fig. 9   Density space WMT anomalies associated with low-frequency 
(15-year running mean) AMOC45. (a1–e1) regression (Sv Sv−1) of 
WMT onto AMOC45. Colours for WMT integrated over the broad 
SPNA region, while contours show WMT anomalies for different 
sub-sea regions: cyan for the Arctic, yellow for the GIN Seas, blue 
for the Western Subpolar gyre (WSPG), pink for the Eastern Subpolar 
gyre (ESPG), and green for the Irminger sea-Iceland basin (IIB). Hor-
izontal dashed lines denote the density layer where the climatological 

maximum AMOC at 65°N (purple), 60°N (blue), and 45°N (green) 
occur respectively. AMOC45 leads to the right and lags to the left. 
(a2–e2) same as (a1–e1), but for WMT calculated using climatologi-
cal mean heat and freshwater fluxes and monthly varying surface den-
sity. (a3–e3) same as (a1–e1), but for WMT calculated using monthly 
varying heat and freshwater fluxes and climatological mean surface 
density. Dotted stippling denotes statistical significance at the p ≤ 0.05 
level based on a two-sided Monte Carlo test
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Jiang et al. (2021) found that in the IPSL-CM6A-LR model, 
salinity/freshwater exchanges between the Arctic and GIN 
Seas play crucial roles in the multidecadal variability of 
the overturning. Also, Lai et al. (2022) found that upper-
ocean salinity-controlled density anomalies from the Arctic 
appear to be driving subsurface density anomalies in the 
subpolar region in HadGEM3-GC3.1-LL. Motivated by 
these findings, we examine the importance of the Arctic 
in overturning diversity across models. We found a strong 
anti-correlation between the Arctic and GIN Seas surface 
density evolutions (Figs. 12a and S12) that is dominated 
by surface salinity variations (Figs. 12b and S13). Specifi-
cally, GIN Seas surface density/salinity anomalies gradu-
ally build up on multidecadal timescales as surface density/
salinity in the Arctic decline. This suggests that the Arctic 
and GIN Seas salinity exchanges plays an important role in 
driving GIN Seas surface salinity anomalies. We therefore 
examined salinity transport anomalies along the East Green-
land Current (EGC) associated with multidecadal AMOC45 
variations. We found that salinity anomalies along the EGC 

lead AMOC45 in all models, while there are significant dif-
ferences in the strength of the relationship between UK and 
non-UK models (Fig. 12c). By contrast, anomalies in the 
strength of the EGC lag AMOC45 (Fig. 12d), while there is 
not much difference in the EGC strength anomalies associ-
ated with AMOC45 between UK and non-UK models, and 
the lag of largest regressions coefficients is model depend-
ent. Therefore, salinity changes in the GIN Seas appear to 
be related to the advection of salinity anomalies along the 
EGC out of the Arctic Ocean. However, in the UK models, 
salinity anomalies propagating out of the Arctic appear to 
be weaker and therefore have a smaller impact on surface 
density and WMT.

To further investigate the importance of salt transport 
from Arctic for high-density class WMT in the GIN Seas, 
we turn to salt and heat transport into the GIN Seas includ-
ing northward transports from the Atlantic across the sills 
(top row in Fig. 13) and southward transports from the Arc-
tic across the Fram Strait (bottom row in Fig. 13). We see 
that salt transport into the GIN Seas clearly leads WMT 

Fig. 10   Relationship between Arctic + GIN Seas WMT and AMOC. 
a Cross correlation and b Lead-lag regression of WMT (Sv) inte-
grated above 36.8 kg m−3 in the Arctic and GIN Seas onto normalised 
low-frequency (15-year running mean) Greenland-Scotland Ridge 
overflow (GSRO; Sv). WMT leads the GSRO to the left and lags to 

the right of the x axis by years. c Cross correlation and d lead-lag 
regression of GSRO onto normalised low-frequency (15-year run-
ning mean) AMOC45. GSRO leads AMOC to the left and lags to the 
right of the x-axis. Solid circles denote statistical significance at the 
p ≤ 0.05 level based on a two-sided Monte Carlo test
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there. However, salt transport from the Atlantic has a weaker 
relationship with high-density class WMT compared to that 
from the Arctic. More importantly, it is the southward salt 
transport from the Arctic that both leads WMT and shows 
a clear difference between UK and non-UK models in its 
relationship to WMT. Furthermore, although the heat trans-
port (Fig. 13b) into GIN Seas from the Atlantic is related to 
WMT, it does not consistently lead the WMT across mod-
els. Increased heat transport into the GIN Seas can also not 
explain the dominant role of increased surface density in 
WMT anomalies (Fig. 9). Hence, this analysis again sup-
ports our conclusion that the salinity anomalies advected 
from the Arctic plays a critical role in shaping the diversity 
in the variability of WMT in the GIN Seas and, hence, the 
diversity in AMOC multidecadal variability.

While the drivers of model bias in the Arctic remain 
unclear, the representation of sea ice processes is likely to 
play an important role. Indeed, in all models, surface fresh-
water fluxes associated with sea ice changes dominate WMT 
variability in the Arctic, and significantly cancel out sur-
face heat fluxes driven WMT in the GIN Seas (not shown). 
Therefore, the different sea ice schemes employed in differ-
ent models, as well as their responses to atmospheric forcing 
and oceanic processes, might be a driver of model diver-
sity in AMOC. Also, the slightly different representation 
of the Greenland-Scotland Ridge bathymetry and overflow 
might also play a role. Further, Lai et al. (2022) concluded 
that atmospheric circulation anomalies in the Arctic do not 
have significant impact on salinity anomalies propagating 
out of the Arctic in the HadGEM-GC3.1-LL model, we do 

Fig. 11   Time series of GIN 
Seas area-weighted annual mean 
sea surface density (sigma2; kg 
m−3). Black for Sigma2 calcu-
lated using monthly varying sea 
surface temperature and salinity, 
blue (red) for salinity (tempera-
ture) driven Sigma2 variations. 
Thin lines are for annual mean, 
while solid lines are for 15-year 
running mean. Numbers at the 
bottom left corner of each panel 
denote the correlation between 
15-year running mean Sigma2 
and temperature (red) and 
salinity (blue) driven Sigma2 
variations
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not know if, and how, atmospheric circulation anomalies 
are coupled with Arctic-Atlantic salinity exchanges across 
models.

7 � Summary of the mechanism driving 
difference in AMOC variability 
and discussion

Figure 14 shows a schematic summarising our proposed 
mechanism explaining differences in the variability of the 
overturning between UK and non-UK models. We stress the 
dominant role of model-simulated mean state of the Arctic 
and the GIN Seas surface salinity in sea surface density vari-
ations for high-density class WMTs in these regions. Mean-
while, we highlight the importance of salinity-governed sur-
face density exchanges between the Arctic and GIN Seas 
for driving AMOC variations on multidecadal time scales 
in these NEMO-based climate models. This reveals the 
crucial importance to further understand processes driving 

surface salinification/densifications in these regions and 
whether they are realistic representations of low-frequency 
variability.

Model bias in the ocean surface mean states plays a 
strong role in AMOC variability and coherence. Particu-
larly, UK models simulate a fresher Arctic which is linked 
to the weaker salinity exchanges between the Arctic and GIN 
Seas via the EGC. Further, the model bias in surface salin-
ity also appears to impact WMT: the relatively weak WMT 
in the Arctic over high-density classes in the UK models is 
explained by too fresh surface water that reduces the out-
cropping area associated with high-density classes. We also 
note that salt transport from the Arctic leads GIN Seas WMT 
by 10–20 years in Fig. 13c. However, it is not clear what 
governs this timescale. Thus, more work is needed to under-
stand how temperature and salt transport changes salinity 
and density budgets in the GIN Seas.

The overall weaker AMOC variability in the UK models 
is consistent with a range of processes such as a relatively 
weaker AMOC meridional coherence, weaker high-density 

Fig. 12   Link between the Arctic and the GIN Seas surface density 
anomalies. a cross correlation between the GIN Seas and Arctic 
area-weighted 0–500 m mean low-frequency (15-year running mean) 
density (Sigma2; kg m−3). b The same as a, but for salinity (So; g 
kg−1). The Arctic leads GIN Seas to the right and lags to the left. c 
regression (g kg−1/σAMOC45) of salinity anomalies along the East 

Greenland Current (EGC, defined as southward flows over the region 
of 65°N–80°N, 25°W–5°W) onto normalised low-frequency (15-year 
running mean) AMOC45. d The same as c, but for anomalies in the 
southward current (m s−1/σAMOC45). AMOC45 leads to the right and 
lags to the left of the x-axis in c, d. Solid circles denote statistical sig-
nificance at the p ≤ 0.05 level based on a two-sided Monte Carlo test
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class WMTs, and a weaker magnitude and persistence of 
salinity anomalies in the Arctic and GIN Seas. However, it 
is not clear if, and how, these processes influence each other. 
For instance, are surface salinity changes in the GIN Seas 
associated with AMOC latitudinal coherence? Although 
Jiang et al., (2021) concluded that the meridional salt/fresh-
water transport plays a minor role in salinity changes in 
GIN Seas and the Arctic in the IPSL-CM6A-LR model, it 
is necessary to understand if that is also the case for all the 
NEMO-based models analysed here.

It is worth stressing the prominent multi-centennial 
variability of AMOC in the IPSL-CM6A-LR (Jiang et al. 
2021) and EC-Earth3 (Meccia et al. 2023) models. This 
has also been reported by paleo-climate studies (e.g., 
Laepple and Huybers, 2013; Ayache et al. 2018). Such 
multi-centennial variability of AMOC is also found here in 
the CNRM-CM6-LR model (Figs. 3 and 6). Nonetheless, 
the magnitude of such variability differs among the three 
non-UK models. The UK models, by contrast, do not show 
a very strong multi-centennial variability of the AMOC. 
Jiang et al. (2021) and Meccia et al. (2023) reached a 
similar conclusion that the multi-centennial variability of 

AMOC is tied with the accumulation of freshwater/salinity 
anomalies over the Arctic and their release to the North 
Atlantic, and therefore impact deep water mass formation 
and AMOC variability. We note that this is in agreement 
with our WMT analysis and conclusion that surface den-
sity exchange between the Arctic and the GIN Seas are 
critical for AMOC variability in the five NEMO-based 
climate models analyzed here.

Finally, it is important to stress that the AMOC lower 
dense limb in the UK models is very diffuse. This might 
be due to internal mixing of water masses formed in differ-
ent density classes in different regions. For example, there 
appears to be a stronger mixing downstream of the overflow 
water at 65°N, which is particularly seen in the IIB region in 
the UK models (green contours between the blue and purple 
dashed lines Figs. 9). As a result, the maximum overturning 
at 45°N occurs in much lighter water masses than non-UK 
models (Fig. 2). However, we acknowledge the challenges 
in investigating these processes in the low-resolution models 
analysed here and recommend further studies using high-
resolution models in which diapycnal mixing associated 
processes are better resolved.

Fig. 13   Cross correlation between inflow salt (left) and heat (right) 
transport from the Atlantic (northward) and across the Fram strait 
(southward). WMT lags to the left of the x-axis and leads to the 

right of the x-axis. Solid circles denote statistical significance at the 
p ≤ 0.05 level based on a two- sided Monte Carlo test



3372	 A. Zhao et al.

8 � Conclusions

In this study, we characterise multidecadal AMOC internal 
variability in 5 low-resolution (i.e., 1° ocean) fully coupled 
models that all use the NEMO3.6 ocean model. We have 
analysed the CMIP6 preindustrial control simulations, and 
have taken the surface water mass transformation (WMT) 
framework to explore important processes that might be 

driving diversity in AMOC variability across models. The 
key results are as follows:

•	 Large diversity is found in the simulation of the time-
scale, multidecadal variability, and latitudinal coherence 
of the AMOC across NEMO-based models. Particularly, 
the UK models show substantially smaller magnitude 
AMOC multidecadal variability and weaker latitudinal 
coherence compared to the non-UK models, and the 
AMOC lower limb spans a wider range of density classes 
(i.e. it is more diffuse).

•	 The AMOC multidecadal variability has consistent 
impact on the North Atlantic sea surface temperatures 
across models, with increased AMOC leading to warm-
ing. However, the Atlantic Ocean sea surface tempera-
tures variation associated with multidecadal AMOC 
variability is smaller in the UK models than in non-UK 
models, which is consistent with the weaker AMOC vari-
ability and latitudinal coherence in the UK models.

•	 In density space, multidecadal AMOC variability at 
45°N is dominated by variability in the lower dense 
limb of the AMOC, rather than that at the isopycnal of 
“maximum” overturning. This is consistent with the fact 
that increased WMT at higher density classes (above 
36.8 kg m−3) consistently leads the maximum AMOC at 
45°N in all the models.

•	 High-density class WMT changes in the GIN Seas appear 
to be an important driver of the lower dense limb AMOC 
in all models with additional roles for Labrador Sea. 
However, the role of the GIN Seas appears to be smaller 
(in magnitude and persistence) in the UK models.

•	 The Arctic appears to play an important role in the 
AMOC variability in non-UK models. In particu-
lar, increased high-density class Arctic WMT leads 
AMOC45 and appears to pre-condition WMT at denser 
water mass classes in the GIN Seas. However, such high-
density WMT in the Arctic and the GIN Seas precondi-
tioning is missing in UK models.

•	 In all models the WMT changes that lead AMOC45 are 
dominated by salinity-governed surface density anom-
alies rather than changes in surface heat or freshwater 
fluxes.

•	 Surface salinity changes in the GIN Seas show strong 
relationship with the advection of salinity anomalies out 
of the Arctic ocean. However, in the UK models, salinity 
anomalies propagating out of the Arctic are much weaker 
and are consistent with smaller impacts on surface salin-
ity in the GIN Seas.

In short, even though the same NEMO3.6 model is used 
in the five models analysed here, we found large diversity 
in models’ simulated AMOC multidecadal variability and 
latitudinal coherence. This underlines the sensitivity of the 
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Fig. 14   Schematic of proposed mechanism explaining the difference 
in AMOC variability between UK and non-UK models. Arrows indi-
cate pathways where positive impact are active. Red outlines high-
light key processes weak or missing in the UK models
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AMOC to model details. We found that salinity-governed 
surface densification processes in the Arctic and GIN Seas 
are key in driving AMOC variability and the diversity across 
these models. Given that we expect large changes in WMT 
and overturning in the Arctic and GIN seas regions as global 
warming continues (Lique and Thomas 2018; Asbjørnsen 
et al. 2023) it is important to better understand salinity and 
density budgets in these regions for more reliable projec-
tions of AMOC changes. It is also interesting to explore 
whether, and how, differences in the importance of these 
regions across models lead to differences in AMOC projec-
tions. Therefore, we recommend further in-depth studies to 
better understand and constrain processes driving salinity 
changes in these regions for more reliable representations 
of the AMOC in climate models.
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