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Abstract
Climate models are important tools for investigating how the climate might change in the future, however recent observations 
have suggested that these models are unable to capture the overturning in subpolar North Atlantic correctly, casting doubt on 
their projections of the Atlantic Meridional Overturning Circulation (AMOC). Here we compare the overturning and surface 
water mass transformation in a set of CMIP6 models with observational estimates. There is generally a good agreement, 
particularly in the recent conclusion from observations that the mean overturning in the east (particularly in the Iceland and 
Irminger seas) is stronger than that in the Labrador Sea. The overturning in the Labrador Sea is mostly found to be small, but 
has a strong relationship with salinity: fresh models have weak overturning and saline models have stronger mean overturning 
and stronger relationships of the Labrador Sea overturning variability with the AMOC further south.We also find that the 
overturning reconstructed from surface flux driven water mass transformation is a good indicator of the actual overturning, 
though mixing can modify variability and shift signals to different density classes.
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1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) 
is an important component of the climate system, transport-
ing heat northwards in the Atlantic. Since changes in the 
AMOC have significant impacts on climate (Zhang et al. 
2019; Bellomo et al. 2021), it is of considerable interest 
to understand how the AMOC might evolve in the future. 
Climate and ocean models can provide valuable information 
about AMOC behaviour and future evolution, however they 
can also suffer from biases and inadequate representation of 
some processes. Biases in the mean climate have been shown 
to affect AMOC variability (Menary et al. 2015) and anthro-
pogenic weakening (Jackson et al. 2020; Sgubin et al. 2017; 
Weijer et al. 2020), and many processes that are believed to 
be related to the AMOC are not well represented in models, 
particularly in climate models in which resolution is limited 

(Fox-Kemper et al. 2019). In particular, the representation 
of the AMOC might be affected by inadequate representa-
tion of: overflows (Yeager and Danabasoglu 2012; Zhang 
et al. 2011); eddies and their mixing (Bruggemann and 
Katsman 2019; Tagklis et al. 2020); narrow boundary cur-
rents and their transports of heat and freshwater (Talandier 
et al. 2014); convection (Danabasoglu et al. 2014; Heuzé 
2017; Koenigk et al. 2021), sinking (Katsman et al. 2018), 
the pathway of the Gulf Stream and North Atlantic current 
(Jackson et al. 2020). Given the potential issues with rep-
resenting these processes, detailed assessments of AMOC 
representation in climate and ocean models are necessary.

Recent observational results have shown that our under-
standing of processes in the subpolar North Atlantic is 
incomplete (Lozier et al. 2019). The previous paradigm of 
ocean variability found buoyancy fluxes associated with the 
North Atlantic Oscillation (NAO) over the Labrador Sea 
(LS) driving AMOC variability (Robson et al. 2012; Yeager 
and Danabasoglu 2014; Kim et al. 2020), with strong statisti-
cal relationships found between the AMOC and LS proper-
ties such as mixed layer depth (a proxy for deep convection), 
deep densities, and the formation of Labrador Sea water 
(Ortega et al. 2021; Danabasoglu et al. 2016; Roberts et al. 
2013). However, observations from the OSNAP campaign 
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(Lozier et al. 2019), which measures the overturning from 
Newfoundland to Greenland, and Greenland to Scotland 
(blue and cyan lines, Fig 1), have shown a much stronger 
overturning across the east section of OSNAP (OSE) than 
the west section (OSW) in both depth and density space. 
This implies that northwest of OSW (which is most of the 
LS) there is little densification or sinking, casting doubts on 
climate and ocean models which are largely responsible for 
the previous paradigm that buoyancy fluxes over the LS are 
driving AMOC variability.

The observations from OSNAP have been supported by 
other estimates with a variety of observational methods. 
These studies support the findings by Lozier et al. (2019) 
that the overturning across OSW is small with values of 
1.5–3.4Sv (Pickart and Spall 2007; Chafik and Rossby 
2019). Further studies have shown that the stronger 
overturning across OSE has at least half originating in the 
Iceland and Irminger Seas (IIS) (between OSE and the sills 
along the Greenland–Iceland–Scotland ridge, green line in 
Fig. 1), rather than further north in the GIN seas (Petit et al. 
2020; Desbruyères et al. 2019; Chafik and Rossby 2019).

These various observational results have driven more 
analysis of the subpolar overturning in models. As well 
as comparisons of the overturning in density space across 
OSNAP sections (Li et al. 2019; Menary et al. 2020; Jackson 
et al. 2020), analysis in density space has made analysis of 
water mass transformation valuable (Langehaug et al. 2012; 
Sidorenko et al. 2020, 2021; Oldenburg et al. 2021; Menary 
et al. 2020; Megann et al. 2021). Water mass transformation 
(WMT) is the transformation of water from one density 
class to another. For the AMOC in density coordinates, 
the circulation of lighter waters transported northwards 
and denser water southwards must be closed by the 
transformation from lighter to denser density classes. Hence, 
the AMOC in density coordinates can be reconstructed 
from density transformations, assuming that circulation 
and transformations are in balance (Groeskamp et al. 2019; 
Marsh 2000). At short timescales, in particular seasonally, 
they are not in balance because of the transit time between 
the transformation at the surface and the propagation of 
the newly dense water southward (Kostov et al. 2019; Petit 
et al. 2020; Le Bras et al. 2020), however studies have shown 
good agreements on decadal timescales and longer (Grist 
et al. 2009, 2012). Most of the WMT occurs at the surface 
from surface buoyancy fluxes. Hence, a reconstruction of 
the AMOC from the WMT from surface fluxes alone has 
been found to well represent the mean and decadal changes 
of the AMOC (Jackson et al. 2020; Megann et al. 2021; 
Langehaug et al. 2012). There may be a lag between surface 
flux changes and overturning changes (Josey et al. 2009). 
This paradigm allows a simple way of relating the AMOC 
to surface fluxes, and aids analysis. Several studies have 
shown coupled models agreeing with observations that most 

overturning and WMT from surface fluxes (SFWMT) occurs 
to the east of Greenland (Sidorenko et al. 2020; Oldenburg 
et al. 2021; Menary et al. 2020; Yeager et al. 2021), though 
one coupled model and several forced ocean models have 
been found to have large overturning in the LS (Oldenburg 
et al. 2021; Xu et al. 2018; Li et al. 2019). However, even 
though the east subpolar Atlantic might dominate the mean 
overturning, the west could still be important for decadal 
variability. Modelling studies have found a variety of 
results for the relationships between the overturning and 
LS properties. These include: the decadal variability is still 
driven by surface fluxes in the LS, despite it having a weaker 
mean strength (Yeager et al. 2021; Oldenburg et al. 2021; 
Sidorenko et al. 2021); the variability is driven by fluxes in 
the Iceland and Irminger sea (IIS), with density anomalies 
propagating into the LS and affecting densities and mixed 
layer depths there (Menary et al. 2020); surface fluxes are 
covarying over the LS and IIS (Megann et al. 2021; Yeager 
et al. 2021).

In this study, we use a subset of CMIP6 climate models to 
address the questions of how the time mean and multidecadal 
variability of the SFWMT relate to the overturning in 
different regions, and whether the SFWMT can be used as a 
proxy. We also investigate how well the models compare to 
observations and what controls differences in the overturning 
in the LS. Section 2 describes the models and methods used. 
Section 3 examines the mean state of the overturning and 
SFWMT, firstly in more detail in two resolutions of the 
CMIP6 model HadGEM3-GC3.1, and then in a selection of 
CMIP6 models. Section 4 analyses the same models, but for 
multidecadal variability, and then conclusions are presented 
in the final section.

2  Models and methods

2.1  HadGEM3‑GC3‑1LL/MM

Much of the analysis focuses on the coupled climate models 
HadGEM3-GC3-1LL and HadGEM3-GC3-1MM (LL and 
MM), both of which contributed to CMIP6. These are two 
different resolutions of a global, coupled climate model with 
atmosphere (UM), ocean (NEMO), sea ice (CICE) and land 
(JULES) components, with details described in Kuhlbrodt 
et al. (2018) and Williams et al. (2018). HadGEM3-GC3-
1LL has an atmospheric resolution of approximately 135 
km and an ocean resolution of 1 ◦ ; HadGEM3-GC3-1MM 
has an atmospheric resolution of approximately 60 km 
and an ocean resolution of 0.25◦ . Both models have the 
same vertical resolution. Differences in parameters and 
parameterizations are described in Kuhlbrodt et al. (2018), 
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and include a parameterization for eddy-induced transports 
in LL, but not in MM.

The experiments analysed are 500 year long preindustial 
controls.

2.2  CMIP6 models

We use preindustrial controls for a set of CMIP6 models 
in addition to HadGEM3-GC3-1LL and MM, selected 
from those models which had the required data available 
(temperature, salinity, surface heat and freshwater fluxes and 
AMOC), and also for diversities in institution and ocean 
model. Consideration was also given to AMOC mean 
strength to include several models with strengths at 26.5◦ 
N which agreed with observational estimates, but to also 
ensure that models characterised by overly strong and weak 
AMOC strengths are also included (Weijer et al. 2020). 
The models used are: ACCESS-CM2 (Dix et al. 2019), 
CanESM5 (Swart et al. 2019), CNRM-CM6-1 (Voldoire 
2018), EC-Earth3-Veg (EC-Earth Consortium (EC-Earth) 
2019), IPSL-CM6A-LR (Boucher et al. 2018), MPI-ESM1-
2-LR (Wieners et al. 2019), MRI-ESM2-0 (Yukimoto et al. 
2019) and NorESM2-MM (Bentsen et al. 2019).

2.3  SFWMT from an atmospheric reanalysis

The water mass transformation is estimated from 
observational datasets for comparison with the models. We 
estimate the heat and freshwater fluxes from the atmospheric 
reanalysis National Centers for Environmental Prediction 
(NCEP)/National Center for Atmospheric Research (NCAR) 
(Kalnay et al. 1996). To estimate density at the surface, we 
use a combination of sea surface temperature from NCEP/
NCAR and subsurface salinity at 5m depth from EN4.2.1 
(Good et al. 2013). These fields are sub-sampled onto a 
common grid of 30 km. The reanalysis provides monthly 
estimates of the variables from 1980 to 2018, which allow 
us to average the water mass transformation over 39 years.

2.4  Observations

Our estimations of SFWMT and overturning are compared 
with numerous observational estimates. Previous studies 
estimated SFWMT over areas close to our definition in 
Fig. 1 with various atmospheric reanalysis. Desbruyères 
et al. (2019) estimated transformation of 5.4 ± 0.4 Sv over 
GIN and 15.4 ± 1.8 Sv over the entire subpolar gyre from 
three atmospheric reanalyses (NCEP2, ERA-I, and CERES). 
Marsh (2000) also estimated a transformation of 15.5 Sv 
north of 45 N by using COADS1a fluxes. More recently, 
Petit et al. (2020) estimated SFWMT of 7 ± 2.5 over the 
IIS, 1.5 ± 0.7 over LS and 4.7 ± 1.5 Sv over GIN from the 
atmospheric reanalyses NCEP and ERA5.

The overturning across OSW and OSE have also been 
estimated using different approaches. These include direct 
observations at the AR7W hydrographic line near OSW (2 
Sv by Pickart and Spall 2007), direct observations from the 
mooring array OSNAP (2.6 ± 0.3 at OSW and 16.8 ± 0.6 
at OSE by Li et al. (2021)), and estimations derived from 
a composite of direct measurement of currents and moored 
current meters at the Greenland–Scotland Ridge (5.7 ± 0.7 
Sv by Osterhus et al. (2019)). Other observations from a 
regional thermohaline inverse method (Mackay et al. 2020) 
that suggest large values for the LS overturning (6–9 Sv) 
are not comparable because they identify Labrador Sea 
waters by temperature and salinity characteristics, rather 
than geographical location. We also consider estimates 
of the overturning convergence in different regions from 
volume budgets that combine direct measurement of 
currents, hydrography from profiling Argo floats and 
satellite altimetry data (9.6 ± 3.4 Sv over IIS and 8.8 ± 0.8 
over GIN by Chafik and Rossby (2019); 10.2 ± 1.7 Sv over 
IIS and 6.3 ± 1 Sv over GIN by Sarafanov et al. (2012)). 
Finally, an overturning of 14.3 ± 1.4 Sv was derived at 
45N by combining geostrophic thermal-wind currents 
with altimetry-derived sea-surface geostrophic velocities 
(Desbruyères et al. 2019).

For comparison with CMIP6 models we also calculate 
observational values of certain metrics. For LS surface 
salinity we use salinity from EN4.2.1 (Good et al. 2013) 
and use an estimate from recent years (2000–2014) 
where there are more observations, and from an earlier 
period (1900–1950) which is more comparable to the 
preindustrial period used in the models. We also calculate 
LS surface salinity for 2000–2014 from the CORA dataset 
(Cabanes et al. 2013). For March ice extent we use sea 
ice concentrations from HadISST (Rayner et  al. 2003), 
and again use both an earlier estimate (1900–1950) and a 
present-day estimate (2000–2022). For March MLD we use 
the March climatology of (de Boyer Montégut et al. 2004) 
with a density criteria of 0.03 kg/m3 . Given that this uses 
a relatively coarse ocean grid (2◦ ) compared to the models, 
we might expect that the maximum over the area to be a bit 
lower than in the models.

2.5  Methods

2.5.1  Overturning

We calculate the overturning for LL and MM in density 
space across various sections. The overturning profiles show 
the cumulative (in density space) volume transport across the 
sections in the same way as an overturning streamfunction, 
but defined across sections. The difference in the overturn-
ing profiles between two density classes then gives the total 
volume transport between those profiles. The sections are 
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shown in Fig. 1a: these are OSNAP west (OSW), OSNAP 
east (OSE), the Greenland to Scotland sills (Sills), the Fram 
strait (Fram) and across the Atlantic at 45◦ N (45 N). For 
each of these sections a line is defined along vorticity points 
of the Arakawa C grid (Madec 2008) that are as close as 
possible to the observed sections (Lozier et al. 2019). We 
use this line to extract volume fluxes on their natural grid 
points and preserve the model transports. These transports 
are regridded into density space and the overturning is cal-
culated by summing the transports along the line, and then 
cumulatively summing in density space (see Menary et al. 
(2020); Jackson et al. (2020)). Since there can be net trans-
port through the section, we set the overturning to be zero 
at the ocean floor so the overturning profile is equal to the 
net transport at the surface. This means that we can focus on 
comparing overturning in the denser levels between models 
and with observations, with little impact from the net trans-
port (Zou et al. 2020). The overturning across each section 
is denoted as MOSW , MOSE , MSills , MFram and M

45N . We use 
density referenced to the surface (sigma0) so that the over-
turning is directly comparable to the implied overturning 
from SFWMT (see next section), and for comparison with 
OSNAP observations which also use sigma0. However, it 
should be noted that sigma0 can be non-monotonic in the 
deeper ocean, and comparisons with density referenced to 
2000 m (not shown) show a slightly stronger overturning 
across OSE and OSW. Calculations of overturning with 
HadGEM3-GC3-1LL do not include parameterised eddy 
transports, however these are found to be small across these 
sections.

We also define the convergence of the overturning 
in regions bordered by these sections (Fig. 1b). Hence, 
the convergence in the Labrador Sea is MLS = MOSW 
(excluding the small transport through the Davis Strait); 
the convergence in the Greenland–Iceland–Norway (GIN) 
Seas is MGIN = MSills −MFram (excluding the small transport 
through the North Sea between Britain and mainland 
Europe); the convergence in the Iceland-Irminger Seas is 
MIIS = MOSE −MSills ; the convergence in the subpolar gyre 
is MSPG = M

45N −MOSE −MOSW . Then we can note that

Since MFram is small, we can regard the transport across 45 
◦ N as being the sum of the convergences in the SPG, IIS, 
GIN and LS regions.

2.5.2  Water mass transformation

It has previously been shown (Marsh 2000; Josey et al. 
2009) that if you have lighter waters flowing into a region 
and denser waters being exported, then you can relate the 
overturning to the rate of transformation of water from 

(1)M
45N −MFram = MSPG +MIIS +MGIN +MLS.

lighter to denser density classes. This assumes that the 
region is in a steady state so that water masses created 
are exported, rather than stored. The main component of 
the transformation is from surface fluxes (both heat and 
freshwater fluxes) although mixing (Sidorenko et al. 2021; 
Xu et al. 2018), cabbeling and thermobaricity (McDougall 
1987) can also play roles. Hence, we can estimate the water 
mass transformation (WMT) from surface fluxes alone 
(Josey et al. 2009; Desbruyères et al. 2019; Langehaug 
et al. 2012; Jackson et al. 2020; Megann et al. 2021).

To calculate the surface flux water mass transformation 
(SFWMT), we first calculate the surface buoyancy flux 
(see also Marsh (2000); Groeskamp et al. (2019)) using

where Q is the surface heat flux, Cp the specific heat capacity 
of water, � the surface density, s the non-dimensional 
surface salinity and W the surface fresh water flux (from 
precipitation, evaporation, runoff and ice processes). We also 
use the thermal ( � ) and haline ( � ) expansion coefficients 
which are calculated at each grid point from the gradient 
of surface density with respect to temperature and salinity.

We then calculate the area integrated surface buoyancy 
flux BA(�) over the area north of where the isopycnal � 
outcrops and within each region A. The SFWMT is then

which gives the overturning implied from transformation by 
surface fluxes alone.

While water mass transformation can be related to 
the overturning, water mass formation (WMF) instead 
shows where transports of water of given density classes 
are created and destroyed. Water mass formation is given 
by ΔFA(�) , where we use a bin size of 0.1 kg/m3 for the 
differences.

Although there is an assumption that the overturning 
is in balance with surface fluxes, this may not hold on 
shorter time scales (Petit et al. 2021; Kostov et al. 2019). 
Previous studies (Grist et al. 2009, 2012) showed that 
there was reasonable agreement between the variability 
of the overturning and SFWMT on decadal timescales and 
longer, though there may be lags of a few years between 
two (Josey et al. 2009; Desbruyères et al. 2019). Hence, 
we limit our analysis to using decadal means. However, 
all calculations of WMT and overturning are done 
using monthly mean fields to account for the impact of 
the seasonal cycle of density and surface fluxes on the 
SFWMT, with results shown as decadal means.

B = −�
Q

Cp

− �
�sW

1 − s

FA(�) =
�BA(�)

��
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Fig. 1  Locations of sections (top) and regions (bottom). Colours indicate the different sections and regions (see legends)
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3  Mean state

3.1  HadGEM3‑GC3‑1 overturning

The Atlantic overturning streamfunction in density space 
in both LL and MM shows a typical AMOC overturning 
cell, with surface waters becoming denser as they move 
northwards in the North Atlantic, and then dense water 
flowing southwards (Fig. 2). Much of the densification 
occurs south of 67◦ N, but there is some water which flows 
into the GIN seas (north of 67◦ N), becoming very dense 
there. However, this very dense signal is lost as the water 
returns south, because as the dense water passes over the 
sills between Greenland and Scotland it mixes with lighter 
waters in overflows (Legg et al. 2008).

The overturning across the sections (Fig. 1) is shown 
in Fig. 3a, b. Observations show overturning transports 

across OSE and OSW are 16.8 ± 0.6 and 2.6 ± 0.3 Sv, 
respectively (Li et al. 2021), and Menary et al. (2020) 
and Jackson et  al. (2020) have previously shown that 
the OSNAP sections in these models compare well 
with observations, both in the mean state and monthly 
variability. In both models, the magnitude and density 
of the maximum overturning across 45◦ N is similar to 
that across OSE, suggesting little modification of deep 
transports between the OSNAP line and 45 ◦ N, though 
transports in the upper limb become denser in the SPG 
in MM. Transports across the Sills section account for 
some of the transport across OSE (44% in LL and 27% in 
MM). The transports across the Sills at the densest levels 
do not reach OSE (resulting in a negative contribution 
from IIS, Fig. 3c, d), likely because diapycnal mixing in 
the overflows shifts transports to lighter density classes. 
There is some very dense water that passes through the 

Fig. 2  Time mean overturning in density space in LL (top left) and MM (top right). Bottom panel shows timeseries of decadal mean m45 (maxi-
mum in density space of the AMOC at 45◦ N.) Overturning is calculated using monthly mean fields
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Fram Strait from the Arctic. These sections suggest that 
this might continue to the Sills section.

Since the sum of the overturning convergences is 
approximately equal to M

45
 (since MFram is relatively 

small; see Eq. 1) we can investigate which region has 
the largest contribution to the overturning across 45◦ 
N (Fig. 3c,d). Results show contributions from SPG at 
around 1026.5–1027.5 kg/m3 (though this is small in LL), 

contributions from IIS at around 1027–1027.8 kg/m3 , 
small contributions from LS at around 1027.5–1027.8 kg/
m3 and contributions from GIN at around 1027.3–1028.2 
kg/m3 . In particular, we note that the region with the 
largest contribution to the peak overturning at around 
� = 1027.6 kg/m3 is IIS in both models, though in LL there 
is a similar contribution from the GIN seas.

Fig. 3  Overturning across sections (top panels), overturning convergences in regions between sections (middle panels) and SFWMT in regions 
(bottom panels). Shown are results for LL (left) and MM (right)
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There are some differences between the two models. 
MM has a stronger overturning at 45◦ N (12.8 and 17.4 Sv 
for LL and MM respectively), which can be attributed to 
a stronger contribution from IIS. MM also has a slightly 
greater overturning from the LS and weaker overturning 
from the GIN seas. Jackson et al. (2020) attribute this dif-
ference to a stronger subpolar gyre and a more westerly 
position of the North Atlantic current in MM, resulting 
in greater transport of warm, saline subtropical waters 
into the western subpolar North Atlantic, rather than the 
GIN seas, and hence more heat loss and WMT in the LS. 
Another difference is that the upper branch of the overturn-
ing across 45◦ N is lighter in MM than LL, with greater 
transformation to denser levels in the SPG. This can be 
related to temperatures biases in the models, with LL hav-
ing a large cold bias across the subpolar North Atlantic, so 
has less heat loss and SFWMT there (Jackson et al. 2020).

3.2  HadGEM3‑GC3‑1 surface flux water mass 
transformation

To understand how much of the overturning in density space 
can be attributed to surface fluxes, we calculate the implied 
overturning convergence from SFWMT. The SFWMT 
(Fig. 3e, f) have a lot of similarities with the overturning 
convergences (Fig. 3c, d). In particular, the SFWMT is 
of similar magnitude to the overturning in all regions. 
Differences between the overturning and SFWMT are likely 
to be caused by diapycnal mixing, with the time-dependent 
storage and release unlikely to have a role in the long-term 
average.

A greater physical understanding can be gained by 
examining water mass formation as well as transformation 
from surface fluxes. Since formation is calculated as the 
difference of SFWMT across a density bin, we compare this 

Fig. 4  Volume transport convergences (top panels) and water mass 
formation (bottom panels) in regions for LL (left) and MM (right). 
All are totals in density bins of size 0.04 kg/m3 . Positive (negative) 

values show southwards (northwards) transports in the upper panels, 
and formation (destruction) of water masses in the bottom panels
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to the actual transport in that density bin (rather than the 
overturning which is the depth-integrated transport). The 
horizontal convergences of transports and WMF in each 
region are shown in Fig. 4.

In the SPG, upper panels of Fig. 4 show import of waters 
< 1027.1 kg/m3 and export of waters of 1027.2–1027.5 kg/
m3 , with the bottom panels showing the destruction and 
formation of those respective water masses by surface fluxes. 
The density class exported from the SPG (1027.2–1027.5 
kg/m3 ) enters the IIS and GIN seas, where it is transformed 
by surface buoyancy fluxes to denser classes of water. In the 
IIS waters of density 1027.3–1027.7 kg/m3 (slightly denser 
in MM) are formed by surface fluxes, however the water 
exported is denser suggesting that mixing with denser waters 
within the IIS is important in setting the waters exported 
from the IIS (and across 45◦ N). In the GIN seas dense 
waters (1027.85–1028.05 kg/m3 ) are formed, with some 
mixing modifying the dense waters exported from the GIN 
seas. Most of these dense waters are imported into the IIS 

(although there is some exchange across the Fram strait), 
however these dense waters are not exported across OSE 
(Fig. 3a, b). They are likely destroyed in the IIS by mixing 
to lighter density classes, contributing to the large export 
of waters at around 1027.8 kg/m3 , and the densification of 
the waters formed within the IIS. However, we note that 
the total export of dense waters in IIS (Fig. 3c, d) has a 
similar magnitude to that implied by the WMT, so the 
mixing shifts the transports to different density classes, but 
does not change the total transport in the lower limb of the 
overturning. In the LS there is formation of dense waters at 
1027.7–1027.85 kg/m3 (slightly denser in MM). This peak, 
taken together with the peak in the SPG at similar densities 
(likely because the OSW line dividing LS and SPG does 
not capture all the WMF in the LS region), explains the 
peak in total SFWMT in both models. The water exported 
is modified by mixing. In particular, in MM the resulting 
export and overturning have a double peak, which is similar 
to that found in the observations (Lozier et al. 2019). We 

Fig. 5  AMOC in CMIP6 models. a Time-mean profiles of AMOC at 
26◦ N in depth space. b Maximum of decadal mean AMOC at 26◦ 
N in depth space. c Scatter plot of AMOC at 26◦ N in depth space 

against the SFWMT north of 45◦ N (F45). d As c but for the AMOC 
at 45◦ N in density space. The black line is y = x
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hypothesise that this is a result of mixing of water formed 
in the LS with different water masses.

Although the LS (and dense contribution from the SPG) 
dominates the peak in water mass formation, this only occurs 
over a small density bin. Since the overturning is related to 
the transformation (the cumulative sum of the formation), 
the transformation in the IIS, which occurs over a larger 
density range, is larger than that in the LS.

We find there is a clear role for mixing in modifying water 
masses after formation, however we note that the SFWMT 
is a reasonable predictor of the overturning from each 
region, even in the IIS and LS where mixing is found to be 
important. This is likely to be because, in many cases the 
mixing modifies the densities of transports within the region, 
resulting in the overturning profile shifting to different 
density classes, rather than changing the maxima.

3.3  CMIP6

We have shown that in LL and MM the overturning profiles 
implied by SFWMT are a reasonable approximation for the 
actual overturning profiles. Previous studies have found 
that SFWMT is also a reasonable approximation for the 
overturning in other models (Megann et al. 2021; Langehaug 
et al. 2012; Grist et al. 2012), though mixing might have 
a more important role in some models (Oldenburg et al. 
2021; Yeager et al. 2021). We make use of an ensemble of 
CMIP6 models with a range of AMOC strengths (Fig. 5). 
We find that there is a good agreement between the strengths 
of the SFWMT north of 45◦ N and the AMOC overturning 
in density space across 45◦ N, where that diagnostic is 
available, and also a significant correlation between the 
strength of the SFWMT north of 45◦ N and the overturning 
in depth space at 26.5◦ N.

Fig. 6  SFWMT for CMIP6 models. Regions are indicated by the colours (see legend) and panels show different models
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The SFWMT are shown in Fig.  6. These show 
qualitatively the same behaviour as in the HadGEM3-GC3-1 
models, with the overturning peak in SPG being at a lighter 
level than that in IIS, and with the peak in GIN being at 
the densest level. At the density of largest total SFWMT 
(where the total strength is measured), the IIS SWMT has an 
important contribution to the total for all models, however 
SPG and GIN also have large contributions. The SFWMT 
contribution to the overturning across OSE is stronger than 
that across OSW in all models. The overturning in the LS 
has a large range of magnitudes: in most models this is 
small (1–5 Sv), however in three models (ACCESS-CM2, 
EC-Earth3-Veg, CanESM5) there is no dense SFWMT in 
the LS, and in one model (NorESM2-MM) there is overly 
strong SFWMT in the LS.

Figure 7 compares the SFWMT in the CMIP6 models 
with various observational estimates. Black lines show 
SFWMT estimated from observational products from 39 
years of data, while symbols show reported estimates from 
observations of the overturning itself and of the SFWMT 
from previous studies. In general there is a good agreement 
between the models and observations, particularly in the GIN 
and IIS regions. In the SPG there is good agreement of most 
models, though there is only the one observational estimate 
(black line). The SPG SFWMT is very weak in two models, 
CanESM5 and HadGEM3-GC3-1LL, with the latter having 
a known cold bias in the SPG which reduces heat loss and 
SFWMT (Jackson et al. 2020). In the LS observations have 
a range of 1.2–3.4 Sv. Most models agree with a small LS 
overturning, though NorESM2-MM has a strong SFWMT 

Fig. 7  Comparison of CMIP6 profiles (colored lines, top legend) with 
SFWMT calculated from observed surface fluxes and densities (black 
lines, see section 2.3). Coloured circles show the maxima of the pro-
files. Symbols show magnitudes of overturning from previous litera-

ture with estimates of overturning from velocities in grey and esti-
mates from SFWMT in black (bottom legend). Uncertainty (where 
given) is shown with horizontal lines, and the vertical positioning of 
the symbols is arbitrary
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and three models have very little SFWMT. For overturning 
across sections rather than in regions, overturning across 
OSW is the same as in the LS by definition. For OSE there 
is a large range of observational values, though this is not 

seen in the SFWMT of individual regions feeding into OSE 
(IIS and GIN). The total transports across 45◦ N are often 
stronger in models than the observations, however this is 
not clearly the case in any individual region. We note that 

Fig. 8  Scatter plots comparing the mean SFWMT in a, c, e the LS 
and b, d, f the IIS with a, b sea surface salinity in the Labrador sea 
region (50–60◦ N, 45–55◦ W), c, d March sea ice extent (area over 
50–65◦ N, 10–60◦ W), and e, f March mixed layer depth (maximum 
over 50–65◦ N, 10–60◦ W). Symbols show values from CMIP6 mod-

els (see legends). Grey horizontal bars show observational estimates 
of SFWMT, based on observations shown in Fig.  7, not includ-
ing uncertainties in individual estimates. Vertical dotted lines show 
observational estimate of LS surface salinity, March sea ice extent 
and March MLD (see section 2.4)
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observations can differ because of different methodologies 
and different time periods. This leads to uncertainties about 
the values of long term mean strengths. Although some 
differences could be caused by neglecting mixing when 
calculating SFWMT in the models and in some observations, 
there is no clear difference in observed values of SFWMT 
compared to velocity-based estimates.

There are many processes in the LS and wider western 
subpolar North Atlantic (SPNA), that can affect the water 
mass transformation there, and hence the overturning. Heat 
loss causes WMT, so the greater the transport into the region 
of warm, saline subtropical waters, the greater the poten-
tial for heat loss and WMT (Jackson et al. 2020). Transport 
of cold, fresh polar waters via the east and west Greenland 
boundary currents, and the mixing of boundary and interior 
waters (Tagklis et al. 2020) can also affect the surface densi-
ties and hence the stratification and heat loss. Sea ice could 
also have an important role in restricting heat exchange 
between the ocean and atmosphere in winter, and through 
freshwater fluxes from freezing and melting that have a local 
effect on the stratification and thus on SFWMT (Langehaug 
et al. 2012; Kostov et al. 2019; Wu et al. 2021). Also sub-
surface properties could affect SFWMT through changing 
stratification, and hence deep convection. This paper does 

not aim to fully understand the controls on the SFWMT, 
however can provide some information on the relationships.

Jackson et  al. (2020) suggested that the amount of 
subtropical waters reaching the western SPNA affects the 
SFWMT occurring there. Salinity is a better indicator of this 
water mass, since heat loss to the atmosphere modifies the 
surface temperature. We see correlations across the models 
of maximum SFWMT in the LS and IIS with LS (50–60◦ N, 
45–55◦ W) salinity (Fig. 8a,b) and temperature (not shown). 
Since the LS SFWMT is also correlated with the salinity in 
the IIS (upstream of the LS, not shown), this suggests that 
the relationship is not caused by local effects on salinity 
(such as convection) in the LS. Those models with warm, 
salty waters in the IIS and LS have stronger SFWMT there 
and those with cold, fresh waters have weak SFWMT (with 
the freshest models having no SFWMT in the LS).

Figure 8c–f show relationships between the SFWMT in 
the LS and IIS and both March sea ice extent and March 
mixed layer depth (MLD; a proxy for deep convection). The 
correlations are only significant for the SFWMT in the IIS, 
since NorESM2-MM is an outlier in both for the LS. This 
suggests that ice extent and MLD are not directly influenc-
ing the SFWMT in the LS. They may influence the SFWMT 
in combination with other processes, or may simply be 

Fig. 9  Correlations (numbers) and regressions (bar lengths) of the 
m45 timeseries (AMOC at 45◦ N and 1027.6 kg/m3 density) with the 
overturning across sections, or convergence of overturning in regions, 

measured at 1027.6 kg/m3 density. Left bars are from LL and right for 
MM
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responding to other factors, for example the differences in 
temperature and salinity. These results, in combination with 
the strong correlation between LS SFWMT and IIS salinity 
(upstream of the LS), suggest that the drivers of differences 
in LS SFWMT are not processes local to the LS.

Using observational constraints on SFWMT, salinity and 
sea-ice suggest that those models with moderate-stronger 
LS SFWMT and IIS SFWMT have the best agreement 
with observations. However, March MLD is overestimated 
in nearly all the models. This shows that models can have 

Fig. 10  Regressions of the m45 timeseries (AMOC at 45◦ N and 
1027.6 kg/m3 density) with the overturning across sections at dif-
ferent densities (upper panels), the convergence of overturning in 
regions (middle panels), and the SFWMT in regions (lower panels). 

LL is shown in the left panels and MM in the right panels. Dotted 
lines indicate where the regressions are deemed not significant (P < 
0.05), and the horizontal grey dashed lines show the density of the 
AMOC maximum at 45◦ N
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good agreements of the SFWMT, salinity and ice extent with 
observations, but have much too deep a mixed layer.

4  Decadal AMOC variability

4.1  HadGEM3‑GC3‑1 overturning

Although the overturning strength is often measured as the 
maximum overturning in density (or depth) space, it should 
be noted that the density class where the overturning is 
strongest differs substantially between sections and regions 
(Fig. 3). One method for measuring contributions to the 
variability of the AMOC at 45◦ N is to use a fixed density 
level for all regions (chosen to be the density where the 
AMOC at 45◦ N is maximum). In LL the maximum of the 
mean overturning is at 1027.58 kg/m3 and in MM at 1027.63 
kg/m3 , with the density of maximum overturning varying 
little between decades (up to 0.04 kg/m3 ). The AMOC 
strength at 45◦ N and at this density is defined as m45, with 
both models showing multidecadal variability (Fig. 2c). 

One advantage of using a fixed density level is that we can 
make use of Eq. (1) to quantify the contributions of different 
regions to the AMOC timeseries at 45◦ N. Figure 9 shows 
regressions (bar lengths) and correlations (numbers) of 
m45 with the timeseries at the various sections and regions 
in MM and LL. Note that since MFram is not included, the 
regressions do not quite sum to one. In both models the 
strongest correlations and regressions are with the transport 
across OSE and the convergence in IIS. For LL there are also 
significant contributions to decadal variability from LS, and 
in MM there are significant contributions from the SPG.

Although using a fixed density level helps us to quantify 
contributions from different components, mixing could 
shift the density class of a signal between different regions. 
Hence, a greater understanding is achieved through looking 
at correlations and regressions of overturning profiles with 
m45. These are shown in the upper two rows of Fig. 10. At 
the density of maximum overturning (dashed grey lines), 
the regressions are the same values as shown in Fig. 9, 
showing strongest regressions with IIS. At denser levels we 
see significant relationships of the m45 with the overturning 

Fig. 11  Standard deviations of decadal mean SFWMT in different 
regions and different models. Black dashed line shows the square 
root of the sum of the variances of the SFWMT in the GIN, LS, IIS 
and SPG regions. If the variability in each region was independent of 

each other then this would be the same as the standard deviation of 
the whole (black line). In all panels the TOT line (black) overlays the 
GIN line (purple) at the densest levels
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in other regions: in LL there is a significant relationship 
(though regression coefficients are relatively small) with 
the convergence in the GIN seas; in MM there are strong 
correlations and regression with the overturning in the LS.

4.2  HadGEM3‑GC3‑1 SFWMT

Understanding the roles of surface flux driven transformation 
in overturning variability is useful for understanding mecha-
nisms. We may also be able to understand better whether the 
SFWMT is a reliable indicator of actual overturning variabil-
ity. Table 1 shows regressions of decadal timeseries of over-
turning convergences within each region against timeseries 
of the implied overturning from SFWMT. Timeseries are 
calculated using the maximum in density space, to allow for 
potential shifts of the profile in density space from mixing, 
and correlations are strongest at zero lag. For most regions 
the implied overturning from SFWMT is a good indicator 
of actual overturning variability on decadal timescales, with 
significant correlations and regression coefficients near 1. In 
most of these regions the regression coefficient is slightly 

smaller than 1 implying that the magnitude of overturning 
variability is smaller than that of SFWMT. The exception 
to this result is the GIN seas, where the overturning vari-
ability is half that of the SFWMT in LL, while in MM they 
are not significantly correlated. This could be because the 
formation and export of water masses in the GIN seas are 
not in balance on decadal timescales (leading to the storage 
of density anomalies in the GIN seas), because some water 

Fig. 12  Regressions of m26z timeseries with the SFWMT in different regions for different models. Dotted lines indicate where the regressions 
are deemed not significant (P < 0.05). In all panels the TOT line (black) overlays the GIN line (purple) at the densest levels

Table 1  Regression coefficients (correlations in brackets) for regres-
sions of decadal timeseries of maximum overturning convergences 
with implied timeseries from SFWMT in models LL and MM

Region LL MM

SPG 0.85 (0.66) 0.91 (0.79)
LS 0.88 (0.63) 0.71 (0.55)
IIS 0.93 (0.90) 1.05 (0.76)
GIN 0.54 (0.46) 0.05 (0.07)
TOT 0.88 (0.49) 0.43 (0.37)
TOT-GIN 1.15 (0.88) 0.79 (0.64)
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masses formed in the GIN seas are exported northwards into 
the Arctic, or because mixing has a large role in modifying 
variability in the GIN seas. The weaker relationship between 
overturning and SFWMT in GIN affects that in the sum of 
the regions (TOT), with higher regression coefficients found 
when excluding the GIN region (TOT-GIN).

As well as examining the relationships between SFWMT 
and overturning convergences in each region, we can also 
examine how the SFWMT in each region is related to the 
total overturning across 45◦ N. Figure 10e and f shows 
regressions of the SFWMT with m45. There are many simi-
larities with the regressions with the overturning conver-
gences (Fig. 10c, d), but also some differences. There is 
good qualitative agreement around and above the density 
of the maximum AMOC (around 1027.6 kg/m3 ). At denser 
levels (around 1027.75 kg/m3 ), the total SFWMT is much 
stronger in LL than the actual overturning, suggesting that 
variability from the WMT by surface fluxes is damped, pos-
sibly by mixing. This peak in total SFWMT has contribu-
tions from the SPG (particularly in LL), which likely occurs 
near the Labrador Sea, but south-east of OSW, since there 
is a similar signal in the SFWMT in the LS. The strong 

relationship with the SFWMT in the SPG at this density 
is not seen in the actual overturning, suggesting that it is 
obscured by mixing, or possibly by longer residency times 
than a decade. In the LS there are also differences in MM, 
with the actual convergence showing a double peak in the 
regression coefficient, whereas the SFWMT only has one 
peak. Again we hypothesise that the upper peak is driven 
by mixing.

In the GIN seas there is a strong relationship between 
SFWMT and m45 at densities higher than 1027.8 kg/m3 , 
resulting in regression coefficients of 0.5–0.6 (Fig 10e and 
f). This implies that for every 1 Sv of variability in m45 
there is 0.5–0.6 Sv of variability of the SFWMT in the 
GIN seas. However, this only translates into 0.1–0.2 Sv 
of overturning across the Sills (Fig. 10a, b). In MM there 
also is little actual convergence (Fig. 10d), so the SFWMT 
variability is dissipated by mixing or the residency time in 
the GIN seas. The small regression values for transports over 
the Sills suggest that variability of GIN seas overturning 
cannot have a substantial impact on the overturning at 45 N. 
It is possible that the correlations are caused by co-varying 
surface fluxes, or that overturning variability south of the 

Fig. 13  Regressions of m26z timeseries with the SFWMT in LS. 
Black lines show instantaneous regressions and blue lines show 
regressions where m26z lags SFWMT by 10 years. Dotted lines indi-

cate where the regressions are deemed not significant (P < 0.05). 
Panels are ordered going from models with the weakest mean LS 
SFWMT (top left) to models with the strongest (bottom right)
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Sills affects the transport of lighter, warmer waters into the 
GIN seas, and that this affects the transformation there.

4.3  CMIP6

The CMIP6 models exhibit variability of various timescales 
and magnitudes (Fig. 5b). Since previous studies (Grist et al. 
2009, 2012; Megann et al. 2021), and the previous analysis 
of LL and MM, have shown good agreement between total 
SFWMT and AMOC timeseries on decadal timescales and 
longer, we limit our analysis to the variability of decadal 
mean SFWMT which will inform us about multidecadal 
variability. For those CMIP6 models where the AMOC 
in density space is available (Fig. 5), we find significant 
correlations in all models between decadal means of the 
AMOC in density space at 45◦ N and the total SFWMT 
north of 45◦ N, either including or not including the GIN 
seas region (since SFWMT formed here may not be exported 
across the sills).

The standard deviations of decadal mean SFWMT are 
shown in Fig. 11, and show large variability (> 1 Sv) in 
all models in SPG, IIS and GIN. However, there are large 
intermodel differences in the magnitude of variability 
in the LS, with some models showing large variability 
and others showing very little variability. The standard 
deviation is correlated to the mean LS SFWMT (not 
shown), with models with weak mean SFWMT having very 
little variability and models with strong mean SFWMT 
having larger variability. If variability in each region was 
independent and uncorrelated then the sum of variability 
(black dashed line; calculated as the square root of the sum 
of individual variances) would be the same as the total 
(black line). For some models and density classes the sum is 
larger than the total, implying positive correlations between 
the components, and in some it is smaller, implying negative 
correlations.

Since we only have the actual overturning in density 
space from a few models, we cannot calculate regressions 
of SFWMT with m45, as done for HadGEM3-GC3-1LL and 
MM in Fig. 10. Instead we calculate regressions of SFWMT 
with the AMOC at 26◦ N in depth space (m26z; Fig. 12). 
We note that comparison of regressions with m26z, with 
the AMOC at 45◦ N in depth space (m45z) and m45 (where 
available), mostly show the same relationships, apart from 
MRI-ESM2-0 and ACCESS-CM2, where differences in 
responses are within the range of the ensemble (not shown).

All models show significant regressions with SFWMT 
in the GIN seas (purple lines for GIN are overlain by black 
lines for TOT in many cases), however we note that in LL 
and MM the resulting transport across the Sills associated 
with m45 (measured by the regression coefficent) is small. 
Although we do not have the overturning across the Sills 

section for all the models, we do have the overturning in 
density space across 67◦ N (which is close to the Denmark 
Strait) for three other CMIP6 models. In ACCESS-CM2 
there is a significant correlation with m45, with a regression 
coefficient of 0.4 (40% of the regression coefficient for 
SFWMT); in NorESM2-MM the correlation is significant, 
but with a small regression coefficient of 0.1; and in MRI-
ESM2-0 the correlation is not significant (not shown). 
Hence, the GIN seas might have a larger role in some 
models, for instance in ACCESS-CM2 a 1 Sv change in 
m45 is associated with 1 Sv change in GIN SFWMT and 
0.4 Sv change in the overturning across the Denmark Strait. 
However, in all models the variability of transports across 
the sills associated with m45 is less than half of, and in some 
cases much smaller than, the variability of GIN SFWMT.

If this is true for the remaining models, then the 
variability of SFWMT in the GIN seas would not contribute 
to the AMOC variability further south. All models show 
significant correlations of m26z with SFWMT in lighter 
waters of the SPG, and most models show significant 
correlations with SFWMT in IIS and/or LS in denser water 
classes. Although most of the relationships are the same or 
less significant if considering m26z lagging by 10 years, in 
two models (MPI-ESM1-2-LR and MRI-ESM2-0), there is 
a significant correlation of m26z with the SFWMT in the LS 
in the previous decade, rather than instantaneously (Fig. 13).

The regressions of LS SFWMT with m26z vary a 
lot between models. In the three models with weak 
mean SFWMT in the LS (ACCESS-CM2, EC-Earth3-
Veg, CanESM5), there is no correlation with denser LS 
SFWMT because there is little variability. If we order 
the models from the model with weakest LS SFWMT to 
strongest (Fig. 13) we can see this is part of a pattern: 
models with a stronger mean LS SFWMT have stronger 
regressions of LS SFWMT against m26z and the largest 
regressions generally occur at denser levels. Those models 
with the best agreements with observations of mean LS 
overturning (IPSL-CM6A-LR, HadGEM3-GC3-1LL, 
MPI-ESM1-2-LR, CNRM-CM6-1) suggest overturning 
changes of ∼ 0.5 Sv in the LS overturning for 1 Sv of 
overturning at m26z. However, these relationships 
are mostly at denser levels than the maximum of the 
overturning and it is unclear how much they are driving 
variability of the AMOC at 45 or 26◦ N.

Although there are relationships between the mean state 
and variability of overturning in the LS, there are no clear 
relationships in other regions. Details of regression patterns 
vary a lot between models (Fig.  12), possibly because 
variability in these models differs in terms of the location 
of the drivers and/or the importance of mixing.
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5  Conclusions

This study has examined which regions contribute to the 
time mean and multi-decadal variability of the AMOC, 
and how much of the overturning is related to water mass 
changes driven by surface fluxes. In analysis of two models 
(HadGEM3-GC3-1LL and HadGEM3-GC3-1MM) it is 
found that the overturning reconstructed from surface flux 
driven water mass transformation (SFWMT) is a good 
indicator of the mean strength of the actual overturning. 
Mixing modifies densities and can shift the overturning 
profiles, but does not have significant impact on the 
maximum overturning strength.

For multidecadal variability, SFWMT is a good indicator 
of overturning variability (significantly correlated with 
regression coefficients similar to 1) in all regions except 
GIN. However, some details, such as the double peak in LS 
profiles, are not captured by SFWMT, suggesting mixing 
may play a role. In the GIN seas, although there is strong 
variability of SFWMT associated with the AMOC, the 
associated variability in the waters exported across the Sills 
is found to be much smaller than suggested by the SFWMT. 
This suggests that the water masses formed are not in 
balance with those exported south on decadal timescales, 
so anomalies are either modified by mixing within the GIN 
seas, or remain in the GIN seas.

In all the models examined here the mean overturning 
across OSE is stronger than that across OSW, in agreement 
with observations. These results also agree with 
observational findings that the IIS is a major contributor to 
the mean overturning, although SPG and GIN also have large 
contributions in some models. The overturning in the mean 
state in the LS is mostly found to be small. Despite many 
similarities between the mean states of models, relationships 
of multidecadal variability in SFWMT in different regions 
and the AMOC at 26◦ N are very diverse.

Although the mean overturning in the LS is mostly found 
to be small, strong relationships are found across models, 
with those models with the freshest LS having the weakest 
LS overturning and the smallest variability. Those models 
with a more saline LS have stronger LS SFWMT and larger 
regression coefficients between the LS SFWMT and the 
AMOC further south at 26.5◦ N, possibly indicating stronger 
causal relationships between variability of the LS SFWMT 
and the AMOC at 26.5◦ N.

These results suggest that many of the models examined 
compare well to observations of overturning, despite 
previous arguments that many ocean and climate models 
have too strong an emphasis on the Labrador Sea. In fact, 
we find here that only one model has an overly strong 
LS overturning while three have too weak an overturning. 
However, although this may provide some reassurance 

as to the validity of these models, there are still issues 
with the representation of processes such as mixing in 
overflows, eddy mixing and restratification that could have 
a detrimental impact on the representation of the AMOC 
(Fox-Kemper et al. 2019). In particular, it should be noted 
that none of these climate models have sufficient horizontal 
resolution to resolve eddies at subpolar latitudes or to 
resolve narrow boundary currents, which could impact 
their abilities to represent water mass transformation. 
Also it is possible that different models (for example with 
different mixing parameterisations) might have stronger 
contributions to the overturning from mixing, and hence 
might have less strong relationships between overturning 
and SFWMT.

The relationships found here between the overturning in the 
LS and the salinity there have implications for model develop-
ment, providing motivations for the reduction of biases. These 
results also suggest that locations driving variability, and 
potentially the mechanisms involved, could also be affected 
by the model mean state. Hence, to understand mechanisms 
of variability, biases in the mean state should be considered.

Author contributions LJ performed analysis of models and wrote the 
manuscript. TP provided observational data and commented on the 
manuscript. Both authors read and approved the final manuscript.

Funding Laura Jackson was supported by the Met Office Hadley 
Centre Climate Programme funded by BEIS. Tillys Petit was supported 
by the UKRI-NERC SNAP-DRAGON (NE/T013494/1) project.

Data availability Data from CMIP6 models (including HadGEM3-
GC3-1LL and HadGEM3-GC3-1MM) is available via the Earth System 
Grid Federation (ESGF) data portal.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

References

Bellomo K, Angeloni M, Corti S et al (2021) Future climate change 
shaped by inter-model differences in Atlantic meridional overturn-
ing circulation response. Nat Commun 12:3659. https:// doi. org/ 
10. 1038/ s41467- 021- 24015-w

Bentsen M, Oliviè DJL, Seland y, et al (2019) NCC NorESM2-MM 
model output prepared for CMIP6 CMIP piControl. https:// doi. 
org/ 10. 22033/ ESGF/ CMIP6. 8221

Boucher O, Denvil S, Levavasseur G, et al (2018) IPSL IPSL-CM6A-
LR model output prepared for CMIP6 CMIP piControl. https:// 
doi. org/ 10. 22033/ ESGF/ CMIP6. 5251

de Boyer Montégut C, Madec G, Fischer AS et al (2004) Mixed layer 
depth over the global ocean: an examination of profile data and 
a profile-based climatology. J. Geophys. Res. Oceans 109:C12. 
https:// doi. org/ 10. 1029/ 2004J C0023 78

https://doi.org/10.1038/s41467-021-24015-w
https://doi.org/10.1038/s41467-021-24015-w
https://doi.org/10.22033/ESGF/CMIP6.8221
https://doi.org/10.22033/ESGF/CMIP6.8221
https://doi.org/10.22033/ESGF/CMIP6.5251
https://doi.org/10.22033/ESGF/CMIP6.5251
https://doi.org/10.1029/2004JC002378


2890 L. C. Jackson, T. Petit 

1 3

Bruggemann N, Katsman CA (2019) Dynamics of downwelling in an 
eddying marginal sea: contrasting the eulerian and the isopycnal 
perspective. https:// doi. org/ 10. 1175/ JPO-D- 19- 0090.1

Cabanes C, Grouazel A, von Schuckmann MK, Hamon, et al (2013) 
The CORA dataset: validation and diagnostics of in-situ ocean 
temperature and salinity measurements. Ocean Sci 9:1–18. https:// 
doi. org/ 10. 5194/ os-9- 1- 2013

Chafik L, Rossby T (2019) Volume, heat and freshwater divergences 
in the subpolar north Atlantic suggest the Nordic seas as key to 
the state of the meridional overturning circulation. Geophys Res 
Lett. https:// doi. org/ 10. 1029/ 2019G L0821 10

Danabasoglu G, Yeager SG, Bailey D et al (2014) North Atlantic simu-
lations in coordinated ocean-ice reference experiments phase II 
(core-II). Part I: Mean states. Ocean Modell 73:76–107. https:// 
doi. org/ 10. 1016/j. ocemod. 2013. 10. 005

Danabasoglu G, Yeager SG, Kim WM et al (2016) North Atlantic sim-
ulations in Coordinated Ocean-ice Reference Experiments phase 
II (CORE-II). Part II: Inter-annual to decadal variability. Ocean 
Model 97:65–90. https:// doi. org/ 10. 1016/j. ocemod. 2015. 11. 007

Desbruyères D, Mercier H, Maze G et al (2019) Surface predictor of 
overturning circulation and heat content change in the subpolar 
north Atlantic. Ocean Sci 15:809–817. https:// doi. org/ 10. 5194/ 
os- 15- 809- 2019

Dix M, Bi D, Dobrohotoff P, et al (2019) CSIRO-ARCCSS ACCESS-
CM2 model output prepared for CMIP6 CMIP piControl. https:// 
doi. org/ 10. 22033/ ESGF/ CMIP6. 4311

EC-Earth Consortium (EC-Earth) (2019) EC-Earth-Consortium EC-
Earth3-Veg model output prepared for CMIP6 CMIP piControl. 
https:// doi. org/ 10. 22033/ ESGF/ CMIP6. 4848

Fox-Kemper B, Adcroft A, Böning C et al (2019) Challenges and pros-
pects in ocean circulation models. Front Mar Sci. https:// doi. org/ 
10. 3389/ fmars. 2019. 00065

Good SA, Martin MJ, Rayner NA (2013) EN4: quality controlled ocean 
temperature and salinity profiles and monthly objective analyses 
with uncertainty estimates. J Geophys Res 118:6704–6716

Grist JP, Marsh R, Josey SA (2009) On the relationship between the 
north Atlantic meridional overturning circulation and the surface-
forced overturning streamfunction. J Clim 22(19):4989–5002. 
https:// doi. org/ 10. 1175/ 2009J CLI25 74.1

Grist JP, Josey SA, Marsh R (2012) Surface estimates of the Atlan-
tic overturning in density space in an eddy-permitting ocean 
model. J Geophys Res 117(C06):012. https:// doi. org/ 10. 1029/ 
2011J C0077 52

Groeskamp S, Griffies SM, Iudicone D et al (2019) The water mass 
transformation framework for ocean physics and biogeochemistry. 
Annu Rev Mar Sci 11(1):271–305. https:// doi. org/ 10. 1146/ annur 
ev- marine- 010318- 095421

Heuzé C (2017) North Atlantic deep water formation and AMOC in 
cmip5 models. Ocean Sci 13(4):609–622. https:// doi. org/ 10. 5194/ 
os- 13- 609- 2017

Jackson LC, Roberts MJ, Hewitt HT et al (2020) Impact of ocean reso-
lution and mean state on the rate of amoc weakening. Clim Dyn 
55(7):1711–1732. https:// doi. org/ 10. 1007/ s00382- 020- 05345-9

Josey SA, Grist JP, Marsh R (2009) Estimates of meridional over-
turning circulation variability in the north Atlantic from surface 
density flux fields. J Geophys Res 114(C09):022. https:// doi. org/ 
10. 1029/ 2008J C0052 30

Kalnay E, Kanamitsu M, Kistler R et al (1996) The NCEP/NCAR 
40-year reanalysis project. Bull Am Meteorol Soc 77(3):437–472. 
https:// doi. org/ 10. 1175/ 1520- 0477(1996) 07704 37: TNYRP2. 0. 
CO;2

Katsman CA, Drijfhout SS, Dijkstra HA et al (2018) Sinking of dense 
north Atlantic waters in a global ocean model: location and con-
trols. J Geophys Res Oceans 123:3563–3576. https:// doi. org/ 10. 
1029/ 2017J C0133 29

Kim W, Yeager S, Danabasoglu G (2020) Atlantic multidecadal vari-
ability and associated climate impacts initiated by ocean thermo-
haline dynamics. J Clim 33:1317–1334. https:// doi. org/ 10. 1175/ 
JCLI-D- 19- 0530.1

Koenigk T, Fuentes-Franco R, Meccia VL et al (2021) Deep mixed 
ocean volume in the Labrador sea in highresmip models. Clim Dyn 
57(7):1895–1918. https:// doi. org/ 10. 1007/ s00382- 021- 05785-x

Kostov Y, Johnson HL, Marshall DP (2019) Amoc sensitivity to 
surface buoyancy fluxes: the role of air-sea feedback mecha-
nisms. Clim Dyn 53(7):4521–4537. https:// doi. org/ 10. 1007/ 
s00382- 019- 04802-4

Kuhlbrodt T, Jones CG, Sellar A et al (2018) The low-resolution ver-
sion of hadgem3 gc3.1: development and evaluation for global 
climate. J Adv Model Earth Syst 10:2865–2888. https:// doi. org/ 
10. 1029/ 2018M S0013 70

Langehaug HR, Rhines PB, Eldevik T et al (2012) Water mass trans-
formation and the north Atlantic current in three multicentury 
climate model simulations. J Geophys Res 117(C11):001. https:// 
doi. org/ 10. 1029/ 2012J C0080 21

Le Bras IA, Straneo F, Holte J et al (2020) Rapid export of waters 
formed by convection near the Irminger sea’s western boundary. 
Geophys Res Lett 47:e2019GL085,989. https:// doi. org/ 10. 1029/ 
2019G L0859 89

Legg S, Jackson L, Hallberg RW (2008) Eddy-resolving modeling 
of overflows, American Geophysical Union (AGU), pp 63–81. 
https:// doi. org/ 10. 1029/ 177GM 06

Li F, Lozier MS, Danabasoglu G et al (2019) Local and downstream 
relationships between labrador sea water volume and north Atlan-
tic meridional overturning circulation variability. J Clim. https:// 
doi. org/ 10. 1175/ JCLI-D- 18- 0735.1

Li F, Lozier M, Bacon S et al (2021) Subpolar north Atlantic west-
ern boundary density anomalies and the meridional overturn-
ing circulation. Nat Commun 12:3002. https:// doi. org/ 10. 1038/ 
s41467- 021- 23350-2

Lozier MS, Li F, Bacon S et al (2019) A sea change in our view of over-
turning in the subpolar north Atlantic. Science 363(6426):516–
521. https:// doi. org/ 10. 1126/ scien ce. aau65 92

Mackay N, Wilson C, Holliday N et al (2020) The observation-based 
application of a regional thermohaline inverse method to diagnose 
the formation and transformation of water masses north of the 
osnap array from 2013 to 2015. J Phys Oceanogr 50:1533–1555. 
https:// doi. org/ 10. 1175/ JPO-D- 19- 0188.1

Madec G (2008) NEMO ocean engine. Institut Pierre-Simon Laplace, 
France

Marsh R (2000) Recent variability of the north atlantic thermohaline 
circulation inferred from surface heat and freshwater fluxes. 
J Clim 13(18):3239–3260. https:// doi. org/ 10. 1175/ 1520- 
0442(2000) 01332 39: RVOTN A2.0. CO;2

McDougall TJ (1987) Thermobaricity, cabbeling, and water-mass 
conversion. J Geophys Res Oceans 92(C5):5448–5464. https:// 
doi. org/ 10. 1029/ JC092 iC05p 05448

Megann A, Blaker A, Josey S et al (2021) Mechanisms for late 20th 
and early 21st century decadal amoc variability. J Geophys Res 
Oceans 126:e2021JC017,865. https:// doi. org/ 10. 1029/ 2021J 
C0178 65

Menary M, Jackson L, Lozier M (2020) Reconciling the relationship 
between the amoc and Labrador sea in OSNAP observations and 
climate models. Geophys Res Lett 47:2020GL089,e793. https:// 
doi. org/ 10. 1029/ 2020G L0897 93

Menary MB, Hodson DLR, Robson JI et al (2015) Exploring the 
impact of cmip5 model biases on the simulation of north Atlan-
tic decadal variability. Geophys Res Lett 42:5926–5934. https:// 
doi. org/ 10. 1002/ 2015G L0643 60

Oldenburg D, Wills R, Armour K et al (2021) Mechanisms of low-
frequency variability in north atlantic ocean heat transport 

https://doi.org/10.1175/JPO-D-19-0090.1
https://doi.org/10.5194/os-9-1-2013
https://doi.org/10.5194/os-9-1-2013
https://doi.org/10.1029/2019GL082110
https://doi.org/10.1016/j.ocemod.2013.10.005
https://doi.org/10.1016/j.ocemod.2013.10.005
https://doi.org/10.1016/j.ocemod.2015.11.007
https://doi.org/10.5194/os-15-809-2019
https://doi.org/10.5194/os-15-809-2019
https://doi.org/10.22033/ESGF/CMIP6.4311
https://doi.org/10.22033/ESGF/CMIP6.4311
https://doi.org/10.22033/ESGF/CMIP6.4848
https://doi.org/10.3389/fmars.2019.00065
https://doi.org/10.3389/fmars.2019.00065
https://doi.org/10.1175/2009JCLI2574.1
https://doi.org/10.1029/2011JC007752
https://doi.org/10.1029/2011JC007752
https://doi.org/10.1146/annurev-marine-010318-095421
https://doi.org/10.1146/annurev-marine-010318-095421
https://doi.org/10.5194/os-13-609-2017
https://doi.org/10.5194/os-13-609-2017
https://doi.org/10.1007/s00382-020-05345-9
https://doi.org/10.1029/2008JC005230
https://doi.org/10.1029/2008JC005230
https://doi.org/10.1175/1520-0477(1996)0770437:TNYRP2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)0770437:TNYRP2.0.CO;2
https://doi.org/10.1029/2017JC013329
https://doi.org/10.1029/2017JC013329
https://doi.org/10.1175/JCLI-D-19-0530.1
https://doi.org/10.1175/JCLI-D-19-0530.1
https://doi.org/10.1007/s00382-021-05785-x
https://doi.org/10.1007/s00382-019-04802-4
https://doi.org/10.1007/s00382-019-04802-4
https://doi.org/10.1029/2018MS001370
https://doi.org/10.1029/2018MS001370
https://doi.org/10.1029/2012JC008021
https://doi.org/10.1029/2012JC008021
https://doi.org/10.1029/2019GL085989
https://doi.org/10.1029/2019GL085989
https://doi.org/10.1029/177GM06
https://doi.org/10.1175/JCLI-D-18-0735.1
https://doi.org/10.1175/JCLI-D-18-0735.1
https://doi.org/10.1038/s41467-021-23350-2
https://doi.org/10.1038/s41467-021-23350-2
https://doi.org/10.1126/science.aau6592
https://doi.org/10.1175/JPO-D-19-0188.1
https://doi.org/10.1175/1520-0442(2000)0133239:RVOTNA2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)0133239:RVOTNA2.0.CO;2
https://doi.org/10.1029/JC092iC05p05448
https://doi.org/10.1029/JC092iC05p05448
https://doi.org/10.1029/2021JC017865
https://doi.org/10.1029/2021JC017865
https://doi.org/10.1029/2020GL089793
https://doi.org/10.1029/2020GL089793
https://doi.org/10.1002/2015GL064360
https://doi.org/10.1002/2015GL064360


2891North Atlantic overturning and water mass transformation in CMIP6 models  

1 3

and amoc. J Clim 34(12):4733–4755. https:// doi. org/ 10. 1175/ 
JCLI-D- 20- 0614.1

Ortega P, Robson JI, Menary M et al (2021) Labrador sea subsurface 
density as a precursor of multidecadal variability in the north 
atlantic: a multi-model study. Earth Syst Dyn 12(2):419–438. 
https:// doi. org/ 10. 5194/ esd- 12- 419- 2021

Osterhus S, Woodgate R, Valdimarsson H et al (2019) Arctic medi-
terranean exchanges: a consistent volume budget and trends 
in transports from two decades of observations. Ocean Sci 
15(2):379–399. https:// doi. org/ 10. 5194/ os- 15- 379- 2019

Petit T, Lozier MS, Josey SA et al (2020) Atlantic deep water forma-
tion occurs primarily in the iceland basin and irminger sea by 
local buoyancy forcing. Geophys Res Lett 47:e2020GL091,028. 
https:// doi. org/ 10. 1029/ 2020G L0910 28

Petit T, Lozier M, Josey S et al (2021) Role of air-sea fluxes and 
ocean surface density in the production of deep waters in the 
eastern subpolar gyre of the north atlantic. Ocean Sci 17:1353–
1365. https:// doi. org/ 10. 5194/ os- 17- 1353- 2021

Pickart RS, Spall MA (2007) Impact of labrador sea convection on the 
north atlantic meridional overturning circulation. J Phys Oceanogr 
37(9):2207–2227. https:// doi. org/ 10. 1175/ JPO31 78.1

Rayner NA, Parker DE, Horton EB et al (2003) Global analyses of sea 
surface temperature, sea ice, and night marine air temperature 
since the late nineteenth century. J Geophys Res 108:4407. https:// 
doi. org/ 10. 1029/ 2002J D0026 70

Roberts CD, Garry FK, Jackson LC (2013) A multimodel study of 
sea surface temperature and subsurface density fingerprints of the 
atlantic meridional overturning circulation. J Clim 26(22):9155–
9174. https:// doi. org/ 10. 1175/ jcli-d- 12- 00762.1

Robson J, Sutton R, Lohmann K et al (2012) Causes of the rapid 
warming of the North Atlantic Ocean in the mid-1990s. J Clim 
25(12):4116–4134. https:// doi. org/ 10. 1175/ jcli-d- 11- 00443.1

Sarafanov A, Falina A, Mercier H et al (2012) Mean full-depth summer 
circulation and transports at the northern periphery of the atlantic 
ocean in the 2000s. J Geophys Res Oceans 117(C01):014. https:// 
doi. org/ 10. 1029/ 2011J C0075 72

Sgubin G, Swingedouw D, Drijfhout S et al (2017) Abrupt cooling over 
the North Atlantic in modern climate models. Nat Commun 8:25

Sidorenko D, Danilov S, Fofonova V et al (2020) Amoc, water mass 
transformations, and their responses to changing resolution in 
the finite-volume sea ice-ocean model. J Adv Model Earth Syst 
12:e2020MS002,317. https:// doi. org/ 10. 1029/ 2020M S0023 17

Sidorenko D, Danilov S, Streffing J et al (2021) Amoc variability 
and watermass transformations in the AWI climate model. J 
Adv Model Earth Syst 13:e2021MS002,582. https:// doi. org/ 10. 
1029/ 2021M S0025 82

Swart NC, Cole JN, Kharin VV et al (2019) CCCma CanESM5 
model output prepared for CMIP6 CMIP piControl. https:// doi. 
org/ 10. 22033/ ESGF/ CMIP6. 3673

Tagklis F, Bracco A, Ito T et al (2020) Submesoscale modulation of 
deep water formation in the labrador sea. Sci Rep 10(1):17489. 
https:// doi. org/ 10. 1038/ s41598- 020- 74345-w

Talandier C, Deshayes J, Treguier AM et al (2014) Improvements 
of simulated western north atlantic current system and impacts 
on the amoc. Ocean Modell 76:1–19. https:// doi. org/ 10. 1016/j. 
ocemod. 2013. 12. 007

Voldoire A (2018) CMIP6 simulations of the CNRM-CERFACS 
based on CNRM-CM6-1 model for CMIP experiment piControl. 
https:// doi. org/ 10. 22033/ ESGF/ CMIP6. 4163

Weijer W, Cheng W, Garuba O et al (2020) Cmip6 models pre-
dict significant 21st century decline of the atlantic meridional 

overturning circulation. Geophys Res Lett. https:// doi. org/ 10. 
1029/ 2019G L0860 75

Wieners KH, Giorgetta M, Jungclaus J, et al (2019) MPI-M MPI-
ESM1.2-LR model output prepared for CMIP6 CMIP piControl. 
https:// doi. org/ 10. 22033/ ESGF/ CMIP6. 6675

Williams KD, Copsey D, Blockley EW et al (2018) The met office 
global coupled model 3.0 and 3.1 (GC3.0 and GC3.1) configura-
tions. J Adv Model Earth Syst 10(2):357–380. https:// doi. org/ 
10. 1002/ 2017m s0011 15

Wu Y, Stevens DP, Renfrew IA et al (2021) The response of the nor-
dic seas to wintertime sea ice retreat. J Clim 34(15):6041–6056. 
https:// doi. org/ 10. 1175/ JCLI-D- 20- 0932.1

Xu X, Rhines P, Chassignet E (2018) On mapping the diapycnal 
water mass transformation of the upper north atlantic ocean. 
J Phys Oceanogr 48:2233–2258. https:// doi. org/ 10. 1175/ 
JPO-D- 17- 0223.1

Yeager S, Danabasoglu G (2012) Sensitivity of atlantic meridional 
overturning circulation variability to parameterized nordic sea 
overflows in ccsm4. J Clim 25(6):2077–2103. https:// doi. org/ 10. 
1175/ JCLI-D- 11- 00149.1

Yeager S, Danabasoglu G (2014) The origins of late-twentieth-century 
variations in the large-Scale North Atlantic circulation. J Clim 
27(9):3222–3247. https:// doi. org/ 10. 1175/ jcli-d- 13- 00125.1

Yeager S, Castruccio F, Chang P et al (2021) An outsized role for the 
labrador sea in the multidecadal variability of the atlantic over-
turning circulation. Sci Adv 7:41. https:// doi. org/ 10. 1126/ sciadv. 
abh35 92

Yukimoto S, Koshiro T, Kawai H, et al (2019) MRI MRI-ESM2.0 
model output prepared for CMIP6 CMIP piControl. https:// doi. 
org/ 10. 22033/ ESGF/ CMIP6. 6900

Zhang R, Delworth TL, Rosati A et al (2011) Sensitivity of the north 
atlantic ocean circulation to an abrupt change in the nordic sea 
overflow in a high resolution global coupled climate model. J Geo-
phys Res Oceans 116:C12. https:// doi. org/ 10. 1029/ 2011J C0072 40

Zhang R, Sutton R, Danabasoglu G et al (2019) A review of the role of 
the atlantic meridional overturning circulation in atlantic multi-
decadal variability and associated climate impacts. Rev Geophys 
57:316–375. https:// doi. org/ 10. 1029/ 2019R G0006 44

Zou S, Lozier M, Li F et al (2020) Density-compensated overturning 
in the labrador sea. Nat Geosci 13:121–126. https:// doi. org/ 10. 
1038/ s41561- 019- 0517-1

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

https://doi.org/10.1175/JCLI-D-20-0614.1
https://doi.org/10.1175/JCLI-D-20-0614.1
https://doi.org/10.5194/esd-12-419-2021
https://doi.org/10.5194/os-15-379-2019
https://doi.org/10.1029/2020GL091028
https://doi.org/10.5194/os-17-1353-2021
https://doi.org/10.1175/JPO3178.1
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1175/jcli-d-12-00762.1
https://doi.org/10.1175/jcli-d-11-00443.1
https://doi.org/10.1029/2011JC007572
https://doi.org/10.1029/2011JC007572
https://doi.org/10.1029/2020MS002317
https://doi.org/10.1029/2021MS002582
https://doi.org/10.1029/2021MS002582
https://doi.org/10.22033/ESGF/CMIP6.3673
https://doi.org/10.22033/ESGF/CMIP6.3673
https://doi.org/10.1038/s41598-020-74345-w
https://doi.org/10.1016/j.ocemod.2013.12.007
https://doi.org/10.1016/j.ocemod.2013.12.007
https://doi.org/10.22033/ESGF/CMIP6.4163
https://doi.org/10.1029/2019GL086075
https://doi.org/10.1029/2019GL086075
https://doi.org/10.22033/ESGF/CMIP6.6675
https://doi.org/10.1002/2017ms001115
https://doi.org/10.1002/2017ms001115
https://doi.org/10.1175/JCLI-D-20-0932.1
https://doi.org/10.1175/JPO-D-17-0223.1
https://doi.org/10.1175/JPO-D-17-0223.1
https://doi.org/10.1175/JCLI-D-11-00149.1
https://doi.org/10.1175/JCLI-D-11-00149.1
https://doi.org/10.1175/jcli-d-13-00125.1
https://doi.org/10.1126/sciadv.abh3592
https://doi.org/10.1126/sciadv.abh3592
https://doi.org/10.22033/ESGF/CMIP6.6900
https://doi.org/10.22033/ESGF/CMIP6.6900
https://doi.org/10.1029/2011JC007240
https://doi.org/10.1029/2019RG000644
https://doi.org/10.1038/s41561-019-0517-1
https://doi.org/10.1038/s41561-019-0517-1

	North Atlantic overturning and water mass transformation in CMIP6 models
	Abstract
	1 Introduction
	2 Models and methods
	2.1 HadGEM3-GC3-1LLMM
	2.2 CMIP6 models
	2.3 SFWMT from an atmospheric reanalysis
	2.4 Observations
	2.5 Methods
	2.5.1 Overturning
	2.5.2 Water mass transformation


	3 Mean state
	3.1 HadGEM3-GC3-1 overturning
	3.2 HadGEM3-GC3-1 surface flux water mass transformation
	3.3 CMIP6

	4 Decadal AMOC variability
	4.1 HadGEM3-GC3-1 overturning
	4.2 HadGEM3-GC3-1 SFWMT
	4.3 CMIP6

	5 Conclusions
	References




