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Abstract 
 
The Atlantic Meridional Overturning Circulation (AMOC) is the Atlantic part of the global overturning 

circulation. The role of the AMOC in heat and carbon fluxes impacts the climate system on both a 

regional and global scale. Our understanding of the strength, variability and structure of the AMOC 

has improved since the deployment of the RAPID array, which monitors the volume transport at 26°N 

since April 2004. Additionally, these observations serve as invaluable reference data for the 

representation of the AMOC in coupled Earth System models. The most recent phase of the Coupled 

Model Intercomparison Project, CMIP Phase 6, allows us to assess the representation of the AMOC in 

novel climate models. However, a large inter-model spread combined with disagreement between 

RAPID data and CMIP6 models suggests that the drivers of the strength and variability of the AMOC 

are poorly understood. To gain more insight into this disagreement, we decompose the AMOC into 

several transport components and assess how well the strength, variability and deep-water 

circulation is reproduced by CMIP6 models. Additionally, we examine future changes in the transport 

components under SSP585 and relate these changes to the historical mean state.   

We show that the underestimation of the historical AMOC strength is likely related to the reduced 

transport of lower NADW, due to the small scale of Greenland-Iceland-Scotland Ridge overflow 

compared to the resolution of models and excessive mixing at this location. This is compensated by 

increased recirculation in the subtropical gyre and more AABW transport in models. Deep-water 

circulation in models is dominated by a distinct DWBC with minor interior recirculation compared to 

observations, which is likely related to model resolution. We show that the low-frequency variability 

of Florida Straits transport is largely overestimated and hypothesize that the inclusion of the Antilles 

Current in this component in models is a significant contributor to this discrepancy. The variability of 

NADW is underestimated, most likely due to the inability of models to reproduce lower NADW 

overflow.  

We find that the future decline in the AMOC is dominated by decreased Florida Straits transport, 

either due to reduced input from the South Atlantic or communication of reduced NADW transport 

by boundary waves. We find significant relationships (p<0.01) between the historical mean state and 

future changes of the total AMOC, Ekman and AABW transport. However, these relationship are too 

weak to be used as “emergent constraints”. Additionally, the relationship cannot be explained by sea 

ice extent or seasonality in this study.  

Our results give insight into the potential causes of disagreement in the modelled and observed 

AMOC. We underline the importance of similar studies at several latitudes to improve our 

understanding on the leading drivers of AMOC changes and advise to include RAPID measurements 

of the Antilles Current in Florida Straits transport in these studies.   
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1. Introduction 
 
The Atlantic Meridional Overturning Circulation (AMOC) is the Atlantic part of the global overturning 

circulation. In the Atlantic Ocean, relatively warm upper-ocean water is transported northward by 

the Gulf Steam (Joyce and Zhang, 2010). The Gulf Stream is fed by the Florida Current through the 

Florida Straits and the Antilles Current, located east of the Bahamas (Morey et al., 2017). A significant 

part of the transport by the Florida Current originates from the South Atlantic, while the Antilles 

Current predominantly transports water from the North Atlantic Subtropical Gyre (Bryden, 2021). 

The Gulf Stream partly transports water further northward into the North Atlantic Current and partly 

recirculates southward in the North Atlantic Subtropical Gyre (Figure 1). During its transport to 

higher northern latitudes this water loses heat. In the Labrador, Irminger and Nordic seas cold dense 

deep-water is formed which is transported southward through the Deep Western Boundary Current 

(DWBC), which partly recirculates northward in the interior of the deep ocean (Bryden, 2021). The 

net effect is northward transport of warm upper-ocean water and southward transport of cold deep-

water (e.g. Ganachaud, 2003; Johnson et al., 2019). Upwelling of southward transported deep-water 

occurs primarily in the Southern Ocean by strong westerlies around Antarctica, closing the 

overturning circulation (Marshall and Speer, 2012). The result is a net northward heat transport by 

the AMOC, with a maximum of 1.3 PW (1 PW = 1015 W) around 26°N (Hall and Bryden, 1982). 

Additionally, the AMOC contributes considerably to carbon uptake and storage in the deep ocean, 

representing 30% of the total carbon sink in the North Atlantic (Fontela et al., 2016). The role of the 

AMOC in heat and carbon fluxes impacts the climate system on both a regional and global scale. 

Examples of its influence are changes in Arctic sea ice (Mahajan et al., 2011), variations in Europe’s 

climate (Jackson et al., 2015) and shifts in the Intertropical Convergence Zone (ITCZ) impacting Asian 

monsoons (Cheng et al., 2007). Therefore, knowledge about (the drivers of) changes in the strength 

and variability of the AMOC are crucial. 

The spatial structure of the overturning circulation was first conceptualized by Stommel. In his theory 

on westward intensification of ocean currents (Stommel, 1948), he showed that upper mid-ocean 

water is transported southward as a result of the wind stress distribution in the North Atlantic. It is 

compensated by northward flow by a western intensified boundary current, the Gulf Stream. 

Additionally, he provided the first model on abyssal circulation in the global ocean (Stommel, 1958). 

Interior deep water is transported northward and upward, thus upwelling occurs uniformly in the 

global ocean. The upwelling is balanced by deep water formation, envisaged by Stommel to occur in 

the North Atlantic and Wendell Sea. The source and sink of deep water are connected by southward 

flowing Deep Western Boundary Currents. Stommel notes that his model on the structure of the 

overturning circulation is not an accurate and detailed description, but rather a simplified 

representation of the ocean circulation. Over the past decades, the view of this so called “conveyor-

belt” model driven predominantly by deep water formation has been challenged (Lozier, 2010). It has 

been shown that, instead of buoyancy forcing, wind forcing could be the primary driver of the 

overturning circulation. Not only due to its impact on upper ocean transport and deep water 

recirculation by eddies (Dengler, 2004), but also through its key role in upwelling of deep water 

(Wunsch, 2002). However, the dominance of either wind or buoyancy forcing on the AMOC might 

largely depend on time scale (Biastoch, 2008). Additionally, the location of deep water formation in 

the North Atlantic subpolar gyre has been subject to debate. Pickart and Spall (2007) suggested that 

deep convection in the Labrador Sea only plays a minor role in the North Atlantic overturning. Recent 

observations of the Overturning in the Subpolar North Atlantic Program (OSNAP) are in line with this 

hypothesis, emphasizing the importance of deep convection in the Irminger and Iceland Sea as 

subpolar contributors to the strength and variability of the AMOC (Lozier et al., 2019).  
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The RAPID-MOCHA-WBTS (hereafter RAPID) array played an important role in our understanding of 

the strength, variability and structure of the AMOC (Rayner et al., 2011). This array monitors the 

AMOC volume transport at 26°N since April 2004 (Frajka-Williams et al., 2021). The choice of location 

is motivated by the fact that the overturning maximum generally occurs close to 26°N and that the 

Gulf Stream is bounded by Florida and the Bahamas at this latitude (Bryden et al., 2009). The 

transport through the cross section is estimated by the decomposition of the AMOC into three 

components: (1) transport through the Florida Straits based on electromagnetic cable measurements 

since 1982, (2) Ekman surface transport, generated by the zonal wind stress, calculated using ERA5 

wind stress and (3) density driven interior transport estimated from mooring measurements. These 

moorings compute density profiles at several locations along the cross section (Figure 1). Using the 

thermal wind balance, meridional velocities are calculated from zonal density gradients. These 

velocities can be used to obtain transport through the section. A spatially constant correction is 

added to the velocity field to assure a net meridional transport of zero (McCarthy et al., 2015). The 

interior transport is decomposed into the following transport components based on depth intervals: 

thermocline recirculation (0 – 800m), intermediate water (800 – 1100m), upper North Atlantic Deep 

Water (1100 – 3000m), lower North Atlantic Deep Water (3000 – 5000m) and Antarctic Bottom 

Water (> 5000m). The measurements by the RAPID array have provided new insights into the 

strength and variability of the AMOC. An example is the realisation that the AMOC varies significantly 

on time scales much shorter than annual to millennial, with significant daily to seasonal fluctuations 

due to changes in wind forcing (Johnson et al., 2019). Additionally, RAPID data proves to be 

invaluable in climate modelling, providing reference data to improve the representation of the AMOC 

in coupled Earth System models (Weijer et al., 2020). 

The Coupled Model Intercomparison Project (CMIP), organized by the World Climate Research 

Programme (WCRP), is a comprehensive effort of modelling centres around the world to improve our 

understanding about past, present and future changes of the climate system (Eyring et al., 2016). 

Over the years CMIP not only included more models, but also addressed a broader range of scientific 

problems. This includes questions about the mean state and variability of the AMOC and its drivers in 

a warming climate (Eyring et al., 2016). The most recent phase, CMIP Phase 6 (CMIP6), allows us to 

assess the representation of the AMOC in novel climate models. Even though CMIP6 shows 

improvements compared to previous CMIP generations, model biases related to the AMOC persist 

(Fox-Kemper et al., 2021). These include a shallow bias of the North Atlantic Deep Water cell (Weijer 

et al., 2020), too much North Atlantic deep convection in the temporal and spatial domain (Heuzé, 

2021), overestimated sensitivity to anthropogenic aerosol forcing (Menary et al., 2020) and an 

underestimated temperature difference between the upper and lower limb of the AMOC (Roberts et 

al., 2020). Additionally, CMIP6 models largely underestimate low-frequency variability of the AMOC 

and show large inter-model differences in their AMOC representation (Weijer et al., 2020). This large 

inter-model spread, together with disagreement between RAPID data and CMIP6 models, suggests 

that the drivers of the strength and variability of the AMOC are poorly understood.  

The CMIP6 models are used for future projections in a changing climate. In recent years, a new 

framework is adopted in which pathways of radiative forcing are combined with alternative socio-

economic developments (O’Neill et al., 2014). On the upper end of these so called Shared 

Socioeconomic Pathways (SSPs) is SSP5-8.5 (hereafter SSP585), where fossil-fueled developments 

produce a radiative forcing of 8.5 W/m2 in 2100 (Kriegler et al., 2017). The scenario simulations are 

driven by greenhouse gas concentration, and include changes in land use and aerosols (O’Neill et al., 

2016; Rao et al., 2017). The projections show several climatic changes by the end of the 21st century 

(2081-2100) compared to the recent past (1995-2014), which include: a globally averaged surface air 

temperature increase of 2.4 – 4.8 °C (very likely), increased globally averaged annual land 
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precipitation of 0.9 – 12.9% (likely) and an ice-free Arctic Ocean in September (likely) (Lee et al., 

2021). Additionally, the AMOC is projected to weaking through the 21st century under SSP585 (Weijer 

et al, 2020).   

The goal of this study is to gain more insight into the cause of disagreement between CMIP6 models 

and RAPID data in terms of AMOC strength and variability. In order to do this, we decompose the 

total modelled AMOC transport at 26°N into the same transport components as measured by the 

RAPID array: Florida Straits, Ekman, thermocline recirculation, intermediate water, upper North 

Atlantic Deep Water, lower North Atlantic Deep Water and Antarctic Bottom Water transport. The 

modelled strength and variability of these components are compared to RAPID estimations for the 

overlapping historical period (2004-2014). Additionally, we examine the change of these components 

under SSP585 until 2100 and discuss the deep-water circulation for both the historical and future 

period. Finally, we compare the future change under SSP585 with the historical mean state of each 

component.  

The objectives of this study are (1) to examine how well CMIP6 models are able to reproduce the 

strength and variability of the different transport components of the AMOC, as measured by the 

RAPID array, (2) to find out how CMIP6 models portray deep-water circulation, (3) to analyse which 

components dominate the future change of the AMOC under SSP585 and (4) to relate these future 

changes to the historical mean state of the components. Finally, we give an interpretation of 

mechanisms driving discrepancies between modelled and observed estimates of the AMOC 

components.  

 

  

Figure 1: Schematic of the overturning circulation at 26°N. Warm upper-water transport is indicated by red 
arrows and cold deep-water transport by blue arrow. Black arrows show the dominant direction of Ekman 
transport. The RAPID moorings are illustrated as well. Figure from Smeed et al. (2014).  
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2. Data 
 

2.1 Observational data 
AMOC estimates of the RAPID array from April 2004 to December 2014 are used in this study (Frajka-

Williams et al., 2021). The originally 12-hourly data is monthly averaged to compare it to CMIP6 data. 

Transport of the total MOC and the different components is analysed, which include: Florida Straits 

transport (“t_gs10”), Ekman transport (“t_ek10”), thermocline recirculation (“t_therm10”), 

intermediate water (“t_aiw10”), upper North Atlantic Deep Water (“t_ud10”), lower North Atlantic 

Deep Water (“t_ld10”) and Antarctic Bottom Water (“t_bw10”). Additionally, we obtained the 

overturning stream function (“moc_vertical”) from the output data. It is important to note that 

RAPID data, repeatedly denominated as “observations” in this study, are not direct measurements of 

transport, but rather indirect estimates. The error in AMOC estimates from RAPID data due to 

measurement inaccuracies is 0.9 Sv for 10-day averages and 1.5 Sv for annual averages. The error of 

monthly values used in this study is thus somewhere within this range. A detailed description of the 

AMOC transport calculation and the estimated accuracy is given in the paper by McCarthy et al. 

(2015). The RAPID data and notes are available at 

https://rapid.ac.uk/rapidmoc/rapid_data/datadl.php.  

2.2 CMIP6 model data 
In this study, historical simulations of 19 CMIP6 models are used. Historical simulations run from 

1850 to 2014, but only the period overlapping the RAPID measurements (2004-2014) is analysed. 

Additionally, the projection under high-end Shared Socioeconomic Pathway 5-8.5 (SSP585) of 18 

models is considered for the time period from 2015 to 2100. The choice of these models is motivated 

by the fact that historical and SSP585 data is available for all used variables. These include the 

meridional velocity (“vo”), which is the y-ward (i.e. north-south directed) velocity component of the 

sea water, the zonal wind stress (“tauuo”), which is the stress on the ocean water from the overlying 

atmosphere due to winds in east-west direction, the salinity (“so”), defined as the salt content of sea 

water in parts per thousand and the potential temperature (“thetao”), which is the temperature 

corrected for the pressure effect. Additionally, the overturning stream function (“msftyz”) is obtained 

of several models that included this variable in the output data. The overturning stream function of 

all models is also calculated using transport values, as explained in the Method section. Only models 

that use horizonal depth levels are included, so models with an isopycnic (i.e. density levels) or 

hybrid ocean are excluded. As model CNRM-ESM2-1 did not include temperature data for the future 

projection, this model is not included in the analysis of SSP585.  

Most models contain multiple ensemble members, which have a specific variant label that indicates 

the configuration of realisation (r), initialisation (i), physics (p) and forcing (f). For most models, we 

used the ensemble member with variant label r1i1p1f1. This ensemble member was not available for 

models CNRM-CM6-1, CNRM-ESM2-1, HadGEM3-GC31-LL, HadGEM3-GC31-MM and UKESM1-0-LL. 

For these models we used the ensemble member with variant label r1i1p1f2, r2i1p1f2, r1i1p1f3, 

r1i1p1f3, r1i1p1f2, respectively. Even though the forcing index of these ensemble members varies, 

the forcing version (v6.2.0) is the same and therefore does not affect our results. The models used in 

this study are listed in Table 1. The data has been accessed through the Centre for Environmental 

Data Analysis (CEDA) archive (https://data.ceda.ac.uk) and the data intensive supercomputer JASMIN 

is used for data analysis in Jupyter Notebook. Since approval is needed to access CMIP6 data through 

the CEDA archive, we added references for open-access data from the Earth System Grid Federation 

(ESGF) to Table 1.       

 

https://rapid.ac.uk/rapidmoc/rapid_data/datadl.php
https://data.ceda.ac.uk/
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3. Methods 
 
First, a cross section between Florida and the African continent at a latitude closest to 26°N was 

selected for each model. For this, mask files created from the model data were used. Masks show 

values of 0 where a variable has no value, all other grid cells have a value of 1. For some models, 

both the mask and model grid were shifted to make sure the Atlantic Ocean was located in the 

middle of the grid. To align the mask and model grid, the mask of models with halo points were 

shifted one cell to the east, as halo points were already removed in the mask files. Additionally, the 

mask of MPI-ESM1-2-LR and MPI-ESM1-2-HR are flipped in a north-south direction so that the mask 

and model grid overlap. Only model MRI-ESM2-0 revealed a mismatch between the mask and model 

grid for three bottom grid cells for reasons still unknown. These three grid cells were manually 

removed from the cross section.  

A 2D cross section is selected along the latitude closest to 26°N (ilat), where longitudes closest to -

80° (ilon min) and -10° (ilon max) act as the western and eastern boundary, respectively (Figure 2, 

left). For some models, small changes in these indices were made to make sure the east boundary 

crosses Florida and the west boundary crosses the African continent (Figure 2, right).  

For both the historical and SSP585 run of every model, values of the following time-varying variables 

along this 2D cross section were written to a file: meridional velocity (“vo”), zonal wind stress 

(“tauuo”), salinity (“so”) and potential temperature (“thetao”). The location of the data point within 

a grid cell is not the same for every variable. This location depends on the grid type of the model. The 

data points of the variables were averaged in such a way that their location within a grid cell 

overlapped with the location of the corresponding ”vo”-point. As an example, consider the B-grid 

shown in Figure 3 (left). In such a grid, the “vo”-point and “tauuo”-point overlap (indicated by v and 

u, respectively). Also, the “thetao”-point and “so”-point have the same location (indicated by q). 

Note that the q-point of all four grid cells in shown in the figure. In this example, the u,v-point is 

located top right of the corresponding q-point. To find the value of q at the location of the u,v-point, 

we average the q-value of the grid cell with those of the grid cells located at the top, top-right and on 

the right of our grid cell.  

Figure 2: Mask of CAS-ESM2-0, with ilat (26°N), ilon min (-80°) and ilon max (-10°) indicated by the red, green and blue 
line respectively (left). The corresponding cross section is shown too (right).  
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As a second example, consider the C-grid shown in Figure 3 (right). In contrast to the B-grid, the v- 

and u-point do not overlap in this a grid. Note that the u-point of all four grid cells is shown in this 

figure, while the q-point of our grid cell and the one above (i+1,j) is shown. Thus, both the q- and u-

point need to be averaged to obtain these values at the same location as the v-point. In this case, we 

average the q-value of the grid cell with the grid cell above and we average the u-value of the grid 

cell with those of the grid cells located at the top, top-left and left of our grid cell. 

 

Furthermore, the following non-varying variables are added to the file: time, longitude, latitude, 

depth and both width (dx) and height (dz) of each grid cell.  

Then, the transport through each grid cell is calculated by multiplying the meridional velocity with 

the size (dx*dz) of the cell. The net transport through the section is approximately -1 Sv for every 

model (Appendix A). This non-zero net transport is caused by input of water from the north through 

the Bering Strait of the same amount. Due to this input into the Arctic Ocean, the southward 

transport exceeds the northward transport at 26°N, resulting in a negative net transport. To maintain 

a net meridional transport of zero through the cross section, transport of each grid cell is corrected 

for this throughflow based on the grid size. Thus, the corrected transport through each grid cell (𝑡𝑝𝑐) 

is: 

𝑡𝑝𝑐 = 𝑡𝑝𝑛𝑐 − (𝑡𝑝𝑛𝑒𝑡 ∗  𝐴𝑔𝑐  / 𝐴𝑡𝑜𝑡) 

Where 𝑡𝑝𝑛𝑐 is the transport through the grid cell before correction, 𝑡𝑝𝑛𝑒𝑡 the net transport through 

the total cross section, 𝐴𝑔𝑐  the area of the grid cell and 𝐴𝑡𝑜𝑡 the area of the total cross section. This is 

done for every timestep, to obtain a net meridional transport of zero through the cross section for 

each model (Appendix A). The corrected transport is summed zonally and cumulated from bottom to 

top to obtain the overturning stream function: 

ѱ(𝑧) = ∫ ∫ 𝑣 𝑑𝑥𝑑𝑧
𝑥𝑒

𝑥𝑤

0

𝑧

 

Where 𝑣 is the meridional velocity (thus 𝑣 𝑑𝑥𝑑𝑧 is equal to the meridional transport), 𝑥𝑤 and 𝑥𝑒 are 

the western and eastern boundary, respectively, and 𝑧 is the ocean depth. Since the steam function 

is a cumulative sum from bottom to top, it is a function of depth (𝑧). For some models the 

overturning stream function is part of the output data, in which case the calculated stream function 

Figure 3: Example of a Btr-grid cell (left) and a Ctr-grid cell (right) indicated by the 
solid line. The “tauuo”- and “vo”-point are indicated by u,v and the “thetao”- and 
“so”-point by q.  
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could be evaluated. Additionally, the total transport is decomposed into the following transport 

components: Florida Straits, Ekman, thermocline recirculation, intermediate water, upper North 

Atlantic Deep Water, lower North Atlantic Deep Water and Antarctic Bottom Water.  

The boundaries between these components are based on transport and potential temperature 

characteristics (Figure 4). The horizontal lower boundary of Florida Straits (FS) transport is the depth 

of maximum overturning (i.e. ѱ𝑚𝑎𝑥). The vertical boundary between FS and mid ocean transport is 

defined as the longitude where the depth-averaged transport above the depth of maximum 

overturning changes from positive (northward) to negative (southward), on the condition that this 

boundary lies east of the depth-averaged maximum. The boundary between thermocline 

recirculation (tr) and intermediate water (iw) is set at a horizontally averaged potential temperature 

of 8 °C. The depth of maximum overturning is used as the boundary between intermediate water and 

upper North Atlantic Deep Water (NADW) and a horizontally average potential temperature of 3 °C is 

used to divide upper and lower NADW. Finally, the boundary between lower NADW and Antarctic 

Bottom Water (AABW) is defined as the depth where horizontally averaged transport changes from 

negative to positive, meaning AABW is defined as northward flowing bottom water. The definition of 

the two boundaries based on potential temperature characteristics originates from previous studies 

(e.g. Frajka-Williams et al., 2011). All boundaries are allowed to vary in time, so they are computed 

for every timestep. 

 

Ekman surface transport is calculated from the zonal wind stress, using the theoretical relationship 

𝑡𝑝𝑒𝑘 =  
−𝜏𝑥

𝑓𝜌
𝑑𝑥 

Where 𝜏𝑥 is the zonal wind stress, 𝑓 the Coriolis parameter at 26°N and 𝜌 is the water density. 
Hence, thermocline recirculation is defined as the transport above the PT = 8 °C boundary minus 

Ekman transport. It is important to note that, since the Bahamas are absent in most models (Figure 

Figure 4: Historical mean transport through the cross section for CAS-ESM2-0. 
Boundaries between transport components are illustrated by black and red lines. 
1 = FS, 2 = tr, 3 = iw, 4 = upper NADW, 5 = lower NADW, 6 = AABW. 
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4), northward transport east of the Bahamas by the Antilles Current is included in the Florida Straits 

component. 

Additionally, the NADW component is divided into two parts to examine the circulation of deep-

water: the deep western boundary current (DWBC) and interior flow. The boundary between these 

parts is defined as the longitude at which the depth-averaged NADW transport shifts from negative 

to positive, under the condition that it is placed east of the location where the depth-averaged 

southward transport is maximum.  

Not only the strength but also the variability of the transport components is analysed. The total 

variability is compared to the mean transport and the variability is decomposed into three 

components: low-frequency, seasonal and high-frequency variability. This is done using the Python 

function seasonal_decompose of the statsmodels module. This function first estimates the trend 

(low-frequency) by applying a convolution filter, which is then removed from the timeseries. The 

detrended timeseries is averaged for every period to obtain the seasonal component, where the 

total seasonal period is 12 months. For example, the value of the seasonal component for January is 

the average of all January values in the timeseries. The residual (high-frequency), is the remainder 

which is not explained by the trend or seasonal component. These components indicate the 

interannual (low-frequency), seasonal and weekly to monthly (high-frequency) variability. An 

example of the decomposed timeseries of the total MOC is shown in Appendix B. The Pearson’s 

correlation coefficient is obtained to examine relationships between the decomposed variability of 

transport components.  

In Chapter 5, we discuss the effect of changes in wind stress curl on the future decline of the 

components and relate future AMOC decline to historical sea ice extent and seasonality. In order to 

quantify changes in wind stress curl, we computed the mean curl along the 26°N section for the 

historical and SSP585 period. We first extracted the meridional wind stress (“tauvo”) from the model 

output. Then, the wind stress curl around every “vo”-point is computed for every model using: 

𝑐𝑢𝑟𝑙 𝜏 = 𝑑𝜏𝑦/𝑑𝑥 −  𝑑𝜏𝑥/𝑑𝑦 

Where 𝜏𝑦 is the meridional wind stress and 𝜏𝑥 is the zonal wind stress. Again, averaging is needed to 

compute the wind stress curl at the correct location. The mean wind stress curl along the section is 

analysed for every timestep. 

To obtain historical sea ice extent and seasonality, we used the percentage of each grid cell covered 

by sea ice (“siconc”). Only Northern Hemisphere sea ice cover above 40°N is analysed. To correct for 

variations in grid cell size, we multiplied the percentage of sea ice cover with the area of every grid 

cell (“areacello”). Only NESM3 did not include this variable in their output data. Since the sea ice data 

of this model is plotted on a distinct sea ice grid, we are unable to obtain values for the grid cell area. 

Therefore, NESM3 is excluded from this analysis. The standard deviation of the mean is used to 

indicate seasonality.  

In Appendix C, three examples are shown of method considerations used in this study and their 

impact on the obtained transport. The first example displays the effect of removing the halo points 

on the net transport through the section. The other two examples are related to the conditions for 

the selection of boundaries between transport components.  
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4. Results 
 
In the first section of this chapter, we compare model data with observational estimates for the 

historical period. In the second section, future projections under SSP585 are shown and we compare 

the historical mean state with future changes. All standard errors of the means are based on the 

standard deviation normalized with the square-root of the number of observations for the 95% 

confidence interval. Transport values are given in Sverdrup (Sv), where 1 Sv is equal to 1 million m3/s. 

4.1 Comparing historical model data with observational estimates 
In this section, we compare historical data of CMIP6 models with observed RAPID data. To assess the 

representation of the mean overturning strength and structure, we compare the modelled and 

observed overturning stream function, since it clearly portrays potential model biases and inter-

model differences of the overturning circulation. Hereafter, we assess how well models are able to 

reproduce the different transport components by analysing the timeseries of each component. From 

this, we could gain insight into the potential drivers of differences between RAPID and CMIP6 data. 

Additionally, we analyse the structure of the AMOC at 26°N in more detail by discussing the 

circulation of deep-water. Not only the strength, but also the variability of each transport component 

is analysed. We plot the total variability against the historical mean of each component to determine 

whether models that are able to reproduce the strength of a particular component, also reproduce 

the variability correctly. Furthermore, the variability is decomposed into low-frequency, seasonal and 

high-frequency variability to analyse similarities and differences with observations on different 

timescales. Finally, we show correlations between the transport components on each timescale. This 

enables us to verify if components with a similar variability are correlated over time.   

4.1.1 Overturning stream function 

The calculated overturning stream function is similar to the one included in the output data of 

several models (Appendix D). The overturning transport for the overlapping time period (April 2004 - 

December 2014) shows a higher mean for observational data than for modelled data with values of 

17.0 ± 0.9 Sv and 14.6 ± 0.2 Sv, respectively (Figure 5). One clear outlier with relatively low 

overturning values is NESM3. There are large inter-model differences in mean AMOC strength with a 

maximum difference of 9.4 Sv between NESM3 and CAS-ESM2-0 (Appendix E). Of the 19 models, 4 

models are able to reproduce the mean AMOC strength within one standard error of the RAPID data: 

CESM2-WACCM, EC-Earth3, FIO-ESM-2-0 and MPI-ESM1-2-LR (Appendix G). Several models show a 

depth of maximum overturning close to the observed 1031 m, but most models capture a shallower 

depth with an ensemble mean of 949 ± 58 m. The NADW cell is relatively shallow in models, which 

results in AABW being present over a larger depth interval. The ensemble mean depth of the 

boundary between NADW and AABW is 3993 ± 148 m, while for RAPID data this depth is 5065 m. 

Note that the standard error of the overturning transport is based on the time series of each model, 

while the standard error of depth boundaries shows the inter-model variability (i.e. deviation of each 

model mean from the ensemble mean). 



11 
 

4.1.2 Timeseries of components 

Above, the strength of the total MOC is discussed. Here we examine the observed and modelled 

strength of each transport component during the historical period (Figure 6). For the transport above 

the depth of maximum overturning, RAPID estimates yield a mean northward transport through the 

Florida Straits of 31.3 ± 0.4 Sv, northward Ekman transport of 3.6 ± 0.4 Sv, southward thermocline 

recirculation of -18.6 ± 0.5 Sv and minor northward intermediate water transport of 0.4 ± 0.1 Sv. 

Thus, the net northward transport of the upper limb is 16.8 ± 0.6 Sv. Below the depth of maximum 

overturning, RAPID shows a mean southward transport of upper and lower NADW of -11.9 ± 0.3 Sv 

and -5.9 ± 0.4 Sv, respectively. Hence, the total southward transport of the lower limb is -17.8 ± 0.6 

Sv. Additionally, 1.0 ± 0.1 Sv AABW is transported northward at the bottom. 

Figure 5: Historical mean overturning stream function of the models analysed. The overturning stream 
function of RAPID data is shown by the dashed blue line. 

Figure 6: Historical timeseries for RAPID data (left) and ensemble mean CMIP6 data (right). The shaded areas 
indicate one standard deviation of the ensemble spread. 
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The CMIP6 ensemble mean transport of most components differs significantly from RAPID estimates 

for the historical period (Figure 6). For the upper ocean transport, the ensemble mean shows 

northward transport through the Florida Straits of 37.4 ± 0.2 Sv, northward Ekman transport of 3.5 ± 

0.1 and southward thermocline recirculation of -26.2 ± 0.2 Sv. Models were unable to correctly 

reproduce transport of intermediate water. Thus, the resulting net transport of the upper limb is 14.6 

± 0.2 Sv. Even though Florida Straits transport is significantly higher than observed, more water is 

recirculated southward resulting in less northward upper-ocean transport compared to RAPID. Below 

the depth of maximum overturning, models yield a mean southward transport of upper and lower 

NADW of -14.9 ± 0.1 Sv and -1.6 ± 0.1 Sv, respectively. The total lower limb transport of -16.5 ± 0.1 Sv 

is lower than observed as well, due to significantly less lower NADW transport in models. At the 

bottom, 1.9 ± 0.1 Sv AABW is transported northward.  

Over the historical period, RAPID estimates show a significant decline in Florida Straits, lower NADW 

and total MOC transport. An increase can be observed for thermocline recirculation and AABW. The 

CMIP6 ensemble mean only reproduces the decline in Florida Straits transport and lower NADW. 

Since the analysed record spans just 11 years, we are unable to attribute these changes to either a 

long-term trend or decadal variability. Like for the total MOC, large inter-model differences are 

present in the historical mean of the transport components (Appendix E). The spread ranges from 3.0 

Sv for AABW to 28.5 Sv for thermocline recirculation. For several components (tr, lNADW and 

AABW), the inter-model spread is higher than their ensemble mean.  

Since models are unable to reproduce intermediate water, this component is not used in further 

analysis. Additionally, the modelled lNADW is significantly lower than observed by the RAPID array. 

Therefore, uNADW and lNADW are combined and analysed as one components named NADW. 

4.1.3 Deep-water circulation 

To examine the circulation of deep-water, the NADW component is split into a DWBC and interior 

transport (Figure 7). Over the historical period, the mean transport of the DWBC is -17.5 ± 0.5 Sv with 

an inter-model spread of 13.7 Sv. The interior part of NADW has a mean of 1.0 ± 0.5 Sv with a large 

inter-model spread of 9.3 Sv. Recent estimates from RAPID data yield much higher values for both 

components, with DWBC transport of -28 Sv and 10 Sv recirculation in the interior (Bryden, 2021). 

Interestingly, both components show a large seasonal signal, where a weaker DWBC is compensated 

by southward interior transport. Maxima of both components occur in September and minima in 

January.  

Figure 7: Historical timeseries of the DWBC and interior NADW transport. 
Shaded areas indicate one standard deviation of the inter-model spread. 
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To further analyse the structure of NADW transport, we examined the historical mean transport 

below the depth of maximum overturning through the cross section for all models. Additionally, 

NADW transport is summed vertically for every longitude. Below, an example is shown for the model 

UKESM1-0-LL (Figure 8). A distinct southward flowing DWBC is observed in all models. Most models 

show a width of around 300 km, which is two times broader than estimated from observations (e.g. 

Bryden, 2021). The location of the DWBC maximum ranges from -76.5° to -72° longitude. Partial 

recirculation occurs predominantly east of this current around -70° longitude. Additionally, most 

models show southward transport via interior pathways: along the east side of the Mid-Atlantic 

Ridge and west of the eastern boundary. However, southward transport at these locations is 

substantially smaller than in the DWBC. Minor northward transport occurs east of the Mid-Atlantic 

Ridge as well. 

 

 

  

Figure 8: Historical mean transport below the depth of maximum 
overturning through the cross section for UKESM1-0-LL (upper). 
Vertically summed NADW transport for the same model (lower). 
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4.1.4 Total variability of components  

When comparing the historical mean and standard deviation of each model with observed data, we 

can examine whether models are able to reproduce the natural variability of the different 

components and if this is related to their ability to reproduce the historical mean (Figure 9).  

For Florida Straits transport, the ensemble mean variability (2.9 Sv) is somewhat higher than 

observed (2.3 Sv). MPI-ESM1-2-HR shows a variability that is 4 times higher than the ensemble mean. 

When excluding this outlier, the ensemble mean reduces to 2.4 Sv, a variability more similar to 

observation. The ensemble mean variability of Ekman transport (2.2 Sv) is similar to the observed 

value (2.3). Again, the variability of MPI-ESM1-2-HR is significantly higher than the other models. 

When excluding this model, the ensemble mean variability becomes 2.1 Sv. For thermocline 

recirculation, the ensemble mean variability (2.7 Sv) is also close to the observed mean (2.8 Sv). Like 

for Florida Straits transport, the variability of MPI-ESM1-2-HR is higher than the ensemble mean by a 

factor 4. The ensemble mean drops significantly to a value of 2.1 Sv when excluding this model. The 

ensemble mean variability of NADW (1.8 Sv) is almost half of the observed mean (3.3 Sv). Both upper 

and lower NADW yield a variability lower than observed (not shown). AABW is the only component 

that shows an ensemble mean variability (1.5 Sv) that is much higher than observed (0.5 Sv). 

Additionally, the variability decreases with lower historical mean values. Thus, models with a lower 

and more accurate historical mean yield a variability closer to observations. However, the difference 

is still a factor 2. Note that the mean variability is not related to the mean strength for the other 

components. For the total MOC, the ensemble mean variability (2.6 Sv) is significantly lower than 

RAPID estimates (3.7 Sv). Excluding MPI-ESM1-2-HR, which proved to be an outlier in 3 of the 5 

components, results in a minor decrease of the ensemble mean to a value of 2.5 Sv. However, the 

total variability is a product of variability on different timescales. Thus, to examine the variability in 

different frequency domains, decomposition of the total variability is required.  
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Figure 9: Historical mean standard deviation against historical mean strength of each model. The ensemble mean and RAPID mean 
are indicated by the red and black cross, respectively. 
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 4.1.5 Decomposition of variability 

As mentioned in the prior section, decomposition of the total variability is required to obtain insight 

into the variability on different timescales. The results of the decomposition are shown in this 

section. The total variability is decomposed into three components: low-frequency (interannual), 

seasonal and high-frequency (weekly to monthly) variability (Figure 10).  

Generally, the standard deviation of each variability component is in line with the total variability for 

each transport component. For example, NADW showed a lower total variability than observed 

(Figure 9) and the ensemble means of the different variability components for NADW are all lower 

than the RAPID mean (Figure 10). However, the total variability of Florida Straits transport has an 

ensemble mean comparable to observations, but the low-frequency and seasonal variability are both 

significantly higher than observed. The high-frequency variability for this transport component is 

lower than the RAPID mean. The total, low-frequency and seasonal variability of thermocline 

recirculation are reproduced very well by the models, but the ensemble mean of high-frequency 

variability is somewhat lower than observed. It is interesting to note that even though total, high and 

low-frequency variability of the MOC are significantly lower than observed, the ensemble mean 

seasonal variability is comparable to observations. Like for the total variability, MPI-ESM1-2-HR 

shows extremely high values for Florida Straits transport and thermocline recirculation on all 

timescales. When excluding this model, Florida Straits variability remains overestimated on low-

frequency and seasonal timescales and variability of thermocline recirculation becomes lower than 

the observed mean for all timescales (Appendix G).  

Figure 10: Decomposed variability of each transport component into low-frequency, seasonal and high-frequency 
variability. The ensemble mean and RAPID mean are indicated by the red and black cross, respectively.  
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The low-frequency and seasonal variability are dominated by Florida Straits transport and 

thermocline recirculation in models, but NADW and thermocline recirculation are the largest 

contributors on these timescales in the observed data. Ekman transport is the component with the 

largest high-frequency variability in models, while this is NADW for observational data. The multi-

model ensemble mean is generally higher for high-frequency variability than seasonal variability, and 

the ensemble mean of low-frequency variability is lower than both. Only for Florida Straits transport 

and thermocline circulation the ensemble mean seasonal variability exceeds high-frequency 

variability. For RAPID estimates, the only exceptions to this rule (high-frequency > seasonal > low-

frequency) are AABW and total MOC, where low-frequency variability exceeds seasonal variability.   

Relationships between the decomposed variability of different transport components are examined 

using a Pearson’s correlation. At all three timescales, correlations between transport components of 

observed and modelled data are compared. Only significant strong correlations with a coefficient 

higher than (-)0.7 are discussed (Table 2 and 3). A table with all correlation coefficients is shown in 

Appendix F. Red values indicate disagreement between the observed and modelled correlation, that 

is where observations show a significant correlation coefficient of (-)0.7 or higher and the models 

yield a coefficient lower than this threshold or vice versa. As expected, RAPID shows an almost 

perfect correlation between NADW and MOC (-0.99) on all three time scales. Models also show a 

strong correlation of -0.81 (low-frequency), -0.86 (seasonal) and -0.82 (high-frequency). However, 

RAPID data shows that the MOC is also correlated with thermocline recirculation (0.83) and AABW (-

0.89) for low-frequency variability, with Ekman (0.77) on a seasonal time scale and with AABW (-

0.81) and Ekman (0.72) for high-frequency variability. Most of these correlations are reproduced by 

CMIP6 models, with some correlation coefficients just below (-)0.7. Only the correlation between 

MOC and thermocline recirculation varies from RAPID observations, with a coefficient of -0.09. Since 

NADW and MOC are almost perfectly correlated in RAPID data, similar results are found when 

comparing NADW with the above mentioned components. For models, correlations with NADW are 

much weaker. Only Ekman transport shows a strong correlation (-0.76) in the high-frequency 

domain. Interestingly, models show a correlation between thermocline recirculation and FS for low-

frequency (-0.84), seasonal (-0.70) and high-frequency (-0.76) variability, while RAPID data does not 

show this correlation for low-frequency variability (0.06). Note that the correlation coefficient 

between FS and thermocline recirculation is only negative due to a difference in transport direction. 

Thus, when northward Florida Straits transport increases, more southward thermocline recirculation 

occurs.  

Table 2: Pearson’s correlation coefficients for RAPID data. 

 

 

 

 

 

  Low-frequency Seasonal High-frequency 

MOC NADW (-0.99) 
AABW (-0.89) 

tr (0.83) 

NADW (-0.99) 
ek (0.77) 

AABW (-0.66) 

NADW (-0.99) 
AABW (-0.81)  

ek (0.72) 
NADW tr (-0.85) 

AABW (0.85) 
ek (-0.73) 

AABW (0.77) 
ek (-0.71) 

tr NADW (-0.85) 
FS (0.06) 

FS (-0.74) FS (-0.56) 
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Table 3: Pearson’s correlation coefficients for CMIP6 models. 

 

 

 

 

  

  

  Low-frequency Seasonal High-frequency 

MOC NADW (-0.81) 
AABW (-0.63) 

tr (-0.09)  

NADW (-0.86) 
AABW (-0.70) 

ek (0.69) 

ek (0.90) 
NADW (-0.82) 
AABW (-0.77) 

NADW AABW (0.12) 
tr (0.05)  

ek (-0.55) 
ek (-0.76) 

AABW (0.29) 
tr FS (-0.84) 

NADW (0.05) 
FS (-0.70) FS (-0.76) 
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4.2 SSP585 model data 
In this section, we examine the future projections of the AMOC under SSP585. First, we discuss the 

overturning stream function for the last decade of the 21st century and compare it to the modelled 

overturning circulation of the historical period. The timeseries of the transport components are 

analysed as well. This allows us to assess which of the components dominate future AMOC changes. 

Additionally, we discuss the deep-water circulation and compare it to the historical period to 

examine changes in the horizontal structure of the abyssal circulation. Finally, we plot the change 

under SSP585 against the historical mean of each components in order to find potential “emergent 

constraint” relationships. 

4.2.1 Overturning stream function 

The mean overturning stream function for the time period 2090-2100 is shown in Figure 11. Clearly, 

the maximum overturning is lower than for the historical period, with a mean of 8.0 ± 0.2 Sv. Also, 

large inter-model differences with a spread of 9.8 Sv can be observed. Both the depth of maximum 

overturning (807 ± 7 m) and the boundary between NADW and AABW (3261 ± 26 m) are shallower 

than for the historical period. 

4.2.2 Timeseries of components 

In scenario SSP585 the ensemble mean of almost all components decreases slightly until 2025, after 

which a more rapid decline is visible (Figure 12). We define the future decline as the difference in 

mean transport between the last decade of SSP585 (2090-2100) and the historical period, divided by 

the historical mean. For the upper limb, the ensemble mean shows a decline in Florida Straits 

transport of 11.0 Sv (-30%) and in thermocline recirculation of 4.4 Sv (-17%). Ekman transport shows 

a minor increase of 0.04 Sv (1%). Like in the historical run, models are unable to reproduce 

intermediate water correctly. Since Florida Straits transport and thermocline recirculation have 

opposing transport directions, the net decrease of northward upper-ocean transport is 6.6 Sv. For 

the lower limb, upper and lower NADW show a decline of 5 Sv (-34%) and 1.4 Sv (-85%), respectively. 

This results in a net decline in southward transport of 6.4 Sv. Since the net transport through the 

section is 0, the difference between upper and lower limb decline is compensated by increased 

AABW transport of 0.2 Sv (9%). The decline of ensemble mean MOC transport is 6.6 Sv (-45%), with 

significant inter-model differences in absolute and relative decline (Appendix G). However, all models 

show a decrease compared to the historical time period, ranging from -26% (CAS-ESM2-0) to -67% 

Figure 11: Mean overturning stream function for the last decade of SSP585 (2090-2100).  
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(MRI-ESM2-0). The change of the transport components shows large inter-model differences as well, 

with a spread ranging from 1.4 Sv for Ekman to 13.8 Sv for Florida Straits (Appendix E). Like for the 

total MOC, all models show a decline in Florida Straits transport, thermocline recirculation and 

NADW transport. However, for Ekman and AABW transport there is disagreement between models, 

with both increases and decreases under SSP585.  

4.2.3 Deep-water circulation 
If we again divide NADW into transport by a DWBC and interior flow, a decline in both components is 

observed (Figure 13). For the last decade of SSP585, the ensemble mean DWBC transport is -9.8 ± 0.1 

Sv with an inter-model spread of 14.4 Sv. The ensemble mean interior NADW transport for this 

period is -0.3 ± 0.1 Sv, with an inter-model spread of 10.7 Sv. Compared to the historical mean, the 

DWBC and interior transport show a decline of 7.7 Sv (-43%) and 1.3 Sv (-132%), respectively. Note 

that the average interior transport changes from northward to southward under SSP585.  

Figure 12: Ensemble mean timeseries of each component under SSP585. Shaded areas 
illustrate one standard deviation of the inter-model spread. Percentages show the 
decline relative to the historical period. 

Figure 13: Ensemble mean timeseries 
of DWBC and interior NADW 
transport. Shaded areas illustrate 
one standard deviation of the inter-
model spread. Percentages show the 
decline relative to the historical 
period.  
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To examine possible changes in the structure of deep-water circulation, the difference in transport 

through the cross section between the historical period and the last decade of SSP585 is shown for 

model UKESM1-0-LL. Also, the vertically summed transport for both periods is shown to display 

changes in the structure of NADW transport (Figure 14). All models show a decline in transport by 

the DWBC and several models (CAMS-CSM1-0, CAS-ESM2-0, CNRM-CM6-1, CanESM5, IPSL-CM6A-LR, 

MPI-ESM1-2-LR, MRI-ESM2-0, NESM3, UKESM1-0-LL) display an additional narrowing of this current. 

For these models, the result is a slight westward shift of the boundary between the DWBC and 

interior NADW transport. Most models show a decrease in the maximum northward flow just east of 

the DWBC, while FIO-ESM-2-0, NESM3 and UKESM1-0-LL show no difference compared to the 

historical period. Only CAS-ESM2-0 displays an increase in this northward transport. Generally, 

southward transport just east of the Mid-Atlantic Ridge decreases and for some models it even shifts 

from southward to northward. Only CAMS-CSM1-0, CanESM5 and MPI-ESM1-2-HR show increased 

southward transport at this location. However, it is important to note that for several models the 

boundary between NADW and AABW under SSP585 is located above the Mid-Atlantic Ridge, so that 

the transport east of the Ridge is not included in interior NADW transport. Additionally, southward 

transport west of the Mid-Atlantic Ridge increases for several models (CESM2-WACCM, CIESM, 

CMCC-CM2-SR5, HadGEM3-GC31-LL, MRI-ESM2-0, NESM3, UKESM1-0-LL), but changes are relatively 

small. Therefore, the decline in interior northward transport is generally caused by a decrease in 

northward transport around -70° longitude, which is larger than the decline in southward transport 

on the east-side of the Mid-Atlantic Ridge.  

Figure 14: Difference in historical and 
SSP585 transport below the depth of 
maximum overturning through the 
cross section for UKESM1-0-LL 
(upper). Vertically summed NADW 
transport of the same model for the 
historical and SSP585 period (lower). 
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4.2.4 Historical mean vs SSP585 future changes 

In this section, the projected change under SSP585 is compared to the historical mean of the 

different components (Figure 15). Again, this change is defined as the mean transport of the last 

decade of SSP585 (2090 – 2100) minus the mean of the historical period (2004 – 2014). This allows us 

to examine potential relationships between the mean state and future changes of the components. 

These so called emergent constraint relationships could be used to improve estimations of future 

change based on observational data (Hall et al., 2019).  

Generally, models with a high historical mean show a larger decline in their SSP585 projection. Only 

for Ekman, AABW and total MOC this relationship is significant within the 90% confidence interval (p 

< 0.01). For NADW this relationship is somewhat significant with a p-value of 0.106. However, the 

relationship is relatively weak for all components, including the total MOC. The significance of this 

relation is highly dependent on which models are used. For example, when excluding the outlier CAS-

ESM2-0, we find p-values below 0.05 for Ekman, AABW, NADW and MOC. However, we see no basis 

for the exclusion of certain models. Note that the total variability is relatively high compared to inter-

model variations for most components.  

Figure 15: Change under SSP585 against historical mean for the different components. R2- and p-values are shown too. 
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5. Discussion 
 

5.1 Historical period 

5.1.1 Strength of components 

A common feature among CMIP5 and CMIP6 models, which is observed in this study as well, is the 

tendency for the NADW cell to be too shallow compared to observational data (Wang et al., 2014; 

Weijer et al., 2020). All models analysed in this study were unable to correctly reproduce lower 

NADW transport at 26°N. Heuzé (2021) found that CMIP6 models do form lower NADW in the 

Greenland, Iceland and Norwegian (GIN) seas with properties similar to observations. However, none 

of the 35 models analysed in their study showed inter-basin spread of NADW beyond the Nordic 

Seas. Thus, models are unable to represent overflow of lower NADW across the Greenland-Iceland-

Scotland ridge. This is caused by the small scale of overflow across this ridge, mainly through the 

Denmark Strait and the Faroe Bank Channel that are relatively narrow compared to the resolution of 

ocean models (Girton et al., 2006, Macrander et al., 2007). Additionally, excessive mixing of water 

related to flow over stepped topography occurs in models (Griffies et al., 2000). This results in lower 

NADW formed in the Nordic Seas to be transported southward as upper NADW. Additionally, models 

could compensate inadequate lower NADW overflow by increased upper NADW formation in the 

Labrador and Irminger Sea to obtain a more accurate AMOC strength (Heuzé, 2021). Even though the 

models analysed in this study show more upper NADW transport than RAPID estimates, we are 

unable to assess whether excessive mixing of lower NADW or compensation by increased upper 

NADW formation in other regions is the dominant cause.  

The ensemble mean AMOC strength is lower than observed for the historical period, but models 

overestimate Florida Straits transport and thermocline recirculation. This overestimation is mainly 

caused by the inclusion of the Antilles Current in Florida Straits transport due to the absence of the 

Bahamas in most models, whereas RAPID data incorporates this current in upper mid-ocean 

transport. However, Meinen et al. (2019) found that the mean northward transport by the Antilles 

current from 2005 to 2015 equals 4.7 Sv. If we correct for this difference, Florida Straits transport 

and thermocline recirculation are still overestimated in models by 1.4 Sv and 2.9 Sv, respectively. The 

shallow NADW cell discussed above results in AABW transport over a larger depth interval, and thus 

an overestimation in models of this component. The inability to reproduce intermediate water at 

26°N is likely related to increased mixing in the South Atlantic, causing a reduced northward extent of 

this water mass (Heuzé, 2021). 

5.1.2 Deep-water circulation 

The modelled strength of deep-water circulation varies greatly from RAPID estimates. Not only the 

absolute but also the relative strength of (re)circulation differs from observations, suggesting the 

driving mechanism of recirculation is the main cause of the discrepancy. Several studies have shown 

that the recirculation is predominantly driven by mesoscale eddies (Biló and Johns, 2020; Schulzki et 

al., 2021). The only model in our ensemble with an “eddy-present” resolution of 0.25° is HadGEM3-

GC31-MM (Hewitt et al., 2020). This model represents deep-water recirculation more accurately than 

all other models (including HadGEM3-GC31-LL), with a DWBC of -23.9 Sv and interior transport of 6.4 

Sv. Additionally, the width of the DWBC is much closer to observations (Figure 16). This supports the 

hypothesis that the disagreement between modelled and observed deep-water (re)circulation 

strength is caused by the use of eddy-parameterising instead of eddy-permitting models in this study.  
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The historical view of NADW transport by a dominant DWBC has been challenged by several studies, 

which showed that southward transport of floats in the North Atlantic most often occurs via interior 

pathways rather than by a distinct DWBC (Fischer and Schott, 2002, Bower et al., 2009, Bower et al., 

2019). Our results show that NADW transport in models is dominated by a DWBC, with only minor 

transport via interior pathways. Spence et al. (2012) found that the separation from the DWBC 

occurs when the viscosity in models is reduced. Thus, NADW transport in models imposing a high 

viscosity is dominated by a DWBC, while models with a reduced viscosity are able to reproduce 

NADW transport via interior pathways. None of the models analysed in this study included viscosity 

in their output data. Therefore, a review of the model papers is needed to get an indication of the 

viscosity used in each model, which is beyond the scope of this study. However, the viscosity is 

generally reduced in models with a higher resolution and the models analysed in this study have a 

relatively coarse resolution. This could indicate that the presence of a dominant DWBC in this study is 

indeed related to the viscosity of the models. Though, we do not find significant differences in 

southward interior transport between the low- and “high”-resolution HadGEM3-GC31 models (Figure 

16), which stresses the necessity of viscosity data as conclusive evidence for this argument.  

5.1.3 Variability of components 

The total variability of the MOC is underestimated by all models, but Florida Straits transport, 

thermocline recirculation and Ekman transport show variabilities comparable to RAPID data for most 

models, with MPI-ESM1-2-HR as a clear outlier. It is expected that models with a higher resolution 

yield a higher variability (Roberts, 2020), but the variability values of Florida Straits transport and 

thermocline recirculation of this particular model are too divergent from other models. This might 

suggest that MPI-ESM1-2-HR is numerically unstable. 

When decomposing the variability in three different components, it becomes clear that low-

frequency and seasonal variability in models are dominated by Florida Straits transport and 

thermocline recirculation, even when MPI-ESM1-2-HR is excluded (Appendix H). In observational 

data, NADW and thermocline recirculation show the largest variability in these domains. As discussed 

above, models are not able to reproduce overflow of NADW across the Greenland-Iceland-Scotland 

Ridge. Therefore, northward flow through the Florida Straits is mostly balanced by southward flowing 

upper mid-ocean transport (i.e. tr) and less by deep-water transport (NADW). Thus variability of 

Florida Straits transport is correlated to thermocline recirculation in CMIP6 models. Since both 

Figure 16: Vertically summed NADW transport of the low- and “high”-
resolution HadGEM3-GC31 model for the historical period. 
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components have opposing transport directions, their variability is counterbalanced when obtaining 

the total MOC variability. Observations show a much lower variability in Florida Straits transport and 

this relatively stable northward flow is balanced by both thermocline recirculation and NADW 

transport, causing the latter two components to be correlated in the low-frequency domain 

(McCarthy et al., 2012). This modelled correlation between FS and tr in models is most likely driven 

by wind stress curl variability. Another factor that could play an important role here is topography. 

Due to the coarse resolution of the analysed models, the Bahamas are absent in most models. 

Therefore, impediment of the correlation between Florida Straits transport and thermocline 

recirculation by this island group is (largely) absent. Additionally, Meinen et al. (2019) showed that 

variability of the Antilles Current is correlated with thermocline recirculation, but no significant 

correlation was found between the Antilles Current and Florida Straits transport. Since the Antilles 

Current is included in Florida Straits transport in models, this most likely contributes significantly to 

the correlation with thermocline recirculation.  

Other studies indicate that insufficient variability in wind forcing could play a significant role in 

underestimation of low-frequency variability of the MOC in models (Roberts et al., 2014, Yan et al., 

2018). It is expected that this would be reflected in the variability of Ekman transport as it is driven 

by zonal wind stress. Our results show that the low-frequency variability of the Ekman component is 

somewhat lower than observed, but the difference with observations is relatively small. Additionally, 

the low-frequency variability of Florida Straits transport and thermocline recirculation, which are 

mainly driven by wind stress curl, should also be underestimated in this case (Zhao and Johns, 2014). 

As discussed above, the low-frequency variability of Florida Straits transport is largely overestimated 

by models due to the inclusion of the Antilles Current. The variability of Florida Straits transport and 

thermocline recirculation is expected to decrease when the Antilles Current is included in the latter 

component instead. Therefore, insufficient variability in wind forcing could have a significant effect 

on the underestimation of MOC variability in the low-frequency domain, but this cannot be 

concluded from our results.  

The high-frequency variability is dominated by Ekman in models and by NADW in observations. Balan 

Sarojini et al. (2011) showed that the high-frequency variability of the AMOC is mainly set by the 

atmosphere in models. Therefore, it is not surprising that Ekman dominates this variability domain in 

CMIP6 models. It is still unknown what drives the high-frequency variability of NADW transport in 

RAPID data, but our results show that models are unable to reproduce this variability. This is likely 

related to the inability of models to reproduce lower NADW transport, but further research is needed 

to support this hypothesis.  
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5.2 SSP585 

5.2.1 Contribution of components to AMOC decline 

The future decline of the AMOC under SSP585 is in line with other modelling studies (Levang and 

Schmitt, 2020; Weijer et al, 2020; Roberts et al., 2020). The main cause of this decline are 

temperature dynamics. As high latitudes experience more warming due to increased greenhouse gas 

emissions than mid and low latitudes, the north-south pressure gradient decreases resulting in an 

AMOC decline (Fox-Kemper et al., 2021). Another contributor to changes in the AMOC is 

anthropogenic aerosol forcing. Several studies found significant AMOC strengthening as a result of 

increased anthropogenic aerosols in historical CMIP6 runs (e.g. Menary et al., 2020; Hassan et al., 

2021). In contrast to greenhouse gases, an increase in aerosols has a cooling effect due to the 

increased reflection of short wave radiation, which results in a strengthening of the AMOC (Hassan et 

al., 2021). Similarly, part of the future decline could be related to a decrease in anthropogenic 

aerosol forcing (CMIP5: Ma et al., 2020). The effect of fresh water input due to Greenland ice sheet 

melting is not included in CMIP models, though it has been shown to affect weakening of the AMOC 

(Bakker et al., 2016). Interestingly, the rate of AMOC decline is similar for different emission 

scenarios until 2060. Only after 2060, different SSPs show divergent projections for several models 

(Weijer et al., 2020). It is hypothesised that the rate of AMOC decline is related to cumulative carbon 

emissions, so that only after 2060 differences in SSPs are significant compared to historical carbon 

emission (Herrington & Zickfeld, 2014; Steinacher and Joos, 2016).  

As Ekman transport shows no significant change, the AMOC decline (-6.6 Sv) is the result of the 

difference in decline between Florida Straits transport (-11.0 Sv) and thermocline recirculation (4.4 

Sv). This difference is balanced by a decrease in NADW transport (6.4 Sv) and a small increase in 

AABW (0.2 Sv), so that the net change through the cross section remains zero.  

We identify three potential drivers of changes in the main components (i.e. FS, tr and NADW), which 

are changes in (1) wind stress curl, (2) NADW transport due to changes in convection and/or mixing 

and (3) input from the South Atlantic. The mechanisms of drivers (2) and (3) are relatively 

straightforward, but the effect of wind stress curl on meridional transport requires further 

explanation. As shown in the Method section, the wind stress curl is calculated by: 

𝑐𝑢𝑟𝑙 𝜏 = 𝑑𝜏𝑦/𝑑𝑥 −  𝑑𝜏𝑥/𝑑𝑦 

This wind stress curl causes either convergence or divergence in Ekman transport, since it acts 

perpendicular to the direction of the wind stress. The convergence or divergence result in downward 

or upward transport, respectively (Talley, 2011). This process is called Ekman pumping, and affects 

the density field of the ocean (Gill and Adrian, 1982). This causes meridional transport, as shown by 

the thermal wind balance: 

𝑑𝑣

𝑑𝑧
=

𝑔

𝜌𝑓

𝑑𝜌

𝑑𝑥
 

Where 𝑔 is the gravitational constant, 𝜌 is the water density and 𝑓 is the Coriolis parameter.  

Additionally, Ekman pumping causes “squashing” (downward) or “stretching” (upward) of the water 

column beneath (Talley, 2011). This has implications for the potential vorticity (i.e. spin) of the water 

column, which is defined as: 

𝑄 = (𝜁 + 𝑓)/𝐻 

Where 𝜁 is the relative vorticity, 𝑓 is the planetary vorticity and 𝐻 is the height of the water column. 

Since potential vorticity is conserved, a decrease (“squashing”) or increase (“stretching”) of 𝐻 is 
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balanced by a decrease or increase of either relative or planetary vorticity. Due to the small vorticity 

in the ocean interior (Talley, 2011), Ekman pumping is balanced by a decrease (equatorward 

transport) or increase (poleward transport) of planetary vorticity. This relationship between wind 

stress curl and meridional transport is shown by the Sverdrup balance: 

𝑉 =
𝑐𝑢𝑟𝑙 𝜏

𝜌𝛽
 

Where 𝜌 is the water density and 𝛽 is the change of Coriolis parameter 𝑓 with latitude. In this study, 

we do not compute Sverdrup transport from wind stress curl, but merely use the explanation above 

to show that there is a linear relationship between wind stress curl and meridional transport.  

Since the gyre circulation is driven by wind stress curl (DiNezio et al., 2009; Zhao and Johns, 2014), 

we expect a decrease of this driver to affect both Florida Straits transport and thermocline 

recirculation. A decline in NADW transport could be compensated by both a decrease in Florida 

Straits transport as well as an increase in thermocline recirculation. Similarly, a reduction of South 

Atlantic input (causing reduced FS transport) could be balanced by decreased NADW transport and 

thermocline recirculation. 

In order to quantify changes in gyre circulation due to wind stress curl, we computed the mean curl 

along the 26°N section for the historical and SSP585 period. Note that the values are negative (i.e. 

clockwise rotation), which results in southward Sverdrup transport as explained above. The average 

wind stress curl shows high seasonal variability, but with a clear decreasing trend under SSP585 

(Figure 17). With a magnitude of -14% compared to the historical period, the relative decline is very 

similar to the decrease in thermocline circulation of -17% over the same period (Figure 12). From 

this, we can conclude that the reduction of thermocline circulation (4.4 Sv) is almost entirely caused 

by a decline in wind stress curl. As mentioned above, we expect Florida straits transport to be 

affected by this decline as well. Therefore, a decrease in this component of -11 + 4.4 = -6.6 Sv is 

caused by drivers other than wind stress curl. Since changes in NADW formation can be 

communicated on short timescales by boundary waves (i.e. Kelvin waves), we are unable to indicate 

whether changes in NADW formation or South Atlantic input dominate the Florida Straits decline in 

models (Buckley and Marshall, 2016). To do so, decomposition of the AMOC into its components 

should be performed on several latitudes, both north and south of 26°N. From this, it could be 

examined whether the decline in Florida Straits transport leads the decline in NADW transport or 

vice versa. Due to mass balance, lagged regression between the MOC and transport components 

through our section did not yield any results. 
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Note that there is relatively more thermocline recirculation by the end of the 21st century. This 

affects the heat transport by the AMOC, since the difference in temperature between NADW and 

northward upper-ocean water is the cause of the large heat flux. An increase in the relative 

importance of thermocline recirculation would therefore result in a relative decrease of transported 

heat (Thomas et al., 2012).    

5.2.2 Historical mean vs SSP585 future changes 

Previous modelling studies showed a relationship between the mean state of the AMOC and its 

decline under different forcing scenarios, where models with a stronger mean state showed a larger 

decline (Gregory et al., 2005; Rugenstein et al., 2013; Weijer et al., 2020). From our analysis follows 

that models with a higher historical mean indeed show a larger future decline in Ekman transport 

(p=0.005), AABW (p=0.022) and total MOC (p=0.065). Though significant (p < 0.1), the relationships 

are all very weak. Weijer et al. (2020) found a much stronger relationship between the historical 

mean and future decline of the AMOC, with a significant r-value of -0.78 for SSP585. However, in 

their study multiple ensemble member per model are used and cluster analysis is performed to 

indicate outliers, which are excluded from the relationship. We do not see any basis for the exclusion 

of specific models in our study. Therefore, the relationships found in this study are not strong enough 

to be used as emergent constraints (Hall et al., 2019). 

Nonetheless, it is interesting to discuss the physical cause of the relationship between historical 

mean state and sensitivity to increased carbon emissions. Levermann et al. (2007) argued that 

models with a lower historical mean MOC transport less heat to convection sites, resulting in farther 

southward extent of sea ice compared to models with a higher historical mean MOC. Atmospheric 

warming in future scenarios causes a larger retreat of sea ice for models with larger initial sea ice 

cover. This results in more oceanic heat loss, which stabilizes the decline in AMOC strength. To 

examine this mechanism in our model ensemble, we relate AMOC changes to northern hemisphere 

sea ice extent and seasonality. From the hypothesis of Levermann, we would expect that models 

with a larger historical sea ice extent or seasonality show a smaller future decline of the AMOC. We 

observe no relationship between historical sea ice extent and AMOC decline in our model ensemble 

(Figure 18). We find only a weak relationship between sea ice seasonality and future AMOC decline, 

which is not significant within the 90% confidence interval (p=0.108). However, this does not 

Figure 17: Timeseries of the ensemble mean wind stress curl under SSP585. 
The percentage shows the decline relative to the historical period. 
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necessarily invalidate the argument made by Levermann. Since we only find a weak relationship 

between the historical mean state and future change of the AMOC, we do not expect to find a strong 

relationship with the asserted mechanism causing this relationship. Additionally, model NESM3 is not 

included in the sea ice relationship, while this model affects the significance of the relationship 

between historical mean state and AMOC decline to a great extent (Figure 15). We were unable to 

compute the sea ice extent and seasonality, since the area of the sea ice grid cells was not included in 

the available dataset. Therefore, the area of each grid cell could not be computed. Finally, the sea ice 

extent and seasonality shown are for the area above 40°N, thus including sea ice cover in the Bering 

Sea. Changes in sea ice extent due to local factors in this area could affect the results shown here.  

Despite this, sea ice does not seem to extent to the primary regions of convection. In Figure 19, we 

show the minimum and maximum sea ice extent of the historical period for CMCC-ESM2, a model 

which shows a high seasonality and a low AMOC decline. The dominant regions of deep-water 

formation in CMIP6 models are shown in red, estimated from mixed layer depth data of Heuzé 

(2021). Since the convective regions are almost entirely ice-free during the time of maximum sea ice 

extent, we hypothesize that increased ocean heat loss due to melting of sea ice would only have a 

minor effect on the AMOC strength. Even though the mixed layer depth data is based on an 

ensemble mean in which CMCC-ESM2 is not included, none of the 35 models analysed by Heuzé 

(2021) show areas of deep convection extending further north than the boundaries drawn here. 

Thus, we find it appropriate to use these boundaries as a first indication the convective regions. A 

more detailed examination where mixed layer depths of every model are compared to sea ice extent 

during minima and maxima is beyond the scope of this study.  

Figure 18: Change in AMOC strength under SSP585 against historical mean sea ice extent (left) and standard deviation of 
sea ice extent (right). R2- and p-values of the relationships are shown too. 
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5.3 Uncertainties 
The uncertainties of CMIP6 models are best shown by their inter-model spread. In the Results section 

and Appendix E, this spread is quantified for both the historical and SSP585 period. Since it is crucial 

to keep these uncertainties in mind, we briefly discuss the inter-model spread again here. In Figure 

20, the means of the different components are shown for the historical period (left) and for the 

SSP585 decline (right), with error bars indicating the inter-model spread. Note that the absolute 

historical mean values are displayed to improve the visualisation of the spread. This clearly shows the 

substantial differences between models, both in historical mean state and change under SSP585. As 

an example, consider the inter-model spread of the historical mean MOC. This spread is 9.4 Sv, with a 

minimum of 9 Sv (NESM3, -2.2σ where σ is the standard deviation of the model spread) and a 

maximum of 18.4 Sv (CAS-ESM2-0, +1.5σ). The standard deviation of the ensemble spread (2.5 Sv) is 

more than twice the standard deviation of the ensemble mean timeseries (1.2 Sv). For historical 

deep-water circulation, the standard deviation of inter-model spread is also relatively high (interior: 

2.2 Sv, DWBC: 3.8 Sv), but closer to the variability of the ensemble mean timeseries (interior and 

DWBC: 2.9 Sv). Therefore, it is important to stress that our results are highly dependent on the 

models that are included in this study. 

Figure 19: the minimum (left) and maximum(right) sea ice extent of the historical period for CMCC-ESM2. Red lines 
indicate the regions of deep-water formation in CMIP6 models, from Heuzé (2021). 

Figure 20: Historical mean (left) and decline under SSP585 (right) for each component. Error bars indicate the inter-model 
spread. Note that the absolute values of the historical mean are shown.  
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5.4 General remarks 
The effect of increased model resolution on the representation of the AMOC in models is extensively 

studied, with contrasting results. Some studies find no clear effect of model resolution on 

mechanisms affecting the AMOC (Winton et al., 2014; Weijer et al., 2020; Heuzé, 2021), others find 

positive (e.g. Marzocchi et al., 2015; Danek et al., 2019) or negative effects (e.g. Koenigk et al.,2020). 

Generally, the effect of model resolution on AMOC strength and sensitivity seems to be model-

dependent (Fox-Kemper et al., 2021). In this study, only two models with a low- and “high”-

resolution variant are included, where the “high”-resolution variant of these models is still relatively 

coarse compared to the resolution of, for example, HadGEM3-GC31-HH of 1/12°. The AMOC of 

HadGEM3-GC31-MM (MPI-ESM1-2-HR) has a higher (lower) historical mean, a lower (higher) total 

variability, a stronger (weaker) DWBC and a larger (larger) future decline than its low-resolution 

variant. However, only the difference in variability of the MPI-ESM1-2 models and in DWBC of the 

HadGEM3-GC31 models is large. Therefore, we conclude that there is no coherent effect of increased 

horizontal resolution on the representation of the AMOC in these models. Note that the resolution of 

MPI-ESM1-2-HR is still too coarse to be eddy-permitting.  

There are other factors that could improve the AMOC representation in CMIP6 models. For example, 

the use of overflow parameterization over the Greenland-Iceland-Scotland Ridge could increase 

lower NADW transport to the subtropical region (Briegleb et al., 2010; Gent et al., 2011). 

Additionally, it has been shown that changes in the AMOC are related to modelled stratosphere 

variability due to troposphere coupling (Reichler et al., 2012; Manzini et al., 2012). Haase et al. (2018) 

pointed out that a more accurate representation of the stratosphere could improve the overturning 

circulation in models. 

Even though a lot of emphasis has been put on documentation and model output requirements in 

CMIP Phase 6, there is still room for improvement. Generalising the inclusion of the overturning 

stream function in the model output data would enable us to review the calculated stream function 

of all models. Additionally, we did not analyse the SSP585 run of CNRM-ESM2-1, since temperature 

data of this model is not included for the SSP585 period. Similarly, NESM3 is excluded from the sea 

ice analysis, since data on the grid cell area was not submitted. Finally, a more straightforward way 

to obtain viscosity data could have allowed for an analysis of the effect of viscosity on NADW 

transport via interior pathways. 

For future research, we recommend to use the same definition for Florida Straits transport and 

thermocline recirculation in RAPID and CMIP6 data. Since most CMIP6 models have a coarse 

resolution, the Bahamas are not present. Therefore, we could not divide western boundary transport 

into the Gulf Stream and Antilles Current. Thus, to overcome this mismatch, we advise to include 

RAPID measurements of the Antilles Current in Florida Straits transport when comparing it to 

modelled transport components. Furthermore, modelling studies on the different transport 

components at several latitudes could provide valuable insight into the leading drivers of AMOC 

changes. Weijer et al. (2020) did compare the representation of the AMOC in CMIP6 models with 

both RAPID (26°N) and SAMBA (34°S) observations, but studies on the modelled AMOC north of 26°N 

are lacking. Since most studies have focussed on interannual to decadal variability of the AMOC and 

NADW transport, we would like to stress the relevance of additional research on high-frequency 

NADW variability. NADW dominates high-frequency variability in RAPID data and variability is 

generally largest on this timescale. 
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6. Conclusion  
In this study, we examined the ability of CMIP6 models to reproduce the strength and variability of 

the different transport components of the AMOC, as measured by the RAPID array. The variability 

was decomposed into low-frequency, seasonal and high-frequency variability. Additionally, the 

modelled deep-water circulation was analysed for the historical period. We also examined future 

changes in the strength of the components and deep-water circulation under SSP585 and related 

these changes to the historical mean state of each component.  

For the historical period (2004-2014), we found that the underestimation of the total AMOC strength 

is caused by reduced transport of lower NADW over the Greenland-Iceland-Scotland Ridge, due to 

the small scale of overflow compared to the resolution of models and increased mixing at the Ridge. 

This is compensated by increased recirculation in the subtropical gyre and results in more AABW 

transport in models. Deep-water circulation in models is dominated by a distinct DWBC with minor 

interior recirculation compared to observations, which is likely related to model resolution. We show 

that the low-frequency variability of Florida Straits transport is largely overestimated and 

hypothesize that the inclusion of the Antilles Current in this component in models is a significant 

contributor to this discrepancy. The variability of NADW is underestimated, most likely due to the 

inability of models to reproduce lower NADW overflow.  

For the SSP585 period (2015-2100), we find a decline in the Florida Straits transport, thermocline 

recirculation and NADW transport. Decreased thermocline recirculation is related to a decline in 

wind stress curl along the section. Therefore, the future decline in the AMOC is likely caused by 

decreased Florida Straits transport, either due to reduced input from the South Atlantic or 

communication of reduced NADW transport by boundary waves. We find significant relationships 

(p<0.01) between the historical mean state and future changes of the total AMOC, Ekman and AABW 

transport. However, these relationship are too weak to be used as “emergent constraints”. 

Additionally, the relationship cannot be explained by sea ice extent or seasonality in this study.  

Our results give insight into the cause of disagreement in the modelled and observed AMOC. For 

future research, we advise to include RAPID measurements of the Antilles Current in Florida Straits 

transport when comparing it to modelled transport components. Furthermore, similar studies at 

several latitudes, especially north of 26°N, could provide valuable insight into the leading drivers of 

AMOC changes. Since most studies have focussed on interannual to decadal variability of the AMOC 

and NADW transport, we emphasize the relevance of additional research on high-frequency NADW 

variability.  
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Appendices 
 

Appendix A 
 
The net transport before and after Bering Strait throughflow correction for historical and ssp585 

period. The net transport is based on the sum of the meridional velocity through the cross section 

and on the sum of all components. 

 

Appendix B 
 
Example of the timeseries of the decomposed variability components. Only the decomposition of the 

total MOC for HadGEM3-GC31-MM is shown.  
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Appendix C 
 
In this Appendix, three examples or method considerations and their effect on transport are shown. 
These examples include the effect of: (non) removal of halo points, (non) time-varying transport 
boundaries and the condition that the vertical boundary between FS and mid-ocean transport is 
located east of the FS maximum.  
 
Halo points 

Below, the cross section of MPI-ESM1-2-LR is shown for two masks. For one mask (maskex) the halo 

points are removed, while for the other mask (maskincl) halo points are not removed. Thus maskex is 

correct, but we show maskincl to indicate the effect of not removing halo points. The values (y) in the 

plot are computed by: 

𝑦 = 𝑚𝑎𝑠𝑘𝑖𝑛𝑐𝑙 + 2 ∗ 𝑚𝑎𝑠𝑘𝑒𝑥 

Since mask values are either 0 or 1, values of y range from 0 to 3. Thus, values of 0 are grid cells that 

are masked in both masks, values of 1 are grid cells that are only masked by maskex and values of 2 

are grid cells that are only masked by maskincl. We observe that maskincl is shifted one grid cell to the 

east compared to maskex.  

 

Even though both masks still largely overlap, a significant amount of transport occurs at the western 

boundary. Therefore, the effect of not removing halo points on the total net transport through the 

section is extremely large, with almost a factor 3 difference in some years as  shown in the plot 

below. This shows the importance of removing halo points before extracting the data.  
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Time-varying boundaries 

Below, we show two examples of considerations when obtaining the boundaries between transport 

components. This has no effect on the net transport through the section, but does influence the 

strength and variability of the components. In the first example, we observe Florida Straits transport 

of CAMS-CSM1-0 when boundaries are not allowed to vary in time. In this example, the vertical 

boundary between Florida Straits transport and upper mid-ocean transport is constant through time, 

while the depth of maximum overturning varies. Since the depth of maximum overturning is 

computed by the total zonal transport, the time-varying transport is lower than when the boundaries 

remain constant for most years. However, this former is the most accurate based on our definition of 

Florida Straits transport.   

 

 

Maximum FS condition 

In the second example, we show the timeseries of Florida Straits transport for CAMS-CSM1-0 when 

the vertical boundary between Florida Straits transport and upper mid-ocean transport is not 

necessarily east of the Florida Straits maximum. We observe that almost all transport values are the 

same as when this condition is applied, but the transport of one timestep differs. However, the large 

deviation does affect the mean strength and variability of Florida Straits transport. Thus, this 

condition has to be applied when defining the boundaries. 
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Appendix D 
Comparison of the given and calculated overturning stream function for the historical period. Only 

CMCC-CM2-SR5 is shown as an example. 

 

  



47 
 

Appendix E 
 
Historical mean of each component for every model. Large inter-model differences are observed. 

 

Future decline under SSP585 of each component for every model. Note that the decline of 

southward components is positive. Large inter-model differences are observed. 
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Appendix F 
 
Tables with all correlation coefficients of the variability of the transport components for RAPID data. 
Bold values are significant within the 95% confidence interval. 
 

Low-frequency      

 FS ek tr NADW AABW MOC 

FS x -0.15 0.06 -0.37 -0.23 0.36 

ek -0.15 x -0.01 -0.35 -0.53 0.40 

tr 0.06 -0.01 x -0.85 -0.67 0.83 

NADW -0.37 -0.35 -0.85 x 0.85 -1.00 

AABW -0.23 -0.53 -0.67 0.85 x -0.89 

MOC 0.36 0.40 0.83 -1.00 -0.89 x 
 

Seasonal       

 FS ek tr NADW AABW MOC 

FS x 0.17 -0.74 -0.04 -0.18 0.04 

ek 0.17 x 0.12 -0.73 -0.72 0.77 

tr -0.74 0.12 x -0.57 -0.14 0.56 

NADW -0.04 -0.73 -0.57 x 0.61 -1.00 

AABW -0.18 -0.72 -0.14 0.61 x -0.66 

MOC 0.04 0.77 0.56 -1.00 -0.66 x 
 

High-frequency      

 FS ek tr NADW AABW MOC 

FS x -0.81 -0.81 -0.81 -0.81 -0.81 

ek 0.19 x -0.81 -0.81 -0.81 -0.81 

tr -0.56 -0.23 x -0.13 -0.05 0.11 

NADW -0.49 -0.71 -0.13 x 0.77 -1.00 
AABW -0.37 -0.63 -0.05 0.77 x -0.81 
MOC 0.50 0.72 0.11 -1.00 -0.81 x 

 
 
Tables with all correlation coefficients of the variability of the transport components for CMIP6 data. 
Bold values are significant within the 95% confidence interval. 
 

Low-frequency      

 FS ek tr NADW AABW MOC 

FS x 0.10 -0.84 -0.38 -0.18 0.43 

ek 0.10 x -0.10 -0.45 -0.58 0.67 

tr -0.84 -0.10 x 0.05 0.01 -0.09 

NADW -0.38 -0.45 0.05 x 0.12 -0.81 

AABW -0.18 -0.58 0.01 0.12 x -0.63 

MOC 0.43 0.67 -0.09 -0.81 -0.63 x 
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Seasonal       

 FS ek tr NADW AABW MOC 

FS x 0.03 -0.70 -0.11 -0.39 0.26 

ek 0.03 x -0.07 -0.55 -0.55 0.69 

tr -0.70 -0.07 x -0.31 0.15 0.17 

NADW -0.11 -0.55 -0.31 x 0.29 -0.86 

AABW -0.39 -0.55 0.15 0.29 x -0.70 

MOC 0.26 0.69 0.17 -0.86 -0.70 x 
 

High-frequency      

 FS ek tr NADW AABW MOC 

FS x 0.26 -0.76 -0.29 -0.47 0.47 

ek 0.26 x -0.37 -0.76 -0.67 0.90 

tr -0.76 -0.37 x 0.16 0.31 -0.29 

NADW -0.29 -0.76 0.16 x 0.29 -0.82 

AABW -0.47 -0.67 0.31 0.29 x -0.77 

MOC 0.47 0.90 -0.29 -0.82 -0.77 x 
 

 

Appendix G 
 
Table with values of the total AMOC for every model. Shown are the historical mean, 2090-2100 
mean, absolute change and relative change. Changes are relative to the historical period. 

 
 

  

Model name Historical mean (Sv) 2090-2100 mean (Sv) Change (Sv) Change (%) 

CAMS-CSM1-0 12.4 8.9 -3.5 -28 
CAS-ESM2-0 18.4 13.7 -4.7 -26 

CESM2-WACCM 17.9 6.8 -11.1 -62 
CIESM 11.4 4 -7.4 -65 

CMCC-CM2-SR5 14.2 9.2 -5.0 -35 
CMCC-ESM2 13.3 9.3 -4.0 -30 

CNRM-CM6-1 15.7 6.9 -8.8 -56 
CNRM-ESM2-1 15.3    

CanESM5 11.4 5.5 -5.9 -52 
EC-Earth3 16.2 10.7 -5.5 -34 

FIO-ESM-2-0 17.7 10.7 -7.0 -39 
HadGEM3-GC31-LL 15.2 7.9 -7.3 -48 

HadGEM3-GC31-MM 15.4 6.5 -8.9 -58 
IPSL-CM6A-LR 11.6 6.5 -5.1 -44 

MPI-ESM1-2-HR 14.8 8.6 -6.2 -42 
MPI-ESM1-2-LR 16.6 11.4 -5.2 -31 

MRI-ESM2-0 15.4 5 -10.4 -67 
NESM3 9.0 5 -4.0 -45 

UKESM1-0-LL 15.6 7.8 -7.8 -50 
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Appendix H 
 
Decomposed variability of each component when outlier MPI-ESM1-2-HR is excluded. 

 


