
1. Introduction
Future global warming is projected to cause substantial changes in the ocean circulation manifested in poleward 
shifted ocean gyres (Yang et al., 2020), retreating sea ice (e.g., Årthun et al., 2021), shift in dense water forma-
tion sites (e.g., Bretones et al., 2022; Lique & Thomas, 2018), and a weakening North Atlantic circulation (e.g., 
Weaver et al., 2012; Weijer et al., 2020). North Atlantic circulation strength is typically diagnosed by the strength 
of the Atlantic Meridional Overturning Circulation (AMOC), which quantifies the net upper-ocean northward 
flow with an equally large southward return flow at depth and thus represents the amount of water that “over-
turns” at high latitudes. Past and future changes in the AMOC are, however, poorly understood and remains a 
source of uncertainty in CMIP-class climate models (Bellomo et al., 2021; Robson et al., 2022; Swingedouw 
et al., 2022).

In the subtropical North Atlantic, the Gulf Stream transports warm water northward while the Deep Western 
Boundary Current (DWBC) transports North Atlantic Deep Water (NADW) southward at depth. The AMOC 
strength measured at the RAPID-MOCHA-WBTS array at 26.5°N since 2004 (Cunningham et al., 2007; Moat 
et al., 2020) provides a valuable reference for evaluating North Atlantic circulation in climate models. At 26.5°N, 
the Florida Current and the Antilles Current mark the start of the Gulf Stream (Baringer & Larsen, 2001; Meinen 
et al., 2019) with the DWBC east of the continental shelf (Biló & Johns, 2020). Prevailing zonal winds set up 
the subtropical gyre circulation by inducing a net southward transport over the mid-basin that is compensated 
at the western boundary (Sverdrup, 1947). Analyzing transports across 26.5°N is ideal for “taking the pulse” of 
the climate system as it reflects both wind-driven gyre dynamics, dense water in the DWBC formed north of the 
section, and the overall heat being transported from the subtropics toward the Arctic.

The current generation of CMIP models shows no systematic AMOC decline over the historical period (Menary 
et al., 2020), but projects a weakening circulation over the 21st century (Weijer et al., 2020). The AMOC is, 
however, an integrated quantity masking the full three-dimensional flow (Roquet & Wunsch, 2022) and reflects a 
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multitude of changes related to both wind and buoyancy forcing (e.g., Lozier, 2012). Changes in individual North 
Atlantic circulation branches and how they project onto a weakening AMOC remain little explored, though is key 
for understanding the mechanisms of future change. If the total Gulf Stream transport remains fixed, a strength-
ened gyre implies a weakened AMOC as the difference between the northward Gulf Stream and southward gyre 
recirculation is reduced (Wunsch & Heimbach, 2013). However, some model studies find a stronger AMOC to 
be associated with a strengthened gyre, indicating that the same mechanisms strengthening the wind-driven gyre 
also strengthen the buoyancy-driven part of the Gulf Stream (de Coëtlogon et al., 2006; Larson et al., 2020). 
The North Atlantic Oscillation (NAO) has been proposed as a mechanism that can drive wind and buoyancy 
anomalies on similar time scales (Eden & Willebrand, 2001). In the deep ocean, most of the transport is carried 
by the southward DWBC. However, time-variable, deep northward recirculations have the potential to limit the 
co-variance between the DWBC and the AMOC strength (Biló & Johns, 2020; Kanzow et al., 2008). As a result, 
inferences about changes in the Gulf Stream, DWBC, and gyre strength cannot necessarily be made directly from 
the evolution of the AMOC.

In this study we accordingly investigate changes in the Gulf Stream and DWBC, and their relationship to the 
AMOC and the gyre recirculation under continued high greenhouse gas emissions. We use CMIP6 models to 
objectively identify the Gulf Stream, DWBC, and gyre recirculation from the velocity field and diagnose the 
projected changes by the end of the 21st century at 26.5°N. We apply Sverdrup theory to infer changes in the 
subtropical gyre, and thus also the Gulf Stream, from changes in the wind stress. The results show a future 
subtropical North Atlantic characterized by weaker, warmer, and saltier western boundary currents compared to 
today.

2. Methods
To assess potential future change in the circulation at 26.5°N we analyze a selection of CMIP6 models (Table 
S1 in Supporting Information  S1). The models were selected based on availability of monthly meridional 
ocean velocity and mass transport (model variables vo and vmo). We use the CMIP6 historical simulations 
(Eyring et al., 2016; here 1920–2014) as a historical reference for the models. However, we focus our analysis 
on the Shared Socioeconomic Pathways (SSP, Gidden et al., 2019) scenario SSP5-8.5 (“ssp585”) representing a 
high-emission scenario. For the circulation strength across 26.5°N, we analyze 14 models (Table S1 in Support-
ing Information S1). For the analysis requiring the surface wind stress only 10 of the models had the necessary 
variables (tauuo, tauvo; surface wind stress on the ocean grid) available. We extract the fields at the individual 
model's native grid line closest to 26.5°N, which leads to small (under 0.5°) differences in latitude between the 
model sections analyzed. Prior to analysis, we compute annual means of the monthly mean output fields.

As a first check, we test whether the models uphold mass-balance at 26.5°N. Due to the net inflow through the 
Bering Strait of 0.9 ± 0.1 Sv (Østerhus et al., 2019), a net southward transport of approximately 1 Sv is expected 
at 26.5°N. All the models have a mean net southward transport of roughly 1 Sv for the historical period (Figure 
S1 in Supporting Information S1). However, the MIROC6 model has a larger standard deviation than the other 
models, and displays a trend in the net transport across the section during the ssp585 scenario. The trend is, 
in-part, related to a weakening inflow through the Bering Strait in MIROC6 (roughly 0.5 Sv reduction between 
2030 and 2100).

The Gulf Stream and the DWBC at 26.5°N are identified from the velocity field by detecting the high velocity 
cores at the western boundary. In order to define the Gulf Stream and DWBC cores within each model, we find 
the upper-ocean northward velocity maxima (0–1,100 m; 𝐴𝐴 𝐴𝐴𝑁𝑁

max
 ) and lower-ocean southward velocity maxima 

(>1,100 m; 𝐴𝐴 𝐴𝐴𝑆𝑆
max

 ) at each time step. Grid cells in the upper-ocean with a velocity greater than 5% of 𝐴𝐴 𝐴𝐴𝑁𝑁
max

 are 
identified as being a part of the Gulf Stream core. Equivalently, grid cells with a velocity greater than 5% of 

𝐴𝐴 𝐴𝐴𝑆𝑆
max

 in the lower-ocean are a part of the DWBC core. Apart from the higher resolution MPI-ESM1-2-HR model 
(0.4° × 0.4° nominal resolution), the models do not resolve the Antilles Current as a separate branch from the 
Florida Current (Figure S2 in Supporting Information S1). We therefore remove high velocity points detached 
from the western boundary cores for all models expect MPI-ESM1-2-HR. The integrated transport magnitudes 
within the cores are not sensitive to the exact cut-off percentage used (here 5%) as long as a value below 10% 
is chosen. We use 1,100 m as the maximum depth of the northward flowing Gulf Stream at 26.5°N because the 
typical depth of the maximum overturning stream function in observations from RAPID is 1,100 m (Figure S3 
in Supporting Information S1). The results show no sensitivity to the exact choice of the depth criteria, testing 
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for values between 1,000 and 1,200 m. The core detection method is independent of the model grid, and avoids 
using water mass definitions as there are known biases in the properties of for instance NADW in CMIP6 models 
(Heuzé, 2021). The method also allows for the structure of the high velocity cores to vary between models and 
to evolve over time within a single model. After defining the Gulf Stream and DWBC cores, the residual flow is 
defined as the “gyre recirculation” component which is characterized by weaker velocities in the mid-ocean basin 
(Figure S2 in Supporting Information S1).

Using our core detection method, the multi-model mean shows a 39.3 Sv Gulf Stream transport for the histor-
ical period compared to the approximately 37 Sv for the Florida Current and the Antilles Current combined in 
observations (Baringer & Larsen, 2001; Meinen et al., 2019). While the multi-model mean compares very well, 
we note that there are models with a too strong (e.g., EC-Earth3) and too weak Gulf Stream (e.g., MRI-ESM2-0) 
compared to observations (Figure S4 in Supporting Information S1). The RAPID estimate indicates a net south-
ward NADW transport of 17.8 Sv (Bryden, 2021), which is comparable to the multi-model mean DWBC trans-
port of 18.9 Sv. Moorings in the DWBC (2008–2018) shows, however, an average transport of 28.3 Sv (Biló & 
Johns, 2020), indicating that there is a sizeable northward recirculation of NADW offshore of the DWBC that is 
not fully captured by the CMIP6 models.

For further diagnostics, we calculate the AMOC strength and the Sverdrup transport at 26.5°N. The AMOC 
strength is defined as the maximum of the overturning stream function in depth-space:

𝑚𝑚𝑚𝑚𝑚𝑚𝑧𝑧 = max

[

∫
𝑧𝑧

0
∫

𝑥𝑥𝑒𝑒

𝑥𝑥𝑤𝑤

𝑣𝑣(𝑥𝑥𝑥 𝑧𝑧) 𝑑𝑑𝑥𝑥 𝑑𝑑𝑧𝑧

]

 (1)

The zonally integrated Sverdrup transport is calculated from the surface wind stress on the ocean grid as:

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
1

𝜌𝜌0𝛽𝛽 ∫
𝑥𝑥𝑠𝑠

𝑥𝑥𝑔𝑔𝑠𝑠

(

𝜕𝜕𝜕𝜕𝑦𝑦

𝜕𝜕𝑥𝑥
−

𝜕𝜕𝜕𝜕𝑥𝑥

𝜕𝜕𝑦𝑦

)

𝑠𝑠𝑥𝑥 (2)

When zonally integrating to obtain the net Sverdrup transport across the section (Vsverd), we integrate from 
the first grid cell east of the identified Gulf Stream core (xgs) to the eastern boundary (xe). This excludes the 
western boundary region where Sverdrup balance is not valid (e.g., Thomas et al., 2014). At 26.5°N, Vsverd is 
directed southward as the negative (anticyclonic) wind stress curl in the subtropics causes Ekman pumping which 
stretches the water column and induces equatorward motion. According to Sverdrup theory, Vsverd represents the 
mid-ocean, wind-driven gyre circulation assuming that a level of no motion exists above which circulation is 
purely wind-driven (Sverdrup, 1947).

3. Results
Mass conservation at 26.5°N under projected circulation slowdown requires a balance between changes in the 
Gulf Stream, DWBC, and the gyre recirculation (e.g., Bryden, 2021). For instance, if the DWBC weaken due 
to reduced NADW formation rates north of 26.5°N, the Gulf Stream must weaken and/or the gyre recirculation 
must strengthen for mass to be conserved (Figure 2a). Likewise, a weakened gyre circulation due to reduced wind 
stress curl will be reflected by both a weakened southward mid-ocean transport (here, the gyre recirculation) 
and a weakened Gulf Stream at the western boundary. Changes in the various components will project onto the 
AMOC (Figure 1a).

While the simulated branches display a stable transport over the historical period, we find the Gulf Stream, 
DWBC, and the gyre recirculation to weaken under ssp585 (Figures 1b–1d). For the future scenario, the Gulf 
Stream weakens by 29% (11.2  Sv, inter-model spread 20%–50%) and the DWBC weakens by 47% (8.5  Sv, 
inter-model spread 22%–71%) comparing the 2015–2025  decade to the 2090–2100  decade (Figure  2b). The 
gyre recirculation component shows a weakening of 12% (2.7 Sv, inter-model spread −4%–33%), indicative of a 
weakened subtropical gyre.

To determine whether the weakening gyre recirculation reflects changes in wind forcing, we calculate the 
Sverdrup transport across 26.5°N from the surface wind stress (Equation 2). The Sverdrup transport magnitude 
seen in Figure 2b is close to that of the gyre recirculation component, demonstrating that the gyre recircula-
tion (defined as a residual) reflects the wind-driven gyre to a large extent. An 18% (3.7 Sv, inter-model spread 
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6%–25%) weakening in the Sverdrup transport moreover indicate that the weakening in the gyre recirculation 
component is due to changes in the wind stress curl. Given that Sverdrup balance holds, changes in the Sverdrup 
transport are compensated at the western boundary in the Gulf Stream. With a multi-model mean Gulf Stream 
weakening of 11.2 Sv and a Sverdrup transport weakening of 3.7 Sv, this implies that as much as 33% of the Gulf 
Stream weakening by the end of the century is explained by changes in the wind stress.

Changes in the large-scale winds contributing to weakening the circulation is consistent with Thomas et al. (2012) 
who, in a 100-year climate model integration with an annual 2% CO2 increase for the first 70 years, get a reduced 
Sverdrup transport at 26.5°N. Beadling et  al.  (2018) also find a weakening Sverdrup transport with reduced 
subtropical wind stress curl in 14 of 15 CMIP5 models, ranging between 8% and 33% reduction (first vs. last 
20-years of RCP8.5). Changes in the wind stress curl can be related to a weaker, poleward expanded Hadley cell 
and poleward shifted westerlies under global warming (Grise & Davis, 2020; Harvey et al., 2020; Lu et al., 2007).

Looking at the relative strength of the different circulation components, the AMOC strength consistently scale 
with the DWBC strength across all models analyzed (Figure 3b; rmm = −0.80). The relationship between the 

Figure 1. Multi-model mean transports at 26.5°N of 14 CMIP6 models with historical forcing (1920–2014) and the ssp585 emission scenario (2015–2100). (a) AMOC 
strength, (b) Gulf Stream transport, (c) Deep Western Boundary Current (DWBC) transport, and (d) gyre recirculation defined as the residual flow. Shading shows the 
interquartile range. The dashed line shows the start of the ssp585 projection. Positive/negative transport values denote northward/southward flow. The y-axes in (c, d) 
are flipped to illustrate the weakening in the components with a mean net southward transport. Also note the different limits on the y-axes. In (d), the skewness of the 
multi-model mean compared to the spread is due to the strong gyre in the CNRM-ESM2, EC-Earth3, and IPSL-CM6A-LR models.
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Figure 2. Mass-balance at 26.5°N. (a) Schematic illustrating idealized mass-balance between the three components. The red circles indicate the warm, upper-ocean 
components and the blue circle the colder deep component. The Gulf Stream is shown using two circles highlighting it partly compensating for the DWBC, partly 
being the western boundary of the subtropical gyre. (b) Multi-model mean transports at 26.5°N of 14 CMIP6 models under the ssp585 emission scenario (first vs. last 
decade). Whiskers show the interquartile range. The multi-model mean Sverdrup transport is calculated from wind stress, and is averaged over 10 models (Table S1 in 
Supporting Information S1).

Figure 3. Relative strength between circulation components at 26.5°N. (a–c) Relative strength of the AMOC and the Gulf Stream, DWBC, and gyre recirculation, 
respectively, for each year (2015–2100) in the ssp585 emission scenario in the 14 models analyzed. (d) As (a–c), but showing the relative strength between the DWBC 
and the Gulf Stream. The multi-model mean correlation (rmm; average correlation across models) and the inter-model correlation (rim; correlation between the 14 
models' mean transport values) coefficients are shown in the panels' upper-right corner.
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Gulf Stream and the AMOC strength also approximately scales linearly (Figure  3a; rmm  =  0.87), but shows 
larger inter-model differences in the Gulf Stream magnitude relative to the AMOC magnitude (rim = 0.32) due to 
differences in the climatological upper-ocean circulation. For instance, the three models clustering in Figure 3a 
(CNRM-ESM2, EC-Earth3, and IPSL-CM6A-LR) all have a strong gyre recirculation and a strong, narrow Flor-
ida Current in the Florida Straits with no representation of the Antilles Current further offshore (Figures S2 and 
S4 in Supporting Information S1).

There are also inter-model differences in the relationship between the gyre recirculation and the AMOC 
(Figure 3c). We find that 10 of the models have a significant (at the 95% confidence level) “weak gyre-weak 
AMOC” relationship similar to what was indicated in Larson et al. (2020). Three models have no significant rela-
tionship (CanESM5, MPI-ESM1-2-HR, NorESM2-MM), and one model have a significant “strong gyre-weak 
AMOC relationship” (MIROC6). The majority of the models showing a “weak AMOC-weak gyre” link means 
that there is a tendency for both the wind-driven (gyre component) and buoyancy-driven part of the Gulf Stream 
to weaken on similar time scales so that the net upper-ocean northward transport across 26.5°N reduces, thus 
weakening the AMOC.

In addition to weakened transports, CMIP6 models also show future changes in the thermohaline properties of 
the Gulf Stream and the DWBC. We find a temperature-driven reduction in NADW densities as both the Gulf 
Stream source water and the DWBC get warmer and saltier (Figure 4). The shoaling of the overturning stream 
function maximum by the end of the century seen in Figure S3 of the Supporting Information S1 is consistent 
with NADW getting lighter. A warmer, saltier DWBC is consistent with Levang and Schmitt (2020) showing that 
the weakening geostrophic component of the AMOC in CMIP5 models is driven by temperature anomalies in the 
1,000–2,000 m depth layer rather than freshwater anomalies. This does, however, not exclude increased stratifi-
cation from surface freshening in the subpolar North Atlantic (SPNA) from having an important role, as reduced 
mixing with cold surface water in the SPNA can contribute to warming the NADW. Despite the increasing Gulf 
Stream temperatures, the heat transported from the subtropics is projected to reduce due to the weakened circula-
tion strength. Across 26.5°N, we find the net northward heat transport to reduce by 37% (0.3 PW) by the end of 
the 21st century (Figure S5 in Supporting Information S1).

4. Discussion and Conclusions
Investigating the different circulation branches that combined make up the AMOC at 26.5°N in CMIP6 models, 
we have diagnosed future North Atlantic circulation change under continued high-emissions. We find that all 
three components—the Gulf Stream, the DWBC, and the gyre recirculation—weaken over the 21st century. As 
the weakening gyre recirculation reflects changes in the surface wind stress, this implies that parts of the Gulf 
Stream weakening is due to changes in atmospheric circulation. We find that 33% of the Gulf Stream weakening 
in CMIP6 models is caused by changes in the wind stress curl (Figure 2b), with the remaining fractional Gulf 
Stream weakening compensating for reduced DWBC transport. The Gulf Stream weakening at 26.5°N identified 
here (29% reduction) is larger than what was reported by Sen Gupta et al. (2021) based on CMIP5 and CMIP6 
models (15% reduction in 2050–2100 relative to 1900–2000). We note, however, that differences in the Gulf 
Stream definition and reference period will give somewhat different fractional reductions.

A weakening DWBC (47%; first vs. last decade of ssp585) is consistent with reduced NADW formation rates as a 
result of changes in high latitude buoyancy fluxes (e.g., Levang & Schmitt, 2020; Maroon et al., 2018). Based on 
CMIP5 models, Beadling et al. (2018) find a 28% weakening of the net deep ocean transport, that is, not just the 
DWBC, at 26.5°N (first vs. last 20-years of RCP8.5). Using an equivalent deep ocean transport definition as that 
in Beadling et al. (2018), we find a 38% multi-model mean weakening (first vs. last 20-years of ssp585) which is 
still notably higher than for the CMIP5 models.

Our analysis shows the AMOC strength to scale with the DWBC strength with an approximate linear relationship 
across and between the different CMIP6 models, confirming a model-independent proxy relationship between 
the two under projected climate change (Figure 3b). Such a relationship between the AMOC strength and DWBC 
strength likely is, however, somewhat stronger in CMIP6 simulations than in nature because of the limited deep 
recirculation in the models.

Several processes important for the AMOC, such as dense water overflows (Heuzé & Årthun, 2019), deep convec-
tion (Heuzé, 2021), transport of freshwater (Swingedouw et al., 2022), and position of the Gulf Stream and North 
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Atlantic Current (Sein et al., 2018), are not necessarily well represented in coarse resolution climate models. 
While these caveats somewhat limit the confidence in the projections of future North Atlantic circulation, the 
models are still invaluable for understanding dynamical relationships between different circulation components 
under external forcing. The one model with higher nominal resolution (MPI-ESM1-2-HR; 0.4° × 0.4°) does not 
show notably different temporal evolution than the other models, suggesting that the results are not particularly 
sensitive to resolution.

The projected slowdown of ocean circulation and the associated reduction in northward heat transport detailed 
in this study could have global and regional climatic implications (Bellomo et al., 2021; Jackson et al., 2015; Liu 
et al., 2020). A weaker Gulf Stream is, for example, dynamically linked to sea level rise along the U.S. East Coast 
increasing the risk for flooding events (Ezer et al., 2013). While there is considerable inter-model spread in the 
projected weakening, none of the models show a collapse in any of the circulation branches. We find that the 
Gulf Stream, reflecting both the gyre circulation and the overturning circulation, to a larger extent is maintained 

Figure 4. Time evolution of the western boundary currents' properties. Multi-model mean potential temperature, salinity, potential density for 12 models under ssp585 
with interquartile range in shadings. The properties have been averaged over the Gulf Stream and DWBC cores prior to taking the multi-model mean.
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by winds in the future (Figure S6 in Supporting Information S1) ensuring a level of robustness to the circulation 
system.

Data Availability Statement
The CMIP6 models used in this study are listed in Table S1 in Supporting Information S1. The CMIP6 data 
can be downloaded from the Earth System Grid Federation (ESGF) at https://esgf-node.llnl.gov/projects/cmip6/. 
The RAPID-MOCHA-WBTS observational data (Moat et  al.,  2022) is available at https://doi.org/10.5285/
e91b10af-6f0a-7fa7-e053-6c86abc05a09.
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