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The World Ocean’s surface, particularly in the North Atlantic, has been heating up for decades. There was concern that the thermohaline circulation and essential climate variables, such as the temperature and salinity of seawater, could undergo substantial changes in response to this surface warming. The Atlantic Meridional Overturning Circulation (AMOC) has changed noticeably over the last centennial and possibly slowed down in recent decades. Therefore, concerns about the future of the North Atlantic Ocean climate are warranted. The key to understanding the North Atlantic current climate trajectory is to identify how the decadal climate responds to ongoing surface warming. This issue is addressed using in-situ data from the World Ocean Atlas covering 1955-1964 to 2005-2017 and from the SODA reanalysis project for the most recent decades of 1980-2019 as fingerprints of the North Atlantic three-dimensional circulation and AMOC’s dynamics. It is shown that although the entire North Atlantic is systematically warming, the climate trajectories in different sub-regions of the North Atlantic reveal radically different characteristics of regional decadal variability. There is also a slowdown of the thermohaline geostrophic circulation everywhere in the North Atlantic during the most recent decade. The warming trends in the subpolar North Atlantic lag behind the subtropical gyre and Nordic Seas warming by at least a decade. The climate and circulation in the North Atlantic remained robust from 1955-1994, with the last two decades (1995-2017) marked by a noticeable reduction in AMOC strength, which may be closely linked to changes in the geometry and strength of the Gulf Stream system.
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1 Introduction

The World Ocean and almost all its regions have been warming since the late 1960s, with a robust temperature rise in upper ocean heat content during that time, e.g (Kuhlbrodt et al., 2007; Levitus et al., 2012; Johnson and Lyman, 2020; Cheng et al., 2022). This indisputable fact implies that ocean currents also change in response to ongoing surface warming, e.g (Thorpe et al., 2001; Hu et al., 2004; Toggweiler and Russell, 2008; Johnson and Lyman, 2020). However, there is still no consensus about the strength or extent of these changes, especially in those assessed by climate models, e.g (Chen et al., 2019; Couldrey et al., 2023). Moreover, whether these changes are persistent and can be extrapolated into the foreseeable future or are at all predictable is still being determined. To meet this challenge, many eyes have been on the North Atlantic (NA)—one of the most potent drivers of the global ocean circulation and a great contributor to the Earth’s climate variability. Such an immense role of the NA is upheld by the most powerful ocean current system of the Northern Hemisphere—the Gulf Stream and its extensions comprising the upper arm of the Atlantic Meridional Overturning Circulation (AMOC), e.g (Kuhlbrodt et al., 2007; Saba et al., 2016; Bower et al., 2019; Zhang et al., 2019; Jackson et al., 2022); see comprehensive reviews of the NA research over decades and the AMOC functionality in (Lozier, 2012; Yashayaev et al., 2015; Buckley and Marshall, 2016; Frajka-Williams et al., 2019; Johnson et al., 2019; Jackson et al., 2022). There are clear indications that two intermingling processes comprise the recent decadal NA climate trajectory — a slow warming trend and multidecadal variability superimposed on that slow trend (Seidov et al., 2017). The conversion of warm and salty ocean waters transported to deep convection sites in high latitudes is responsible for the operation of the AMOC (Bower et al., 2019). Therefore, understanding the upper ocean’s circulation changes amid ongoing surface warming brings us closer to better grasping the overall ocean climate variability of the NA climate caused by upper-ocean warming. We approach the multidecadal variability of the NA ocean climate change and related variability of the AMOC by expanding our previous work reported in (Seidov et al., 2017) by adding salinity and density analyses to the sole temperature analysis. We also add a thermohaline circulation evaluation to illustrate thermohaline variability. Our main working hypothesis is that seawater temperature and salinity, and therefore density from long-term observations, can serve as fingerprints of the ocean circulation, including the AMOC changes over half a centennial time frame.

Many ocean parameters varying in time may be fingerprints of the ocean circulation and overall ocean climate change, e.g (Jackson and Wood, 2020). For example, sea surface temperature can be a fingerprint of the ocean circulation, e.g (Latif et al., 2004). The results of ocean models can be used to produce a fingerprint, for example, sea surface temperature emerging in a climate simulation model, e.g (Caesar et al., 2018), or combining sea surface elevations with subsurface hydrological observations, e.g (Zhang, 2008), or any combination of multiple observed or modeled ocean variables, e.g (Msadek et al., 2010; Mahajan et al., 2011; Zhu et al., 2023). According to (Jackson and Wood, 2020), a useful AMOC fingerprint should represent an aspect of the AMOC to monitor. The relationships between the variables selected as fingerprints and the AMOC should be understood physically, and these variables must be observable. The in-situ temperature, salinity, and density data covering the NA on a multidecadal time scale ideally satisfy those criteria because the ocean thermohaline circulation and, therefore, AMOC as one of its elements, are closely related. The circulation forms the thermohaline structure through heat and freshwater fluxes across the sea surface and wind stress, and in turn is shaped by the thermohaline structure via sea surface elevation and density gradients (Sarkisyan and Sündermann, 2009) (Gill, 1982; Pedlosky, 1996; Marshall and Plumb, 2007). Many authors have tried to predict the changes in the AMOC using selected fingerprints, e.g (Msadek et al., 2010; Mahajan et al., 2011), and most recently (Ditlevsen and Ditlevsen, 2023), who predict the collapse of the AMOC by the mid of 21st century. The goal of this study is to not predict future AMOC changes, but instead to diagnose the changes in temperature, salinity, and density as fingerprints of the NA circulation variability. Through this diagnosis we can try to assess the changes in the upper limb of this circulation to evaluate possible AMOC alterations over several decades.

The surface NA circulation is a complex pattern of warm and cold currents. A schematic view of the NA currents system, based on the general knowledge of ocean currents in the North Atlantic, e.g (Schmitz and McCartney, 1993; Rossby, 1999; Richardson, 2001; Reverdin et al., 2003), is shown in Figure 1. As Figure 1 implies, the major elements of the NA surface circulation are two large gyres—the anticyclonic subtropical gyre of warm and saline water and the cyclonic subpolar gyre of colder and somewhat fresher water. The warm subtropical surface waters move poleward, cool down, lose buoyancy, sink, and return southward in deeper layers, typically below one-kilometer depth. The Gulf Stream and its extensions—the North Atlantic Current and, further to the east, the North Atlantic Drift, comprise the warm poleward flow of the AMOC upper limb. After downwelling in the deepwater formation sites in the deep ocean, return flow, which forms the deep limb of the AMOC, completes the overturning loop in the NA. The AMOC has been intensely investigated in various studies, and a few review papers analyze and summarize those efforts, e.g (Lozier, 2012; Buckley and Marshall, 2016; Weijer et al., 2019; Zhang et al., 2019; Caínzos et al., 2022; Johnson et al., 2022).




Figure 1 | A scheme of the upper-layer circulation of the North Atlantic Ocean. Red – warm currents, blue – cold currents. White boxes 1 to 5 indicate five different areas of analysis where temperature, salinity, and current velocities presumably differ considerably. Comparative analysis of the averages of various variables in the entire NA and each box can shed additional light on how the NA climate system functions and help better understand how stable this system is as a whole and in its segments.



There are consensuses and differences in opinion on the AMOC’s dynamics and long-term variability. The uncertainties regarding the AMOC’s current state, recent changes, and its fate in the near and more distant future stem from the enormous complexity and strong variability on various time spans, from seasonal to multiyear, to centennial, and longer. In fact, the true 3-D version of the NA circulation on those time intervals with multiple interplaying factors, such as mesoscale eddies, ocean-atmosphere interactions, etc., is only attainable in eddy-resolving ocean circulation models, even better in coupled high-resolution climate models. A multitude of such modeling efforts addresses specifically the AMOC dynamics and variability, e.g (Cheng et al., 2013; Drijfhout, 2015; Zhu et al., 2015; Mecking et al., 2016; Sévellec and Fedorov, 2016; Chen et al., 2019; Megann et al., 2021; Lin et al., 2023), and many others. The Arctic Seas changes can also impact the AMOC functionality, e.g (Liu et al., 2019; Liu and Fedorov, 2022). Moreover, the feedbacks between the AMOC and the Arctic’s sea ice loss can be one of important feedbacks affecting the overall AMOC dynamics and thus NA ocean climate trajectory, i.e., the weekend AMOC can diminish recent sea ice loss (Liu et al., 2017; Lee and Liu, 2023).

The cited and other modeling efforts revealed many aspects of the AMOC functionality. They tried to hindcast and forecast AMOC’s variability and sensitivity to external sources, including the changes in atmospheric CO2, sea surface salinity changes, changes in freshwater exchange across the sea surface, etc. The results of the very first model of the global ocean circulation response to freshwater fluxes across the sea surface were reported in (Manabe and Stouffer, 1988), showing that there could be two stable equilibria in a coupled ocean-atmosphere model. Since then, there have been many research efforts using the modeling approach to reveal the global meridional circulation and, in particular, the AMOC response to the impacts of freshwater release into the ocean in the NA high latitudes, either by specifying variable or constant freshwater fluxes or employing the so-called “hosing” numerical experiments, with low salinity patches applied at seas surface, e.g (Rahmstorf, 1994; Manabe and Stouffer, 1995; Rahmstorf, 1995; Seidov et al., 2005; Stouffer et al., 2007).

According to the IPCC, 2021 report, there is a wide range of uncertainty regarding the strength and timing of the AMOC, stemming from the models and reanalyses, ranging from subtle changes to nearly complete collapse by the end of the 21st century (IPCC, 2021). The observations present a highly variable view of the current and future states of the AMOC. However, unlike the models, they suffer from uneven data distribution in both space and time. The analyses of such direct observations of some proxies vary significantly in their assessments of the AMOC changes over short and long periods of time. Most often cited direct measurements of the AMOC intensity were reported in (Bryden et al., 2005). Since then, many observations, in sync with some of the above-cited (Ditlevsen and Ditlevsen, 2023) model experiments, indicated that the AMOC began to slow down during the last two decades, presumably due to the continued warming of the ocean surface and, possibly, to the accompanying changes in the salinity of the upper layers of the ocean (Srokosz et al., 2012; Smeed et al., 2018; Rhein et al., 2019; Lin et al., 2023). However, the magnitude of these changes is still under dispute, e.g (Jackson et al., 2022).

While the recent AMOC slowdown is hard to deny, the suggestion that the NA circulation has changed dramatically or at least very significantly requires further examination, and the messages about the possible collapse of the AMOC, e.g (Behrens et al., 2013; Drijfhout, 2015), cannot be ignored. Moreover, a number of the NA-specific features, such as the NA warming hole (or cold blob), can most easily be explained by the AMOC weakening (Rahmstorf et al., 2015), albeit the complexity of this phenomenon calls for full three-dimensional analysis that would combine eddy-resolving modeling, direct observations, and reanalyzes studies. Liu and co-authors (Liu et al., 2020) also provide compelling arguments that the AMOC slowdown is the cause of the North Atlantic warming hole. The key to understanding the AMOC dynamics is having a better insight into how the upper limb of the AMOC operates, especially in its origin—the Gulf Stream and its extensions.

A recent study has shown that the Gulf Stream, the central part of the upper arm of the AMOC, has been remarkably resilient over the last five decades (Seidov et al., 2019b). Moreover, the warming of the North Atlantic Ocean is uneven in space and time (Zika et al., 2021). The most significant accumulation of heat is, at least partially, associated with the sinking of the subtropical mode water or eighteen-degree water (EDW) at the southeastern flank of the Gulf Stream, e.g (McCartney and Talley, 1982; Talley and Raymer, 1982; Bindoff and McDougall, 1994; Hanawa and Talley, 2001; Huang, 2015; Häkkinen et al., 2016; Seidov et al., 2019a; b). Substantial transformation of the ocean circulation would supposedly be attested to a structural altering of density gradients, a function of both temperature and salinity. Therefore, these changes should be seen in decadal climatologies, such as those in the latest edition of the World Ocean Atlas published in 2018, which we refer to as WOA18 (Boyer et al., 2018). Although decadal variability is present in WOA18, it cannot be easily seen in temperature, salinity, and density maps. Even in the most recent high-resolution ocean climatologies of the Northwestern Atlantic region (Seidov et al., 2022), which can be perceived as “eddy-resolving” in-situ climatologies (Seidov et al., 2019a), the decadal variability is noticeable but not excessive. Therefore, the climate shift in the NA can be better assessed and visualized as anomalies, i.e., by comparing two climates (Seidov et al., 2017) or as deviations from an averaged state of several decades.

Thus, we consider the changes in multiple essential ocean variables—temperature, salinity, density, and current velocities over 60+ years. We analyze the decadal variability of the entire NA and its sub-regions and refer to each decadal average as a “decadal ocean climate” or simply “ocean climate.” Decadal climates are then referenced to the “climate normal,” which defines the Earth System climate (see more details in the following section).

To address this predicament, we employed the global decadal climatic fields of temperature, salinity, and density from the WOA18 (Boyer et al., 2018) and extracted the values for the NA domain comprised by the boxes 1 to 5 in Figure 1 (data are available at WOA18). These climatologies cover six decades from 1955–1964 to 2005–2017 (the last “decade” contains 13 years of data instead of ten as in all other decades, but for convenience, we refer to it as a decade nonetheless). We also used climate reanalysis data on decadal wind stress and sea surface height (SSH) fields from the Simple Ocean Data Assimilation project (SODA version 3.4.2, http://www.soda.umd.edu) (Carton et al., 2018). Since the SSH data from SODA were unavailable before 1980, these data were used only for the last three decades—1985-1994, 1995-2004, and 2005-2017. Despite this reanalysis record being shorter than some other reanalysis products, we use the same SODA data for consistency with our previous analysis in (Seidov et al., 2017; Seidov et al., 2019a).




2 Research strategy and methods

The research strategy can be broadly perceived as three significant steps to disentangle the critical factors controlling the NA climate change in response to long-term surface warming. By focusing on the thermohaline circulation variability on decadal time scales, we isolate the thermohaline components and concentrate on its decadal change amid ongoing surface warming. Therefore, the first step is to explore the wind field’s variability. The decisive wind field characteristic for large-scale ocean circulation is the wind stress curl (WSC) rather than the wind stress (Gill, 1982). The WSC is responsible for the geometry and intensity of the wind-driven ocean circulation. In the crudest approximation, the two most essential elements of the North Atlantic currents system - the subtropical and subpolar gyres - correspond to the negative (anticyclonic) and positive (cyclonic) WSC over the sea surface, respectively.

The WSC over the entire NA is shown in Figure 2A where a straight line indicates the approximate position of the zero WCS value. The position on zero WCS is very stable over time, which is illustrated by Hofmuller diagrams in Figure 2B – the small north-south drift of the zero WCS position (60°W, 40°W, and 20°W) is evident and plotted at three different longitudes over the 1980-2019 period. The differences in WSC between the two decades of 2005-2017 and 1985-1994 are shown in Figure 2C. The WSC defines the upward or downward Ekman pumping areas—the upward or downward vertical velocities at the base of the Ekman mixed layer. The downward pumping occurs in regions with negative WSC, and the upward pumping (or suction) in areas with positive WSC. These compensating vertical water motions are due to the diversion or conversion within the Ekman’s layer caused by the wind stress-induced flows. The downward Ekman pumping occurs mainly within the subtropical (anticyclonic) gyre, while the upward pumping takes place within the subpolar (cyclonic) gyre (see Figure 1 for schematic reference). The two gyres are separated (approximately) by the line of WSC=0 (Figure 2A). The differences in WSC in Figure 2C delineate where the pumping, upward or downward, has increased or decreased over 30 a 30-year period from 1985 to 2017.




Figure 2 | The average annual wind stress curl (WSC) over 1980-2017 (A), and changes in the zonal averages for three sections of zero line of the WSC position (B). A straight line approximates the zero WSC position; the zonal averages of the WSC≈0 position is shown by dotted consecutive lines in (A). WSC differences between 2005-2017 and 1985-1994 (C). The WSC and its differences are in 10-7 N·m-3.



The sign and magnitude of the WSC determine the main NA ocean gyres. Digging deeper, the position of the zero line of WSC controls the change in the size and shape of the aforementioned gyres. Using SODA data, we calculated the average WSC over the 1980-2017 period (Figure 2A) and the change in the zonal averages for three sections of the zero WSC line position (Figure 2B). The zero WSC position is approximated by a straight line in Figure 2A; the intervals over which the zonal averages of the WSC≈0 positions were computed are shown by dotted consecutive lines in Figure 2A. The large-scale features of the WSC are like those in (Chelton et al., 2004) and dissect the NA diagonally from Florida to the British Isles.

As seen from Figure 2B, there is practically no long-term trend in the average position of the zero line of the WSC at different longitudes. This outcome supports our assumption that the geometry of the circulation gyres produced by the wind changed very little over a long period. Thus, we can ignore the wind component variability if we focus on ocean circulation changes driven by surface thermohaline transformations.

Ignoring the wind-induced velocities (i.e., Ekman transport) does not mean that the influence of the wind is absent in our analysis. We do not imply that wind stress is not essential for the thermohaline circulation. Quite the opposite, the WSC is paramount for structuring the thermohaline ocean circulation via Ekman pumping and westward intensification of the density fields. Without the wind stress forming and maintaining the major ocean gyres, the AMOC would have been completely shut down (Timmermann and Goosse, 2004). Here, we argue that the decadal variability of the WSC and its most critical element—the position of its zero line—has not changed substantially. Thus, we can focus exclusively on the long-term variability of the thermohaline circulation. However, although Ekman drift velocity is not directly included in our calculations, Figure 2C is critically important for understanding and interpreting the thermohaline circulation changes. The WSC plays a crucial role in the formation and sustaining of the ocean-wide circulation gyres and in local impacts of Ekman pumping on heaving or upwelling warm or cold water. Therefore, Ekman pumping is responsible for creating local density gradients driving thermohaline currents.

Moreover, our previous work found that the WSC is critically important for the local accumulation of the ocean heat (Seidov et al., 2019a). The changes in the intensity and location of Ekman pumping are essential for local distribution and redistribution of ocean heat content, as Figure 2C suggests. However, despite some oscillatory behavior, the overall position of the zero line of the WSC did not change over the last 60+ years, and therefore the geometry of the wind-induced ocean gyres remained stable, which justifies our decision to exclude the Ekman velocities and transport from analysis of the decadal-scale circulation changes.

The second step of our study is to assess temperature, salinity, and density decadal variations relative to defined climate normals for these variables in the entire NA and the selected five regions. The World Meteorological Organization defines the climate normals using 30-year periods, routinely called “climate normals” (WMO, 2018). According to this definition, the Earth’s climate and, therefore, the climate of the upper ocean layers is approximated by a thirty-year average of any climate-forming parameters in the ocean. For this study, these are temperature, salinity, and density. For further analysis of the NA within the geographical limits shown in Figure 1, we define the reference climate or “climate normal” as the average fields of temperature, salinity, and density over the three “middle” decades, i.e., the period of 1965-1994, with all decadal climatologies referenced to these climate normals to produce decadal anomalies. Using earlier and cooler decades for computing the climate normal allows us to emphasize the rapid changes that occurred during the most recent decades of 1995-2017. It should be noted that if we used a different climate normal, the anomalies would have changed, but the change in anomalies between each decade would remain relatively constant, and therefore choosing a different climate normal would not matter.

The third step contains the calculation of the current velocities for analyzing the decadal changes of the ocean circulation caused by the upper ocean warming. As was mentioned above, the geometry of WSC did not change significantly, and substantial changes in the upper arm of the AMOC can mostly be due to the significant alteration of current velocities induced by seawater density gradients. Therefore, we calculate only the geostrophic component of the horizontal velocity vector. The equations for computing the horizontal components of the geostrophic velocity are:

 

 

 

where u and v are the west and north-directed components of the velocity vector, respectively; p is the pressure; ρ is the density of seawater:  ;  kg·m-3;   is the Coriolis force, where Ω is the Earth’s angular rotation speed; Ω = 7.5 10-5s-1 and φ is latitude; g is the Earth’s gravitational acceleration g=9.8ms-1. In the numerical approximation of Equations (1) and (2) on a regular spherical grid  ; for a quarter-degree grid, the grid step along a meridian is δy=0.25°(2π/180°)R, i.e., δy≈ 27.8 km, where R is the Earth’s radius; R= 6378 km; depth z is counted downward from the undisturbed sea surface where z=0.

The pressure at any depth z can be computed using Equation (3):

 

where pz is the pressure at depth z, and p0 is the pressure at the undisturbed sea surface level, i.e., at z=0; if the SSH is denoted as ζ relative to z=0, then   (Sarkisyan and Sündermann, 2009). For the practical purposes, the second term in the right side of Equation (4) can be ignored because it does not contribute to the horizontal gradients of p in Equations (1) and (2), i.e., to use  , instead of  , instead of pz in those two equations. Thus, the only two variables needed for computing the geostrophic currents are the SSH, i.e., ζ (positive upward) relative to z=0 and the density of seawater [more details can be found, e.g., in (Sarkisyan, 1977; Gill, 1982; Sarkisyan and Sündermann, 2009)].

The water density fields are extracted from the WOA18. For the SSH or the elevation of the sea surface relative to the sea surface level z=0, there are two options for its determination. The first and simplest way is to use the so-called dynamic method for calculating velocities relative to a certain “zero-velocity surface” or depth of “no-motion” z=D, where the pressure gradients vanish, e.g (Fomin, 1964; Sarkisyan and Sündermann, 2009). This approach to obtaining surface pressure is the same as in calculating the ocean dynamic topography relative to the no-motion level, here chosen to reside at 1500 m; for more information on the dynamic topography calculations and the dynamic method in oceanography see, e.g (Fomin, 1964; Church et al., 2001; Sarkisyan and Sündermann, 2009). This surface, computed relative to a chosen depth of no-motion, D, gives the value of p0 in Equation (4), with the second term in the right side dropped:

 

where , here D=1500 m.

The second and more advanced way to calculate sea level pressure at z = 0 is to use the SSH values from the SODA reanalysis data, where p0 in Equation (5) s the pressure at an undisturbed sea level z=0, where ζT is the observed SSH from the SODA reanalysis. Due to the obvious constraints, such data have been available only for the last three decades, but the advantage is that no assumptions about a zero-motion surface in the deep ocean are required. In Equations (1) and (2), the pressure at the surface is either computed using the dynamic method ζD using Equation (5) or calculated using ζT, which is the SSH values extracted from the SODA dataset (see above).

The level of no-motion used in the dynamic method calculations does not mean there is no flow below z=D. Quite the opposite, the very nature of thermohaline overturning circulation presumes that the equator-to-poles flow of warm and salty water in the upper layers is compensated by a pole-to-equator return flow of cold and fresh water in deeper layers, e.g (Schmitz, 1995). The two flows comprise the thermohaline meridional overturning. The dynamic method assumes a return flow below the no-motion level. Although the method of computing velocities using observed sea surface elevation does not require a no-motion level, the main feature of thermohaline overturning remains intact, and there must be return flows from high to low latitudes.

The intensity of the ocean circulation can be estimated by analyzing the distribution of the specific kinetic energy (kinetic energy per volume of water; in the gridded field—per volume of a grid cell):

 

where KE is the specific kinetic energy of the geostrophic ocean currents calculated at any depth using Equations (1), (2), and (4). For convenience, in Equation (6) we refer to this specific kinetic energy simply as kinetic energy.

Finally, in addition to the three major steps outlined above, we computed the changes in the decadal northward and eastward oceanic water transport using the geostrophic currents in the upper 1500 m. The formulas for calculating the water transport across a latitudinal or meridional section are:

 

 

where QM and QL are the northward/eastward meridional/latitudinal water transports, respectively; in Equations (7) and (8) M1 and M2 are the western and eastern limits of a latitudinal section, and L1 and L2 are the southern and northern limits of a meridional section.

The current velocities play a supplemental and largely diagnostic role because either method of calculating the current velocities are somewhat flawed—the D velocities are far from what would be considered qualitative because of the “no-motion” level assumption that has no analogy in real ocean, while the T velocities, albeit more defendable, are still not what would be considered as a true diagnostic as, for example, in ocean diagnostic models, e.g (Holland and Hirschman, 1972; Sarkisyan, 1977; Mellor et al., 1982; Greatbatch et al., 1991; Sarkisyan and Sündermann, 2009). However, if the main concern is the changes in the circulation of the upper one thousand meters, i.e., the relative numbers, both methods can be used, although the D velocities can be calculated only where the ocean is deeper than 1,500 m. Given this disclaimer, our priorities focus on the thermohaline changes based on the data from WOA18. These changes reflect the circulation changes. The computed current velocities play a supportive role in illustrating those changes better.




3 Results and analysis

We excluded wind stress as a contributor to decadal changes in NA ocean circulation for our study on AMOC’s thermohaline component. Thus, we focused on temperature and salinity decadal variability and the changes in velocity generated by the variations in the density field (and in the alternative approach by the SSH variability). Using the SODA SSH implicitly includes both thermohaline and wind stress variability; it’s important to remember that the observed thermohaline fields from WOA18 already include the wind impact induced by Ekman pumping and advection via gradient and wind-induced currents.

The NA surface is getting noticeably warmer and saltier over the last 60 years (Table 1). Table 1 shows temperature and salinity for the entire NA and Box 1 (Gulf Stream system) for six decades at 50-m depth. The NA near-surface tendencies of both temperature and salinity in the Gulf Stream system (Box 1) and the entire NA are coherent (differences of thermal and salinity regimes in different boxed are discussed in more details further in the text).


Table 1 | Average decadal annual temperature (°C) and salinity and anomalies (vs 1965-1994 climate normals) taken from each 0.25-degree latitude-longitude cell over the Box 1 and the entire NA domain (80°W-20°E; 10°N-80°N) at 50-m depths along with decadal standard deviation (upper numbers) and yearly variance (lower numbers).



As an example, Figure 3 shows the annual climate normal field (1965-1994 average) in the NA and deviations from this normal for the 2005-2017 decade (i.e., values from 2005-2017 minus the 1965-1994 normal). Despite undeniable warming, salinization, and reduction in density of the upper-ocean layer, the deviations of the NA climate are not excessive. The largest deviations in temperature, found in the Gulf Stream region and in the Nordic Seas, are less than 1.5°C and salinity deviations, largely linked to temperature changes, are less than 0.3. The NA surface warms almost everywhere with corresponding density decreases (i.e., the water in the upper layer became warmer, saltier, and lighter). The question then becomes whether such changes lead to substantial variation in the circulation pattern, and whether the deeper layers followed the upper layer tendencies. Moreover, it is important to reveal climate changes in the sub-regions of the NA, and how severe and desynchronized those changes can be. The following analysis aims to show whether the NA ocean climate system has been resilient or fragile to the various changes it has experienced.




Figure 3 | Annual climate normals fields (1965-1994 averages) in the North Atlantic at 50m depth: (A) temperature, °C; (B) salinity; (C) density as σt=ρ-1000 (kg·m-3). Deviations from the climate normals: (D) temperature (°C); (E) salinity; (F) density (σt=ρ-1000; g·cm-3) for the decade 2005-2017 minus 1965-1994 normals.



To reduce the volume of temperature, salinity, density, and velocity arrays to analyze, we looked at only the upper 1500 m of the ocean and only at four depths—z=50, 200, 500, and 1000 m. As all profiles below 200 m vary quasi-linearly with depth, the velocity at the selected levels can well represent the averaged velocity within the layers enclosing those levels. By limiting the maximal depth of data analysis to 1000 m, we focus on verifying whether the AMOC is either slowing down or speeding up within its upper arm, which is critical for the overall diagnostics of the AMOC dynamics. Figure 3 shows our ocean climate normals (decadal averages over 1965-1994) for temperature (A), salinity (B), and density (C), and the anomalies of these variables in the decade of 2005-2017 relative to the climate normals (D, E, and F) at 50 m depth.

Figure 4 depicts the velocity vectors at 50 m depth for the decade of 1995-2004. The D-velocity (Figure 4A) is the velocity calculated using the dynamic method relative to the level of no-motion at D=1500 m, where D stands for dynamic method. Figure 4B shows the T-velocity, where the T stands for the “true” velocity obtained using the SSH from the SODA reanalysis. Both D and T calculations use the density from WOA18.




Figure 4 | Ocean currents annual velocity vectors (ms-1) and kinetic energy (J·10-6m-3) at 50 m depth for the decade of 1995-2004 calculated by different methods: (A) velocities calculated using the dynamic method relative to 1500 m reference depth; (B) velocities computed using SSH from SODA project; (C) kinetic energy calculated using the velocities obtained using the dynamic method; (D) kinetic energy calculated using the velocities obtained using the seas surface heights from the SODA project. The areas where the ocean is shallower than 1500 m are shown in (A, C) in light gray. Note that the D-velocity was calculated only for areas of the NA deeper than 1500 m; thus, the shelf’s shallow areas and the part of the slope shallower than that reference depth were excluded.



The T-velocity, in contrast, was calculated everywhere, including the shelf area deeper than 50 m. Hence different isobaths are shown in Figures 4C, D. Although noticeable differences exist, there is also a surprising similarity between the two velocity sets where they can be compared (i.e., everywhere the ocean is deeper than 1500 m). Figures 4C, D show kinetic energy at 50 m for the decade 1995-2004 calculated using the D-velocities (Figure 4A) and T-velocities (Figure 4B), respectively. Table 2 shows that, overall, the NA upper-layer circulation intensified from 1955-1964 to 1995-2004 (as revealed in the D-velocities) and then slowed down in the last decade of 2005-2017; SODA gives similar acceleration in 1985-2004 and then slowdowns in the last decade (as revealed in the T-velocity calculations).


Table 2 | Kinetic energy (J·10-6m-3) at z=50 m taken from each 0.25-degree latitude-longitude cell averaged over the entire NA domain for six decades computed using D- and T-velocities with standard deviation (upper numbers) and yearly variance (lower number); n shows how many points (cell numbers) were used for calculation of KE (fewer number for dynamic method).



To visualize the decadal variability in the NA (overall and in the five selected regions numbered 1 to 5 as shown in Figure 1), the average annual temperature, salinity, and density deviations from the established climate normal (1965-1994 period) are displayed as bar charts in Figure 5. The figure depicts averaged annual temperature values at 50 m, 200, 500, and 1000 m depth, while Figures 6 and 7 show salinity and density deviations, respectively.




Figure 5 | Decadal variability of the annual sea water temperature anomalies at the different depth relative to the climate normals (°C), i.e., the individual decades minus 1965-1994 climate normals: (A) in the entire North Atlantic; (B–F) in the selected boxes 1 through 5 shown in Figure 1. Vertical axis – temperature anomalies, °C; horizontal axis – decades.






Figure 6 | Decadal variability of the annual salinity anomalies at the different depth relative to the climate normals, i.e., the individual decades minus 1965–1994 climate normals: (A) in the entire North Atlantic; (B–F) in the selected boxes 1 through 5 shown in Figure 1. Vertical axis – salinity anomalies; horizontal axis – decades.






Figure 7 | Decadal variability of the annual density anomalies at the different depth relative to the climate normals, i.e., the individual decades minus 1965–1994 climate normals: (A) in the entire North Atlantic; (B–F) in the selected boxes 1 through 5 shown in Figure 1. Vertical axis – (σt=ρ-1000 kg s-1). Vertical axis – density anomalies; horizontal axis – decades.



In a preceding publication (Seidov et al., 2017), we discussed temperature and ocean heat content shifts in the NA in regions similarly approximated by the boxes in Figure 1. Here, the analysis of salinity and density is added to connect to possible causations of the suspected NA decadal circulation shifts. There is also an additional region embodying the Nordic Seas (Box 5) added, which may be important for the AMOC dynamics, e.g (Eldevik et al., 2009; Drange et al., 2013).

The plot in Figure 5A displays the temperature deviation from normals, which is the average temperature of the entire North Atlantic region. As per Figure 5A, the region has been experiencing a continuous temperature increase since 1965-1974. Additionally, Figure 6A indicates that the water in the region has also become saltier. It is important to note that for a given temperature, seawater tends to become denser when salinity increases. However, since density’s dependence is higher on temperature than salinity outside of the high latitudes (i.e., cold temperatures), the upper 1500 m in the NA is getting warmer and thus also becomes lighter (Figure 7A).

Although near-surface warming is more substantial than in deeper layers, the deep ocean is also warming, albeit much slower. However, these overall warming tendencies found in the NA are not experienced similarly by all subregions. Box 2 (Figure 5E; the eastern part of the subtropical gyre) and Box 5 (Figure 5F; Nordic Seas) reveal tendencies like those of Box 1 (Figure 5C; Gulf Stream). Box 3 (Figure 5B; Labrador Sea) and Box 4 (Figure 5D; the eastern part of the subpolar gyre dominated by the cold outflow from the Greenland Sea), experience radically different behavior. Box 1 demonstrates noticeably steep warming (Figure 5C) and salinization (Figure 6C) from 1965-1974. Boxes 2 and 5 and the entire NA have similar trends (Figures 5A, E, F, 6A, E, F). In the Labrador Sea, occupying most of Boxes 3 (Figure 5B), a warming trend did not begin until the 1985-1994 decade. The region within Box 4 (Figure 5D) is dominated by the cold East Greenland Current (EGC), East Greenland Coastal Current (EGCC), and Irminger Current. This region is only marginally impacted by the North Atlantic Drift in its most southeast part, east of the Reykjanes Ridge. Therefore, its thermal regime’s change resembles that of Box 3 (Figure 5B), to which Box 2 is connected via the cold West Greenland Current, a continuation of the outflow from the Greenland Sea. There is an essential difference between those two regions of the subpolar gyre—temperatures at the deeper layers in Box 4 (Figure 5D) began decreasing in the last decade (i.e., 2005-2017), while in Box 3 (Figure 5B) deep temperatures kept rising.

Despite the recent cooling of Box 4 (Figure 5D), Box 5 (Figure 5F, the Nordic Seas area) connected to Box 4 shows temperature changes most like Box 1 (Figure 5C, the Gulf Stream area) and Box 2 (Figure 5E, Azores Current area). We expect that it is due to the direct flow of the Gulf Stream water via the North Atlantic Drift through the southeastern part of Box 4 (Figure 5D) and the Azores Current (Box 2, Figure 5E). As was mentioned above, the northwestern part of Box 4 is mainly controlled by cold EGC and EGCC and the relatively cool Irminger Current (warm branch of the North Atlantic Drift mixing with EGC). Therefore, Box 4 reveals cooler trends than the subtropical gyre and the Nordic Seas, which are dominated by the warm Atlantic water inflow, e.g (Yashayaev and Seidov, 2015); see Figure 1. More detailed maps of surface currents in the Box 4 area can be viewed in (Sarafanov et al., 2012) and (Fontela et al., 2016). The southeastern part of Box 4 is the transit zone for the warm Atlantic water flowing toward the Nordic Seas.

It has recently been shown that the thermohaline and dynamic signal in the Azores Current correlates with the signal in the Gulf Stream with a lag of approximately two years (Frazão et al., 2022). This period is much shorter than the decadal averaging, which could explain the decadal similarity between Boxes 1 (Figure 5C) and 2 (Figure 5E). A similar connection exists between the Gulf Stream and the Norwegian Current where the warm Atlantic water enters the Nordic Seas (Yashayaev and Seidov, 2015). The early multidecadal cooling in Box 3 (Figure 5B), mostly occupied by the Labrador Sea, may be related to the cold currents flowing clockwise around Greenland. These cold currents, the EGC, EGCC, and the West Greenland Current, carry cold and fresh water from the Greenland Sea to the Labrador Sea. This may be the reason why there was cooling in the middle and western parts of the subpolar gyre when the remainder of the NA was warming.

We have already reported striking differences between climate change in the Gulf Stream and Labrador Current regions (Seidov et al., 2017). Still, our initial study lacked a combined temperature and salinity analysis. Salinity and density have quite similar tendencies in concert with temperature in all boxes (Figures 6, 7), though salinity changes primarily compensate (from a density perspective) for temperature changes. It agrees with model results showing that the NA warming is accompanied by an increase in salinity, e.g (Saba et al., 2016). Salinity in Boxes 3 and 4 (Figure 6B; Labrador Sea, and Figure 6D; Irminger Sea) is as different from the other three boxes as temperature. We argue that the radical difference between Boxes 3 and 4 and Boxes 1, 2, and 5 is because the subpolar gyre is dominated by upward Ekman pumping, bringing cold deep water to the surface, and because of the cold currents around Greenland, while Boxes 1 and 2 (the Gulf Stream and Azores currents areas) are comprised of the subtropical gyre and are dominated by downward Ekman pumping of the warm water. The line between the cold and fresh waters in Boxes 3 and 4 and warm and saline waters in Boxes 1 and 2 roughly follows the zero line of the WSC (Figure 2). The Nordic Seas (Box 5) is a standalone case because despite having upward Ekman pumping there, the Nordic Seas is overwhelmed by the Atlantic water inflow, and thus, in general, mimics Box 1 trend. The Atlantic Water intrusion into the Norwegian Sea also depends on the strength of those currents, and therefore, the changes in the Nordic Seas follow those in Boxes 1 and 2. There are lags in signal traveling across the Atlantic, but as discussed earlier, those lags are short (i.e., ~2 to 3 years) when compared to our decadal time scales (Frazão et al., 2022).

The salinization of seawater leads to density increase. However, because the temperature is high enough in the NA and all five boxes to govern the density, the latter followed temperature tendencies, and in the last two decades the ocean’s upper layers became noticeably lighter compared to the density normals (Figure 7). In three boxes (Boxes 1, 2, and 5) and the overall NA (Figures 7A, C, E, F), the density began decreasing concurrently with warming—from 1965-1974 and all the way up through 2005-2017. Decreasing of seawater density in Boxes 3 (Figure 7B) and 4 (Figure 7D) lagged the rest of the NA by two decades. Note that the salinity changes in the NA depend on both circulation and the hydrological cycle, i.e., evaporation minus precipitation over the NA. The NA intra-basin near-surface salinity contrast and intra-basin moisture transport are connected and may play an important role in maintaining the AMOC functionality (Reagan et al., 2018). However, we are not digging into this issue as it would further complicate our analysis and because the near surface in situ salinity already reflects the freshwater balance. What is important here, as Figures 6 and 7 imply, is that the near-surface salinity was reduced, but the near-surface density increased in Boxes 3 and 4 (Labrador and Irminger basins, respectively) between the 1975-1994 period because the near-surface temperature also decreased and overcompensated the near-surface freshening. Importantly, this densification of the new-surface water preceded the AMOC slowing in the last two decades.

Finally, to complete the analysis of the changes in the NA climate, water transports were computed across the vertical sections from the sea surface to 1500 m depth at 40°N (not shown) and 50°N (Figure 8). The transports were calculated using the D-velocity and T-velocity data (see Research Strategy and Methods). Figure 8 shows the northward water transport in the upper 1500 m in Sverdrups (1Sv=106 m3s-1). The northward water transport estimates are shown across the latitudinal section between the meridians 45°W and 20°W (Figure 8). The transports are estimated by integrating velocities at 50, 200, 500, and 1000 m from the sea surface to 1500 m using Equation 7. Since the T-velocities are from SODA, the earliest available decade for comparison to D-velocity transport is 1985-1994. The western edge of the sections is determined by the dynamic method calculation requiring the ocean depth to be greater than 1500 m. The portion of the latitudinal section at 50°N was selected in the area with predominant northward flows (see Figures 3A, B).




Figure 8 | Decadal variability of the water transports (Sv) within 0-1500 m layer across 50°N between 45°W – 20°W calculated by dynamic method (blue bars) and SODA (orange bars). Vertical axis – water transport (Sv); horizontal axis – decades.



The transports in Figure 8 are consistent with those found in other transport assessments (Buckley and Marshall, 2016). There is no systematic decrease of the northward transport across the selected sections of the flow between the 1955-1964 and 1995-2004 decades. However, there is a clear decline of transport since 1985-1994 and 2005-2017 in SODA reanalysis.

We also estimated the eastward decadal water transport within the upper 1500 m across the section within the Gulf Stream along the 65°W meridian and between 35°N-43°N parallels (Figure 9). Figure 9 shows the eastward transport across the Gulf Stream continuation before it splits into the Azores Current and, after turning north, the North Atlantic Current. The northward transport shown in Figure 8 correlates well with the kinetic energy in Box 1, as Figure 10 reveals (compare Figures 8, 10), with the correlation coefficients 0.775 for D- and 0.848 for T-velocities.




Figure 9 | Decadal variability of the water transports (Sv) within the upper 1500 m layer across 65°W between 35°N – 43°N calculated by dynamic method (blue bars) and SODA (orange bars). Vertical axis – water transport (Sv); horizontal axis – decades.






Figure 10 | Decadal variability of the kinetic energy in Box 1 is calculated by the dynamic method (blue bars) and SODA (orange bars). Vertical axis – kinetic energy (J·10-6m-3); horizontal axis – decades.



The meridional water transports [QM in Equation (7)], in both D-velocity and T-velocity cases, are of the same order of magnitude, with T-velocity transport decreasing from 1985-1994 to 2005-2017 from ~12 Sv to ~10 Sv (Figure 8), while the D-velocity transport slightly increases from 8 Sv in the early decade of 1955-1964 to 9 Sv in 1995-2004 and then decreasing to less than 8 Sv in 2005-2017. Note, although the pattern and, in some cases, the intensity of the D- and T-velocities are similar (Figures 8, 9), a direct comparison between the two should be avoided since the D-velocities are computed relative to the level of no motion and only where the ocean is deeper than the depth of that level (i.e., 1500 m).

In contrast to the D-velocities, the T-velocities are not constrained by the limits of the dynamic method and can be calculated for most of the NA (see Research Strategy and Methods). However, the tendencies of the water transports and kinetic energy in Figures 8 and 9 are coherent in most places where both D- and T-velocities are computed.

In both cases, there is a noticeable decrease in the northward transport of warm and salty Gulf Stream water to the subpolar gyre and further to the Nordic Seas. However, the rise and fall of this transport is not severe. On the contrary, the maximum difference between the high transports in 1985-1994 and the lowest in 2005-2017 is only 20% (in the data from SODA in Figure 8; the dynamic method gives even smaller changes). Noteworthy, however, is the fact that both methods yield a slowing down of the upper arm of the AMOC and confirm that the AMOC upper limb is controlled by the Gulf Stream, which was shown to be resilient to ongoing upper ocean warming (Seidov et al., 2019b, Seidov et al., 2021).

Figure 11 shows the differences in the specific kinetic energy (computed using the T velocities) between the decades of 2005-2017 and 1985-1994 at 50-m (a) and 200-m depths (b). At both depths, the kinetic energy maps suggest that there is a substantial decrease of KE in the transition zone (the zone of the confluence of the Gulf Stream and Labrador Current). Generally, the kinetic energy in the entire upper ocean of the NA increased until 1995-2004 (Figure 10; Table 2), with noticeable decreases afterward. The decrease in KE in the last decade relative to 1985-1994 happens almost everywhere in the subtropical gyre, but especially in the transition zone and along the line where the northward AMOC upper-ocean transport is both maximal and most vulnerable, confirms that the AMOC was slowing down in the recent decades.




Figure 11 | Differences of annual specific kinetic energy between 2005-2017 and 1985-1994 at (A) 50 m and (B) 200 m depths. Kinetic energy was calculated using T velocities; KE is in J·10-6m-3.






4 Discussion and conclusions

The results of quantifying the changes in ocean circulation, both in intensity and structure, confirm the conclusions from our previous work on the NA multidecadal variability and climate shift (Seidov et al., 2017). The ocean heat content in the cited publication in the four regions of the NA (approximately Boxes 1 through 4 in this study) and the temperature anomalies shown in Figure 5 look quite similar. The trends of salinity and density (Figures 6, 7), along with those of temperature, imply that the NA is split into two main parts—the Labrador Sea (Box 3), including the adjacent area of the western part of the subpolar gyre (northwestern part of Box 4), and the eastern part of the subpolar gyre (southeastern part of Box 4) coupled with the subtropical gyre (Boxes 1 and 2) and the Nordic Seas (Box 5) which is connected to Box 1 via the North Atlantic water intrusion into the Norwegian Sea (Yashayaev and Seidov, 2015).

We show that there are two climates—the western subpolar gyre climate, dominated by the cold currents (i.e., the EGC, EGCC, West Greenland, and Labrador currents), and the subtropical gyre climate, dominated by the Gulf Stream, North Atlantic Drift, and Azores currents. Furthermore, the Nordic Seas also exhibits similar variability as the subtropical gyre climate which may be explained by being directly connected to the subtropical gyre via the Norwegian Current.

It is also clear that the zero line of the WSC roughly separates these two climates approximated by a straight line in Figure 2, dissecting the two climates along a line generally following the water flow stemming from the Gulf Stream and continuing toward the British Isles as the North Atlantic Current and further as the North Atlantic Drift. As we previously argued (Seidov et al., 2019a), the Ekman pumping is responsible for the Eighteen Degree Water (EDW) heaving and thus accumulating disproportionally large amounts of OHC southeast of the Gulf Stream. It is argued to be the main stabilizing factor in the Gulf Stream resilience over multiple decades (Seidov et al., 2019b).

We also conclude that because the WSC did not significantly change structurally (Figure 2B), the only cause of the thermohaline circulation variability is the increase or decrease in density gradients maintained by the currents and Ekman pumping (Figure 2C). Density has continuously decreased in the subtropical gyre and the Nordic Seas since 1965-1974. Temperature and density changes in the subtropical gyre dominate the entire NA amid the different climate trajectories of the subpolar gyre (roughly separated from the subtropical gyre by the line of zero WSC, as shown in Figure 2). Based on previous findings (Seidov et al., 2017; Seidov et al., 2019b; Frazão et al., 2022), we argue that the Gulf Stream and its continuation dominates the climate of the subtropical gyre, the eastern part of the subpolar gyre, and the Nordic Seas (Yashayaev and Seidov, 2015).

However, the NA circulation and the Gulf Stream are resilient to the ongoing warming. First, the path of the Gulf Stream jet is a very stable (Seidov et al., 2019b) possessing a feature that can be characterized as a “stiffness” (Rossby, 1999; Rossby et al., 2014). Second, the Gulf Stream resilience is also due to the dampening effect of the EDW heaving and ocean heat content accumulation trapping within the EDW bowl (Seidov et al., 2019b). However, it was noticed that the amplitude of the latitudinal spread of the Gulf Stream Cold Wall annual position increased in the most recent decade of 2005-2017 without any significant deviation of the corresponding decadally averaged Gulf Stream pathway (Seidov et al., 2019b). This can be an additional factor of rather moderate variability of the water transport in the Gulf Stream extension (in the meridional section across 65°W) displayed in Figure 9.

The mild alteration of the flow patterns and intensity over the past six decades also demonstrates the overall resilience of the NA climate. The water transport and kinetic energy across the 50°N section reveal a definitive slowdown of the AMOC in the last decade and perhaps even since the late 1990s. Nonetheless, none of the climate parameters—temperature, salinity, density, transports, or kinetic energy differences between the decades suggest dramatic changes in the NA climate over the past 60 years. The only dissonances between AMOC changes and temperature (salinity, density) are: (i) the evident slowdown of the upper arm of the AMOC manifested in weakening the northward water transport within the upper 1500 m across 50°N in the last decade and (ii) continued warming everywhere in the NA, except the western part of the subpolar gyre. Therefore, echoing the recent discussion in (Seidov et al., 2021), we can argue that there is an indication that the current situation may not be entirely indicative of what the future may hold.

The results showing the Gulf Stream resilience do not imply that the situation will continue to be stable in the future. Indeed, in (Seidov et al., 2019b), we argued that the Gulf Stream’s influence over the AMOC on the decadal and longer timescales may stem from (a) strong decadal variability of the Gulf Stream volume transport (and thus kinetic energy) within a stiff and resilient jet between 75°W and 50°W (some authors debates this possibility), (b) wandering of the Gulf Stream extension and North Atlantic Current east of 50°W, or (c) some combination of the two. At the time of the analysis reported in (Seidov et al., 2019b), verifying whether this hypothesis holds was not viable because we did not consider the variability of density and velocity within the Gulf Stream system and based our arguments solely on temperature records. Now we have much greater confidence in the hypothesis that a combination or synergy of those two factors—variability in the transport or kinetic energy and wandering of the Gulf Stream extension—does play a combined role in possible AMOC slowing, as Figure 11 suggests.

A word of caution is needed here regarding the future of the NA circulation and climate tied to the AMOC dynamics. The decade of 2005–2017 has undergone an unprecedented northward excursion of warm near-surface Gulf Stream water in summer (Seidov et al., 2021), which may signal that the resilience of the Gulf Stream system is wading. There is no clear sign that this behavior will persist, further accelerate, or noticeably diminish in the next decade and beyond. Scenarios with a very serious slowdown or even a total collapse of the AMOC, such as in (Boers, 2021; Ditlevsen and Ditlevsen, 2023) and a few other studies, cannot be completely dismissed.

There is another aspect of the state of resilience of the Gulf Stream system. The last decade witnessed an “abnormal” behavior of the Gulf Stream, which did not occur during the previous 50 years. It manifested in accelerated warming of the Slope Water over the past decade (Seidov et al., 2021). Based on our analysis of the AMOC fingerprints—temperature, salinity, and density of the upper 1500 m—we cannot yet be sure that the NA ocean climate will remain resilient if it drifts towards a warmer and lighter upper ocean state. It is also unclear if a slower upper arm of the AMOC state will ignite less resilient and more fragile modes of the NA ocean climate. We also cannot be sure that the trends of sea surface temperature and density continue toward much warmer and lighter surface ocean water for the foreseeable future. Whether they do or not, the AMOC’s fate remains unclear. However, our analysis implies that the current North Atlantic Ocean circulation and climate remain relatively stable amid observed surface warming and possibly related recent AMOC slowing.
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