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            Abstract
Decadal variability is a notable feature of the Atlantic Ocean and the climate of the regions it influences. Prominently, this is manifested in the Atlantic Multidecadal Oscillation (AMO) in sea surface temperatures. Positive (negative) phases of the AMO coincide with warmer (colder) North Atlantic sea surface temperatures. The AMO is linked with decadal climate fluctuations, such as Indian and Sahel rainfall1, European summer precipitation2, Atlantic hurricanes3 and variations in global temperatures4. It is widely believed that ocean circulation drives the phase changes of the AMO by controlling ocean heat content5. However, there are no direct observations of ocean circulation of sufficient length to support this, leading to questions about whether the AMO is controlled from another source6. Here we provide observational evidence of the widely hypothesized link between ocean circulation and the AMO. We take a new approach, using sea level along the east coast of the United States to estimate ocean circulation on decadal timescales. We show that ocean circulation responds to the first mode of Atlantic atmospheric forcing, the North Atlantic Oscillation, through circulation changes between the subtropical and subpolar gyres—the intergyre region7. These circulation changes affect the decadal evolution of North Atlantic heat content and, consequently, the phases of the AMO. The Atlantic overturning circulation is declining8 and the AMO is moving to a negative phase. This may offer a brief respite from the persistent rise of global temperatures4, but in the coupled system we describe, there are compensating effects. In this case, the negative AMO is associated with a continued acceleration of sea-level rise along the northeast coast of the United States9,10.
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                    Figure 1: Dynamic sea level and circulation along the western Atlantic seaboard.[image: ]


Figure 2: Relating the sea-level circulation index to heat content changes.[image: ]


Figure 3: Sea-level circulation index, the NAO and the AMO on multi-decadal timescales.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Five million years of Antarctic Circumpolar Current strength variability
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Frank Lamy, Gisela Winckler, … Xiangyu Zhao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Warning of a forthcoming collapse of the Atlantic meridional overturning circulation
                                        
                                    

                                    
                                        Article
                                         Open access
                                         25 July 2023
                                    

                                

                                Peter Ditlevsen & Susanne Ditlevsen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Enhanced CO2 uptake of the coastal ocean is dominated by biological carbon fixation
                                        
                                    

                                    
                                        Article
                                         Open access
                                         22 March 2024
                                    

                                

                                Moritz Mathis, Fabrice Lacroix, … Corinna Schrum

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Zhang, R. & Delworth, T. L. Impact of Atlantic multidecadal oscillations on India/Sahel rainfall and Atlantic hurricanes. Geophys. Res. Lett. 34, L23708 (2006).
ADS 
    
                    Google Scholar 
                

	Sutton, R. T. & Dong, B. Atlantic Ocean influence on a shift in European climate in the 1990s. Nature Geosci. 5, 788–792 (2012).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Goldenberg, S. B., Landsea, C. W., Mestas-Nuñez, A. M. & Gray, W. M. The recent increase in Atlantic hurricane activity: causes and implications. Science 293, 474–479 (2001).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Chen, X. & Tung, K.-K. Varying planetary heat sink led to global-warming slowdown and acceleration. Science 345, 897–903 (2014).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Delworth, T. L. & Mann, M. E. Observed and simulated multidecadal variability in the Northern Hemisphere. Clim. Dyn. 16, 661–676 (2000).
Article 
    
                    Google Scholar 
                

	Booth, B. B., Dunstone, N. J., Halloran, P. R., Andrews, T. & Bellouin, N. Aerosols implicated as a prime driver of twentieth-century North Atlantic climate variability. Nature 484, 228–232 (2012).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Marshall, J., Johnson, H. & Goodman, J. A study of the interaction of the North Atlantic Oscillation with ocean circulation. J. Clim. 14, 1399–1421 (2001).
Article 
    ADS 
    
                    Google Scholar 
                

	Smeed, D. A. et al. Observed decline of the Atlantic Meridional Overturning Circulation 2004 to 2012. Ocean Science 10, 39–38 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Sallenger, A. H., Jr, Doran, K. S. & Howd, P. A. Hotspot of accelerated sea-level rise on the Atlantic coast of North America. Nature Clim. Change 2, 884–888 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Boon, J. D. Evidence of sea level acceleration at US and Canadian tide stations, Atlantic Coast, North America. J. Coast. Res. 28, 1437–1445 (2012).
Article 
    
                    Google Scholar 
                

	Meinen, C. S., Baringer, M. O. & Garcia, R. F. Florida Current transport variability: an analysis of annual and longer-period signals. Deep Sea Res. I 57, 835–846 (2010).
Article 
    
                    Google Scholar 
                

	Østerhus, S., Turrell, W. R., Jónsson, S. & Hansen, B. Measured volume, heat, and salt fluxes from the Atlantic to the Arctic Mediterranean. Geophys. Res. Lett. 32, L07603 (2005).
Article 
    ADS 
    
                    Google Scholar 
                

	McCarthy, G. D. et al. Measuring the Atlantic Meridional Overturning Circulation at 26°N. Prog. Oceanogr. 130, 91–111 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Montgomery, R. Fluctuations in monthly sea level on eastern US coast as related to dynamics of western North Atlantic Ocean. J. Mar. Res. 1, 165–185 (1938).
Article 
    
                    Google Scholar 
                

	Iselin, C. O. Preliminary report on long-period variations in the transport of the Gulf Stream system. Pap. Phys. Oceanogr. Meteorol. 3, 1–40 (1940).

                    Google Scholar 
                

	Sturges, W. & Hong, B. Wind forcing of the Atlantic thermocline along 32°N at low frequencies. J. Phys. Oceanogr. 25, 1706–1715 (1995).
Article 
    ADS 
    
                    Google Scholar 
                

	Wunsch, C. Mass and volume transport variability in an eddy-filled ocean. Nature Geosci. 1, 165–168 (2008).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kanzow, T. et al. Basinwide integrated volume transports in an eddy-filled ocean. J. Phys. Oceanogr. 39, 3091–3110 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Bingham, R. J. & Hughes, C. W. Signature of the Atlantic meridional overturning circulation in sea level along the east coast of North America. Geophys. Res. Lett. 36, L02603 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Yin, J., Schlesinger, M. E. & Stouffer, R. J. Model projections of rapid sea-level rise on the northeast coast of the United States. Nature Geosci. 2, 262–266 (2009).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Johns, W. E. et al. Continuous, array-based estimates of Atlantic Ocean heat transport at 26.5°N. J. Clim. 24, 2429–2449 (2011).
Article 
    ADS 
    
                    Google Scholar 
                

	Grist, J. P. et al. The roles of surface heat flux and ocean heat transport convergence in determining Atlantic Ocean temperature variability. Ocean Dyn. 60, 771–790 (2010).
Article 
    ADS 
    
                    Google Scholar 
                

	Thompson, P. & Mitchum, G. Coherent sea level variability on the North Atlantic western boundary. J. Geophys. Res. 119, 5676–5689 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Ezer, T. Sea level rise, spatially uneven and temporally unsteady: why the US east coast, the global tide gauge record and the global altimeter data show different trends. Geophys. Res. Lett. 40, 5439–5444 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Hodson, D. L., Robson, J. I. & Sutton, R. T. An anatomy of the cooling of the North Atlantic Ocean in the 1960s and 1970s. J. Clim. 27, 8229–8243 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Häkkinen, S. & Rhines, P. B. Decline of subpolar North Atlantic circulation during the 1990s. Science 304, 555–559 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Bryden, H. L., King, B. A., McCarthy, G. D. & McDonagh, E. L. Impact of a 30% reduction in Atlantic meridional overturning during 2009–2010. Ocean Sci. 10, 683–691 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Robson, J., Sutton, R., Lohmann, K., Smith, D. & Palmer, M. D. Causes of the rapid warming of the North Atlantic Ocean in the mid-1990s. J. Clim. 25, 4116–4134 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Gulev, S., Latif, M., Keenlyside, N. S. & Koltermann, K. North Atlantic Ocean control on surface heat flux at multidecadal timescale. Nature 499, 464–467 (2013).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Bretherton, C. S., Widmann, M., Dymnikov, V. P., Wallace, J. M. & Bladé, I. The effective number of spatial degrees of freedom of a time-varying field. J. Clim. 12, 1990–2009 (1999).
Article 
    ADS 
    
                    Google Scholar 
                

	Ebisuzaki, W. A method to estimate the statistical significance of a correlation when the data are serially correlated. J. Clim. 10, 2147–2153 (1997).
Article 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
G.D.M. and D.A.S. are supported by the UK Natural Environment Research Council (NERC) RAPID-WATCH programme. I.D.H. was partly supported by the UK NERC consortium project iGlass (NE/I009906/1). J.P.G. and J.J.-M.H. are supported by NERC National Capability funding.


Author information
Authors and Affiliations
	National Oceanography Centre, University of Southampton Waterfront Campus, European Way, Southampton, SO14 3ZH, UK
Gerard D. McCarthy, Joël J.-M. Hirschi, Jeremy P. Grist & David A. Smeed

	Ocean and Earth Science, National Oceanography Centre, University of Southampton Waterfront Campus, European Way, Southampton, SO14 3ZH, UK
Ivan D. Haigh


Authors	Gerard D. McCarthyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ivan D. HaighView author publications
You can also search for this author in
                        PubMed Google Scholar



	Joël J.-M. HirschiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jeremy P. GristView author publications
You can also search for this author in
                        PubMed Google Scholar



	David A. SmeedView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
G.D.M. originated and developed the concept. I.D.H. provided the tide gauge data analysis. J.P.G. and J.J.-M.H. provided the numerical model analysis. D.A.S. carried out the statistical analysis. All authors contributed to the shaping and production of the manuscript
Corresponding author
Correspondence to
                Gerard D. McCarthy.


Additional information
Comma-separated data used in the manuscript are available to download from http://bit.ly/1F7gtps.


Extended data figures and tables

Extended Data Figure 1 Tide gauges used in this study.
a, Locations and b, temporal coverage of the tide gauges used in this study.


Extended Data Figure 2 Dynamic sea-level anomalies from the 30 stations used in this study.
Linear trends were removed from each record. This removes the impact of glacial isostatic adjustment and other land subsidence effects, which have time periods of thousands of years and are known to affect tide gauges along this coastline. A seasonal cycle was removed using a 12-month boxcar filter. From 1920, there are multiple tide gauges both north and south of Cape Hatteras, so this is when we begin our study.


Extended Data Figure 3 Correlation of tide gauges along the US east coast relative to one another.
The dashed line indicates the location of Cape Hatteras. There is high correlation between tide gauges grouped north and south of Cape Hatteras.


Extended Data Figure 4 Surface velocity anomaly when the sea-level index is positive.
a, Magnitude (m s−1) and b, zonally integrated meridional velocity anomalies (103 m2 s−1) for the time period 1993 to 2011, corresponding to when (c) the sea-level index is positive. A positive sea-level index is associated with a more northerly circulation in the intergyre region and increased surface flow into the subpolar gyre. Velocities are geostrophic surface velocities derived from satellite altimetry.


Extended Data Figure 5 Model-derived surface velocity anomaly magnitude when the model-based sea-level index is positive.
Similar to observed velocities, positive indices are associated with more northerly circulation in the intergyre region. a, Surface velocity magnitude (m s−1) and b, percentage of meridional heat transport change (%) for the time period 1958 to 2001, corresponding to when (c) the model-derived sea-level index is positive. Similar to the satellite observations, a positive sea-level index is associated with a more northerly circulation in the intergyre region. Meridional heat transport change in both subtropical and subpolar gyres is positive when the sea-level index is positive.


Extended Data Figure 6 Model-derived sea-level index, heat transport and subpolar heat content.
The accumulated sea-level index (Acc. SL diff, blue, in mm months) leads the accumulated heat transport into the subpolar gyre across 40° N (Acc. HT40N, black, normalized units). The heat transport into the subpolar gyre dominates the top 500 m temperature anomaly (Subpolar HCA, green, °C) in the subpolar gyre.


Extended Data Figure 7 Relationship between sea-level index and the NAO.
a, 7-year sea-level difference (blue, cm) and 7-year NAO (green, normalized units). b, Lagged correlations between the two quantities. c, Scrambled correlation tests. The histogram indicates the typical correlations that would be expected from randomly generated timeseries with similar spectral properties to the original timeseries. The red line indicates the maximum correlation between the two timeseries.


Extended Data Figure 8 Relationship between sea-level index and the rate of change of the AMO.
a, 7-year sea-level difference (blue) and rate of change of the AMO (green). b, Lagged correlations between the two quantities. c, Scrambled correlation tests. The histogram indicates the typical correlations that would be expected from randomly generated timeseries with similar spectral properties to the original timeseries. The red line indicates the maximum correlation between the two timeseries.


Extended Data Table 1 Sea level, NAO and rates of change of the AMO statisticsFull size table


Extended Data Table 2 Sub-sampled statisticsFull size table
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        Editorial Summary
Ocean's influence on climate (McCarthy MW)
The Atlantic Multidecadal Oscillation (AMO), a cyclic variation in North Atlantic sea surface temperatures, strongly influences European climate and is thought to be influenced by ocean circulation. Gerard McCarthy and colleagues now provide observational evidence that this is indeed the case. They find that ocean circulation — as indicated by differences in sea-level rise between areas to the north and south of Cape Hatteras on the east coast of the United States — responds to atmospheric drivers from the North Atlantic Oscillation, and in turn influences the AMO. In this way, ocean circulation acts as the intermediary between atmospheric and ocean oscillations.
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