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Abstract 13 

The northern North Atlantic Ocean and its adjacent shelf seas, are influenced by several 14 

large-scale physical processes which can be described by various climate indices. Although 15 

the signal of these indices on the upper ocean has been investigated, the potential effects on 16 

vulnerable benthic ecosystems remains unknown. In this study, we examine the relationship 17 

between pertinent climate indices and bottom conditions across the northern North Atlantic 18 

region for the first time. Changes are assessed using a composite approach over a 50 year 19 

period. We use an objectively-analysed observational dataset to investigate changes in bottom 20 

salinity and potential temperature, and output from a high-resolution ocean model to examine 21 

changes in bottom kinetic energy. Statistically significant, and spatially coherent, changes in 22 

bottom potential temperature and salinity are seen for the North Atlantic Oscillation (NAO), 23 

Atlantic Meridional Overturning Circulation (AMOC), Atlantic Multi-decadal Oscillation 24 

(AMO) and Subpolar Gyre (SPG); with statistically significant changes in bottom kinetic 25 

energy seen in the subpolar boundary currents for the NAO and AMOC. As the climate 26 

indices have multi-annual timescales, changes in bottom conditions may persist for several 27 

years exposing sessile benthic ecosystems to sustained changes. Variations in baseline 28 

conditions will also alter the likelihood of extreme events such as marine heatwaves, and will 29 

modify any longer-term trends. A thorough understanding of natural variability and its effect 30 

on benthic conditions is thus essential for the evaluation of future scenarios and management 31 

frameworks.  32 
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possible inter-dependencies, we follow many previous studies (e.g. Häkkinen et al., 2011; 67 

Hurrell, 1995; Tulloch and Marshall, 2012; Yeager, 2015) and consider an index individually. 68 

This enables us to interpret our results in the context of other research, and investigate if any 69 

indices produce similar patterns of variability. 70 

 71 

2.1 North Atlantic Oscillation (NAO) 72 

The NAO is an atmospheric pressure index that influences the position and strength of 73 

westerly winds (e.g. Hurrell, 1995) and has several effects on the North Atlantic ocean. Sea 74 

surface temperatures show a tripole pattern; during a positive NAO: cooler temperatures are 75 

seen south of our study area in the tropical Atlantic, warmer temperatures are observed in the 76 

Gulf Stream region in the western Atlantic south of ~45 °N, and cooler temperatures are seen 77 

in the main subpolar region centred about Greenland (e.g. Marshall et al., 2001). A further 78 

area of warmer temperatures, during a positive NAO, is observed on the western European 79 

Shelf extending to the oceanic regions immediately west of the UK and Norway (Visbeck et 80 

al., 2013). The NAO also effects the intensity of convection in the Labrador and Nordic Seas, 81 

which, along with changes in upper waters, determines the properties of intermediate and 82 

deep water masses in those basins (Dickson et al., 1996). A positive NAO is associated with 83 

cooler and fresher Labrador Sea Water (e.g. Yashayaev, 2007). This signature is spread 84 

through the subpolar gyre along the Labrador Sea Water pathways, although transit times to 85 

the eastern basins are in the order of five-ten years (Yashayaev et al., 2007a; Yashayaev et 86 

al., 2007b). In contrast, deep waters in the Greenland Sea are warmer and more saline during 87 

a high NAO (Alekseev et al., 2001; Dickson et al., 1996). Finally, Iceland Scotland Overflow 88 

Water has a lower salinity during a high NAO (Sarafanov, 2009) with less vigorous flow 89 

(Boessenkool et al., 2007). No relationship between Denmark Strait Overflow Water 90 

salinities and the NAO is observed (Sarafanov, 2009). 91 

 92 

2.2 Atlantic Meridional Overturning Circulation (AMOC) 93 

The AMOC is a measure of the strength of the overturning circulation in the important North 94 

Atlantic region. This circulation involves the conversion of less dense upper waters to denser 95 

intermediate and deep waters, and comprises a northward flow in the upper water column 96 

balanced by a return flow at depth. The patterns in upper ocean properties have 97 

predominantly been investigated in models, with temperatures showing a dipole signal: 98 

during a strong AMOC, cooler temperatures are observed in the Gulf Stream region, and 99 

warmer temperatures in the subpolar North Atlantic (Tulloch and Marshall, 2012; Zhang, 100 
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 967 

Figure 1. Map of the northern North Atlantic region showing (a) bathymetric features 968 

referred to in the text, (b) the 14 case studies chosen to represent a range of Atlantic 969 

Vulnerable Marine Ecosystems and management regimes, and (c) a schematic of the 970 

circulation. See Table 1 for case study names. Black line in (a) shows the OSNAP-EAST 971 

section. Labelled bathymetry: DS: Davis Strait; GB: Grand Banks region; GSR: Greenland-972 

Scotland Ridge; IB: Iceland Basin; IP: Icelandic Plateau; IS: Irminger Sea; LS: Labrador 973 

Sea; MAR: Mid-Atlantic Ridge; MS: Mediterranean Sea; NS: North Sea; NoS: Nordic Seas; 974 

RR: Reykjanes Ridge; RP: Rockall-Hatton Plateau; RT: Rockall Trough. Contour levels are 975 

at 200 m, 2000 m and 3500 m denoting the continental shelves, maximum depth of ARGO 976 

floats, and abyssal areas. Labelled currents: DSOW: Denmark Strait Overflow Water; 977 

DWBC: Deep Western Boundary Current; ESC: European Slope Current; ISOW: Iceland 978 

Scotland Overflow Waters; LSW: Labrador Sea Water; MOW: Mediterranean Overflow 979 

Water; NAC: North Atlantic Current. 980 
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 981 

Figure 2. Time-series of climate indices pertinent to the northern North Atlantic region: (a) 982 

North Atlantic Oscillation (NAO), (b) Atlantic Meridional Overturning Circulation (AMOC) 983 

(black: EN4 time-series, grey: Viking20 time-series post-1993 only), (c) de-trended Atlantic 984 

Meridional Overturning Circulation from Viking20, (d) Atlantic Multi-decadal Oscillation 985 

(AMO), and (e) Subpolar Gyre (SPG). All time-series have been smoothed using a five-year 986 

Gaussian filter. Solid line shows the mean, and dashed lines ± standard deviation. (f) shows 987 

the high (red) and low (blue) periods for each index that are used in the composite analysis. 988 
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