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Abstract 35 

Decadal pulses within the lower-frequency Atlantic Multidecadal Oscillation (AMO) are a 36 

prominent but underappreciated AMO feature, representing decadal variability of the subpolar 37 

gyre (e.g., the 1970s Great Salinity Anomaly) and wielding notable influence on the hydroclimate 38 

of the African and American continents. Here we seek clues into their origin in the spatiotemporal 39 

development of the Gulf Stream’s (GS) meridional excursions and sectional detachments evident 40 

in the 1954-2012 record of ocean surface and subsurface salinity and temperature observations. 41 

The GS excursions are tracked via meridional displacement of the 15°C isotherm at 200m 42 

depth – the GS index – while AMO’s decadal pulses are targeted through the AMO-tendency 43 

which implicitly highlights the shorter timescales of the AMO index. We show the GS’s northward 44 

shift to be preceded by the positive phase of the low-frequency North Atlantic Oscillation (LF-45 

NAO), and followed by a positive AMO-tendency, by 1.25 and 2.5 years, respectively. The 46 

temporal phasing is such that the GS’s northward shift is nearly concurrent with the AMO’s cold 47 

decadal phase (cold, fresh subpolar gyre). Ocean-atmosphere processes that can initiate phase-48 

reversal of the gyre state are discussed, starting with reversal of the LF-NAO; leading to a 49 

mechanistic hypothesis for decadal fluctuations of the subpolar gyre.  50 

According to the hypothesis, the fluctuation timescale is set by the self-feedback of the LF-51 

NAO generated from its influence on SSTs in the seas around Greenland, and by the cross-basin 52 

transit of the GS’s detached eastern section; the latter produced by southward intrusion of subpolar 53 

water through the Newfoundland Basin, just prior to the GS’s northward shift in the western basin.54 
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1. Introduction 55 

The Gulf Stream system which includes the Gulf Stream (GS) and its northeastward 56 

extensions, the North Atlantic and Azores currents, is an essential component of the climate system 57 

as it transports heat and salinity from the Tropics into the middle and higher latitudes. The GS 58 

system is influenced by subtropical and subpolar gyre variability (Joyce et al. 2000; Chafik et al. 59 

2016), to which it also contributes. The leading modes of variability in the North Atlantic sector 60 

consists of an atmospheric mode with a characteristic meridional dipole structure in sea level 61 

pressure – the North Atlantic Oscillation (NAO; Hurrell 1995; Marshall et al. 2001), and an 62 

oceanic mode with a distinctive SST pattern – the Atlantic Multidecadal Oscillation (AMO; 63 

Enfield et al. 2001; Guan and Nigam 2009; Kavvada et al. 2013). The former represents 64 

atmospheric variability on subseasonal-to-decadal timescales (e.g., Marshall et al. 2001; Nigam 65 

2003) while the latter represents low-frequency SST variability, with striking decadal pulses (e.g., 66 

the Great Salinity Anomaly of the 1970s, Slonosky et al. 1997) embedded in a multidecadal 67 

oscillation (Fig. 1; see also Guan and Nigam 2009).  68 

The origin of multidecadal variability in North Atlantic SSTs (i.e., AMO) is being actively 69 

debated. The role of oceanic processes, especially heat transports through modulation of Atlantic 70 

Meridional Overturning Circulation (AMOC) – a long-standing mechanism (Delworth et al. 1993; 71 

Knight et al. 2005; Latif and Keenlyside 2011; McCarthy et al. 2015) – was recently challenged 72 

by analyses positing a role for the atmosphere via modulation of surface fluxes: aerosol-influenced 73 

radiative fluxes (e.g., Booth et al. 2012) and stochastic heat flux variations (Clement et al. 2015). 74 

Rejoinders from Zhang et al. (2013, 2016), Zhang (2017), O’Reilly et al. (2016), and Drews and 75 

Greatbatch (2016) underscore the role of ocean circulation in generating multidecadal variability, 76 

suggesting that AMO’s origin is far from settled. While insightful, this debate on the AMO’s origin 77 
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concerns the generation of SST variability on multidecadal timescales, and as such, not detracting 78 

from the present study which targets the AMO’s decadal timescale component.    79 

The decadal pulses embedded in the AMO are more than just intriguing: they exert strong 80 

influence on the hydroclimate of adjacent continents and on regional extreme weather. The AMO 81 

pulses have been linked to multi-year drought and wet episodes over the Great Plains in the 20th 82 

century (including the 1930s ‘Dust Bowl’ drought), with correlation of approximately −0.7 (Fig. 83 

2b in Nigam et al. 2011); to decadal fluctuations in Sahel rainfall (Nigam and Ruiz-Barradas 2016); 84 

and to the decadal variations in Atlantic tropical cyclone counts (Nigam and Guan 2011). AMO’s 85 

decadal pulses are thus fascinating, both with respect to their origin and influence mechanisms.   86 

A key goal of this analysis is to investigate the origin of decadal pulses manifest in the 87 

AMO, especially the potential role of the NAO and GS variability in their origin. Subsequent 88 

references to the NAO, as such, implicitly refer to its low-frequency component (LF-NAO) while 89 

those to the AMO refer to its high-frequency component, i.e., to the decadal pulses apparent in the 90 

less-smoothed versions of the AMO index (Fig. 1). The GS variability, in the form of meridional 91 

shifts of its north wall, is intrinsically on decadal timescales (cf. Fig. 1). It has been associated with 92 

the NAO (Taylor and Stephens 1998; Joyce et al. 2000; Frankignoul et al. 2001; De Coëtlogon et 93 

al. 2006; Kavvada 2014), with the northward shift linked to a colder, stronger subpolar gyre (Zhang 94 

2008; Joyce and Zhang 2010). The GS’s relationship with AMO’s decadal pulses has however not 95 

been investigated, notwithstanding its link with the subpolar gyre and with the variability of mode 96 

waters in the subtropical (Joyce et al. 2000) and subpolar (Chafik et al. 2016) basins.   97 

The low-frequency component of the NAO (LF-NAO) reflects links with North Atlantic 98 

decadal variability which originates in the tropical and extratropical basins including the inter-gyre 99 

region, propagates across, and which is often viewed as a response to atmospheric forcing and/or 100 

ocean dynamics (e.g., Deser and Blackmon 1993; Chang et al. 1997; Tanimoto and Xie 1999; 101 
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Ruiz-Barradas et al. 2000; Marshall et al. 2001; Sutton et al. 2001; Czaja et al. 2002; Guan and 102 

Nigam 2009; Deser et al. 2010; Buckley and Marshall 2016). Recent observational and modeling 103 

studies suggest that low-frequency variability of the NAO (Reintges et al. 2017; Alvarez-García 104 

et al. 2008) and, more generally, low-frequency variability in the North Atlantic (Delworth et al. 105 

2017; Buckley and Marshall 2016) arises from the modulation of heat transports by the AMOC 106 

(Zhang 2017). The scope for interaction between the NAO, GS’s meridional excursions, and the 107 

AMO is considerable in view of the spatial proximity/overlap of their key features in the North 108 

Atlantic basin, notwithstanding the separation of their canonical timescales. There is growing 109 

evidence that AMO’s SST anomalies can influence the NAO (Bjerknes 1964; Czaja and 110 

Frankignoul 2002; Rodwell and Folland 2002; Gulev et al. 2013; Peings and Magnusdottir 2016). 111 

Interestingly, the AMO-related winter height pattern resembles the NAO height anomalies 112 

(Kavvada et al. 2013), indicating an interaction pathway.  113 

The fulcrum in the reported analysis is the index describing the latitudinal position of the 114 

northern wall of the GS at 200m depth (a la Joyce et al. 2000). The analyzed datasets are briefly 115 

described in section 2. Lead-lag regressions on the GS index reveal the surface and subsurface 116 

evolution structure of the GS excursions (section 3), while lead-lag correlations of the GS index 117 

with the LF-NAO and the AMO-tendency help characterize antecedence and subsequence vis-à-118 

vis AMO’s decadal pulses (section 4). Support for the identified links from the similarity of 119 

suitably lead-lagged SST and SLP regressions on these indices and a discussion of feedbacks are 120 

also presented in section 4. Concluding remarks with a discussion of the fluctuation timescale (i.e., 121 

a mechanistic hypothesis for decadal fluctuations of the subpolar gyre) follow in section 5.  122 

2. Datasets and Methods 123 

The Gulf Stream and the two regional modes of climate variability, NAO and AMO, are 124 

referenced through their indices. The GS index, which tracks the position of the Gulf Stream’s 125 
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northern wall, was obtained from EOF analysis of the 15°C isotherm location at 200m-depth at 126 

selected locations within the 75°-50°W and 33°-43°N region. The 15°C isotherm, positioned 127 

approximately midway in the meridional temperature gradient ribbon to the north of the Gulf 128 

Stream’s core, is a convenient marker for its northern ‘wall’ (Fuglister 1963; Joyce et al. 2000). 129 

The GS index was provided by T. Joyce (2014, personal communication) as a smoothed, 130 

standardized, seasonal-resolution index for the 1954-2012 period. The index (Fig. 1) exhibits 131 

variability on interannual, decadal, and multidecadal timescales. The NAO index is based on the 132 

difference of normalized monthly sea level pressure between Lisbon, Portugal and 133 

Stykkisholmur/Reykjavik, Iceland (Hurrell 1995); it depicts variability on subseasonal-to-decadal 134 

timescales, as noted earlier.  135 

The AMO is generally defined as the linearly-detrended, area-averaged SST anomaly in 136 

the northern Atlantic basin (75°-5°W, EQ-60°N), following Enfield et al. (2001). The NOAA 137 

AMO index (from NOAA’s Earth System Research Laboratory), based on this definition, is shown 138 

in Figure 1; both unsmoothed and smoothed versions are shown. Most literature references to the 139 

AMO are to its smoothed version (41-season running mean, RM41; dashed black line in Fig. 1, 140 

top panel) which highlights the multidecadal timescales – to the extent that this attribute is reflected 141 

in the name of this variability mode (Kerr 2000). This heavy smoothing (RM41) however 142 

suppresses, quite effectively, the robust decadal variability that is evident in the unsmoothed index 143 

(red-blue) and in the less-heavily smoothed index versions (e.g., solid black line). The prominence 144 

of decadal pulses in AMO variability, of which the Great Salinity Anomaly of the 1970s is one 145 

example, was first noted by Guan and Nigam (2009) who identified them from objective analysis 146 

of seasonal SST anomalies, focusing on both temporal and spatial recurrence (e.g., extended-EOF 147 

analysis). The resulting SST principal component linked with AMO variability (Fig. 1, top panel, 148 

solid red line) captures both its decadal and multidecadal components. The decadal pulses so 149 

http://www.esrl.noaa.gov/psd/data/timeseries/AMO/
http://www.esrl.noaa.gov/psd/data/timeseries/AMO/
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clearly manifest in NOAA’s unsmoothed AMO index and in the AMO SST principal component 150 

are the focus of this analysis, which seeks to understand their genesis and development. 151 

The atmospheric and oceanic fields analyzed in this study come from the UK Met Office’s 152 

Hadley Centre for Climate Science. The sea level pressure data (HadSLP2; Allan and Ansell 2006) 153 

is available at monthly resolution on a 5°×5° grid from 1850 to the present. Sea surface temperature 154 

data (HadISST, version 1.1; Rayner et al. 2003) is available at monthly resolution on a 1°×1° grid 155 

from 1870 to the present. Subsurface ocean temperatures and salinity are from the EN.4.2.0 quality 156 

controlled objective analyses (Good et al. 2013) that were bias-corrected using the climatological 157 

World Ocean Atlas 2009 (Levitus et al. 2009). Subsurface salinity and temperature, available on a 158 

1°x1° grid for the 1900-present period, are used to calculate vertically averaged salinity for the 5-159 

315m layer, and vertically integrated heat content for two layers: 5-315m (upper-ocean) and 315-160 

968m (deep-ocean); sea surface salinity (SSS) refers to the salinity at 5m depth.  161 

A 20-year mean dynamic topography from AVISO altimetry is used to characterize the 162 

mean position of the subpolar and subtropical gyres, and the Gulf Stream from the display of the 163 

−0.4m, 0.4m, and −0.1m topography contours, respectively. This product is distributed by AVISO, 164 

with support from CNES (http://www.aviso.altimetry.fr/duacs/). 165 

The reported analysis uses standard statistical tools such as lead-lag correlation and 166 

regression. Linear trend is evaluated using the least squares method. Seasonal data is analyzed and 167 

unless otherwise noted, the indices are linearly detrended and standardized for the common 1954-168 

2012 period, which is set by the availability of the GS index. The indices are smoothed, when 169 

noted, using the LOESS filter (Cleveland and Loader 1996) with a 15% span window (LOESS-170 

15; i.e., with the window span being 15% of the 1954-2012 period, or ~9 years) which suppresses 171 

subseasonal-to-interannual variability while retaining the important decadal fluctuations. 172 

Statistical significance of the regressions and correlations is assessed by a 2-tailed Student’s t test 173 

https://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html
http://www.aviso.altimetry.fr/duacs/
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at the 5% level using an effective sample size that accounts for serial correlation (Quenouille 174 

1952); the significant regressed anomalies are stippled. 175 

 LOESS-15 filtering makes decadal variability more prominent in the AMO index but the 176 

intrinsic multidecadal components of the index remain overwhelming (Fig. 1, top panel, solid 177 

black line). AMO’s decadal component (manifest in its decadal pulses) is thus ‘accessed’ in this 178 

analysis through the index-tendency, ∂(AMO)/∂t, which implicitly and conveniently highlights the 179 

higher frequencies, albeit with a temporal shift with respect to the AMO index, as shown in Figure 180 

2. The sensitivity of our findings to different ‘span window’ choices in LOESS filtering are noted.  181 

Smoothed Indices 182 

The linearly detrended, smoothed (LOESS-15), and normalized GS (black) and NAO 183 

(blue) indices are plotted in Figure 2. LOESS-15 filtering has little impact on the GS index which 184 

is dominated by decadal variability to begin with, but it is effective in NAO’s case, yielding what 185 

will, henceforth, be referred as the LF-NAO index. Also plotted is the tendency of the smoothed 186 

AMO index (AMOLOESS-15, the black line in Fig. 1), specifically ∂(AMOLOESS-15)/∂t, in red after 187 

normalization. The AMO-tendency shows robust decadal variability, attesting to the efficacy of 188 

the tendency measure in extracting the decadal component from the multidecadal dominant AMO 189 

index. One, of course, needs to be cognizant of the quadrature-delay between an oscillatory index 190 

and its tendency, with the tendency leading by a quarter-cycle – a phase difference that will need 191 

to be factored in evaluations of temporal lead-lag with respect to AMO’s decadal pulses.  192 

3. The Gulf Stream System 193 

The section begins with an overview of the bathymetric features in the subpolar basin and 194 

the regional atmospheric and oceanic circulations pertinent to the spatiotemporal development of 195 

Gulf Stream excursions (Fig. 3): Notable features include the Newfoundland Basin to the southeast 196 
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of the Grand Banks (GB), bounded on the east by the north-south oriented Mid-Atlantic Ridge 197 

(MAR); and the Charlie-Gibbs Fracture Zone (CGFZ), a MAR interruption generating east-west 198 

basin connectivity (with the northern ridge referred as Reykjanes Ridge). Relevant atmospheric 199 

and oceanic circulation features are marked in Figure 3 and discussed in its caption. The subpolar 200 

and subtropical gyres, identified from altimeter-based dynamic topography (plotted in Fig. 3), are 201 

marked on subsequent plots to provide tracking reference for GS evolution.  202 

A comprehensive thermohaline view of the meridional displacements of the GS on decadal 203 

timescales is presented in Figure 4, which shows the surface-subsurface regressions of temperature 204 

and salinity on the smoothed GS index over a 9-year period spanning the pre- and post-mature 205 

phase of GS excursions. The spatiotemporal development of the GS-related upper-ocean (5-315m) 206 

heat content and salinity anomalies (middle columns) is discussed prior to SST-evolution because 207 

the GS index is based on subsurface temperatures. Note that in the near-coastal sector (westward 208 

of 50°W) – the GS index definition longitudes – the GS is strongest and most northward displaced 209 

in the upper-ocean heat content anomalies at t=0, consistent with the location-sensitive GS index. 210 

Mechanics of the Subtropical – Subpolar Water Exchange    211 

The upper-ocean heat content and salinity evolution (Fig. 4, middle columns) shows the 212 

mature phase of the GS’s northward displacement in the near-coastal longitudes (t=0) to be 213 

accompanied by a cold, fresh subpolar gyre (as in AMO’s cold pulses, e.g., the Great Salinity 214 

Anomaly of the 1970s; Slonosky et al. 1997), with gyre water leaking southward through the 215 

Newfoundland Basin along the Grand Banks (~48°W), i.e., well to the west of the Mid-Atlantic 216 

Ridge. The leakage of subpolar water is also evident in the t=0 deep-ocean (315-958m) heat 217 

content regressions where it extends farther to the south. The leakage is, perhaps, stronger in the 218 

precursor phase (t−2 years) when it is prominently manifest in upper-ocean salinity but only 219 
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modestly in SST.1 This southward leakage apparently cuts off an eastern section of the GS – first 220 

evident in the t−2 upper-ocean regressions and then in the t=0 deep-ocean heat content. Similar 221 

results (not shown) are obtained with the Ishii data set (Ishii and Kimoto 2009). 222 

The GS is not longitudinally stiff during meridional excursions: The nascent phase (t−2 223 

years) regressions of heat content exhibit a pinched-off/pinched section from the intrusion of cold 224 

subpolar water (from the gyre’s western flank) into the Newfoundland Basin along the Grand 225 

Banks; the preceding (t−4 years) GS structure is however longitudinally coherent. The heat content 226 

regressions concurrent (t=0) with the northward displaced GS (middle row, last column) reveal a 227 

split-off of the eastern section of the GS (marked by an arrow), and additional leakage of subpolar 228 

water through the Mid-Atlantic Ridge interruption between Iceland and Azores (the Charlie-Gibbs 229 

Fracture Zone) which further splits the detached GS section into a northern and southern part 230 

(clearly manifest in the t=0 deep-ocean heat content; Fig. 4, middle-row, right column). The post-231 

mature phase (t+2 and t+4 years) consists of the northeastward displacement of the northern split 232 

section of the GS by means of the North Atlantic Current which rises along its southwest-to-233 

northeast trajectory (e.g., see Fig. 2 in Langehaug et al. 2012; Burkholder and Lozier 2011).2 The 234 

split section, located in the upper ocean after its transit, is, in part, entrained into the subpolar gyre 235 

from the eastern North Atlantic following the mean gyre circulation, leading to a warmer gyre at 236 

upper levels; the remaining anomaly continues into the Norwegian and Greenland Seas. The 237 

northeastward ascent of the North Atlantic Current apparently shields the deep levels of the 238 

subpolar gyre from intrusions of subtropical water as the northern split section of the GS rises 239 

during its cross-basin transit with the North Atlantic Current – the carrier current. The shielding 240 

                                                            
1 The leakage is not manifest in SST, perhaps, because of its direct exposure to the full spectrum of 

atmospheric variability via surface fluxes, and related modulation, including ‘reddening’ of the variability spectrum.  
 

2 The importance of the correct position of this current for generation of realistic Atlantic Multidecadal 
Variability in a climate model was recently noted (Drews and Greatbatch 2016). 



 Page 9 
 

of the subpolar gyre is indicated by the modest temporal variations of deep-ocean heat content in 241 

the gyre (Fig. 4, last column). The ascent of this carrier current can, perhaps, also account for the 242 

notable absence (presence) of the northern split section in the t=0 upper (deep) -ocean heat content, 243 

and its subsequent emergence in both upper- and deep-ocean heat content regressions.  244 

A comparison of the t−4 and t+4 deep-ocean heat-content regressions (Fig. 4, last column) 245 

shows striking evolution in GS structure – from an extended, coherent current with northeastward 246 

orientation at t−4 years to a retracted, zonally oriented, southward displaced current with a broken-247 

off eastern section at t+4 years, or a decade later. The dynamic heights of the oceanic gyres provide 248 

pertinent reference in tracking the movement of the GS anomalies into the subpolar North Atlantic. 249 

The heat content regressions in Figure 4 show that at t≤0, the warm anomaly in the upper-ocean 250 

heat content is positioned to the north of the mean current but the warm anomaly that detaches 251 

from the GS is located south of the North Atlantic Current (NAC). After GS’s northern 252 

displacement in the western sector (i.e., t>0), the detached anomaly is found to the north of the 253 

NAC along the mean absolute dynamic topography contour of the subpolar gyre. In the deep-ocean 254 

heat content regressions, however, the warm detached anomaly propagates along the NAC. 255 

Statistical Significance 256 

Statistical significance of the regressions is assessed using the method outlined in section 257 

2, with stippling denoting the significant anomalies in Figure 4. It is immediately apparent that 258 

while the upper- and deep-ocean heat content anomalies are extensively significant (and to a lesser 259 

extent, the upper-ocean salinity anomalies), the SST anomalies are not assessed to be such. The 260 

lack of statistical significance in surface regressions (e.g., SST’s) was neither unanticipated nor is 261 

it viewed as a setback for the analysis; in fact, it is its motivation. Such an outcome was anticipated 262 

because the ocean surface is exposed to myriad influences which can limit the significance of a 263 

weak but spatiotemporally coherent signal. The present analysis was designed to circumvent such 264 



 Page 10 
 

difficulties by exploiting the spatiotemporal coherence residing in the subsurface fields. Not only 265 

are pertinent subsurface fields chosen for regression, they are also used in constructing the GS 266 

index, a key North Atlantic index with intrinsic decadal variability.  267 

Influence of the Low-Frequency North Atlantic Oscillation     268 

It is noteworthy that the subpolar gyre is coldest and freshest in the upper layers (and 269 

surface) at t−2 years, i.e., prior to the GS’s northward displacement. This cold phase in the GS 270 

regressions, interestingly, is coincident with the LF-NAO’s peak positive phase (cf. Fig. 2, and 271 

Figs. 5-8, later). This NAO phase, as noted earlier, consists of below normal sea level pressure 272 

(SLP) around Iceland and above normal SLP around Azores (e.g., Nigam and Baxter 2015, Fig. 273 

4c; and Fig. 8, later), leading to a deeper Icelandic Low in winter and thus strengthened westerlies 274 

over the subpolar gyre and stronger northwesterlies (northeasterlies) along Greenland’s west (east) 275 

coast.3 The NAO influences the surface wind speed, and thus sensible and latent heat fluxes, 276 

vertical mixing, and upper-ocean temperature over the subpolar gyre (Deser et al. 2010, Fig. 1). 277 

Along the coasts, the LF-NAO-related winds modulate coastal upwelling, impacting SST (Fig. 4, 278 

first column, second row): Cold SSTs along Greenland’s west coast and warm SSTs off Baffin 279 

Island at t−2 years (LF-NAO’s peak positive phase) result from coastal upwelling and 280 

downwelling, respectively, induced by the LF-NAO northwesterlies; the warm SSTs along 281 

Greenland’s east coast arise from coastal downwelling generated by the LF-NAO northeasterlies. 282 

The coastally confined warm SSTs create the impression of a weakened East Greenland Current. 283 

SSTs can also change from ocean circulation and advection associated with the subpolar gyre, 284 

Gulf Stream, and the North Atlantic Current, all of which have been shown to be important in 285 

                                                            
3 A positive phase of the NAO is associated with northeasterlies (and not southwesterlies) along Greenland’s 

east coast because the closed low-SLP lobe of the NAO is centered over Iceland.   
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generating decadal timescale variability in the North Atlantic (e.g., Visbeck et al. 2003; Zhang 286 

2017) and for propagation of salinity anomalies (Dickson et al. 1998; Hátún et al. 2005).  287 

The coastal upwelling/downwelling origin of the SST anomalies around Greenland finds 288 

corroboration in related salinity, especially in the upper-ocean where the upwelling regions are 289 

fresher and the downwelling ones saltier (e.g., at t−2 years, Fig. 4), with the exception of the 290 

downwelling region east of Greenland where salty anomalies are not evident until t=0, and even 291 

then, weakly; reflecting salinity suppression from the sea ice melt induced by warm SST anomalies 292 

in the Greenland Sea. The spatiotemporal evolution of the warm, salty anomalies in the Baffin Bay 293 

and Davis Strait is interesting as there is some indication of southward movement at the surface/ 294 

subsurface, likely, from advection by the Baffin Island and Labrador currents, the latter of which 295 

strengthens during LF-NAO’s positive phase (Han et al. 2014).4 The southward descent of warm 296 

SST anomalies on both sides of Greenland but especially along the east (from Greenland Sea) into 297 

the northern flank of the subpolar gyre at t+2 years sets the stage for LF-NAO’s phase reversal, as 298 

argued later in context of the hypothesis advanced for decadal fluctuations of the subpolar gyre. 299 

Note, there is little evidence for southward propagation of salinity anomalies along Greenland’s 300 

east coast because of the compensation between the effects of downwelling and sea ice melt.  301 

To sum up, lead-lag regressions on the GS index show the decadal fluctuations in the GS’s 302 

meridional location (in the western basin) to be associated with coherent upper-ocean heat content 303 

and salinity variations in the subpolar and subtropical gyre regions. The subpolar gyre is cold and 304 

fresh during GS’s northward shift (as in AMO’s cold pulses) but not Baffin Bay and the Greenland 305 

and western Norwegian Seas. The GS’s northward displacement is preceded (by 1-2 years) by the 306 

LF-NAO’s positive phase, as conclusively shown in the next section. The seed for LF-NAO’s 307 

                                                            
4 Concurrent with the southward movement of warm, salty anomalies in the Baffin Bay and Davis Strait is 

the exit of cold water from the Labrador basin into the Grand Banks, from where it moves southward along the 
American coast while defining the GS’s northern boundary. 
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phase reversal – it is argued in subsequent sections – is sown by the LF-NAO itself, through its 308 

induced SST anomalies and their interaction with regional currents.  309 

4. The Gulf Stream’s Link with the LF-NAO and the AMO 310 

The Gulf Stream’s link with LF-NAO variability and the AMO decadal pulses is analyzed 311 

in this section. The tri-pole structure of the GS-related SST anomalies (Fig. 4, t=0) is reminiscent 312 

of the NAO SST anomalies (e.g., Marshall et al. 2001, Fig. 2a; Nigam 2003, Fig.6; Deser et al. 313 

2010, Fig. 1a), and to an extent, also of AMO’s negative phase SST anomalies, especially in the 314 

eastern half of the basin (e.g., Guan and Nigam 2009, Fig. 4c). A link between the GS and LF-315 

NAO, with the GS lagging by 0-2 years, has been noted before (Joyce et al. 2000; Taylor et al. 316 

2004; Hameed and Piontkovski 2004; Sanchez-Franks et al. 2016) but not the GS or LF-NAO’s 317 

association with the AMO’s decadal pulses.  318 

That the GS, LF-NAO, and AMO-tendency indices are related is visually apparent from 319 

their temporal distribution (Fig. 2): The LF-NAO is seen leading the GS index by 1-2 years in the 320 

swarm of decadal pulses beginning in the 1970s, while the AMO-tendency is found lagging the 321 

LF-NAO by ~4 years across the record. 322 

The dominant timescales implicit in the unsmoothed and smoothed indices is revealed from 323 

the autocorrelation structure of the GS and NAO indices (Fig. 5, top row). LOESS-15 smoothing 324 

evidently has limited impact on the GS index whose autocorrelation structure indicates a dominant 325 

timescale of 9-13 years; the range is estimated from twice the temporal distance between the e−1 326 

crossings (e−1 being a common decorrelation threshold) and zero-crossings of the autocorrelation. 327 

Autocorrelation of the NAO index, on the other hand, is very sensitive to smoothing, as anticipated. 328 

For characterization of the subpolar-subtropical water-exchange, the smoothed NAO index (LF-329 

NAO) with dominant timescales of 8-11 years is the one of interest. The autocorrelation structure 330 



 Page 13 
 

of the AMO-tendency reveals its dominant timescales to be 7-9 years, consistent with estimations 331 

of pulse duration in the raw and smoothed AMO indices (Fig. 1, top panel).    332 

Links between Indices 333 

A quantitative underpinning to the links between the indices is provided in the bottom panel 334 

of Figure 5 from computation of the cross-correlation at various lead-lags: Considering the entire 335 

record, and not just the four decadal pulses, the LF-NAO is found to lead GS variability by ~1.25 336 

years (5 seasons), and the AMO-tendency by 4 years; not surprisingly, GS leads the AMO-337 

tendency by ~2.5 years. The cross-correlations at these lead-lags, noted in the legend of Figure 5, 338 

are all greater than 0.6 and statistically significant; the critical values at the 95% level of 339 

significance between the smoothed, detrended indices at these lead-lags are: r(GS, LF-340 

NAO)=0.49, r(GS, AMO-tendency)=0.53, and  r(LF-NAO, AMO-tendency)=0.63. The critical 341 

value (rc) is obtained using the large-sample normal approximation: rc=2/[sqrt(df-|mlag|)], with df 342 

being the degrees of freedom, and mlag is the lead/lag at which the correlation is maximum.  343 

Assuming the AMO decadal pulses to be of 8-year duration (the central value of the above 344 

estimated 7-9 year timescale), a quadrature-cycle would be 2 years. This would result in the LF-345 

NAO and GS leading AMO’s decadal pulses by 6.0 and 4.5 years, respectively. The lead-lag 346 

relationships are relatively insensitive to the choice of window-span in LOESS filtering; for 347 

example, with LOESS-10% (20%) smoothing, LF-NAO’s lead over the GS is 1.0 (1.5) years. The 348 

lead-lag links suggest that LF-NAO’s peak positive phase – with low SLP over Iceland and a cold, 349 

fresh subpolar gyre – precedes the GS’s northward displacement by ~1.25 years, and that ~4.5 350 

years after this displacement, the subpolar gyre, Greenland Sea, and the eastern basin exhibit warm 351 

SST anomalies resembling aspects of the AMO’s middle-to-high latitude SST pattern. This cold-352 

to-warm phase transition of the subpolar gyre is, of course, effected by the subtropical-subpolar 353 

water exchange processes characterized in section 3.    354 
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The temporal lead-lags are schematically summarized in Figure 6 where the LF-NAO, 355 

GS’s meridional excursions, and AMO’s decadal pulses are represented as cyclical processes using 356 

circles (inner blue, middle black, and outer red, respectively), with radial lines marking the peak 357 

positive phase and the solid-to-dash change in circumference lines representing phase transitions. 358 

LF-NAO’s temporal lead over the other two processes – an orchestrator role – led to it being drawn 359 

as the inner circle – the driver of decadal fluctuations of the subpolar gyre.5 Such a leading role 360 

would, of course, warrant elucidation of the mechanisms that generate phase transition in LF-NAO 361 

(indicated by points A and C in Fig. 6); the elaborate figure caption has more details. A potential 362 

mechanism for the phase transition is discussed in section 5, using Figure 9. 363 

The next subsection seeks corroboration of the above-noted temporal phase relationships 364 

between the three indices in the lead-lagged fields of key ocean-atmosphere interface variables – 365 

one oceanic (SST) and one atmospheric (SLP).    366 

Spatiotemporal Development of Surface Anomalies   367 

Structural similarities in the ocean-atmosphere surface anomalies related to the LF-NAO, 368 

GS, and the AMO-tendency at various lead-lags are highlighted in support of the temporal lead-369 

lag relationships noted above. SST regressions on the three indices, each over a 7-year period, are 370 

shown first (Fig. 7) with time running downward, but with columns shifted vertically to reflect the 371 

lead-lag between indices; such shifting should facilitate recognition of similar spatial structure 372 

across the columns. The center column shows the GS-related SST development in view of the 373 

GS’s key role in linking antecedent LF-NAO variability (left column) with subsequent AMO-374 

tendency (right column); the GS-related SST development was shown earlier (Fig. 4, left column).  375 

                                                            
5 Although it would be difficult to tag any one process as the driver in a coupled oscillatory system, the LF-

NAO is tagged here to facilitate discussion of the process sequence.   
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The cross-column correspondence in SST regressions (Fig. 7) is notable, reflecting the 376 

significant lead-lag correlation (>0.6) amongst indices (Fig. 5, bottom panel): For example, in the 377 

row displaying simultaneous SST regressions on the GS index (3rd from the top), a warm Baffin 378 

Bay, cold subpolar gyre, warm Greenland Sea, northward displaced Gulf Stream, and a cooler 379 

eastern and tropical Atlantic are found in all three panels. The correspondence is however not 380 

always as extensive; for example, in the following row, the subtropical Atlantic is warm across the 381 

basin in only the last column, despite cross-column similarities elsewhere. Some lack of 382 

correspondence undoubtedly emerges from the use of a 3-year lag (and not 2.5 years, as estimated 383 

in Fig. 5, bottom panel) for the AMO-tendency vis-à-vis the GS index.  384 

The lead-lag relationships between the important modes of decadal variability in the North 385 

Atlantic – the LF-NAO, GS displacements, and the AMO decadal pulses – is buttressed from SLP 386 

regressions in Figure 8; select contours of the climatological winter SLP field are superposed in 387 

all panels for positional reference. The LF-NAO’s SLP regressions are strong in both t−1 and t+1 388 

years (not surprisingly, as these periods are closest to the mature phase, t=0, which is not shown), 389 

with the low off the southern tip of Greenland positioned close to the wintertime Icelandic low; 390 

the LF-NAO’s low is only ~1 hPa deep.6 The high SLP feature is centered northward of the Azores 391 

High, modestly shifting the climatological surface westerlies northward. The 7-year evolution 392 

displayed in Figure 8 does not fully cover a LF-NAO episode (of 8-11 year duration) but it does 393 

show, interestingly, that phase reversal is initiated in the Norwegian and Greenland Seas where 394 

the low-to-high SLP change in subpolar latitudes is first manifest, e.g., at t+3 years (4th row). The 395 

phase reversal is not fully resolved in the displayed LF-NAO regressions but it is in the GS ones, 396 

where it supports the assertion of the phase-reversal initiation in the Norwegian Sea.  397 

                                                            
6 SLP regressions on the monthly NAO index are ~ 7 hPa in the same region (e.g., Nigam 2003).  
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It is noteworthy that SLP anomalies over the subpolar gyre are not thermodynamically 398 

inferable from the underlying SST anomalies (from their influence on boundary layer temperature 399 

and hydrostatic balance), as evident from the overlap of cold SST and low SLP anomalies in the 400 

gyre region in the (t+1) LF-NAO regressions (Figs. 7-8). The influence, in fact, is often in the 401 

other direction, with the SLP anomalies and related surface winds and the wind-impacted surface 402 

fluxes influencing SST (e.g., Deser et al. 2010), leaving unanswered the question on how SLP 403 

variations over the subpolar gyre are generated. SLP here can, of course, readily vary from the 404 

displacement of the Atlantic storm tracks (and related feedback), i.e., from dynamical mechanisms, 405 

as discussed later in this section (see also Nigam and Chan 2009).   406 

The row containing simultaneous SLP regressions on the GS index (Fig. 8, 3rd from the 407 

top) exhibits striking cross-column correspondence over the subpolar and subtropical gyre and 408 

Norwegian Sea, as with SST regressions (Fig. 7). There is considerable cross-column similarity in 409 

the other rows as well, supporting the identified phase relationships amongst LF-NAO, GS 410 

displacements, and the AMO decadal pulses.  411 

LF-NAO’s Feedback  412 

The temporal lead-lag relationship (or phase-difference) among key processes generating 413 

decadal fluctuations of the subpolar gyre (i.e., AMO’s decadal pulses) are summarized in Figure 414 

6. The schematic is however silent on the feedback of the LF-NAO-influenced ocean state on the 415 

overlying atmosphere, particularly on LF-NAO’s evolution, including its phase change (e.g., point 416 

A in Fig. 6). Knowledge of this feedback would be essential for advancing understanding of the 417 

mechanisms generating gyre oscillations, especially in view of the LF-NAO’s temporal phase lead 418 

over other processes. The feedback on LF-NAO evolution is documented in Figure 9 which shows 419 

the latitude-height structure of the tropospheric zonal wind and temperature regressions on the LF-420 

NAO index, averaged over the Atlantic sector (60°W-0°). Consistent with the LF-NAO’s impact 421 



 Page 17 
 

on SST (Fig. 7, left column; e.g., at t+3 years), which consists of warm anomalies on either side 422 

of Greenland and along the northern flank of the subpolar gyre,7 ∂T/∂y is positive over the subpolar 423 

gyre, weakening the overlying westerlies from thermal wind balance. The temperature and wind 424 

regressions in Figure 9 (e.g., at t+3 years) indeed capture the development of positive ∂T/∂y and 425 

easterly wind anomalies over the gyre, with the development extending well into the upper 426 

troposphere. The resulting southward shift of the tropospheric jet (and storm tracks) is but a 427 

reflection of the LF-NAO phase transition (e.g., Peings and Magnusdottir 2016); feedback from 428 

storm track diabatic heating and transients on regional SLP (Hoskins and Valdes 1990) will 429 

contribute further to the build-up of the negative phase of the LF-NAO.  430 

The mechanisms by which warm SSTs in the seas around Greenland warm the overlying 431 

atmosphere were briefly examined, principally, through computation of the lead-lag regressions 432 

of the surface heat flux on the LF-NAO index. Although not shown, the flux regressions at t+3 433 

(and later) years were upward, supporting the warming of the regional lower troposphere at the 434 

expense of the underlying ocean surface temperatures; consistent with the surface-focused vertical 435 

structure of temperature regressions in Figure 9 (bottom panels). This is also broadly consistent 436 

with the findings of observational studies on how the influence of the midlatitude and subpolar 437 

Atlantic SST anomalies is conveyed aloft (e.g., Czaja and Frankignoul 2002; Czaja and Blunt 438 

2011), but especially Gastineau and Frankignoul (2015) who show how the AMO-related SST 439 

anomalies modify the strength of the atmospheric circulation through shifts of the baroclinic zone.  440 

 441 

                                                            
7 The warm SSTs consists of the ones in Baffin Bay that descend into the Labrador Sea and get entrained 

into the northwestern flank of the subpolar gyre. To the east, warm SSTs are present in the Greenland and Norwegian 
Seas with extensions into the Denmark Strait and Irminger Sea, and subsequent entrainment into the northern flank 
of the subpolar gyre. 
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5. Mechanistic Hypothesis and Concluding Remarks 442 

Decadal pulses are an integral and influential feature of the Atlantic Multidecadal 443 

Oscillation (AMO) whose common references focus on its multidecadal component, a 60-70 year 444 

oscillation in the North Atlantic basin-averaged SST. The decadal pulses are seldom recognized 445 

or studied as the basin-averaged SST anomaly – the AMO index – is customarily displayed after 446 

heavy smoothing which filters the pulses, e.g., NOAA’s widely referenced AMO Index (RM41, 447 

Fig. 1, dashed black line). The pulses are however evident in both raw (i.e., unsmoothed) and less-448 

smoothed index versions (Fig. 1, red-blue shading and black line, respectively), and also prominent 449 

in the AMO-related SST principal component (Fig. 1, solid red line; no smoothing applied) that 450 

was objectively extracted on the basis of spatial and temporal recurrence of seasonal SST 451 

anomalies (Guan and Nigam 2009). A series of decadal pulses (2-3, typically) populate each 452 

multidecadal phase of the AMO, indicating robustness of the constituent decadal variability.  453 

The origin of AMO’s decadal pulses, which represent decadal variability of the subpolar 454 

gyre, is sought in the spatiotemporal evolution of the modes of variability having footprints in the 455 

extratropical basin – one atmospheric (NAO; especially, its low-frequency component, LF-NAO) 456 

and one oceanic (Gulf Stream’s meridional excursions, captured by the subsurface temperature 457 

based GS index). AMO’s decadal pulses were ‘accessed’ in this analysis not by filtering the AMO 458 

index but through its tendency, ∂(AMO)/∂t. The tendency measure was effective in extracting the 459 

shorter timescales but, as expected, temporally shifted (quarter-cycle lead) with respect to the 460 

decadal pulses themselves. 461 

Lead-lag regressions of the observed surface/subsurface temperature and salinity (EN4.2.0 462 

ocean analysis) on the LF-NAO and GS index reveal the mechanics of the subtropical – subpolar 463 

water exchange. The exchange is initiated and orchestrated by the LF-NAO whose geographic 464 

reach is extensive – from subpolar to subtropical latitudes, and across continents and oceans in 465 
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longitude – leading to coordinated (but, often, unrelated) changes in the seas around Greenland 466 

(Baffin Bay, Davis Strait, Labrador Sea, Irminger Sea, and the Greenland and Norwegian Seas) 467 

and, of course, in the subpolar and subtropical gyres. The northern changes can be broadly 468 

characterized as being more surface-driven (sensible and latent heat flux, coastal upwelling, 469 

Ekman transports, and sea ice melt; e.g., Deser at al. 2010) while the southern ones are more 470 

influenced by ocean bathymetry (e.g., leakage of subpolar water through Newfoundland Basin and 471 

the Charlie-Gibbs Fracture Zone, and subsequent detachment of the Gulf Stream’s eastern section) 472 

and ocean circulation, especially the meridional excursions of the GS and the cross-basin transit 473 

of the GS’s detached eastern section via the North Atlantic Current. 474 

The temporal lead-lag relationship (or phase-difference) among key processes generating 475 

decadal fluctuations of the subpolar gyre (i.e., AMO’s decadal pulses) are summarized in Figure 476 

6. The feedback of the LF-NAO-influenced oceanic state on the atmosphere overlying the northern 477 

basin is documented through tropospheric temperature and zonal wind regressions in Figure 9. The 478 

feedback, effected by the heating of the lower troposphere by the underlying SSTs (as confirmed 479 

by examination of the sign of related surface heat flux regressions) and the thermal-wind related 480 

zonal jet displacement, is important for the phase transition of the LF-NAO, i.e., for its transit 481 

through point A in Figure 6. Estimating the feedback timescale along with the cross-basin transit 482 

time of the GS’s detached eastern section should advance understanding of the subpolar gyre 483 

oscillations mechanisms, especially in view of the LF-NAO’s temporal lead over other processes.  484 

Mechanistic Hypothesis  485 

An emergent view from this observational analysis of the upper-ocean thermal and salinity 486 

fields, especially from the temporally phased structures linked with key variabilities in the North 487 

Atlantic – Low-Frequency NAO and the Gulf Stream’s meridional excursions in the western basin 488 
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– is that decadal fluctuations of the subpolar gyre (representing AMO’s decadal pulses) can be 489 

generated from a phased process-sequence beginning, for instance, with  490 

• The positive phase of the LF-NAO, with below (above) normal SLP to the north (south). 491 

While the northern lobe is collocated with the Icelandic Low, the southern one is positioned 492 

northward of the Azores High (cf. Fig. 8). Ekman transports induced by the LF-NAO winds 493 

will perturb both gyres, moving the gyre boundary (or Gulf Stream) northward.  494 

• A perturbed (stronger) subpolar gyre concurrently leads to the detachment of the GS’s 495 

eastern section from the southward intrusion of subpolar water through the Newfoundland 496 

Basin (Fig. 4; red arrows); the detached section moves northeastward along the 497 

southeastern flank of the subpolar gyre. 498 

• The gyre fluctuation timescale is determined, in part, by the time taken by the GS’s 499 

detached eastern section to transit from the western basin (~50°W, ~40°N) to the eastern 500 

flank of the subpolar gyre (~30°W, ~50°N). The transit time is ~5 years [see Fig. 4, third 501 

column; from (t−2)/(t=0) to (t+4) years], leading to a gyre oscillation period of ~10 years 502 

– in accord with the dominant timescale of the AMO-tendency (7-9 years) and GS 503 

excursions (9-13 years). 504 

• The seed for LF-NAO’s phase reversal is sown, in large part, by the LF-NAO itself – 505 

through its impact on the SSTs around Greenland and their influence on tropospheric 506 

temperatures and thermal wind. This self-feedback of the LF-NAO, consequential given 507 

its temporal lead over other pertinent processes, also contributes in setting the gyre 508 

oscillation timescale.  509 

 510 

 511 
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Detachment of the Gulf Stream’s Eastern Section  512 

An interesting finding reported in this paper is the detachment of the Gulf Stream’s eastern 513 

section on decadal timescales. The detachment apparently results from the intrusion (or leakage) 514 

of subpolar (cold, fresh) water into the Newfoundland Basin along the Grand Banks, continuing 515 

into the Gulf Stream region and the subtropics. The intrusion is crucial for the pinch-off of salinity 516 

and heat content anomalies (i.e., detachment) that continue into the northeast Atlantic region. The 517 

detachment of the Gulf Stream’s eastern section has not been noted before, at least, in the context 518 

of basin-scale ocean circulation and its decadal variability. Interestingly, Bower et al. (2013) show 519 

eddies with subpolar characteristics to penetrate deeply into the subtropics in exactly the same 520 

region where the intrusion of subpolar waters occurs in this analysis.8 The intrusion is located 521 

where the continental slope is steep which induces instabilities of the boundary current, promoting 522 

generation of eddies.  523 

Our analysis indicates that decadal fluctuations of the subpolar gyre (i.e., the AMO decadal 524 

pulses) involving notable salinity and heat anomalies result from a complex process sequence 525 

involving surface flux forcing, coastal upwelling, Ekman transports, ocean circulation, and the no 526 

less important bathymetric influences – and not merely from stochastic atmospheric forcing of a 527 

slab ocean (Clement et al. 2015).  528 

Can AMO’s multidecadal timescales be generated from the rectification of the decadal 529 

variability fluxes? This intriguing question, along the lines of synoptic eddy feedback on super-530 

synoptic and sub-seasonal atmospheric variability, will be the focus of a subsequent investigation.  531 

 532 

 533 

                                                            
8 Bower et al. analyzed floats at 700-1500m depths, with only 3 of the 59 deployed floats crossing the Gulf 

Stream. 
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Figure Captions 699 

Figure 1: Atlantic Multidecadal Oscillation (AMO, upper panel) and Gulf Stream excursions (GS, lower 700 

panel). NOAA’s seasonally resolved AMO index (Enfield et al. 2001) is shown in red-blue and its 41-701 

season running mean (RM41) by dashed black line; the smoothed version is commonly use to highlight 702 

AMO’s multidecadal timescales. A less- smoothed version, obtained from LOESS filtering (15% window 703 

over 1950-2013) and shown by the thick black line, brings out the decadal pulses present in AMO, e.g., the 704 

Great Salinity Anomaly of the 1970s. These pulses are evident in NOAA’s unsmoothed AMO index (red-705 

blue) and also prominent in the AMO SST principal component (thick red line), extracted from an extended-706 

EOF analysis of spatiotemporal variability of seasonal SST anomalies (Guan and Nigam 2009). The Gulf 707 

Stream index (lower panel) tracks the meridional excursions of the Gulf Stream in the near-coastal 708 

longitudes (75°-50°W); it is based on the latitudinal location of the 15°C isotherm at 200m depth (Joyce et 709 

al. 2000). The detrended and normalized seasonally-resolved GS index is shown with red-blue shading 710 

while its LOESS-15 smoothed version is shown by a thick black line during 1954-2012, the period of index 711 

availability. 712 

Figure 2: Decadal Variability of the Subpolar Gyre: The smoothed (LOESS-15) North Atlantic Oscillation 713 

index (blue; referred as Low-Frequency NAO or LF-NAO) and Gulf Stream index (black) are plotted along 714 

with the AMO-tendency [red; ∂(AMO)LOESS-15/∂t]. As discussed in text, the tendency measure implicitly 715 

highlights the shorter timescales, especially decadal pulses in the AMO context, but with introduction of a 716 

quadrature (quarter cycle) lead vis-à-vis the decadal pulses themselves. All three indices are detrended and 717 

normalized to facilitate visual lead-lag identification. 718 

Figure 3: Key bathymetric and ocean-atmosphere circulation features in the North Atlantic’s subpolar and 719 

subtropical basins. Ocean depth (m) is shown using a white (shallow) to blue (deep) color scale: The mid-720 

basin bathymetric rise running north-south – the Mid-Atlantic Ridge (MAR) – and its interruption, the 721 

Charlie-Gibbs Fracture Zone (CGFZ), is marked; the extension of the North American continental shelf 722 

southeastward of Newfoundland – the Grand Banks (GB) – is also marked. The displayed ocean circulation 723 
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features include the time-mean absolute dynamic topography from 1993-2015 AVISO altimetry (gray 724 

contours every 0.1 m); mean position of the Gulf Stream (pink thick line – GS) based on sea-surface heights 725 

following the method by Pérez-Hernández and Joyce (2014); the GS’s northward extension and the North 726 

Atlantic Current (yellow lines) which feed both the Nordic Seas (via the Norwegian Atlantic Current) and 727 

the Labrador Sea (via the Irminger current) with warm and saline waters. Blue lines track the cold, fresh 728 

East Greenland and Labrador currents that flow southward along continental boundaries/shelves. Depicted 729 

atmospheric circulation features include the Icelandic Low (1006 hPa black contour around ‘L’), Azores 730 

High (1020 hPa black contour around ‘H’), and the jet stream (mean axis of the 200 hPa isotachs, shown 731 

via a broad white transparent arrow), all from the 1954-2012 annual-mean NCEP-NCAR atmospheric 732 

reanalyses (Kalnay et al. 1996). 733 

Figure 4: Surface and subsurface evolution of Gulf Stream’s meridional excursions. Lead-lag regressions 734 

of the temperature and salinity (from EN4.2.0 ocean analysis) on the smoothed (LOESS-15) GS index are 735 

shown to characterize the spatiotemporal development and decay of GS’s decadal excursions; regressions 736 

for the 1954-2012 period, with simultaneous ones (t=0) in the middle row, and the leading (lagging) ones 737 

above (below), i.e., with time running downwards. SST (left column, K); upper-ocean salinity (5-315m 738 

average, psu) and heat-content (5-315m integrated, x10+7 J/m2) in the middle two columns; and deep-ocean 739 

(315-968m integrated) heat content in the right column. Orange and blue shading denotes positive and 740 

negative anomalies, respectively. Solid black lines mark the climatological annual-mean position of 741 

subpolar and subtropical gyres using the −0.4m and +0.4m absolute dynamic topography values (from 742 

AVISO altimetry), respectively; the dashed black line tracks the climatological North Atlantic current, 743 

through the −0.1m topographic contour. Initial detachment of the GS’s eastern section from the southward 744 

intrusion of subpolar water is indicated by red arrows. Regions with statistically significant anomalies at 745 

the 5% level are stippled. 746 

Figure 5: Temporal relationship among indices. Autocorrelation of the smoothed and unsmoothed GS and 747 

NAO indices is shown in the top row. Autocorrelation of the AMO-tendency (Fig. 2, red curve) is shown 748 

in the top-right panel (red-dots), which also shows the autocorrelation of the (AMO)LOESS-15 index (dashed-749 
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red) to draw attention to the shorter timescales of the tendency index. Cross-correlations of the indices are 750 

displayed in the bottom panel, with the convention that if r(At, Bt+τ) >0 for τ>0 (τ<0), A leads (lags) B.  751 

r(GS, LF-NAO) is shown in blue, r(GS, AMO-tendency) in red, and r(LF-NAO, AMO-tendency) in black. 752 

The lead-lag τ-value at which |r| is largest is marked by a vertical line and the related τ and cross-correlation 753 

values noted: Low Frequency NAO variability leads the Gulf Stream’s northern excursions by ~1.25 years, 754 

and the AMO-tendency by ~4 years; consistent with the ~2.5-year lead found for Gulf Stream’s northern 755 

excursions over AMO-tendency. The horizontal gray line labeled e⁻1 in the top row panels indicates an 756 

autocorrelations value of 0.37 (=1/e), which is a commonly used decorrelation threshold. 757 

Figure 6: Schematic depiction of the temporal phasing of the key processes generating Decadal Variability 758 

of the Subpolar Gyre, based on observational analyses reported in the preceding figures: The Low-759 

Frequency North Atlantic Oscillation (LF-NAO, blue circle), Gulf Stream’s meridional excursions (GS, 760 

black circle), and Atlantic Multidecadal Oscillation’s Decadal Pulses (red circle). Time runs counter-761 

clockwise, with solid (dashed) arcs denoting the positive (negative) oscillatory phase, and solid dots 762 

marking phase-transitions. Radial lines point to the peak +ve phase of each oscillation, and the angle 763 

between these lines indicates the temporal lead-lag between them. The LF-NAO’s peak +ve phase (marked 764 

by deeper Icelandic Low) occurs prior (~1.25 years) to the northward displacement of the Gulf Stream, i.e., 765 

LF-NAO leads GS by θ1 [≈2π*(1.25/T)] radians. GS leads AMO’s decadal pulses by ~4.5 years, i.e.,  θ2 766 

[≈2π*(4.5/T)]; note, GS leads AMO-tendency by ~2.5 years (cf. Fig. 5) which, in turn, has a quadrature 767 

lead (~2 years) over AMO’s decadal pulses, leading to the 4.5 year lead. The oscillatory period of the 768 

subpolar gyre (T) in this schematic is 10 years – a central value in the estimated fluctuations timescales (7-769 

13 years, see text). It is noteworthy that the Gulf Stream’s northward displacement is nearly concurrent 770 

with the peak cold-phase of the subpolar gyre. As the LF-NAO (atmospheric variability) leads both GS and 771 

the AMO-tendency (subsurface and surface oceanic variabilities), process-level insights on how its own 772 

phase-reversal is generated from regional ocean-atmosphere interactions at point A and C will help advance 773 

understanding and modeling of subpolar gyre variability (see Fig. 9 and related text).  774 
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Figure 7: Lead-lag regressions of SST on the LF-NAO (left), GS (center), and AMO-tendency (right) 775 

indices. Regressions are displayed at 2-year intervals with time running downward, and with the columns 776 

shifted vertically to reflect the lead-lag between indices (identified in Fig. 5); regressions are for the 1954-777 

2012 period. Negative SST anomalies are shaded blue and the positive ones orange. Black lines mark the 778 

climatological position of the subpolar and subtropical gyres and the North Atlantic current. 779 

Figure 8: Lead-lag regressions of sea level pressure (SLP) on the LF-NAO (left), GS (center), and AMO-780 

tendency (right) indices. Regressions are displayed at 2-year intervals with time running downward, and 781 

with columns shifted vertically to reflect the lead-lag between indices (identified in Fig. 5); regressions are 782 

for the 1954-2012 period, in hPa. Negative SLP anomalies are shaded blue and the positive ones orange; 783 

see scale. Black lines mark the climatological winter position of the Icelandic Low and the Azores/ Bermuda 784 

High, with contour labels in hPa. 785 

Figure 9: Latitude-height structure of the temperature and zonal wind regressions on the Low-Frequency 786 

NAO (LF-NAO) index (shown in Fig. 2, top panel, blue line); the regressions are averaged across Atlantic 787 

longitudes 60°W-0°, and based on 1954-2012 NCEP Reanalysis. Temperature is shaded (negative values 788 

in blue) at 0.04K interval beginning at ±0.01K; see the side color bar. Zonal wind regressions are contoured 789 

in black (negative) and red (positive) with an interval of 0.1 m/s in the 0.1-0.4 m/s range and 0.2 m/s 790 

thereafter. Statistically significant zonal wind regressions at the 5% level are stippled. The climatological 791 

position of the subtropical jet in the western Atlantic (~40°N) is marked by the black vertical line.  792 

 793 
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Figure 1: Atlantic Multidecadal Oscillation (AMO, upper panel) and Gulf Stream excursions (GS, lower panel). 1 
NOAA’s seasonally resolved AMO index (Enfield et al. 2001) is shown in red-blue and its 41-season running 2 
mean (RM41) by dashed black line; the smoothed version is commonly use to highlight AMO’s multidecadal 3 
timescales. A less- smoothed version, obtained from LOESS filtering (15% window over 1950-2013) and shown 4 
by the thick black line, brings out the decadal pulses present in AMO, e.g., the Great Salinity Anomaly of the 5 
1970s. These pulses are evident in NOAA’s unsmoothed AMO index (red-blue) and also prominent in the AMO 6 
SST principal component (thick red line), extracted from an extended-EOF analysis of spatiotemporal variability 7 
of seasonal SST anomalies (Guan and Nigam 2009). The Gulf Stream index (lower panel) tracks the meridional 8 
excursions of the Gulf Stream in the near-coastal longitudes (75°-50°W); it is based on the latitudinal location 9 
of the 15°C isotherm at 200m depth (Joyce et al. 2000). The detrended and normalized seasonally-resolved GS 10 
index is shown with red-blue shading while its LOESS-15 smoothed version is shown by a thick black line during 11 
1954-2012, the period of index availability.  12 
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 13 

Figure 2: Decadal Variability of the Subpolar Gyre: The smoothed (LOESS-15) North Atlantic Oscillation index 14 
(blue; referred as Low-Frequency NAO or LF-NAO) and Gulf Stream index (black) are plotted along with the 15 
AMO-tendency [red; ∂(AMO)LOESS-15/∂t]. As discussed in text, the tendency measure implicitly highlights the 16 
shorter timescales, especially decadal pulses in the AMO context, but with introduction of a quadrature 17 
(quarter cycle) lead vis-à-vis the decadal pulses themselves. All three indices are detrended and normalized to 18 
facilitate visual lead-lag identification. 19 

  20 
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 21 

Figure 3: Key bathymetric and ocean‐atmosphere circulation features  in the North Atlantic’s subpolar and 22 
subtropical basins. Ocean depth (m) is shown using a white (shallow) to blue (deep) color scale: The mid‐basin 23 
bathymetric rise running north‐south – the Mid‐Atlantic Ridge (MAR) – and its interruption, the Charlie‐Gibbs 24 
Fracture  Zone  (CGFZ),  is marked;  the  extension of  the North American  continental  shelf  southeastward of 25 
Newfoundland – the Grand Banks (GB) – is also marked. The displayed ocean circulation features include the 26 
time‐mean absolute dynamic topography from 1993‐2015 AVISO altimetry (gray contours every 0.1 m); mean 27 
position of the Gulf Stream (pink thick line – GS) based on sea‐surface heights following the method by Pérez‐28 
Hernández and Joyce (2014); the GS’s northward extension and the North Atlantic Current (yellow lines) which 29 
feed both the Nordic Seas (via the Norwegian Atlantic Current) and the Labrador Sea (via the Irminger current) 30 
with warm and saline waters. Blue lines track the cold, fresh East Greenland and Labrador currents that flow 31 
southward  along  continental  boundaries/shelves.  Depicted  atmospheric  circulation  features  include  the 32 
Icelandic Low (1006 hPa black contour around ‘L’), Azores High (1020 hPa black contour around ‘H’), and the 33 
jet stream (mean axis of the 200 hPa isotachs, shown via a broad white transparent arrow), all from the 1954‐34 
2012 annual‐mean NCEP‐NCAR atmospheric reanalyses (Kalnay et al. 1996). 35 
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Figure 4: Surface and subsurface evolution of Gulf Stream’s meridional excursions. Lead-lag regressions of the 37 
temperature and salinity (from EN4.2.0 ocean analysis) on the smoothed (LOESS-15) GS index are shown to characterize 38 
the spatiotemporal development and decay of GS’s decadal excursions; regressions for the 1954-2012 period, with 39 
simultaneous ones (t=0) in the middle row, and the leading (lagging) ones above (below), i.e., with time running 40 
downwards. SST (left column, K); upper-ocean salinity (5-315m average, psu) and heat-content (5-315m integrated, x10+7 41 
J/m2) in the middle two columns; and deep-ocean (315-968m integrated) heat content in the right column. Orange and 42 
blue shading denotes positive and negative anomalies, respectively. Solid black lines mark the climatological annual-mean 43 
position of subpolar and subtropical gyres using the −0.4m and +0.4m absolute dynamic topography values (from AVISO 44 
altimetry), respectively; the dashed black line tracks the climatological North Atlantic current, through the −0.1m 45 
topographic contour. Initial detachment of the GS’s eastern section from the southward intrusion of subpolar water is 46 
indicated by red arrows. Regions with statistically significant anomalies at the 5% level are stippled. 47 
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 48 
 49 
 50 

Figure 5:  Temporal relationship among indices. Autocorrelation of the smoothed and unsmoothed GS and 51 
NAO indices is shown in the top row. Autocorrelation of the AMO-tendency (Fig. 2, red curve) is shown in the 52 
top-right panel (red-dots), which also shows the autocorrelation of the (AMO)LOESS-15 index (dashed-red) to 53 
draw attention to the shorter timescales of the tendency index. Cross-correlations of the indices are displayed 54 
in the bottom panel, with the convention that if r(At, Bt+τ) >0 for τ>0 (τ<0), A leads (lags) B.  r(GS, LF-NAO) is 55 
shown in blue, r(GS, AMO-tendency) in red, and r(LF-NAO, AMO-tendency) in black. The lead-lag τ-value at 56 
which |r| is largest is marked by a vertical line and the related τ and cross-correlation values noted: Low 57 
Frequency NAO variability leads the Gulf Stream’s northern excursions by ~1.25 years, and the AMO-tendency 58 
by ~4 years; consistent with the ~2.5-year lead found for Gulf Stream’s northern excursions over AMO-59 
tendency. The horizontal gray line labeled e⁻1 in the top row panels indicates an autocorrelations value of 0.37 60 
(=1/e), which is a commonly used decorrelation threshold.  61 

r (GS, LF-NAO)                        = 0.67 at −1.25 years 
r (GS, AMO-tendency)          = 0.61 at +2.5 years 
r (LF-NAO, AMO-tendency) = 0.72 at +4.0 years 
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 62 

Figure 6: Schematic depiction of the temporal phasing of the key processes generating Decadal Variability of 63 
the Subpolar Gyre, based on observational analyses reported in the preceding figures: The Low-Frequency 64 
North Atlantic Oscillation (LF-NAO, blue circle), Gulf Stream’s meridional excursions (GS, black circle), and 65 
Atlantic Multidecadal Oscillation’s Decadal Pulses (red circle). Time runs counter-clockwise, with solid (dashed) 66 
arcs denoting the positive (negative) oscillatory phase, and solid dots marking phase-transitions. Radial lines 67 
point to the peak +ve phase of each oscillation, and the angle between these lines indicates the temporal lead-68 
lag between them. The LF-NAO’s peak +ve phase (marked by deeper Icelandic Low) occurs prior (~1.25 years) 69 
to the northward displacement of the Gulf Stream, i.e., LF-NAO leads GS by θ1 [≈2π*(1.25/T)] radians. GS leads 70 
AMO’s decadal pulses by ~4.5 years, i.e.,  θ2 [≈2π*(4.5/T)]; note, GS leads AMO-tendency by ~2.5 years (cf. Fig. 71 
5) which, in turn, has a quadrature lead (~2 years) over AMO’s decadal pulses, leading to the 4.5 year lead. The 72 
oscillatory period of the subpolar gyre (T) in this schematic is 10 years – a central value in the estimated 73 
fluctuations timescales (7-13 years, see text). It is noteworthy that the Gulf Stream’s northward displacement 74 
is nearly concurrent with the peak cold-phase of the subpolar gyre. As the LF-NAO (atmospheric variability) 75 
leads both GS and the AMO-tendency (subsurface and surface oceanic variabilities), process-level insights on 76 
how its own phase-reversal is generated from regional ocean-atmosphere interactions at point A and C will 77 
help advance understanding and modeling of subpolar gyre variability (see Fig. 9 and related text).   78 
  79 

Solid Arcs: +ve oscillation phase 
Dashed Arcs: −ve oscillation phase 
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 81 
                                                                   82 

Figure 7: Lead-lag regressions of 
SST on the LF-NAO (left), GS 
(center), and AMO-tendency (right) 
indices. Regressions are displayed 
at 2-year intervals with time 
running downward, and with the 
columns shifted vertically to reflect 
the lead-lag between indices 
(identified in Fig. 5); regressions are 
for the 1954-2012 period. Negative 
SST anomalies are shaded blue and 
the positive ones orange. Black lines 
mark the climatological position of 
the subpolar and subtropical gyres 
and the North Atlantic current. 
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Figure 8: Lead-lag regressions of 
sea level pressure (SLP) on the LF-
NAO (left), GS (center), and AMO-
tendency (right) indices. 
Regressions are displayed at 2-year 
intervals with time running 
downward, and with columns 
shifted vertically to reflect the lead-
lag between indices (identified in 
Fig. 5); regressions are for the 1954-
2012 period, in hPa. Negative SLP 
anomalies are shaded blue and the 
positive ones orange; see scale. 
Black lines mark the climatological 
winter position of the Icelandic Low 
and the Azores/ Bermuda High, with 
contour labels in hPa. 
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Figure 9: Latitude-height structure of the 123 
temperature and zonal wind regressions on the 124 
Low-Frequency NAO (LF-NAO) index (shown in 125 
Fig. 2, top panel, blue line); the regressions are 126 
averaged across Atlantic longitudes 60°W-0°, and 127 
based on 1954-2012 NCEP Reanalysis. 128 
Temperature is shaded (negative values in blue) 129 
at 0.04K interval beginning at ±0.01K; see the 130 
side color bar. Zonal wind regressions are 131 
contoured in black (negative) and red (positive) 132 
with an interval of 0.1 m/s in the 0.1-0.4 m/s 133 
range and 0.2 m/s thereafter. Statistically 134 
significant zonal wind regressions at the 5% level 135 
are stippled. The climatological position of the 136 
subtropical jet in the western Atlantic (~40°N) is 137 
marked by the black vertical line.   138 
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