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Abstract.   1 

Recent studies identified weakenings in the Atlantic Meridional Overturning Circulation (AMOC) and 2 

in the Gulf Stream (GS), but the limited continuous observations may be insufficient to provide 3 

conclusive evidence that these changes are unprecedented or are signs of long-term climatic changes 4 

rather than as a result of nature climate variability. Different observations were compared here: ~8-year 5 

long AMOC data from the RAPID project, ~20-year long observations of the GS from the Oleander 6 

project and from satellite altimeters, and ~80-year long sea level data from tide gauges. First, it is shown 7 

that despite apparent discrepancies between recent studies, independently collected data agree with each 8 

other on the recent large variations and decline in the AMOC and the GS. Second, the sea level 9 

difference (SLDIF) between Bermuda and the U.S. coast was used to reconstruct ~80-year long AMOC 10 

record; this proxy agrees quite well with reanalysis data. The reconstructed AMOC record shows a small 11 

downward trend of the AMOC transport since 1935 (~0.2 Sv per decade) with periods of larger decline 12 

(~4.5 Sv per decade) in the 1960s-1970s and after ~2000. Empirical Mode Decomposition (EMD) 13 

analysis shows that the SLDIF proxy is highly correlated with the wind-driven Ekman transport, is 14 

correlated with the Florida Current on a 5-year cycle, and lags behind the mid-ocean transport of the 15 

AMOC by ~1-2 years. The study suggests that the continuous monitoring of AMOC by the RAPID 16 

program has the potential to have a predictive skill for some variations in coastal sea level.   17 
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1. Introduction 18 

 Recent findings of acceleration in sea level rise (SLR) along the U.S. East Coast north of the 19 

separation point of the GS at Cape Hatteras, North Carolina [Boon, 2012; Ezer and Corlett, 2012; 20 

Sallenger et al., 2012; Kopp, 2013; Ezer, 2013; Ezer et al., 2013], suggest that this acceleration may be a 21 

dynamic response to changes in ocean circulation. (See Appendix A for definitions of all the acronyms 22 

used). The stretch of the North American coast between Cape Hatteras and Cape Cod has been labeled a 23 

“hotspot for accelerated sea level rise” [Sallenger et al., 2012] and a “hotspot for accelerated flooding” 24 

[Ezer and Atkinson, 2014], thus it is important to study the implications of regional climatic changes for 25 

flood-prone coastal communities [Atkinson et al., 2013; Boesch et al., 2013; Mitchell et al., 2013; 26 

Nicholls and Cazenave, 2010; Cazenave and Cozannet, 2014] and better understand the forcing 27 

mechanism behind those changes. Note that part of the hotspot region, especially the lower Chesapeake 28 

Bay area, has additional contribution to the relative SLR from land subsidence associated with the 29 

Glacial Isostatic Adjustment (GIA) and other geological and hydrological processes [Boon et al., 2010; 30 

Kopp, 2013; Miller et al., 2013], but the GIA impact has a time-scale of thousands of years, which is 31 

distinguishable from shorter-term ocean dynamics-driven variability studied here. The spatial pattern of 32 

this hotspot is consistent with dynamic sea level changes that have been seen in different numerical 33 

ocean models [Ezer, 1999, 2001, Levermann et al., 2005; Yin et al., 2009; Yin and Goddard, 2013; 34 

Griffies et al., 2014].  35 

 Because of the sea level gradient across the GS (i.e., sea level is lower/higher on the 36 

onshore/offshore side of the GS), changes in the path and strength of the GS are expected to impact 37 

coastal sea level variations along the U.S. East coast; this idea is behind the main motivation of our 38 

study to estimate changes in offshore ocean currents from coastal tide gauge measurements. Over the 39 

years, several studies found significant correlations between variations in the GS and coastal sea level 40 
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[Blaha, 1984; Ezer, 2001, 2013; Sweet et al., 2009; Ezer et al., 2013], suggesting that the recent SLR 41 

acceleration may be driven by weakening AMOC and the GS [Sallenger et al., 2012; Ezer et al., 2013]. 42 

However, the mechanism in which large-scale changes in ocean circulation affect coastal sea level is 43 

complex, as it involves several processes such as changes in the southward flowing coastal slope current 44 

[Rossby et al., 2010], wind-driven changes in the GS and the Subtropical Gyre [Zhao and Johns, 2014], 45 

wind forcing on the shelf [Woodworth et al., 2014], climatic change in subpolar regions [Hakkinen and 46 

Rhines, 2004] and changes in the Atlantic Meridional Overturning Circulation [AMOC; McCarthy et al., 47 

2012; Srokosz et al., 2012; Smeed et al., 2013]. The GS, as part of the upper branch of the AMOC, may 48 

serve as a mean to transfer signals originated by climatic changes in the open ocean far away from 49 

coasts, into signals that can be detected at the coast, thus three elements are studied here, AMOC, GS 50 

and sea level.  51 

 While a weakening in the AMOC under warmer climate conditions is expected [Hakkinen and 52 

Rhines, 2004; Sallenger et al., 2012; McCarthy et al., 2012; Srokosz et al., 2012; Smeed et al., 2013], 53 

there is ongoing debate whether or not this change can be detected from past observations. Continuous 54 

direct observations of all the components contributing to the AMOC transport are available from the 55 

RAPID project for only ~10 years, since 2004 [McCarthy et al., 2012; Srokosz et al., 2012; Baringer et 56 

al., 2013; Smeed et al., 2013], so they cannot resolve decadal or multidecadal variations which dominate 57 

the Atlantic Ocean dynamics [Sturges and Hong, 1995; Ezer, 1999, 2001, 2013; Rossby et al., 2014]. 58 

Various attempts have been made to reconstruct the variations of AMOC in the past, for example, using 59 

sea surface temperature (SST) data [Klöwer et al., 2014]; such an approach may capture the heat flux-60 

driven part of AMOC, but not necessarily wind-driven components. A different reconstruction approach 61 

is proposed here, using observations of sea level difference across the GS. Observations of the GS flow 62 

by the Oleander container ship [Rossby et al., 2010, 2014] and by altimeter data [Ezer et al., 2013] span 63 



5 
 

~20 years and observations of the Florida Current (FC) at the Florida Strait [Baringer et al., 2013] span 64 

~30 years of data. However, all the above data records are still short relative to the ~60-year cycle that 65 

may be associated with the Atlantic Multidecadal Osillations (AMO) [Chambers et al., 2012]. Sea level 66 

data from tide gauges [Church and White, 2011; Woodworth and Player, 2003; Woodworth et al., 2014] 67 

have been monitored at a much higher rate (as frequent as hourly or daily) and have been recorded for 68 

much longer periods (in some locations over 100 years) than the AMOC or GS observations, so these 69 

data will be used here to reconstruct a longer proxy of the AMOC record. However, even in the long sea 70 

level records, decadal and multidecadal variations make the detection of long-term acceleration or 71 

identifying the sources of changes in trends difficult [Haigh et al., 2014]. 72 

 Because of the different lengths of the records and the different instrumentations used, as 73 

mentioned above, there are sometimes discrepancies between different studies of the GS which may 74 

create confusion. For example, Rossby et al., [2014] claim that the Oleander data does not provide 75 

evidence that the GS is slowing down, a claim that appears to contradict evidence from other data 76 

showing recent slowing down of the GS [Sallenger et al., 2012; Ezer, 2013; Ezer et al., 2013] and 77 

weakening AMOC [Smeed et al., 2013]. However, close examination shows that there is no real 78 

contradiction, just different views of the data. On the one hand, Rossby et al. [2014] looked at the 79 

average linear trend of the upper GS flow over 20 years, which indicates a small downward trend that is 80 

not statistically significant at 95% confidence level given the large variability in the GS flow. On the 81 

other hand, Sallenger et al., [2012] and Ezer et al. [2013] looked at non-linear changes, indicating that 82 

weakening of the GS and AMOC is not constant, but may have accelerated in recent years [Ezer et al., 83 

2013, noticed a particular faster decline in the GS strength after ~2004]. There is no reason to expect 84 

that climate trends will continue at the same rate over long period of time, so one has to look at the 85 

variability, not just the long-term mean trend; this is one of the goals of this study.   86 
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 Comparing the variations and trends in different data sets is not a straight forward task when 87 

observations use different instruments, different sampling intervals and different locations (Fig. 1). For 88 

example, defining the upper GS flux and front position in the Oleander section between Bermuda and 89 

the U.S. coast [Rossby et al., 2014] is a complex task, as seen in Fig. 1. The GS is meandering, the flow 90 

field includes recirculation gyres and eddies, and potential deep return flows may not be captured by 91 

observations of the upper layers. On the other hand, the RAPID data set [McCarthy et al., 2012], uses 92 

the observed FC transport upstream to represent the GS portion of the AMOC. The FC is a measure of 93 

the total flow in a relatively shallow channel, and it is influenced by variability associated with wind-94 

driven subtropical gyre circulation. Therefore, one must keep in mind the distinction between what is 95 

defined as “GS” in the Oleander data and in the RAPID data. The FC and the GS at the two sections 96 

(Fig. 1) are however related to each other- in particular, a coherent wind-driven variability along the 97 

length of the GS has been seen in data and models [Zhao and Johns, 2014]. An attempt will thus be 98 

made here to see which portion of the AMOC is correlated with which part of the Oleander section.  99 

 The RAPID data show two interesting phenomena, a general decline in the AMOC transport 100 

since 2004 that is largely due to changes in the geostrophic part of AMOC [Smeed et al., 2013] and a 101 

much larger decline, by as much as 30% in the AMOC transport in 2009-2010 that is largely driven by 102 

changes in the Ekman transport [McCarthy et al., 2012]. The latest anomaly in 2009-2010 may have 103 

been the cause of anomalously high water levels along the U.S east coast that increased flooding during 104 

this time [Sweet et al., 2009; Ezer and Atkinson, 2014]. Based on climate models, Roberts et al. [2014] 105 

suggest that the general AMOC decline was not inconsistent with low-frequency variability in the 106 

models, so a much longer observed AMOC record is needed to know how unique was the 2009-2010 107 

event. It is interesting to note that based on past temperature and salinity observations, diagnostic 108 

numerical ocean models suggest that a dramatic decline of ~30% in the GS transport happened between 109 
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the 1960s and 1970s, which resulted in 5-10 cm increase in sea level along the U.S. east coast 110 

[Greatbatch et al., 1991; Ezer et al., 1995]. At the time there were no direct observations of AMOC or 111 

altimeter data of the GS, as exist today, so there was no way to verify if those model-based findings are 112 

real or not. An attempt is thus made to compare the recent AMOC changes with other long-running 113 

observations, and put them into context with past changes.   114 

 The above uncertainties motivated this study and prompted three goals. First, a comparison 115 

between different data sets of the GS and AMOC using similar averaging periods is conducted in order 116 

to reveal if there are discrepancies between the data sets. Second, the different components of the 117 

AMOC transport [i.e., Ekman transport, mid-ocean transport and Florida Current transport; McCarthy et 118 

al., 2012] and the different components of the Oleander sections across the GS [Slope Current, Gulf 119 

Stream and Sargasso Sea; Rossby et al., 2010] are compared in order to study forcing mechanisms and 120 

their relations. Third, the relatively short AMOC observations are combined with the longer sea level 121 

data to reconstruct the AMOC transport over the past ~80 years, in order to study the AMOC variability, 122 

trends, and potential climate-related changes. This reconstruction follows on the footsteps of Ezer 123 

[2013] who found very significant correlations between the AMOC transport and the sea level difference 124 

between Bermuda and the U.S. coast (i.e., across the GS). The analysis method used here include 125 

Empirical Mode Decomposition/Hilbert-Huang transform [EMD/HHT; Huang et al., 1998], which is a 126 

non-parametric method that can separate oscillating modes from non-linear trends in time series that 127 

may include non-stationary components (e.g., oscillations with time-dependent frequency). The 128 

EMD/HHT has been used in the past for various applications, from seismic signals and physics to 129 

economics data, but only quite recently the method has been adapted for studies of climate change and 130 

sea level rise trends [Ezer and Corlett, 2012; Ezer et al., 2013; Ezer, 2013]. 131 

  132 
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2. Data analysis and comparisons: AMOC vs. the Gulf Stream vs. sea level 133 

 Monthly mean sea level records are obtained from the Permanent service for Mean Sea Level 134 

[PSMSL; Woodworth and Player, 2003]. The relative coastal sea levels for most of the stations along 135 

the entire U.S. East Coast have been analyzed in details- they show a distinct regional pattern suggesting 136 

an ocean dynamic influence [Ezer, 2013], as discussed before. Here, the records of 2 stations are used, 137 

Atlantic City and Bermuda, for the period 1935-2012; the locations of these stations are close to the end 138 

points of the Oleander sections (Fig. 1), providing sea levels in opposite sides of the GS. Fig. 2a shows 139 

that the two stations have somewhat different interannual variations and linear trends. The SLR in 140 

Atlantic City (4.1 mm y-1) is larger than that in Bermuda (2.4 mm y-1), whereas the value of global SLR 141 

from altimeter data (~3.2 mm y-1; Ezer, 2013) is between these two values. The land subsidence in 142 

Atlantic City (mainly GIA-related) is estimated to be ~1 mm y-1, and larger than land subsidence in 143 

Bermuda [Kopp, 2013; Miller et al., 2013], so the remaining difference, 4.1-2.4-1.0 = 0.7 mm y-1 may 144 

suggests some small decline in the slope across the GS, though given the uncertainties in the SLR trends 145 

(±0.2 mm y-1) and in land subsidence (±0.5 mm y-1) this long-term change is not statistically significant. 146 

Interannual and decadal variations in sea level difference are large and statistically significant relative to 147 

the long-term mean or trend. Gridded altimeter data are obtained for 1993-2012 from the AVISO site 148 

(www.aviso.altimetry.fr), and examples of absolute sea surface height fields are shown in Fig. 1. Fig. 2b 149 

shows the monthly sea level difference (SLDIF) between Atlantic City and Bermuda, calculated from 150 

the tide gauges and from altimeter data (the closest points to the tide gauges, within ~25 km). Except a 151 

distinct period around 2000-2002, there is a good agreement between the tide gauge and altimeter data 152 

(overall correlation R=0.8 with statistical significance confidence C=99.9%), which is somewhat 153 

surprising, given that near-shore processes such as coastal currents, upwelling events and storm surges 154 

are not captured by the altimeter data that well. Therefore one may conclude that the SLDIF record 155 
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represents interannual and decadal variations in the slope across the GS, and in fact, Fig. 2a resembles 156 

the variations of the GS strength shown in Ezer et al. [2013], including the suggestion of a decline since 157 

~2000. 158 

 The Oleander observations to monitor the GS are described in Rossby et al. [2010, 2014] and 159 

were obtained for 1993-2012. These observations of the upper ocean are taken by Acoustic Doppler 160 

Current Profiler (ADCP) mounted on a container vessel (CMV Oleander) that operates weekly between 161 

New Jersey and Bermuda (intervals are irregular with a notable large gap in 2010). Current profiles have 162 

been taken down to a depth of ~200-300 m until 2004 and ~500-600 m since 2005. The lines are divided 163 

into three subsections from north-west to south-east: 1. The “Slope Current”, from 39.31°N, 72.57°W to 164 

the northern limit of the GS. 2. The “Gulf Stream”, which is bounded by where the velocity normal to 165 

the ship's track goes to zero from either side; and- 3. The “Sargasso Sea”, from the southern limit of the 166 

GS to 32.78°N,64.89°W. Data are in units of fluxes (m2 s-1) representing mean upper layer transport for 167 

a 1-m thick layer; averages over a 12-month window at six months intervals and their 95% confidence 168 

error bars are provided from the University of Rhode Island [see Rossby et al., 2014, for details]. The 169 

GS position for each section is calculated from the maximum GS speed. The time variations in the total 170 

Oleander section flux and the three parts mentioned above are shown in Fig. 3a,d,e,f, and the GS 171 

position is shown in Fig. 3c. Also shown in Fig. 3b is the SLDIF anomaly from the tide gauges, now 172 

calculated on exactly the same 6-month interval periods when the Oleander data are available. Note that 173 

error bars are the 95% confidence intervals relative to the 12-month mean values- they do not take into 174 

account observational errors and possible autocorrelations within the data, so they are simply a measure 175 

of the variability within the 12-month window. Simple linear correlations do not take these limitations 176 

into account, but a more vigorous evaluation of the statistics is done later using EMD and ensemble 177 

simulations with random white noise. It is recognized that it is difficult to estimate the degree of 178 
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freedom in correlations based on different averages or filtered data, so the main emphasis in the study is 179 

not on the exact statistical significance of a particular correlation, but on the relative importance of 180 

different components. Note the clear compensation between the different parts of the flow, for example, 181 

in 2010 an extreme high peak in the GS (Fig. 3d) is balanced by extreme negative Sargasso Sea flow 182 

(Fig. 3f); unfortunately, there are gaps in the measurements during this time. Note the good agreement 183 

(correlation R=0.46 and confidence level C=99.7%) between the variations in the total Oleander flux 184 

(Fig. 3a) and the SLDIF across the same section (Fig. 3b). SLDIF is significantly correlated with the 185 

Sargasso Sea flow (R=0.47, C=99.7%), but surprisingly it is anti-correlated with the GS part of the 186 

Oleander (R=-0.22, C=83%; i.e., not statistically significant). On the other hand, the SLDIF is 187 

significantly correlated with the GS position (R=0.49, C=99.8%), whereas the GS takes a position closer 188 

to shore (as in top of Fig. 1) when the total sea level slope is larger and vise versa. Of particular curiosity 189 

is the sudden northward shift in the GS, by as much as 150 km, around 2000 that followed by a gradual 190 

southward return during 2000-2010, when at the same time the total flux and SLDIF gradually 191 

weakened; this southward shift in the GS between 2000 and 2011 has been previously indicated by Ezer 192 

et al. [2013] and also involved a weakening in the GS and acceleration in coastal SLR. The correlations 193 

between SLDIF and the Oleander data are summarized in the left column of Table 1.   194 

 The AMOC data is based on the RAPID observations at 26.5°N for 2004-2012, as described in 195 

recent studies [McCarthy et al., 2012; Srokosz et al., 2012; Baringer et al., 2013; Smeed et al., 2013]. 196 

The total AMOC transport (given in Sverdrup; 1 Sv = 106 m3 s-1) is the sum of three components: 1. The 197 

Florida Current transport measured by the cable across the Florida Strait, 2. the Ekman transport 198 

estimated from wind stress, and 3. The mid-ocean transport calculated from observations of density 199 

changes across the Atlantic Ocean. Although the data is provided in 12-hourly intervals, only monthly 200 

averages will be used here for consistency with the sea level data.  201 
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 The definitions of the components of the RAPID observations and the components of the 202 

Oleander observations are different, so one must verify what each component means and how it relates 203 

to other components. The correlations associated with the Oleander observations for 1993-2012  are 204 

summarized in Table 1 and the correlations associated with the RAPID observations are summarized in 205 

Table 2. The main findings on the relation between the AMOC and the Oleander data are shown in Fig. 206 

4. First, it is somewhat surprising that the “Oleander’s Gulf Stream” (OGS in Table 1 and Table 2) is not 207 

correlated with any of the AMOC components, even slightly anti-correlated (though not at a statistically 208 

significant level) with the FC upstream from the OGS. This result is in contrast with the significant 209 

correlation found between the FC and the GS flow derived from altimeter data averaged over the mid-210 

Atlantic region [Ezer et al., 2013]. This finding of no correlation between OGS and FC may explain why 211 

Rossby et al. [2014] could not find significant weakening trend in the OGS that is consistent with the GS 212 

and AMOC weakening seen in other data [Ezer et al., 2013; Smeed et al., 2013]. It seems that the OGS 213 

along a single line is dominated by the influence of eddies, meandering and recirculation in the Sargasso 214 

Sea (Gulf Stream-Sargasso Sea correlation, R=-0.6, C=99.9%; Table 1), as noted by Rossby et al. [2010, 215 

2014]. Therefore, the OGS seems to represent local dynamics more than it represents the total transport 216 

changes associated with AMOC. On the other hand, the total flow across the Oleander line (including all 217 

3 components) is a good representation of the total AMOC transport (R=0.67, C=99%), and both show 218 

weakening transport between 2006 and 2010 (Fig. 4a). Another interesting result is that unlike the OGS 219 

flow which is uncorrelated with the FC, the location of the GS front along the Oleander line is highly 220 

anti-correlated with the FC transport upstream (R=-0.56, C=99%; Fig. 4b). The fact that a stronger GS 221 

implies a southward shift in the GS upstream of Cape Hatteras on interannual time scales (Fig. 4b) is 222 

consistent with similar pattern found in decadal variations during the period 1950-1990 [see Fig. 7 in 223 

Ezer, 1999]; these type of long-term variations can be associated with baroclinic Rossby waves 224 
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propagating across the North Atlantic basin [Sturges and Hong, 1995; Ezer, 1999]. The Oleander’s 225 

Slope Current (OSC in Table 2) is not statistically correlated (at over 95% confidence) with any of the 226 

AMOC components; the anti-correlation between the OSC and the FC (R=-0.37, C=83%) is interesting, 227 

but not statistically significant. Altimeter data also show that a stronger slope current can be developed 228 

when the GS shifts away from the coast, as is the case between 2000 and 2011 [Ezer et al., 2013]; this 229 

relation is consistent with simple dynamics of opposing currents, and with previous studies [e.g., Joyce 230 

et al., 2000] that related a southward shift in the GS position to low North Atlantic Oscillation (NAO) 231 

index, and to a stronger AMOC [Joyce and Zhang, 2010]. All these findings seem to suggest that the 232 

Slope Current by itself is not a significant driver of variations in the GS position, but perhaps a result of 233 

several processes, including the location of the GS and the supply of source waters from the Labrador 234 

Sea and the subpolar gyre. Contributions to the Sargasso Sea portion of the Oleander line seem to come 235 

from the mid-ocean portion of the AMOC (R=0.53, C=95%; Fig. 4c) and from the Ekman transport 236 

(R=0.4, C=88%; Fig. 4d), resulting in strong connections with the total AMOC transport (R=0.65, 237 

C=99%). The Sargasso Sea flow seems to lag behind the AMOC signal. 238 

 The weakening trend in the AMOC transport between 2004 and 2012 [~-0.5 Sv per year; Smeed 239 

et al., 2013] and the dramatic decline in 2009-2010 [McCasrthy et al., 2012; Srokosz et al., 2012; 240 

Baringer et al., 2013] are intriguing, though separating trends from internal variability may require 241 

much longer records [Roberts et al., 2014]. These changes in ocean circulation may have consequences 242 

in terms of accelerated SLR [Boon, 2012; Ezer and Corlett, 2012; Sallenger et al., 2012; Ezer, 2013] 243 

and increased flooding [Ezer and Atkinson, 2014; Sweet et al., 2009]. In some contrast to the above 244 

findings of significant recent changes in ocean circulation, Rossby et al. [2014] claim that the GS 245 

remained relatively stable over the past 20 years. This claim is based on the Oleander observations 246 

across the GS over a period longer than the RAPID data. Therefore, to see if the different data sets are 247 
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consistent with each other, 3 independently obtained records are compared in Fig. 5: (a) the Oleander 248 

total transport (blue line), (b) the SLDIF (red line) and (c) the AMOC total transport (green line); the 12-249 

month average values and error bars at 6-months intervals are plotted at exactly the same points in time 250 

when all data are available. Note that (a) and (b) represent integrated values across the same line 251 

(located ~32°N-40°N), while (c) represents transport across 26.5°N. Though the 3 data sets differ by the 252 

period covered, by the units used, and by the property they measure (though all represent a property 253 

associated with the Atlantic circulation strength), the variations are strikingly similar. When compared 254 

on the same intervals, the Oleander data is highly correlated with AMOC (R=0.67, C=99%) and with 255 

SLDIF (R=0.46, C=99%); the large drop between 2000 and 2010 is clear in all 3 data sets. Some 256 

discrepancy between SLDIF and the other two data sets is seen in 2005, which may relate to unknown 257 

coastal processes not captured by the Oleander and Rapid observations. Even before the RAPID 258 

program started, the variations in the Oleander-measured flow and SLDIF are very similar. All the 259 

records have downward trends over 1993-2012 and 2004-2012, but given the short records, the large 260 

variability and the different units used, attempts to quantify or compare those trends may not be too 261 

accurate. These trends will be evaluated later with respect to a much longer reconstructed record. Note 262 

that the conclusion of Rossby et al. [2014] about a stable Gulf Stream, with large variability and no 263 

significant trend, was based on only a portion of the Oleander line (OGS) which is affected by eddies 264 

more than by AMOC and does not address the trend during the RAPID period. The main point here is 265 

that the 3 data sets are generally consistent with each other and the apparent discrepancy in different 266 

studies one may mistakenly infer from Rossby et al. [2014] reflects the fact that the studies look at 267 

different periods and only part of the data (i.e., subsection OGS rather than the whole section).   268 

 269 

3. AMOC and sea level variability based on Empirical Mode Decomposition 270 
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 To better understand the relation between variations in AMOC and SLDIF, an Empirical Mode 271 

Decomposition/Hilbert-Huang transform (EMD/HHT; Huang et al., 1998) method is used, as in 272 

previous studies of sea level records [Ezer and Corlett, 2012; Ezer et al., 2013; Ezer, 2013]. The non-273 

parametric, non-stationary, method can separate oscillating modes from non-linear trends, so the SLDIF 274 

record (SL) and the AMOC transport record (TR) are represented by:  275 

(1b)                                                         )()()(
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where c, d are intrinsic oscillating modes and r, s are residual trends, for SLDIF and AMOC transport, 277 

respectively. If the 2 time series have similar length and variability, the number of modes, N, is likely to 278 

be the same, as is the case here (for monthly data 2004-2012, N=5 oscillating modes; N=0 is defined as 279 

the original data and the trend, r or s, are also referred to as mode 6). The definition of the trend in the 280 

EMD calculation is “a time-dependent function with at most one extremum representing either a mean 281 

trend or a constant” [Wu et al., 2007]. Using linear regression, one can correlate the modes in each 282 

dataset, whereas modes and trends of AMOC can be predicted from the SLDIF modes by: 283 

(2b)                                                             )()(
(2a)                                                        )()(

btarts
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+=
+=

 284 

where a’s and b’s are the regression coefficients. The EMD analysis is an empirical, sifting, non-linear 285 

approach, applied to non-stationary time series, so standard statistics and confidence levels used for 286 

example in regression analysis may not apply to it. Therefore, various ways have been applied to 287 

estimate confidence levels in the EMD analysis. For example, Huang et al., [2003] used variations in the 288 

sifting parameters to obtain confidence intervals, Ezer and Corlett [2012] used bootstrap simulations, 289 
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and recently Kenigson and Hu [2014] used artificially constructed time series to evaluate the accuracy of 290 

detecting trends. In the approach presented here, first, a standard EMD is applied, and then an Ensemble 291 

EMD (EEMD) with an added random white noise [Wu and Huang, 2009] was used to evaluate the 292 

statistics, errors and robustness of the analysis. 293 

 Fig. 6 compares the EMD modes in AMOC and SLDIF (with 2-month lag added; SLDIF is 294 

downstream from the FC thus lags behind AMOC) and also shows the cross-correlation function for 295 

each mode (right panels). The first two high frequency modes with periods less than 1 year are not well 296 

correlated and not shown, but significant correlations are evident for most other modes. Modes 3, 4 and 297 

5 represent oscillations of ~1, ~2 and ~5 year periods. Of particular high correlations are mode 4 298 

(R=0.81, C=99.9%), which together with mode 5 represents the weakening AMOC in 2010 discussed 299 

before, and mode 6, the trend (R=0.99, C=99.99%). The almost identical EMD trend in both AMOC and 300 

SL show a non linear trend with increased slope in recent years, but it is likely affected by unresolved 301 

multidecadal variations, as shown later. Note that because of the filtering of the high-frequency modes 302 

by the EMD to obtain the residual trend, the extremely high correlation obtained by linear regression 303 

may not be as significant as appear. Therefore, ensemble calculations (EEMD) are used to evaluate the 304 

robustness of the analysis for both, near annual variations (modes 2+3; Fig. 7) and low-frequency 305 

variations (modes 4+5+6; Fig. 8).  The EEMD performs 100 EMD calculations for each data set, with a 306 

random white noise of 15% added to each calculation (representing potential data errors). If particular 307 

set of modes are robust, the ensemble mean will converge and the standard deviation will show how 308 

errors vary along the time series and how significant are peaks relative to potential errors. It appears that 309 

the analysis has larger errors (spread of the ensemble members) near the beginning and the end of the 310 

records, and the SLDIF represents the low-frequency variations (Fig. 8) much better than it does for the 311 

high-frequency modes (Fig. 7). The near-annual cycle in the SLDIF and in the AMOC record are in 312 
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phase most of the time (with a 1-month lag), except around 2010-2011, when the anomalous AMOC 313 

drop disturb the annual cycle. The overall SLDIF-AMOC correlation for modes 2-3 (R=0.33, C=99%) is 314 

smaller than the correlation of the low-frequency modes (R=0.74, C=99.9%) which represent the 315 

AMOC drop in 2009-2010 very well. The best correlation obtained with a 5-month lag, which is 316 

consistent with the fact that the 2009-2010 event is largely driven by geostrophic processes associated 317 

with density changes [McCarthy et al., 2012], which are propagating slower than wind-driven high-318 

frequency processes. Note that the existence of lag suggests that real-time measurements of AMOC may 319 

be useful as a potential predictor for changes in sea level. Another result from the EEMD test is that, of 320 

the 100 calculations (both in SLDIF and in AMOC) none had as low value as in the minimum in 2010 321 

(neglecting the edges of the records), indicating the uniqueness of this event in a more statistical sense 322 

than a single calculation.  323 

 To further evaluate what processes that are included in the AMOC record are detected by the 324 

SLDIF, Fig. 9 compares the SLDIF with each one of the 3 components that make the AMOC transport. 325 

The Ekman transport seems to be significantly correlated with SLDIF at all frequencies (Fig. 9a,d,g), 326 

indicating that the wind-driven contribution to SLDIF affects a wide range of time-scales. However, the 327 

FC transport is highly correlated (R=0.89, C=99.9%) with a 5-year cycle of SLDIF (Fig. 9e), but not at 328 

other cycles. This low-frequency variability in the FC may be related to similar fluctuations in the Gulf 329 

Stream transport and coastal sea level reported by Sturges and Hong [2001] and connected to the impact 330 

of Rossby waves. The trend in both, the FC and SL are downward over the entire period, but the non-331 

linear trend is in opposite phase (Fig. 9h), indicating possible compensation between FC and the other 332 

two components of AMOC on very long time scales. The most apparent feature in the low frequency 333 

modes of the mid-ocean part of AMOC is that it lags behind the SLDIF and the Ekman transport by 334 
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about 2 years, suggesting that it may be driven by large scale changes in wind pattern, and it is not a 335 

driver of other components.     336 

 337 

4. Reconstruction of AMOC from sea level data 338 

 The correlation found here between the SLDIF and the AMOC transport on different time scales 339 

for 2004-2012 suggests that such a connection may have been valid in the past. In fact, connections 340 

between large scale Atlantic Ocean transports and sea level have been reported before [Greatbatch et 341 

al., 1991; Ezer et al, 1995; Sturges and Hong, 1995; Ezer, 1999, 2001]. Because of the relatively short 342 

period of continuous AMOC measurements by the RAPID project, any efforts to evaluate the accuracy 343 

of reconstruction of past AMOC are quite limited and may have considerable errors, for example due to 344 

biases in ocean models [Klöwer et al., 2014]. Reconstruction of AMOC transport is done here by the 345 

regression between AMOC and SLDIF with 2-month lag (giving overall correlation of R=0.27 at 346 

C=99% confidence). Reconstruction using individual EMD modes with different lags will result in 347 

higher correlations than direct regression (R=0.5, C=99.9%, for 2004-2012), but the accuracy for an 348 

extrapolation before 2004 is unknown, so only results using direct regression is shown here.  349 

 The AMOC transport is reconstructed for 1935-2012 (green line in Fig. 10) from the AMOC 350 

record of 2004-2012 (red line in Fig. 10) using the AMOC-SLDIF regression. The decadal and 351 

multidecadal variations obtained from the low frequency EMD modes are shown (black line in Fig. 10), 352 

as well as estimated transports from past observations (blue bars) reported by Bryden et al. [2005]. The 353 

linear downward trend over the entire 78-year record is relatively small, -0.22 Sv per decade, and not 354 

statistically significant given the large variability and the uncertainty in sea level associated with land 355 

subsidence. However, qualitatively this weakening trend is consistent with Bryden et al. [2005].  The 356 
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record also shows interannual, decadal and multidecadal variability (periods of ~5, ~10 and ~50 year). 357 

The longer periods may include influence of the Atlantic Multidecadal Oscillations (AMO) [Chambers 358 

et al., 2012]. Attention was given recently to potential weakening in AMOC seen in the RAPID 359 

observations since 2004 and even a larger weakening of up to 30% during 2009-2010 [McCarthy et al., 360 

2012; Srokosz et al., 2012; Baringer et al., 2013; Smeed et al., 2013], so it would be of interest to 361 

compare the recent large changes to past changes. In particular, several past studies focused on 362 

interpentadal changes that were detected in the Atlantic Ocean density field between 1955-1959 and 363 

1970-1974 [Levitus, 1989], resulting in a reduction in steric sea level difference between the subtropic 364 

and the subarctic [Levitus, 1990], possibly a 30% decrease in the GS transport [Greatbatch et al., 1991] 365 

and ~10 cm sea level rise along the U.S. coast [Ezer et al., 1995]. All these changes are quite similar to 366 

recent observations, suggesting that a weakening in AMOC may have been involved in both cases. The 367 

AMOC reconstruction indeed shows very similar transport decrease, ~4.5 Sv per decade for 1960-1972 368 

and 2000-2012. Longer RAPID observations are needed to see if the recent trend will continue, or 369 

whether the AMOC will recover to some degree.   370 

 While the proxy of AMOC from SLDIF indicates interesting variations in ocean dynamics, it 371 

cannot fully and equally represent all the components contributing to the AMOC observed by RAPID. 372 

For example, the low-frequency variations of AMOC (Fig. 8) are better represented by SLDIF than 373 

high-frequency variations, and wind-driven variations (Fig. 9) are represented by SLDIF at shorter lags 374 

relative to AMOC than density-driven variations. Since there is no observed “truth” of past AMOC 375 

variations, comparing our AMOC reconstruction with other estimates of AMOC can at least shed some 376 

light on common features. For example, there are some similarities between our results and the AMOC 377 

reconstruction based on SST shown in Klöwer et al. [2014], including the decline in 1960-1970 and after 378 

2000. However, Kloer et al’s reconstruction represents only the low-frequency, heat-flux driven portion 379 
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of AMOC at 48°N, while the RAPID data is for 26°N and includes high-frequency wind-driven 380 

variations. Therefore, direct comparison with Kloer et al’s results is not possible. Another source of past 381 

AMOC estimates is from reanalysis systems that use a combination of numerical ocean models and data 382 

assimilation. Therefore, in Fig. 11 our AMOC reconstruction is compared with one such system, the 383 

CMCC Global Ocean Physical Reanalysis System [C-GLORS; Storto et al., 2011]. Despite various 384 

uncertainties in the reanalysis estimates due to model biases, sparse data coverage and errors in the data 385 

assimilation calculations, the reanalysis and the reconstruction (with its own uncertainties as discussed 386 

before) are significantly correlated (R=0.25, C=99.9%) between 1982 and 2012. The comparison reveals 387 

several interesting findings. First, the variability of the AMOC transport in the reanalysis is about 40% 388 

smaller than that of the reconstruction, and the mean AMOC transport in the reanalysis is ~3 Sv lower 389 

than in the reconstruction; both discrepancies are consistent with typical biases in climate models 390 

[Roberts et al., 2014]. Second, similar decadal variations are seen in both records, with AMOC 391 

downward trends appear in 1995-1998, 2001-2004 and 2005-2010. Thirds, the best correlation is 392 

obtained with the reconstruction record lagging by 2 months behind the reanalysis, similar to the lag 393 

found between the SLDIF and the RAPID data. 394 

 395 

5. Summary and conclusions 396 

 The study addresses 3 issues. The first issue is the apparent disagreement between studies 397 

showing recent weakening in the GS [Ezer, 2013; Ezer et al., 2013] and in AMOC [Bryden et al., 2005; 398 

McCarthy et al., 2012; Srokosz et al., 2012; Smeed et al., 2013], while others suggest a stable GS over 399 

the past 20 years [Rossby et al., 2014]. Comparisons between three independent data sets, the flow 400 

across a section from Bermuda to the U.S. coast obtained from the Oleander project, the AMOC 401 
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transport obtained from the RAPID project and SLDIF obtained from tide gauges, reveal that all data 402 

sets are very consistent with each other and show similar variations, including the recent downward 403 

trend in ocean currents in 2009-2010. There are two reasons for Rossby et al.’s contrasting results. First, 404 

the GS portion of the Oleander line used by Rossby et al. is largely influenced by eddies and 405 

recirculation gyres, so it was not correlated with the AMOC or even with the upstream GS (the FC 406 

transport). Only the flow through the entire Oleander line, that includes the Slope Current, the GS and 407 

the Sargasso Sea are correlated with AMOC. Second, because the AMOC trend is non-linear and 408 

affected by variations on many different scales (from weakly to multi-decades), a mean slope calculated 409 

over a particular 20-year window may not mean much for the long-term trend (it’s still short compared 410 

with the 60-year cycle, mentioned before), and does not represent most of the largest interannual 411 

changes, such as the weakening in 2009-2010. It was shown however, that when looking at the entire 412 

Oleander line, one sees the evidence of the large interannual variations, as seen in the other data sets. 413 

Another interesting result was that while the FC is not correlated with the Oleander GS downstream it is 414 

highly correlated with the GS position along the Oleander line, with a southward GS shift when FC 415 

transport increases, in agreement with previous studies [Joyce and Zhang, 2010]. The position of the GS 416 

is also related to the Slope Current, in agreement with previous findings that show an increase in the 417 

Slope Current flow southward when the GS moved offshore [Ezer et al., 2013]. The results suggest that 418 

the Slope Current is not the driver of the GS shift, but rather the result of it (additional impacts on the 419 

Slope Current from water sources in sub-polar regions are possible as well, but have not been discussed 420 

here).  421 

 The second goal of the study was to use the EMD/HHT analysis [Huang et al., 1998] to 422 

understand the relation between SLDIF and AMOC on different scales. The two time series are highly 423 

correlated with each other, and in particular, the drop in AMOC around 2010 seems to involve low 424 
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frequency modes that can be detected in sea level. The EMD-derived trend over 2004-2012 is almost 425 

identical in AMOC and SLDIF and is clearly non-linear, pointing to difficulties in calculating linear 426 

trends from relatively short records. The wind-driven Ekman transport portion of AMOC is detected in 427 

the SLDIF record at all time scales, while the FC transport portion of AMOC is in phase with SLDIF for 428 

a 5 year cycle, but out of phase for the long-term trend. The mid-ocean portion of AMOC seems to lag 429 

behind SLDIF and the Ekman transport by ~2 years, indicating that variations in the mid-ocean flows 430 

may have been the result of climatic changes in wind patterns that have affected the density field and 431 

thus the geostrophic flow that contribute to the mid-ocean transport. 432 

 Finally, using the correlation between SLDIF and AMOC during 2004-2012, a reconstruction of 433 

78 years of AMOC, 1935-2012, was obtained. The reconstructed record indicates a long-term downward 434 

trend, as suggested by observations [Bryden et al., 2005] and predicted by climate models, but 435 

evaluating its significance requires further studies with other data. A comparison between the sea level-436 

derived reconstruction of AMOC and reanalysis data for 1982-2012, shows surprisingly good 437 

agreement, despite obvious uncertainties in both estimates. Variations in the AMOC transport are 438 

dominated by interannual, decadal and multidecadal variations. The recent AMOC weakening that 439 

started around 2000 is comparable in its trend to the changes that occurred during the 1960s and 1970s, 440 

~4.5 Sv per decade. The potential consequences of the recent AMOC changes on slowing down the GS 441 

[Ezer et al., 2013] and accelerating sea level rise [Boon, 2012; Sallenger et al., 2012; Ezer and Corlett, 442 

2012; Ezer, 2013], are quite similar to interpentadal changes reported between 1955-1959 and 1970-443 

1974 [Greatbatch et al., 1991; Ezer et al., 1995]. However, the dramatic past changes (including a 444 

potential 30% weakening in the GS during the 1960s) were based on diagnostic numerical models that 445 

could not be completely verified, while the Oleander data, the altimeter data and the RAPID 446 

observations now provide valuable data to verify the recent changes. 447 
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 448 

Appendix A. Acronyms and terms 449 

 450 

ADCP- Acoustic Doppler Current Profiler; AMO- Atlantic Multidecadal Oscillations; AMOC- Atlantic 451 

Meridional Overturning Circulation; AVISO- Archiving, Validation and Interpretation of Satellite 452 

Oceanographic data; CMCC- The Euro-Mediterranean Center on Climate Change; C-GLORS – The 453 

CMCC Global Ocean Physical Reanalysis System; EMD- Empirical Mode Decomposition; EEMD- 454 

Ensemble Empirical Mode Decomposition; FC- Florida Current; GIA- Glacial Isostatic Adjustment; 455 

GS- Gulf Stream; NAO- North Atlantic Oscillation; PSMSL- Permanent Service for Mean Sea Level; 456 

RAPID- (no acronym) Observations to estimate AMOC transport; SLDIF- Sea Level Difference; SLR- 457 

Sea Level Rise; SST- Sea Surface Temperature.  458 

 Terms associated with the Oleander Observations: OTF- Oleander Total Flux; OGS- Oleander 459 

Gulf Stream Flux; OSC- Oleander Slope Current Flux; OSS- Oleander Sargasso Sea Flux; OPO- 460 

Oleander Gulf Stream Position. 461 

 Terms associated with the RAPID Observations: ATOT- AMOC Total Net Transport; AFCT- 462 

AMOC Florida Current Transport; AEKT- AMOC Ekman Transport; AMOT- AMOC Mid-Ocean 463 

Transport. 464 
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 602 
 Table 1. Correlations (coefficient R and confidence C%) between the fluxes measured by the Oleander 603 

project during 1993-2012 and sea level difference (SLDIF) between Bermuda and Atlantic City. The 604 

calculations are based on 12-month averages in 0.5 year intervals at periods when Oleander data are 605 

available. Correlations with confidence level C>95% are highlighted. 606 

 607 

 608 
 Sea-Level 

Difference 
Oleander Fluxes  

 SLDIF OGS OSC OSS 
Oleander’s Total 

Flux 
(OTF) 

0.46 
(99.7%) 

-0.06 
(28%) 

0.31 
(95%) 

0.8 
(99.9%) 

Oleander’s  Gulf 
Stream 
(OGS) 

-0.22 
(83%) 

1 -0.19 
(75%) 

-0.6 
(99.9%) 

Oleander’s Slope 
Current 
(OSC) 

0.21 
(80%) 

-0.19 
(75%) 

1 0.12 
(53%) 

Oleander’s 
Sargasso Sea 

(OSS) 

0.47 
(99.7%) 

-0.6 
(99.9%) 

0.12 
(53%) 

1 

Oleander’s GS 
Position  
(OPO) 

0.49 
(99.8%) 

-0.24 
(87%) 

0.48 
(99.8%) 

0.26 
(88%) 

 609 

610 
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Table 2. Same as Table 1, but for correlations with the components of the RAPID observations that 611 

contribute to the AMOC transport during 2004-2012.  612 

 613 
 614 

  Oleander’s Fluxes  GS Position 
(OPO)

 Total 
(OTF) 

Gulf 
Stream 
(OGS) 

Slope 
Current 
(OSC) 

Sargasso Sea 
(OSS) 

 
 

AMOC’s Total 
Transport 
(ATOT) 

0.67 
(99%) 

-0.24 
(62%) 

0.18 
(49%) 

0.65 
(99%) 

-0.32 
(76%) 

AMOC’s Florida 
Current Transport 

(AFCT) 

0.12 
(30%) 

-0.2 
(52%) 

-0.37 
(83%) 

0.26 
(66%) 

-0.65 
(99%) 

AMOC’s Ekman 
Transport  
(AEKT) 

0.38 
(84%) 

-0.27 
(68%) 

0.29 
(70%) 

0.4 
(88%) 

0.19 
(50%) 

AMOC’s Mid-
Ocean Transport  

(AMOT) 

0.64 
(99%) 

-0.1 
(26%) 

0.24 
(61%) 

0.53 
(95%) 

-0.26 
(65%) 

 615 
 616 

617 
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Figure Captions 618 

 619 

Fig. 1. Examples of absolute sea surface height (cm; in color) fields from altimeter data. Top: August 620 

23, 2000, when the Gulf Stream front was farther north, and Bottom: May 5, 2010, when the Gulf 621 

Stream front was farther south. Also shown are approximated locations of data used in the study: the 622 

Oleander section, the Florida Current section and the tide gauges (marked as stars). 623 

 624 

Fig. 2.  (a) Monthly sea level data and linear trends from tide gauges in Atlantic City (blue) and 625 

Bermuda (red). (b) Sea level difference (Bermuda minus Atlantic City) obtained from coastal tide 626 

gauges (blue) and from altimeter data (red). Altimeter data are from ocean locations closest to the tide 627 

gauges.   628 

 629 

Fig. 3. Section data between Bermuda and the U.S. coast obtained from the Oleander project and from 630 

tide gauge data (only panel b). All data are annual averages and error bars (vertical lines) representing 631 

95% confidence intervals relative to 12-month means; some data were missing in 2011. (a) Total volume 632 

flux of the upper layers across the entire section (in 104 m2 s-1) and its components: (d) the Gulf Stream 633 

portion of the section, (e) the Sargasso Sea portion, and (f) the Slope Current portion; (c) is the Gulf 634 

Stream relative location on the Oleander section (in km; with positive values are toward the U. S. coast; 635 

see Rossby et al., 2014, for details). (b) Bermuda-Atlantic City sea level difference anomaly (in cm). 636 

 637 

Fig. 4.  Comparisons between the Oleander observations (blue lines and y-axis on the left; same units as 638 

in Fig. 3) and the RAPID transport data (green lines and y-axis on the right; units are Sv). Annual means 639 

and errors in ~0.5 year intervals are shown for periods when Oleander data are available (note gaps in 640 

data during 2011). Correlation coefficient (R) and confidence level of correlation (C) between Oleander 641 
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and RAPID data are shown. (a) Total flux across the entire Oleander section vs. total AMOC transport. 642 

(b) Gulf Stream position vs. Florida Current portion of AMOC. Sargasso Sea portion of Oleander line is 643 

shown vs. (c) mid-ocean and (d) Ekman transport portions of AMOC.  644 

 645 

Fig. 5. Comparisons between 3 different data sets: Oleander total flux (blue line; y-axis on outside-left), 646 

sea-level difference (red line; y-axis on inside-left) and AMOC transport (green line; y-axis on right). 647 

Data and units are the same as in figures 3 and 4. Various trends and correlations are indicated. 648 

 649 

Fig. 6.  Left panels are the EMD modes of the AMOC transport (in Sv; blue lines with axis on the left) 650 

and sea level difference (in cm; green lines with axis on the right). Right panels are the cross-651 

correlations between sea level and AMOC data (blue horizontal lines are the 95% confidence intervals). 652 

The top panel is the original monthly data (mode 0), and below it are modes 3-6 from high to low 653 

frequencies (mode 6 is the long-term trend). The highest frequency modes 1-2 are not shown- sea level 654 

and AMOC are not well correlations in those modes.  655 

 656 

Fig. 7. Ensemble EMD (EEMD) calculations of the combined modes 2 and 3, using 100 ensemble 657 

members and random white noise equivalent to 15% of the observed standard deviation. Green lines are 658 

individual members and heavy blue lines are the ensemble mean (solid) and standard deviation (dash). 659 

(a) Monthly AMOC record and (b) monthly SLDIF record; the correlation coefficient with 1-month lag 660 

(AMOC leading SLDIF) is indicated.  661 

 662 

Fig. 8. Same as Fig. 7, but for the low-frequency modes 4-6 and a 5-month lag. 663 

 664 
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Fig. 9.  The low-frequency EMD modes 4-6 (from top to bottom) of the three components of the AMOC 665 

transport (in Sv; blue lines with axis on the left) and sea level difference (in cm; green lines with axis on 666 

the right). Correlations (R) at 95% confidence and higher are highlighted in red. 667 

 668 

Fig. 10.   Reconstruction of monthly AMOC record from 1935 (green line), using the correlation of sea 669 

level with observed AMOC after 2004 (red line). Blue lines represent estimated AMOC transport and 670 

error bars from section data across 25°N [Bryden et al., 2005]. Also shown is the sum of the low-671 

frequency EMD modes (heavy black line), the long-term linear trend line (dashed line) and the linear 672 

trend of two periods with especially large decline (thin black lines); the trends are indicated in Sv per 673 

decade. 674 

 675 

Fig. 11. Comparison of the AMOC transport reconstructed from sea level data (green) and the AMOC 676 

transport obtained from the C-GLORS reanalysis system (blue). A constant value of 3 Sv was added to 677 

the reanalysis record, so both records have similar mean value. Correlation was calculated after a 2-678 

month lag was included (reanalysis leading).   679 
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