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Abstract 
The North Atlantic Ocean transports on the order of 1 petawatt of heat poleward 

from the Equator toward the high-latitude Arctic via an exchange of warm, upper-layer 

water for cold bottom water, reducing the Equator-to-pole temperature gradient and 

providing an opportunity for regional climate predictability at seasonal to decadal time 

scales. As more high-quality observations and numerical models of the ocean have 

become available in the past decade, oceanographers have realized that the variability in 

this oceanic meridional heat transport is not coherent across latitudes, with a prominent 

break in the meridional coherence between the subtropical gyre and the subpolar gyre. In 

this dissertation, I demonstrate the progress I have made on understanding how heat is 

conveyed from the subtropical gyre to the subpolar gyre in the North Atlantic at these 

critical inter-gyre latitudes (35°N-50°N).  

I use a suite of data including databases of in situ measurements of oceanic 

temperature and salinity, satellite observations of sea-surface temperature and height, 

and ocean model output of ocean current velocities, temperature and salinity.  I conclude 

that a majority of the inter-gyre heat transport in the North Atlantic can be explained by 

variability in the strength of the sub-surface transport between the gyres. In this work, I 

also test whether pathways for propagating sea-surface temperature anomalies exist 

between the gyres as has been previously suggested and find that there is no evidence for 
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this pathway in more modern satellite measurements. In addition, I show that variability 

in the sub-surface pathway cannot be explained by dynamics in the size and strength of 

the subpolar gyre as has long been assumed. Finally, I do a detailed analysis within two 

ocean circulation models and conclude that the oceanic heat fluxes are as important or 

more important as the surface atmospheric forcing to the temperature variability in the 

northeastern Atlantic, even at high frequencies. I then find that the origin of these oceanic 

heat fluxes stem from variability in the upper limb of the overturning circulation at inter-

gyre latitudes. These results impact how we might expect to track ocean heat fluxes and 

thus where to look for climate predictability in the North Atlantic sector.
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1. Introduction 
As part of the global overturning circulation, warm, saline water flows into the 

upper layers of the Atlantic basin, continuing northward across the Equator and into the 

North Atlantic (Fig. 1a). As this water flows into the high-latitude North Atlantic, it is 

cooled via air-sea heat exchanges, transformed into denser water masses, and eventually 

returned southwards into the South Atlantic and the Antarctic Circumpolar Current by 

the deep circulation. This conveyor belt conceptual model of the Atlantic meridional 

overturning circulation (AMOC) originated in 1800 when Count Rumford was able to 

correctly deduce from a single temperature measurement of the abyssal Atlantic that the 

cold water at depth in the tropical oceans could only be supplied from ventilation at high 

latitudes. In the 1980s and 1990s, this idea became popularized as a mechanism to explain 

rapid transitions in global climate that were recorded in ice and ocean sediment cores 

[Gordon, 1986; Broecker, 1987, 1991; Dansgaard et al., 1993].  
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Figure 1. The global conveyor belt used to explain climate phenomena on paleo 
time scales. Figure from www.jpl.nasa.gov, adapted from Broecker [1987]. 

Due to its simplicity and support from geochemical tracers and coarse-resolution 

numerical ocean circulation models, this conceptual model of a laminar overturning 

circulation in the North Atlantic transitioned from the paleo literature into a prominent 

role in the physical oceanographic literature in the late 1990s and early 2000s [Broecker, 

1997; Sutton and Allen, 1997; Bacon, 1998; Delworth and Mann, 2000; Fratantoni, 2001; 

Vellinga and Wood, 2002; 2008; Bryden et al., 2005]. The incorporation of a conceptual 

model initially constructed to explain paleo events into contemporary physical 

oceanography led to misinterpretations of the limited available observations – most 

prominently, a 2005 Nature paper concluded that the Atlantic meridional overturning 

circulation (AMOC) had declined by 30% at 24.5°N from 1957 to 2004 based on five 

hydrographic transects [Bryden et al., 2005]. But continuous measurements from the 

RAPID array in 2004 spanned a larger range of variability within a single year than was 

present in the five transects, thus these hydrographic snapshots likely captured seasonal 

or interannual variability rather than a long-term decline [Cunningham et al., 2007]. In 

addition to the deployment of the RAPID monitoring array in 2004, the Argo array of 

drifting profile buoys also began to take measurements on a global scale in the early 2000s, 

and dramatic improvements were made in the spatial resolution of ocean circulation 

models. Evidence started to mount during this time period that the classical conveyor belt 

conceptual model does not hold on modern day time scales [Bower et al., 2008; Lozier, 
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2010; 2012] and in contrast, the evidence pointed to the North Atlantic as a dynamic, 

turbulent geophysical fluid dominated by mesoscale variability [Ferrari and Wunsch, 

2008; Chelton et al., 2011] in which even the large-scale circulation like the AMOC can 

have high frequency variability [Cunningham et al., 2007; Srokosz and Bryden, 2015].  

This revolution in our understanding of the general circulation in the North 

Atlantic has also impacted the way in which we expect the oceanic heat transport to be 

accomplished. For example, in chapter 2 of this dissertation, I challenge the finding from 

Sutton and Allen [1997] that sea-surface temperature (SST) anomalies propagate from the 

subtropical Gulf Stream region of Cape Hatteras into the eastern subpolar gyre between 

Iceland and the UK [Foukal and Lozier, 2016]. This general idea that SST anomalies could 

propagate for thousands of kilometers along a highly energetic, turbulent front for nine 

years is at odds with our updated understanding of the ocean general circulation. Yet at 

the time of publication, this idea garnered support [Hansen and Bezdek, 1996; Krahmann 

et al., 2001] and was partially responsible for the creation of the field of regional climate 

predictability in which oceanographers look for patterns of propagation or low frequency 

variability in ocean temperatures that can lead to skillful forecasts on seasonal to decadal 

time scales [e.g. Latif et al., 2006; Keenlyside et al., 2008; Msadek et al., 2010]. 

Along similar lines, in chapter 3 of this dissertation, I challenge the idea that the 

size and strength of the subpolar gyre controls the strength of the inter-gyre transport 

[Häkkinen and Rhines, 2004; Hátún et al., 2005]. This is a more nuanced hypothesis than 



 

4 

the SST anomaly pathway because it requires three steps of logic: (1) variability in the 

strength of the transport connecting the subtropical gyre to the subpolar gyre controls 

temperature variability in the eastern subpolar gyre, (2) the size and strength of the 

subpolar gyre controls the variability in the strength of the inter-gyre transport, and (3) 

that the leading statistical mode of the satellite sea-surface height is a metric for the size 

and strength of the subpolar gyre. The first point, the actual physical mechanism by which 

the heat transport is accomplished, is consistent with our current understanding. 

However, my results do not agree with the latter two steps: I show that the leading 

statistical mode of satellite sea-surface height is not a proper indicator of the size and 

strength of the subpolar gyre, and in response, I derive a more direct method for 

calculating these variables. With this new metric, I find no relationship with its variability 

and the salinity of the eastern subpolar gyre that is often used as a proxy for the strength 

of the inter-gyre connection. 

In chapter 4, I use the conservation of heat equation to close the heat budget in the 

eastern subpolar gyre within two ocean circulation models. Through this analysis, I am 

able to decompose the ocean heat content variability into the individual fluxes across each 

face of our study area, including the sea surface so that all possible sources of variability 

are considered. This work is especially relevant because a long-standing debate in the 

literature [Hasselmann, 1976; Frankignoul and Hasselmann, 1977; Seager et al., 2002; 

Rhines and Häkkinen, 2003] has been rejuvenated recently regarding the role that ocean 
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dynamics play in setting ocean temperatures in the North Atlantic [Booth et al., 2012; 

Gulev et al., 2013; Clement et al., 2015; Zhang and Zhang, 2015; Brown et al., 2016; Bellomo 

et al., 2017; Cane et al., 2017; Murphy et al., 2017; Li et al., in prep]. The most recent papers 

have pointed to the subpolar gyre as a region that initiates multidecadal temperature 

variability across the entire North Atlantic through excitation of planetary waves in the 

ocean or via cloud feedbacks. To extend upon this line of work, I analyze the mechanisms 

and pathways that control the temperature variability of the subpolar gyre, thus I am able 

to extend this mechanism one step upstream. This approach gives clear answers as to the 

origins of the subpolar temperature variability, yet only within the context of the models 

I use, and thus I also make efforts to validate the models’ representation of the real ocean 

so that the conclusions can be generalized beyond the models. 

In summary, this thesis improves our understanding of the oceanic heat transport 

from the subtropical gyre to the subpolar gyre in the North Atlantic. However, there 

remains much work to be done to fully understand the mechanisms behind the dynamics 

of the coupled ocean-atmosphere North Atlantic system and its potential feedback 

mechanisms on different time scales of interest. My hope is that this thesis is viewed as an 

example of the scientific method at work: testing hypotheses, rejecting ones that do not 

fit, and then arriving at new hypotheses through rigorous analysis.  
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2. No inter-gyre pathway for SST anomalies in the North 
Atlantic   

This chapter has been published in Foukal and Lozier [2016].  

2.1 Introduction 

The surface waters of the eastern subpolar gyre (50°N-60°N, 30°W-15°W) in the 

North Atlantic are exceptionally warm and salty compared to the surface waters at similar 

latitudes, leading to the supposition that the subpolar gyre (SPG) is primarily supplied by 

the similarly warm and salty waters of the subtropical gyre (STG) [Maury, 1868; Broecker, 

1991; Fratantoni, 2001]. This connection has been of particular interest because the sea 

surface characteristics of the North Atlantic SPG provide the environment for density-

driven overturning – the warm surface water loses heat to the atmosphere, becomes more 

dense and sinks to depth as it flows around the SPG. This water mass transformation is 

one component of the Atlantic Meridional Overturning Circulation (AMOC), which 

moves warm water northwards in its upper layers and colder water southwards at depth, 

affecting regional and global climate by redistributing heat [Kostov et al., 2014]. Another 

impetus for understanding the structure and pathways of the upper layer AMOC is the 

potential for predicting climate on time scales of months to years in advance [Sutton and 

Allen, 1997; Latif et al., 2006; Msadek et al., 2010]. 

Eulerian-based analyses of surface drifter velocities – in which drifter velocities 

within a spatially defined bin are averaged over time – indicate that surface waters in the 

Cape Hatteras region are advected northeastward into the eastern SPG [Fratantoni, 2001; 
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Lumpkin and Johnson, 2013]. In contrast, Lagrangian analyses of the pathways of 

individual trajectories from the same surface drifter data show little to no surface 

connection between the Gulf Stream and the eastern SPG [Brambilla and Talley, 2006; 

Häkkinen and Rhines, 2004]. Only 1 out of 273 (0.37%) surface drifters deployed south of 

45°N in the North Atlantic between 1990 and 2002 made it to the SPG [Brambilla and 

Talley, 2006]. Though this surface throughput has increased since 2002, the largest 

exchange observed during any given time period is only 3.3% [Häkkinen and Rhines, 

2009]. A subsequent modeling study demonstrates that Lagrangian trajectories initialized 

in the STG at depth shoal as they move northward along isopycnal surfaces and are more 

likely to reach the SPG than those initialized at the surface in the STG [Burkholder and 

Lozier, 2011]. When coupled with recent findings on the formation and fate of subtropical 

mode water (STMW) [Gary et al., 2014; Kwon et al., 2015], these Lagrangian results yield 

a new circulation pattern of North Atlantic upper-layer currents: surface Gulf Stream 

water recirculates in the STG, becomes part of the STMW, re-enters the Gulf Stream at 

depth and is then exported to the eastern SPG [Burkholder and Lozier, 2014].   

This proposed paradigm, with subsurface STG waters supplying the eastern SPG, 

begs the question as to whether winter sea-surface temperature (SST) anomalies are 

transmitted to the SPG via the advective pathway described in previous studies [Hansen 

and Bezdek, 1996; Sutton and Allen, 1997; Krahmann et al., 2001] in which SST anomalies 

re-emerge during subsequent winters as they progress along the Gulf Stream/North 
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Atlantic Current (GS/NAC). The goal of this paper is to answer that question by first 

carefully analyzing and quantifying the fate of surface Gulf Stream waters and secondly 

determining whether winter SST anomalies in the modern satellite SST record propagate 

from the STG into the SPG.  

We find that only a small fraction of surface Gulf Stream water reaches the SPG, 

and that the water that does reach the SPG does so at depths below the winter mixed layer 

and is thus out of contact with the SST. We also find that the SST anomaly pathway 

previously reported is most likely an artifact of a smoothing filter on the same time scale 

as SST changes associated with the North Atlantic Oscillation (NAO), and not an actual 

physical pathway for SST anomalies. We conclude that interannual changes in the SST of 

the SPG cannot, as once thought, be predicted from information on the Gulf Stream SST 

and that inter-gyre heat transport of the AMOC must occur below the surface layers. 

2.2 Results 

2.2.1 Modeled Lagrangian pathways 

To trace the pathways and fate of surface Gulf Stream waters, we initialize 

Lagrangian particles in an eddy-resolving ocean circulation model (FLAME) [Böning et 

al., 2006; Biastoch et al., 2008].  FLAME is an ocean-only, fully dynamic ocean model with 

1/12° horizontal resolution and 45 depth layers varying from 5 m resolution at the surface 

to 250 m resolution at depth. The model is forced by NCEP-NCAR reanalysis wind and 

buoyancy forcing for 15 years (1990-2004). We find Lagrangian particle positions using 
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the models’ three-day velocity fields, and record those positions every 15 days. Particles 

are initialized at the surface in the vicinity of Cape Hatteras (VCH) in a spatial box defined 

as in a previous study5 (31.5°N-38.5°N, 80°W-60°W). We also require that the particles’ 

initial positions be located south of the Gulf Stream north wall – defined to be the 15°C 

isotherm at 200 m depth [Joyce and Zhang, 2010] – so that all trajectories are of subtropical 

origin. To calculate particle pathways from the model’s velocity field, we initially use only 

horizontal velocities – i.e. we restrict the simulated floats to the surface to mimic the 

constraint placed on the observational surface drifters (Fig. 2a). In a subsequent 

Lagrangian experiment, we use the three-dimensional flow field (Fig. 2b) for the trajectory 

calculations. In both experiments, water particles are tagged at the surface in the VCH box 

every fifteen days for the first ten years of the model run (1990-1999) and tracked for five 

years. In the surface-constrained run, the trajectories are heavily influenced by the winds, 

accumulating in the Ekman convergence zone at 30°N. Only 5 out of 60,906 modeled 

trajectories (<0.01%) cross north of 53°N, the latitude at which we consider the floats to be 

subpolar. When allowed to follow the three-dimensional flow field, the vast majority of 

the trajectories (97.5%) trace the wind-driven, western-intensified geostrophic STG, 

accumulating in its convergent center. Only 1,526 out of the 60,906 total floats (2.51%) 

reach the SPG in this experiment. Along with vertical mixing, Ekman pumping from 

negative wind-stress curl forcing yields a net downward transport in the STG [Palter et 

al., 2005], removing particles from the surface layer and creating the disparity between 
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panels A and B in Fig. 2. These results agree with the observed and modeled Lagrangian 

experiments on the fate of surface water in the Gulf Stream [Brambilla and Talley, 2006; 

Häkkinen and Rhines, 2009; Burkholder and Lozier, 2011; Rypina et al., 2011], and we 

elaborate on those previous studies by exploring the pathways of the Lagrangian particles 

from the Gulf Stream region to the SPG. 
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Figure 2: Distributions of modeled particle positions. Floats are initialized 
from the surface of the VCH box (black rectangle) in FLAME and are constrained to 
follow either the two-dimensional surface flow field (A) or the three-dimensional 
flow field (B) for five years. The color bar refers to the total number of trajectories 

that pass through a given location (i.e. occurrences) over the 15 years. Arrows in panel 
A are the time-mean Ekman velocities from the Center for Topographic studies of the 

Ocean and Hydrosphere [Sudre and Morrow, 2008] and contours in panel B are the 
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time-mean sea-surface height (SSH) values from AVISO (dashed contours indicate 
negative values) [Ducet et al., 2000]. 

 

An examination of those trajectories that reach the SPG within their five-year 

lifetime reveals the canonical GS/NAC pathway (Fig. 3). However only 0.5% of the floats 

remain above the 125 m climatological winter mixed layer in the GS/NAC [de Boyer 

Montégut et al., 2004] on their way to the SPG (Fig. 3, inset). In addition, the small 

number of particles that travel to the eastern SPG vary in their transit time (median=3.4 

yr., standard deviation=1.2 yr.); the spread demonstrates that waters from the VCH do 

not travel coherently to the eastern SPG and instead mix with waters of other ages (Fig. 

4). In comparison, the Lagrangian integral time scales of temperature anomalies for the 

trajectories that reach the SPG (~48 days) is much shorter than the advective time scale, 

thus individual trajectories are not expected to carry their temperature anomaly to the 

SPG. 
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Figure 3: Distribution of modeled particle positions that are SPG-bound. 
These particles reach 53°N within five years in the three-dimensional flow field 

(2.51% of total). The color bar refers to the total number of trajectories that passed 
through a given location (i.e. occurrences) over the 15 years. Particle locations north of 

53°N are not displayed. Solid black line indicates the average position of the Gulf 
Stream north wall in FLAME. Inset panel shows the percent of trajectories that remain 

in the surface layer as a function of time, normalized by the total time required to 
reach the SPG. Three definitions of the surface layer are provided (0-25 m, 0-100 m, 0-

125 m).  

 

Figure 4: Number of modeled particles crossing 53°N every 30 days. Colors 
denote the year of initialization in the VCH box. Inset panel shows the distribution of 

float ages when crossing 53°N, with a median (red line) at 3.37 yr. 
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2.3.1 Satellite SST anomaly pathways 

Given the lack of a surface advective pathway from the STG to the SPG, we 

revisit the question of whether winter SST anomalies propagate along the GS/NAC 

[Hansen and Bezdek, 1996; Sutton and Allen, 1997; Krahmann et al., 2001]. Our 

investigation uses a lagged correlation analysis with the modern satellite SST record – 31 

years (1981-2012) of AVHRR Pathfinder SST data [Casey et al., 2010]. We switch to 

observational data for this analysis because a reliable data set exists with an 

observational period long enough for this analysis. A number of steps are followed to 

provide consistency with previous studies: (1) we use winter (November-April mean) 

SST anomalies at 1°x1° spatial resolution, (2) the VCH box is defined as 80°W-60°W, 

31.5°N-38.5°N and (3) we apply a five-year running mean filter to the SST anomalies 

prior to calculating correlations. A time series of winter SST anomalies averaged over 

the VCH box is extracted and then correlated with winter SST anomalies for each 1° by 

1° cell in the North Atlantic. Correlations are calculated for zero to nine-year lags. Areas 

that exceed subjectively chosen threshold correlations that decrease as the lag increases 

so as to maximize a propagation pattern are outlined for each lag in Fig. 5a. The 

resulting contours reveal a propagation pattern similar to that in Figure 2 of Sutton and 

Allen [1997]. However, if the five-year running mean filter is removed prior to 

calculating the lagged correlations (Fig. 5b), the propagation pattern disappears. This 

implies that the apparent pathway in Fig. 5 is not due to an actual physical pathway but 
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rather appears due to the use of temporal smoothing. When we instead outline 

objectively chosen, statistically significant correlation thresholds (p<0.05) and do not use 

a running mean filter (Fig. 5c), years zero and one encompass most of the western and 

central STG (STMW formation regions). STMW temperature anomalies have been 

hypothesized to resurface in the following winter due to summer stratification capping 

the anomalies and protecting them from air-sea exchanges [Alexander and Deser, 1995; 

Kwon et al., 2015]. Our results support this hypothesis with the caveat that our cut-off 

for significance at zero and one-year lag was relatively low (r≥0.36). Though the 

individual particles have Lagrangian integral time scales of less than 50 days, the STMW 

as a whole exhibits a one-year SST memory due to particles entering and exiting the 

STMW during their lifetimes [Gary et al., 2014; Kwon et al., 2015]. We also note that the 

STMW re-emergence region (Fig. 5c, green) is south of the GS/NAC indicated by either 

the Gulf Stream north wall (Fig. 3) or the zero SSH contour (Fig. 5), both of which can be 

used to track the northern extent of the STG [Frankignoul et al., 2001]. Thus, not only are 

the thermal anomalies short-lived, they are also primarily constrained to the STG. We 

conclude that SST anomalies are not advected or propagated along the GS/NAC from 

the STG to the SPG. 
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Figure 5: Lagged correlation analysis with the modern satellite SST record. 
Correlations are calculated between the local SST and the time series from the 

spatially-averaged VCH box (black rectangle). (A) Correlations that exceed 
subjectively chosen thresholds that decrease as the lag increases (lag 0 = 0.8, lag 1 = 

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.4

0.2

0.
2

0.2

0.2

−0.2

−0
.2

−0.2

−0.4 −0
.4

−0.6

−0
.6

 60° W  30° W 

 30° N 

 45° N 

 60° N 

 0
 1 4

 6

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.4

0.2

0.
2

0.2

0.2

−0.2

−0
.2

−0.2

−0.4 −0
.4

−0.6

−0
.6

0

0

0

0

0

0

00

 60° W  30° W 

 30° N 

 45° N 

 60° N 

 0

 6

 9

A

B

 60° W  30° W 

 30° N 

 45° N 

 60° N 

 0
 1  2  3

 4
 5

 6

 7  8
 9

C

0.5

-0.5

0

C
or

re
la

tio
n 

to
 N

A
O



 

17 

0.75, lag 2 = 0.65 lag 3 = 0.55, lag 4 = 0.50, lag 5 = 0.40, lag 6 = 0.40, lag 7 = 0.40, lag 8 = 
0.35, lag 9 = 0.35). The thresholds used in lags seven through nine are not statistically 

significant (p>0.05). Winter SST anomalies are smoothed with a five-year running 
mean prior to calculating correlations. Correlations between the NAO and North 

Atlantic SST from 1981-2012 are shown in the background. Bathymetry above 1000 m 
is shaded light gray and the dark gray line represents the zero SSH contour. (B) 

Correlation contours are calculated as in panel A but the five-year running mean filter 
is removed. (C) Objectively chosen, statistically significant (p<0.05) correlation 

contour thresholds with no running mean filter. In panels B and C, time-mean AVISO 
SSH (1993-2014) contours (meters) are shown in gray. An identical analysis with 

March SST yields qualitatively similar results. 

 

To determine why an inter-gyre pathway for SST anomalies appears with the 

five-year running mean filter, we correlate the monthly time series of the North Atlantic 

Oscillation (NAO), an index of the atmospheric pressure gradient between Iceland and 

the Azores, with the AVHRR satellite SST (Fig. 5a). The spatial expression of the NAO 

forms a tri-pole pattern across the North Atlantic, with the SPG in-phase with the 

tropical Atlantic and out-of-phase with the STG. This spatial pattern, combined with 

NAO time scales of roughly two to seven years, gives context to the lagged correlation 

contours in Fig. 5a. With the five-year running mean filter, the correlation contours of 

lags zero though five years occur in the STG, where NAO-induced SST variability is in-

phase with the SST of the VCH box. For lags of six through nine years, the correlations 

shift into the SPG where the NAO forcing is out-of-phase with the VCH SST. This shift 

into the SPG results not from the advection of water from the STG, but from the 

changing phase of the NAO and its opposing effect on the two gyres [Lozier et al., 2008]. 

In addition, the five-year running mean filter artificially increases the magnitude and 
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prolongs the duration of the correlations that appear without the smoothing; the original 

one-year memory of STMW SST in Fig. 5c is extended to five years by the temporal 

smoothing in Fig. 5a. Further evidence that temperature anomalies are not advected 

along the GS/NAC is demonstrated in Fig. 5a by the correlations in the first five years 

appearing in regions of the STG that are south of the climatological zero SSH contour 

rather than along the GS/NAC. Taken together, these results imply that the appearance 

of a SST anomaly pathway from the Gulf Stream to the SPG in Fig. 5a is an artifact of the 

five-year running mean filter introducing memory into NAO-induced SST oscillations 

rather than a signal of SST anomalies propagating along the GS/NAC [Krahmann et al., 

2001; de Coëtlogon and Frankignoul, 2003]. Though other studies have pointed to the 

divergences and convergences in oceanic heat transport due to NAO forcing as a means 

to generate the SST anomalies in the Gulf Stream region [Krahmann et al., 2001], we 

propose that the apparent propagation pathway results from a smoothing window (5 

years) that is on the same time scale as the NAO forcing (2-7 years).  

Though for decades it has been assumed that waters from the surface Gulf 

Stream flow northward as part of the upper limb of the AMOC, building on a recent 

study [Burkholder and Lozier, 2011] we demonstrate here that this throughput is not 

achieved by a surface connection. Importantly, we show that surface thermal anomalies 

generated in the subtropics are not transmitted to the surface waters at higher latitudes 
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on interannual time scales. This work has implications for our understanding of how the 

AMOC achieves its poleward transport of heat. 
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3. Assessing variability in the size and strength of the 
North Atlantic subpolar gyre 

This chapter has been published in Foukal and Lozier [2017]. 

3.1 Introduction 

Wind-driven Ekman divergence in the subpolar North Atlantic leads to a bowl-

shaped mean sea-surface height (SSH) field (Fig. 6a), which in turn drives a cyclonic 

geostrophic subpolar gyre (SPG) around a minimum SSH. The size and strength of this 

gyre have been theorized to affect the amount of throughput from the subtropical gyre 

(STG) to the SPG, which is essentially the upper limb of the Atlantic Meridional 

Overturning Circulation (AMOC) at inter-gyre latitudes [Bersch, 2002; Häkkinen and 

Rhines, 2004; 2009; Hátún et al., 2005; Holliday, 2003; Zhang, 2008]. According to this 

hypothesis, when the eastern boundary of the SPG contracts westward, more water from 

the STG penetrates northward, warming the SPG [Häkkinen et al., 2013]; an eastward 

expansion brings a contrasting result.  
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Figure 6: Temporal and spatial averages of North Atlantic SSH. (a) Time-mean 
SSH depicting the SPG bowl and STG dome with locations of interest shown. Zero 

SSH contour shown in gray and contour interval is 5 cm. Magenta lines in the 
Labrador and East Greenland currents depict the locations of the 53°N and OVIDE 

arrays. (b) Time series of North Atlantic basin-averaged SSH (0°-70°N, 90°W-0°) from 
1993-2015 (monthly = thin line, annual = thick line).  (c) Linear slopes of local SSH 
regressed onto the basin-averaged SSH time series. Stippling denotes statistically-

significant (p<0.05) correlations, covering most of the study area. 

To track the size and strength of the SPG, Häkkinen and Rhines [2004] and 

Hátún et al. [2005] use empirical orthogonal function (EOF) analyses of SSH across the 

North Atlantic. They interpret the leading mode (termed the “Gyre Index”) as a metric 

of the gyre’s size [Hátún et al., 2005] and strength [Häkkinen and Rhines, 2004]. As 

formulated, the Gyre Index indicates that the SPG contracted and the Labrador Current 

(at the SPG western boundary) weakened by 7-10 Sverdrups (Sv.; 1 Sv. = 106 m3s-1; 18-

25% decline) from 1992-2002 [Häkkinen and Rhines, 2004]. Since 2002, the Gyre Index 
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has continued to decline with reported impacts on the nutrient supply to the SPG 

[Johnson et al., 2013] as well as on the SPG temperature and salinity due to increased 

transport from the STG [Häkkinen and Rhines, 2004; Hátún et al., 2005; Sarafanov et al., 

2008; Zhang, 2008; Häkkinen and Rhines, 2009; Sherwin et al., 2012; Häkkinen et al., 

2013]. To validate their interpretation of the Gyre Index as a metric of SPG strength, 

Häkkinen and Rhines [2004] point to declining current velocities at a mooring in the 

western Labrador Sea over the 19-month period between October 1996 and April 1998. 

In contrast, in situ observations of the SPG circulation covering longer time 

periods and larger spatial scales do not depict a strongly declining gyre. Results from a 

mooring array at 53°N from 1997 to 2010 in the Labrador Current reveal a warming, but 

no trend in current velocities between 200 m and 2800 m [Fischer et al., 2010; Xu et al 

2013]. Furthermore, while a combination of satellite altimetry and WOCE AR7W 

hydrographic transects from 1993 to 2004 show a declining Labrador Current in the 

1990s, these same records show a rebound in the early 2000s [Han et al., 2010], in 

agreement with results from a multi-model study on SPG circulation strength [Böning et 

al., 2006]. A more recent study analyzing the mid-depth (1000 m) circulation pattern 

over the entire SPG from PALACE and ARGO profiling floats in three periods (1997-

2001, 2002-2006 and 2006-2010) concludes that while the SPG weakened in the middle 

period it mostly recovered in the third period, such that over the entire 12 years there 

was only a slight linear decline (8% per decade) in the current speeds [Palter et al., 2016]. 
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Finally, a reconstruction of the East Greenland Current, using a combination of satellite 

altimetry from 1992-2009, moorings from 2004-2006 and repeat hydrography of the 

OVIDE line between 1994 and 2008, shows a stable boundary current with no long-term 

trend [Daniault et al., 2011].  

These conflicting estimates of long-term variability in SPG strength have 

motivated a closer inspection of the Gyre Index. This inspection has identified several 

potential issues with its interpretation as an index of SPG circulation. Most prominently, 

basin-wide sea level rise over the study period [e.g. Cazenave and Llovel, 2010; Church 

et al., 2013] may be affecting the ability of the Gyre Index to isolate SPG circulation 

signals, which require a change in the SSH gradient field, from variability that is present 

across the basin. Another potential issue is the definition of the Gyre Index as the 

leading mode of SSH across the entire North Atlantic basin (0°-70°N, 90°-0°W: note that 

sometimes 15°N is used as the southern boundary). With this definition, variability in 

SSH across the entire North Atlantic – not just the SPG – determines the Gyre Index. A 

third concern is that the weighting of this leading mode in the eastern SPG (50°N-58°N, 

35°W-18°W), where the expansion/contraction of the SPG is hypothesized to control the 

amount of STG water that reaches the SPG, is weak. Thus, variability in the eastern SPG 

is not strongly reflected in the Gyre Index, yet the Gyre Index is primarily used to 

explain variability in that region. Finally, though the Gyre Index is hypothesized to track 
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both the size and strength of the SPG, it is not immediately clear that these two variables 

co-vary nor whether the leading mode of SSH is more related to one or the other.   

The overall objective of this study is to reconcile the conflicting views of the 

temporal variability of the SPG strength and to address the abovementioned questions 

about the Gyre Index. The specific goals are to: (1) formulate a more direct measurement 

of the SPG area and strength, (2) use those measurements to assess the validity of the 

Gyre Index as a metric of SPG area and strength, (3) determine the seasonal, interannual 

and long-term variability of the SPG size and strength and (4) investigate possible 

forcing mechanisms for this variability. 

3.2 Data and Methods 

We estimate the size and strength of the SPG with two separate methods: (1) 

indirectly through two EOF analyses of the North Atlantic SSH (sections 3.1 and 3.3, 

along the lines of Häkkinen and Rhines [2004], Hátún et al. [2005], Häkkinen and Rhines 

[2009] and Häkkinen et al. [2013]) and (2) more directly by measuring the SPG center 

and boundary as a function of time (section 3.2).  

For both methods, we start with gridded ¼° AVISO absolute dynamic 

topography (ADT) fields in the North Atlantic (0°-70°N, 90°W-0°) at daily resolution 

from January 1993 through September 2015 [http://www.aviso.altimetry.fr/duacs/]. ADT 

is a measure of the local deviation from the geoid. For simplicity, we refer to the ADT 
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fields as SSH in the remainder of the text. The SSH data are then averaged into monthly 

means to analyze longer time scales.  

For both EOF analyses, the local monthly climatology is removed and the SSH 

data are binned to 1° spatial resolution to focus on large-scale dynamics as well as to 

retain consistency with previous derivations of the Gyre Index [e.g. Häkkinen and 

Rhines, 2004]. To analyze modes of variability beyond the linear trend, we perform a 

second EOF analysis with SSH data that are detrended by subtracting the basin-

averaged time series, and then normalized by the local standard deviation to yield a 

data set of SSH with zero mean, unit variance and no trend. Normalization to unit 

variance gives each location equal weighting in the EOF analysis rather than providing 

more weight to locations with higher variance [Manly, 2005]. 

To ensure that we are capturing the same variability in the Gyre Index as in 

previous derivations, we compare our index (from our first EOF analysis) to those 

reported in Häkkinen and Rhines [2004], Zhang [2008], Häkkinen et al. [2013] and Han 

et al. [2014]. Our Gyre Index has similar spatial weightings and time series as previous 

derivations from shorter periods, but only captures 9.1% of the total variance, compared 

to 11.1% (1993-2002) [Häkkinen and Rhines, 2004], 30% (1993-2003 with annual 

resolution) [Zhang, 2008], 20.3% (1993-2012) [Häkkinen et al., 2013] and 14% (1992-2012) 

[Han et al., 2014] reported from previous studies. If the SSH data from 1993-2015 are 

normalized prior to passing into the EOF analysis, the spatial pattern and time series of 
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the leading mode are nearly identical to those of the non-normalized data, but the 

variance explained increases to 25.0% (not shown). If we limit the EOF to 1993-2002, we 

recover a Gyre Index almost identical to that reported in Häkkinen and Rhines [2004]: it 

explains 11.5% of the variance, weights negatively over most of the study area, and its 

principal component (PC) has a statistically-significant trend of -1.58 cm year-1. Overall, 

we find that the leading mode of North Atlantic SSH from 1993-2015 is largely similar to 

the Gyre Index derived with the first decade of SSH (1993-2002), but by extending the 

time period to 2015, the variance explained by this mode decreases slightly from 11.1% 

to 9.1%. 

To measure the size and strength of the SPG directly, we return to the monthly, 

¼° SSH data set. We define the gyre boundary as the largest closed contour of each 

monthly SSH field, with 1 cm intervals for the contours. We define the gyre center as the 

minimum SSH that is both within the gyre boundary and north of 53°N. This latter 

constraint eliminates the possibility of the gyre center occurring inside strong cyclonic 

eddies near the SPG’s southern boundary, where the North Atlantic Current (NAC) 

retroflects around the Northwest Corner and sheds both cyclonic and anticyclonic 

eddies. We define the gyre area as the surface area enclosed by the gyre boundary and 

we consider the difference between the SSH at the boundary and at the center an index 

of the gyre strength. This metric of the gyre strength is based on the local sea-surface 

slope setting the local barotropic flow. When this relationship is horizontally integrated 
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between the gyre center and boundary to calculate the gyre transport, the local sea-

surface slope simplifies to ∆(SSH), or the difference in elevation between the gyre center 

and boundary. Thus the gyre transport due to the barotropic flow field is linearly related 

to the depth of the SSH bowl in the SPG. Finally, a limitation of our measure of gyre 

strength is that it does not account for the baroclinic mode of the gyre, however the 

dominance of the barotropic mode in the thermocline waters (<1000 m depth) of the SPG 

has been well-documented [e.g. Häkkinen and Rhines, 2004; Sarafanov et al., 2009; 

Daniault et al., 2011; Zantopp et al., 2017]. 

Long-term trends in the time series and their p-values are calculated using Sen’s 

slope with deseasonalized monthly data to reduce autocorrelation in the time series and 

to eliminate the potential for seasonal biasing by starting our analysis in January (of 

1993) and ending in September (of 2015). All trends and correlations reported here 

exceed the 95% statistical significance threshold (p<0.05) unless otherwise noted. 

Winter North Atlantic wind stress curl (WSC) is calculated from NCEP/NCAR 

Reanalysis wind vectors [Kalnay et al., 1996] and averaged from December through 

March. The EOF analysis of WSC (Fig. 12) covers the spatial range 22°N to 68°N, 83°W 

to 7°W. The data were neither detrended nor normalized to the local variances so as to 

mimic the initial EOF analysis of SSH (described above), thus facilitating a direct 

comparison.   
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The NAO time series is the winter (DJFM) NAO index from the NCAR/UCAR 

Climate Data Guide [Hurrell & NCAR Staff, 2016]. The East Atlantic (EA) pattern time 

series is averaged over the winter (DJFM) months from the monthly EA time series 

acquired from the NOAA Climate Prediction Center. In Fig. 11d, the time series of 

salinity in the eastern SPG (53°N-62°N, 25°W-12°W, 0-500 m) is extracted from gridded, 

monthly EN4 (version EN.4.1.1) data [Good et al., 2013].  

3.3 Results and Discussion 

3.3.1 EOF analysis of North Atlantic SSH 

3.3.1.1 Evidence for the Gyre Index reflecting basin-scale sea level rise 

To determine the extent to which the Gyre Index reflects North Atlantic sea level 

rise, we first investigate the mean SSH time series and its spatial signature in the North 

Atlantic (Fig. 6b and 6c). When averaged over the spatial domain (0°-70°N, 90°W-0°), the 

basin-averaged SSH has increased steadily over the study period (0.21 cm year-1). This 

rise exhibits a nearly basin-wide pattern: a linear regression of the local SSH onto the 

basin-averaged SSH (Fig. 6c) yields statistically-significant positive slopes over 90% of 

the study area. This pattern is reminiscent of the Gyre Index with strong weights in the 

central Labrador and Irminger Seas and strongly opposing signals to the north and 

south of the mean Gulf Stream/North Atlantic Current (GS/NAC).  

A comparison of the Gyre Index’s spatial pattern (Fig. 7a) to the spatial 

variability in the observed sea level rise (Fig. 6c) demonstrates that the two are largely 
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mirror images of each other – strong weights in the central Labrador and Irminger Seas, 

inshore and north of the GS/NAC, and opposite weights south of the GS/NAC. The 

opposing sign between the two figures is irrelevant because the sign convention in an 

EOF analysis is arbitrary. In addition, the time series of the Gyre Index (Fig. 7b) is 

strongly negatively correlated to the basin-averaged SSH time series (rmonthly = -0.99, rannual 

= -1.00). In the Gyre Index, a declining trend (-0.88 cm year-1, Fig. 7b) and negative 

weights across 96% of the study area (basin mean of Fig. 7a = -0.21, unitless) are 

consistent with increasing SSH over the study period, as seen in Figs. 6b and 6c. Thus, 

these results indicate that the Gyre Index is largely capturing the SSH variability arising 

from basin-wide sea level rise across the North Atlantic.  

 

Figure 7: EOF analysis of non-detrended SSH. (a) EOF1 (9.1% of total variance) 
and (b) PC1 of North Atlantic SSH are defined to be the Gyre Index. Basin-averaged 
SSH (b, red, y-axis inverted) is shown for reference. (c) EOF2 (4.5% of total variance) 

captures the NAO tri-pole spatial pattern and (d) PC2 is correlated (r=0.78) to the 

60°N

30°N

0°

90°W 0° 1

0

-1

EO
F

0.5

-0.5

60°N

30°N

0°

90°W 0°

9.1% 4.5%

1994 1997 2000 2003 2006 2009 2015

−10

0

10

PC
1 

(c
m

)

 

2012

monthly
annual
Mean SSH

3

0

-3

SS
H

 (c
m

)

 

−4

0

4

N
AO

1994 1997 2000 2003 2006 2009 2015

−10

0

10

2012

monthly
annual
NAODJFM

dPC
2 

(c
m

)

b

ca



 

30 

winter NAO (blue). Time-mean SSH contours are shown in gray in panels a and c 
(dashed = negative). 

This strong correlation between the Gyre Index and North Atlantic SSH indicates 

that the Gyre Index is isolating variability due to sea level rise rather than the dynamics 

within the basin. A uniform rise or fall of SSH is not a signature of dynamical variability, 

only spatial structure in the Gyre Index would indicate a dynamic response. A close 

inspection of Figure 7a does show some spatial structure, such as in the Labrador Sea 

where the central part of the basin has a more negative weighting than the boundary. 

This would indicate that the gyre center is rising faster than the boundary, thereby 

flattening the SPG bowl and weakening the gyre, as explained in Häkkinen and Rhines 

[2004]. However, because the central portions of the gyre and the edge of the gyre are 

both rising, one cannot infer the rate at which the SPG strength (a dynamical measure) is 

declining solely from the Gyre Index time series. Instead, one needs to consider the 

difference in sea level between the gyre center and boundary rather than basin-wide sea 

level change. Simply put, the basin-wide trend in sea level rise is masking changes in 

gyre dynamics. Thus, to isolate variability in gyre dynamics, the basin-wide SSH signal 

must be removed prior to EOF analyses, a calculation discussed in section 3.3.3. 

3.3.1.2 Implications of the Gyre Index’s linkage to the basin-wide sea level rise 

Given that the Gyre Index does show some spatial structure, we examine 

whether this structure possibly reflects changes to the gyre size. Because the gyre is 

topographically constrained on its northern and western boundaries, variability of the 
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gyre size is primarily due to changes in the location of its eastern and southern 

boundaries. However, there is almost no weighting of the Gyre Index (Fig. 7a) to the 

west of Rockall Bank (mean from 50°N-58°N, 35°W-18°W = 0.12 +/-0.11 s.d., unitless), 

where the eastern edge of the SPG lies [Rypina et al., 2011], raising the question as to 

whether the Gyre Index is tracking the eastward expansion/contraction of the gyre. 

Conceptually, an expanded SPG would result in depressed SSH in the eastern SPG, 

while periods with a contracted SPG would show a SSH rise in the eastern SPG – so we 

would expect a negative weighting of this mode in the eastern SPG. Contrary to these 

expectations, the eastern SPG weights very weakly in the Gyre Index. 

The Gyre Index has also been used to explain meridional shifts in the GS/NAC. 

The positive weightings of the Gyre Index (Fig. 7a) to the south of the mean GS/NAC 

position (indicated by the closely-spaced mean SSH contours in Fig. 6a) led Zhang [2008] 

to infer that the GS/NAC has been consistently shifting southward over the satellite 

altimetry period. She connects this southward shift in the GS/NAC to a weakened SPG 

and a stronger AMOC, the latter indicated by increasing OHC at 400 m in the SPG. 

However, while a southward shift in the GS/NAC can explain the decreasing SSH south 

of the GS/NAC, the concurrent SSH rise north of the GS/NAC is not explained by this 

shift. We note that three indices of the meridional GS position from 1993-2012 do not 

have long-term trends [Perez-Hernandez and Joyce, 2014]. Thus, in the absence of in situ 

data indicating that the GS/NAC was shifting southwards over this time period, there 
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appears to be little evidence that the Gyre Index is tracking the meridional position of 

the GS/NAC – a finding consistent with the suggestion that the Gyre Index is primarily 

reflecting the thermodynamic, and not the dynamic, variability of the North Atlantic. 

3.3.1.3 The NAO signature in North Atlantic SSH  

The second mode of the SSH EOF reflects the familiar tri-pole NAO pattern 

which results from basin-scale wind variability (Fig. 7c). The principal component (PC, 

Fig. 7d) of this mode is correlated to the winter NAO (r=0.78). Though this tri-pole 

pattern – in which the STG fluctuates out-of-phase with both the SPG and the tropical 

Atlantic – is more commonly expressed in SST [e.g. Deser et al., 2010], SSH variability 

shows a similar pattern. There are two mechanisms used to explain the opposing 

responses of the two gyres to the NAO: (1) Ekman forcing over the basin leads to 

immediate opposing signatures in the convergence of surface waters in the STG and 

SPG [e.g. Marshall et al., 2001; Deshayes and Frankignoul, 2008; Lozier et al., 2008; 

Williams et al., 2014] and (2) opposing surface buoyancy fluxes between the gyres on 

multi-annual time scales leads to cooling in one gyre while the other is warming [e.g. 

Deshayes and Frankignoul, 2008]. NAO forcing was previously connected to the leading 

mode of TOPEX/POSEIDON SSH data from 1992-1998 [Esselborn and Eden, 2001]. 

During that time period, the strong shift in the NAO from the winter of 1995 to the 

winter of 1996 dominated SSH variability such that the NAO explained 34% of the total 

variance. Using the altimetry time series to 2015, this mode has diminished in 
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importance, now explaining only 4.5% of the variance. Interestingly, though the NAO 

mode derived here is by definition orthogonal to the Gyre Index, both indices have been 

invoked as controlling mechanisms for the size of the SPG [e.g. Hátún et al., 2005]. This 

confusion provides further motivation for deriving an alternate index of the SPG size 

and strength. 

3.3.2 Directly measured SPG area and strength 

3.3.2.1 Mean and seasonality 

We now analyze our more direct measure of SPG size and strength. We start by 

evaluating the mean of these variables and then turn to their variability on seasonal and 

then interannual time scales. The mean SPG boundary (Fig. 8a) corresponds well with a 

streamfunction calculated from surface drifter trajectories [Rypina et al., 2011]. 

Classically, the definition of the SPG has encompassed the entire Iceland Basin up to, 

and sometimes across Rockall Bank [e.g. Rossby, 1996; Lavender et al., 2000; Fratantoni, 

2001; Curry and Mauritzen, 2005; Hátún et al., 2005]. However, in the present definition 

of the SPG, with a focus on a closed contour, not all eastern subpolar waters fall within 

the SPG.  
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Figure 8: Mean and seasonality of SPG size and strength. (a) Mean SPG 
boundary (dashed) compared to the surface streamfunction calculated from surface 

drifters [Rypina et al., 2011]. (b) SPG boundaries in each climatological month. Month 
names are colored according to the color of their boundary. (c) Climatological 

monthly SPG area (black) and strength (blue, right y-axis) are at a minimum in July 
through September and are highest from November through January (r=0.95). (d) 

Climatological WSC over the SPG (50°N-68°N, 60°W-5°W) has similar seasonality. 

In the mean, the geographic area enclosed by the SPG boundary covers 2.68 +/-

0.24 106 km2 (+/- 1 standard deviation) and the SPG strength is 35 +/-4 cm. 

Geographically, much of the seasonal variability is expressed in either the 

northeastward extent of the boundary toward Iceland or the southwestward extent 

around the Grand Banks (Fig. 8b). The SPG boundary expands to its largest extent and 

the gyre becomes strongest in November and the gyre contracts to its smallest size and 

becomes weakest in August, confirming that the gyre size and strength co-vary on 

seasonal time scales (Fig. 8c, rseasonal = 0.95). We term these concurrent oscillations in the 

gyre size and strength “dilations”: as the SPG enlarges, the SSH bowl deepens and when 

the SPG contracts, the SSH bowl flattens. The range of seasonal variability is roughly +/-
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8% of the mean in both area and strength with higher variances occurring primarily in 

the winter months. This seasonality suggests a relatively fast spin-up of the gyre in the 

autumn due to the onset of strongly positive WSC forcing, and a more gradual slow-

down in response to relaxed WSC forcing in the spring and summer months (Fig. 8d).  

3.3.2.2 Interannual variability 

On interannual time scales, the variability in the geographic area and strength of 

the SPG is on the same order as the seasonal variability (+/-10% of the mean). Also 

similar to the seasonal variability, large portions of the interannual variability in gyre 

area is expressed in the southwestward extent around the Grand Banks and in the 

northeastward extent towards Iceland (Fig. 9a). 

The time series of SPG size and strength from 1993-2015 (Fig. 9b) show that the 

SPG dilates on interannual time scales at both monthly and annual resolution 

(r(area,strength)monthly = 0.81, r(area,strength)annual = 0.68). Large variability at monthly 

time scales in both variables is evident, as well as peaks/troughs spaced ~5 years apart: 

peaks in 1997, 2002, 2007 and 2014, and troughs in 1994, 2000, 2005 and 2010/2012. There 

is also a linear trend in the strength (-0.18 cm year-1, 5.13% per decade), but the decline in 

the SPG area (-3.30*103 km2 year-1, 1.23% per decade) does not exceed the 95% significant 

threshold (p=0.10). As seen in Fig. 9c, the SSH of the SPG boundary (mean = -34 +/-4 cm) 

and the SPG center (mean = -68 +/-5 cm) are both increasing over the study period, but 

the center is increasing more rapidly (0.36 cm year-1, 5.2% per decade) than the boundary 
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(0.16 cm year-1, 4.9% per decade), causing the long-term decline in the SPG strength. This 

result is consistent with the analysis of the Gyre Index indicating that the SPG bowl is 

flattening and the gyre weakening, but it is occurring at a rate about a quarter of the 

speed previously published (~5% per decade vs. ~20% per decade) [Häkkinen and 

Rhines, 2004]. We note that our SPG metrics are calculated without detrending the SSH 

data and without removing the seasonal cycle. Due to our definition of the gyre strength 

as the difference in SSH at the boundary and at the center, variability that exists in both 

time series is removed by this subtraction.  
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Figure 9: Interannual variability of SPG dilations. (a) SPG boundary in each 
year from 1993-2014. Year names are colored according the color of their boundary. 
Background colors depict the time mean stream function from Rypina et al. [2011] 
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(colorbar same as Fig. 8). (b) SPG area (black) and strength (blue) at monthly (thin) 
and annual time scales (thick). Pink dots refer to the longitude of the subpolar front 

along a hydrographic section in the Irminger Sea and Iceland Basin at 60°N 
[Sarafanov et al., 2008]. (c) SSH of SPG boundary (gray) and center (red) over the same 
period. The two y-axes in c are offset by 35 cm but have the same range (24 cm) so that 

their slopes can be compared. The gyre strength in b is calculated as the difference 
between the two curves in c. 

 

3.3.2.3 Comparisons of SPG strength to in situ measurements 

To ground-truth our satellite-measured index of the SPG strength (Fig. 9b) we 

compare it to in situ transport and velocity observations of the subpolar North Atlantic. 

There is strong correspondence between our gyre strength and volume transports of the 

East Greenland Current calculated along the OVIDE section from 1992-2009 using 

altimetry, OVIDE hydrography and WOCE AR7E sections [Daniault et al., 2011]. They 

measure peaks in 1997, 2002 and 2007 and troughs in 2000 and 2005, which are all 

consistent with our time series. In addition, the authors find no evidence of a long-term 

trend in the strength of the East Greenland Current in this reconstruction of the 

transport. It is worth noting that due to their use of satellite altimetry, this estimate is not 

entirely independent of our metric. 

In addition, Fischer et al. [2010] and Xu et al. [2013] use a mooring array at 53°N 

in the Labrador Current to report very little interannual variability in current velocities 

over the period 1997 to 2009. On longer time scales, Fischer et al. [2010] note that given 

the accuracy of their observations, linear trends greater than or equal to ~10% of the 
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mean transport should be detected, yet they do not see evidence of such a trend. 

Extrapolating the trend of the SPG strength calculated here (-5.13% per decade) to the 13 

years of their observations yields a 6.67% decline, which is below their detection 

threshold. In comparison, over the 1997-2009 period, the Gyre Index decreased by 7.6 cm 

(Fig. 9b), or almost 20% of the roughly 40 cm mean SSH slope in the western Labrador 

Sea (Fig. 6a). Such a large change would have been detected by the 53°N array.  

In summary, we conclude that our satellite-based index of the barotropic 

transport is consistent with the in situ transport and velocity measurements – thereby 

reconciling the variability reported from in situ arrays with the large-scale satellite 

measurements. However, the long-term trend in the gyre strength that we detect is not 

evident in the in situ measurements and we posit that a stronger signal is necessary to 

exceed the thresholds for statistical significance in those studies. 

3.3.2.4 Comparisons of SPG area to in situ measurements 

We compare our SPG area metric (Fig. 9b) to in situ measurements of the gyre’s 

eastern boundary, where, as mentioned above, we expect areal changes to be manifest. 

The zonal position of the subpolar front (SPF) at 60°N in the Irminger Sea, measured 

from hydrographic surveys from 1997-2011 [Sarafanov et al., 2008], provides an 

independent test of our metric. Based on the location of the 35.0 isohaline at 250 db as 

the position of the SPF (Fig. 9b, pink dots), the SPG is largest in 1997, shrinks 

dramatically in 2005, rebounds in 2006 and remains relatively steady from 2006 to 2011 
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[Sarafanov et al., 2008 and personal communication]. These changes agree well with our 

metric of SPG area (r=0.70).  

Comparisons of the SPG area with changes in the subpolar property front in the 

Iceland Basin/Rockall Trough are not as favorable. Hátún et al. [2005], Bersch et al. 

[2007] and Lozier and Stewart [2008] all use salinity in the eastern SPG to track the 

longitude of the SPF and none of these time series correlate with our SPG dilations. 

Bersch et al. [2007] report an increase in eastern SPG salinity in 1996/1997 and 2002 and 

infer that the SPF moved westwards in those years. Lozier and Stewart [2008] also 

calculate a westward contraction of the SPF in the late 1990s, and both papers attribute 

this to a response to the weakened NAO during this time period. Hátún et al. [2005] 

suggest that a switch from a large gyre in 1993 to a smaller gyre in 1998 leads to more 

Atlantic-to-Arctic exchange of high salinity waters in 1998. Instead, we report a larger 

gyre in 1997 and 2002.  

This agreement between our gyre size and the longitude of the SPF at 60°N 

[Sarafanov et al., 2008] and lack of agreement with the longitude of the SPF at 55°N 

[Lozier and Stewart, 2008] and 53°N [Bersch et al., 2007] motivated an analysis of the 

latitudinal coherence of the eastern SPG boundary (Fig. 10). This analysis demonstrates 

the lack of coherent frontal movements in the SPF – the variability at any one latitude is 

not representative of the entire eastern SPF. Thus, it is quite likely that the 60°N section 

from Sarafanov et al. [2008], located in the Irminger Sea (38°W-32°W), is summarizing 
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the large variability present in the SPG boundary around the Reykjanes Ridge while the 

variability in the eastern SPF reported in Lozier and Stewart [2008] at 55°N and Bersch et 

al. [2007] at 53°N is capturing a different signal in the eastern Iceland Basin. In fact, if the 

zonal variability in our gyre boundary at 55°N is considered, the interannual variability 

of SPG size is only weakly correlated to the SPG area time series (r=0.45) and has a trend 

toward an eastward expansion of the gyre from 1993 to 2014 of 0.15° longitude per year, 

in contrast to the decline in both the Gyre Index and the SPG area time series. However, 

this variability is highly sensitive to the latitude at which one considers due to the large 

eddy and meandering activity on the eastern boundary (Fig. 10c). In addition, the 

dilations of the SPG are neither connected to the salinity of the eastern SPG (Fig. 10d), 

nor the longitude of the salinity front defined by either a fixed isohaline at a given depth 

(as in Sarafanov et al. [2008] and Lozier and Stewart [2008]), or as the maximum zonal 

gradient in salinity at each time step (not shown). But despite this disconnect, our results 

(e.g. a large SPG in the late 1990s) do not necessarily contradict previous results on STG 

throughput variability as measured by salinity in the Rockall Trough (increased STG 

influence and high salinity in Rockall Trough in the late 1990s). Essentially, we believe it 

is possible that the property variability in the eastern SPG varies independently (i.e. 

operating beyond an integral time and/or space scale) of the direct footprint of the SPG 

dilations – especially given how little our SPG boundary varies in its zonal extent. 
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Figure 10: Interannual variability of the SPF. (a) The SPG boundary in each 
year from 1993-2014 with colored portions denoting the region between 53.3°N and 
61.6°N where the longitude of the SPF is tracked. (b) Interannual variability in the 
SPF longitude. The magenta line connects the annual medians, the boxes cover the 
50% confidence intervals, and the whiskers cover the 95% confidence interval. The 
annual median SPF (magenta line) is weakly correlated with the time series of SPG 
area (r=0.45). (c) Cross-correlation of the eastern SPF longitude at each latitude from 

53.3°N to 61.6°N. The lack of strong correlations across a wide range of latitudes 
indicates that the time variability of the eastern SPF at a given latitude is not 

representative of the entire zonal contraction/expansion of the gyre. All correlations 
shown are statistically significant (p<0.05). (d) Time variability of salinity in the 

eastern SPG (black dashed region in panel a; 53°N-62°N, 26°W-10°W, 0-500 m) from 
the EN4 gridded dataset. Neither this time series of the eastern SPG salinity, nor the 
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longitude of the salinity front is correlated to the longitude of the eastern SPF shown 
in panel b. 

3.3.2.5 Mechanisms of interannual variability 

Given that positive WSC over the SPG drives the mean SPG strength and 

structure, we investigate WSC interannual variability as a driver of SPG dilations. An 

EOF of the winter WSC over the North Atlantic yields two prominent modes that have 

been previously identified in sea-level pressure and geopotential height: the NAO and 

the EA (Fig. 11) [Comas-Bru and McDermott 2014; Bastos et al., 2016]. Together these 

modes account for over 50% of the variability in winter WSC and the percent variance 

explained by each subsequent mode drops to less than 9% after the second mode. 

Conceptually, the NAO is a measure of the strength of the westerlies and the EA is a 

measure of the location or orientation of the westerlies [Comas-Bru and McDermott, 

2014]. When the EA is positive, the positive WSC that is typically located in the Irminger 

Sea extends southeastward into the Iceland Basin. Similarly, when the EA is negative, 

the negative WSC that is typically located over the Azores extends northward into the 

Iceland Basin. The wintertime correlations between the EA and both the SPG area and 

strength (r=0.51 for both) indicate that shifts in the WSC centers of action are linked to 

SPG dilations, albeit weakly. For example, in 2005 when the EA is strongly negative and 

the NAO is weakly positive, the WSC in the eastern SPG is anomalously negative, 

yielding a collapse in both the size and strength of the SPG despite the positive NAO 

forcing. This is essentially the same argument that Häkkinen et al. [2011] put forth as a 
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mechanism to control the size and strength of the SPG via atmospheric blocking events. 

However, neither the EA time series that we derive here from the 2nd PC of winter WSC 

nor the EA time series from the NOAA CPC has a declining trend from 1993 to 2015, 

further confirmation that the SPG has not been strongly declining over this time period.  

 

Figure 11: EOF of North Atlantic winter wind stress curl. (a) EOF1 of WSC 
(29.4% of the variance) depicts the NAO spatial pattern: positive WSC over the 
Iceland Low and negative WSC over the Azores High. (b) PC1 from 1993-2015 is 

highly correlated (r=0.89) to the winter NAO (blue). (c) EOF2 (22.1% of the variance) 
weights strongly on the region between the Iceland Low and Azores High, effectively 

controlling the location of the relative centers of action of the NAO. (d) PC2 is 
correlated (r=0.61) to the winter East Atlantic pattern (purple). 

A comparison of the linear effect of these two WSC modes on North Atlantic SSH 

(Fig. 12a, b) at zero lag reveals that changes in the NAO primarily impact the SSH 

uniformly over the SPG by raising or lowering the overall SPG sea level with respect to 

the STG [Flatau et al., 2003], but NAO changes are not linked to changes in the location 

or strength of the currents within the SPG. On the other hand, the EA in its positive 

phase depresses the SSH in the eastern SPG, yielding an expansion in the SPG area.  
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When the local SSH is regressed onto the time series of SPG area (Fig. 12c), the 

same negative weights emerge in the eastern and southern SPG as in the EA regression 

(Fig. 2b), reinforcing the suggestion that the SSH in the eastern SPG decreases during 

periods of an expanded SPG. In addition, a positive EA will also displace the central 

SPG slightly downwards with respect to its boundary, deepening the SPG bowl and 

yielding a stronger gyre. This feature is evident in the regression of local SSH onto the 

winter SPG strength (Fig. 12d), where the SSH in the central Labrador and Irminger Seas 

decreases when the SPG is strongest, while the SSH of the boundary does not respond. 

There are also similarities between the SSH regressions on SPG area (Fig. 12c) and SPG 

strength (Fig. 12d), particularly in the region just south of the mean SPG boundary. This 

similarity is expected given that the time series of the two variables are correlated (Fig. 

9b). Overall, Fig. 12 demonstrates that the response of the local SSH to the EA (Fig. 12b) 

is very similar to the changes that coincide with changes in the SPG area (Fig. 12c) in the 

eastern and southern SPG, and has similar patterns to the changes that coincide with 

changes in the SPG strength (Fig. 12d) in the central SPG. Thus, we suggest that the 

location of the WSC centers of action over the SPG – which is tracked by the EA (Fig. 

11c) – is impacting the interannual variability of the SPG dilations.  
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Figure 12: Linear response of North Atlantic SSH to multiple variables. Linear 
slopes of detrended, winter SSH regressed onto (a) winter NAO, (b) winter EA, (c) 

winter SPG area and (d) winter SPG strength. In all panels, the SSH fields were 
spatially smoothed with a 2.75°x2.75° median filter prior to calculating the 

correlations and stippling denotes statistically significant (p<0.05) correlations. The 
gray dashed line marks the mean SPG boundary. 

In the past, both the Gyre Index and the NAO have been used to explain 

variability in the size and strength of the SPG [Flatau et al., 2003; Häkkinen and Rhines, 

2004; Bersch et al., 2007], but in our EOF analysis the weights for both modes are similar 

across the SPG (Fig. 7a and 7c) and thus their variability correlates to both the gyre 

center and boundary. For example, the height of the gyre boundary and the height of the 

gyre center (Fig. 9c) both have statistically significant correlations to the NAO when 

their linear trends are removed. But because both co-vary with the NAO, the difference 

between them (i.e. the gyre strength) is not statistically-significantly correlated to the 
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NAO. This confirms what we noticed in Figs. 7 and 12: the Gyre Index is mainly 

reflecting the basin-wide displacement of SSH and the NAO is mainly reflecting the 

relative displacement of the SPG with respect to the STG.  

Even though both the Gyre Index and the NAO do weight more negatively in the 

central SPG regions than the boundary, these are secondary effects and neither index 

represents a strong signal in the total variability of SPG strength. A mechanism for 

changing the gyre strength must be able to deepen or flatten the SPG bowl rather than 

displace the whole SPG bowl up or down. From our analysis, the EA is the most 

effective at doing that by changing the location of the North Atlantic WSC centers of 

action that drive the SPG circulation (Fig. 12b). 

3.3.3 EOF analysis of detrended North Atlantic SSH 

We return to an EOF analysis of SSH to determine whether the SPG dilations 

calculated in section 3.3.2 are connected to dominant modes of SSH variability. For this 

EOF, we remove the effect of basin-wide sea level rise on the SSH time series by 

subtracting the time series of basin-averaged SSH from the local SSH data and 

normalizing the SSH by the local standard deviation. With this pre-processing, the 

leading EOF (Fig. 13a, b) mode represents NAO-induced variability, is nearly identical 

to the second mode of the initial EOF analysis (Fig. 7d) (rmonthly = 0.86, rannual = 0.94), and 

correlated with the winter NAO time series (r=0.73). Though the normalization is not 

necessary to recover the NAO tri-pole pattern, it increases the percent of variance 
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explained from 4.9% to 10.5%. If one only uses the SSH over the SPG (45°N-66°N, 90°W-

0°), the NAO mode explains 25.5% of the variance. We find that by detrending, the Gyre 

Index mode is removed from the data and the leading mode of variance in the SSH data 

expresses NAO variability as was reported in Eden and Esselborn [2001].  

 

Figure 13: EOF analysis of detrended SSH. (a) EOF1 of detrended North 
Atlantic SSH (10.5% of the variance) depicts the NAO tri-pole pattern and (b) PC1 is 
correlated (r=0.73) to the winter NAO (blue). (c) EOF2 (6.6% of the variance) is similar 
to the pattern of SSH regressed onto the SPG area (Fig. 7c) and (d) PC2 is correlated to 
the SPG area (r=0.63). Time-mean SSH contours are shown in gray in panels a and c 
(dashed = negative). 

The second mode of the detrended and normalized SSH (Fig. 13c, d) explains 

6.6% (10.0% for SPG-only) of the variance and is related to the SPG dilations as indicated 

by its correlation to the SPG area (rannual=0.63) and SPG strength (rannual=0.58). The pattern 

of the spatial weightings appears to be a combination of the linear regressions of local 

SSH onto SPG area (Fig. 12c) and SPG strength (Fig. 12d), with strong negative weights 
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along the southeastern edge of the SPG, westward into the Labrador Sea, and southward 

along the mean GS/NAC position. This implies that when the SPG is large (small) and 

strong (weak), the SSH in these negative-weighted regions is depressed (elevated), 

reflecting the expected expansion (contraction) eastwards (westwards) of the SSH 

contours and a deepening (flattening) of the SPG bowl. Overall, we find that the 2nd 

mode of detrended SSH is capturing much of the same variability that the gyre dilations 

isolate in section 3.3.3.2. 

3.4 Conclusions 

We use a combination of EOF analysis and direct calculations of the size and 

strength of the SPG to attribute variability in SPG SSH to three modes: (1) a North 

Atlantic basin-wide sea level rise, the trend of which is captured by the Gyre Index, (2) 

the NAO, which produces out-of-phase responses for the SPG and STG, and (3) co-

varying expansion/contraction and deepening/flattening of the SPG bowl, primarily 

driven by the location of the winter WSC dipole over the North Atlantic.  

From our satellite-derived estimates of the SPG size and strength, we report that 

the gyre size and strength do indeed co-vary as was previously assumed, and that 

oscillations at roughly five-year time scales dominate the interannual variability in both. 

These oscillations compare favorably to previous results on SPG dynamics from 

moorings, hydrography and satellite altimetry, but do not compare well to salinity 

variability in the eastern SPG. This mismatch suggests that the size/strength of the SPG 
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does not control the magnitude of STG waters that flow into the eastern SPG, at least on 

interannual time scales. Combined, these two conclusions – that the NAO is not a 

dominant control on the size and strength of the SPG and that the SPG size does not 

influence the strength of the inter-gyre throughput – leave open the possibility that 

NAO dynamics control the inter-gyre throughput, as has been previously suggested 

[Curry and McCartney, 2001; Bersch, 2002; Flatau et al, 2003; Lozier and Stewart, 2008].  

Finally, in this work we are able to reconcile a discrepancy between the satellite 

altimetry and in situ estimates of the size and strength of the SPG, the latter of which 

show no long-term trends. While we do capture a weakening of the gyre strength as had 

been previously estimated from altimetry [e.g. Häkkinen and Rhines, 2004], the size of 

the gyre is quite stable and the weakening is significantly smaller than previously 

reported. Both of these results – a slowly weakening gyre and a stable gyre area over the 

study period – fall within the error bars of the estimates of these variables from in situ 

observations. 
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4. Examining the origins of ocean heat content 
variability in the eastern North Atlantic subpolar gyre: 
relating Lagrangian and Eulerian perspectives 
4.1 Introduction 

Recent evidence has pointed to temperature variability in the North Atlantic 

subpolar gyre (SPG) initiating multidecadal variability in the basin-averaged (0°-70°N) 

sea-surface temperature (SST) of the North Atlantic (termed Atlantic Multidecadal 

Variability, or AMV) [e.g. Delworth and Mann, 2000; Buckley et al., 2012; Brown et al. 

2016; Delworth et al., 2017; Frajka-Williams et al., 2017; Li et al., in prep]. In turn, 

variability in the temperature of the SPG has been commonly attributed to variations in 

the AMOC and the exchange of water from the subtropical gyre (STG) to the SPG 

[Sutton and Allen, 1997; Häkkinen and Rhines, 2004; Rahmstorf et al., 2015; Robson et 

al., 2016]. However, recently a series of papers has proposed two alternative 

explanations for the AMV via atmospheric forcing: (1) an oceanic red-noise response to 

white noise atmospheric variability [Clement et al., 2015; Cane et al., 2017] or (2) a 

response to historical external forcings such as aerosols and volcanoes [Bellomo et al., 

2017; Murphy et al., 2017]. Evidence for both sides of this debate – the oceanic and the 

atmospheric – rely on indirect measurements of the oceanic component because 

historical ocean observations are not dense enough to calculate the oceanic heat fluxes. 

Here, we use two ocean circulation models to directly assess the oceanic heat flux 

divergence for comparison to the surface atmospheric component by closing the heat 
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budget in the eastern SPG, the entranceway from the STG to the SPG. By closing a heat 

budget, we are able to decompose the ocean heat content (OHC) tendency into each of 

the fluxes at the surface and boundaries of the region and assess their relative 

importance.  

After determining the importance of oceanic heat fluxes, we focus on the 

mechanisms responsible for variability in the oceanic component. In particular, we focus 

on the relative importance of the pathway from the STG to the eastern SPG as part of the 

upper limb of the AMOC and whether the variability in the strength of this pathway can 

explain the temperature variability of the eastern SPG [Desbruyères et al., 2013; 

Burkholder and Lozier, 2014; Desbruyères et al., 2015]. In the mean, Burkholder and 

Lozier [2014] have shown that 75-80% of the eastern SPG waters from the upper 

thermocline are supplied from the STG, while only 5-7% originate in the relatively cold 

western SPG, suggesting that the pathway from the subtropics likely plays a role in 

setting the temperature variability of the eastern SPG. In line with this result, Robson et 

al. [2016] posit that the recent reversal of warming in the SPG from 1990s to 2005 to 

cooling from 2005 to present was due to a reduction in the AMOC at 40°N, implying that 

the SPG temperature variability is sourced from the subtropics. In contrast, Piecuch et al. 

[2017] argue that the 2005 reversal was due to a change in the horizontal gyre circulation 

as measured at 46°N, which also contributes significantly to the meridional heat 

transport (MHT) at these latitudes [Grist et al., 2010]. This result implies that the eastern 
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SPG temperature variability could arise from variability in the western SPG. We 

continue this line of work by analyzing the variability in the pathways to the eastern 

SPG through backwards Lagrangian particles initialized in our study area and run 

within a high-resolution ocean circulation model. This Lagrangian particle tracking 

experiment allows us to test the relative importance of the pathways on the temperature 

variability in the eastern SPG and identify the sources of variability from a Lagrangian 

perspective.  

In this paper, our goal is to determine the origins of OHC variability in the 

eastern SPG. We divide this work into methods (section 4.2), a heat budget analysis of 

the Iceland basin in two models (section 4.3), and an analysis of Lagrangian pathways to 

the eastern SPG (section 4.4). Finally, we summarize our results in section 4.5. 

  

4.2 Methods 

4.2.1 Description of models 

The Family of Linked Atlantic Modeling Experiments (FLAME) [Böning et al., 

2006; Biastoch et al., 2008] is a 1/12th degree, fully dynamic ocean circulation model of the 

North Atlantic (18°S-70°N, 100°W-15°E), and is built on the Modular Ocean Model 

(MOM) version 2.1 framework [Pacanowski et al, 1996]. FLAME has 45 z-coordinate 

depth levels with spacing ranging from 10 m at the surface to 250 m below 2000 m. 

FLAME is forced by ECMWF climatological surface buoyancy and wind forcing and 
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anomalies from NCEP/NCAR Reanalysis from 1990-2004 [Kalnay et al., 1996]. We utilize 

fifteen years (1990-2004) of three-day output from FLAME. Multiple studies have 

demonstrated the skill of FLAME in recreating both Eulerian and Lagrangian 

observations [e.g. Bower et al., 2008; Burkholder and Lozier, 2011; Gary et al., 2011; 

Burkholder and Lozier, 2014; Gary et al., 2014; Kwon et al., 2015; Holliday et al., 2015; 

Gary et al., 2018]. The Lagrangian particle tracking software used in this study was 

developed specifically for FLAME due to its B-grid formulation [Gary et al., 2011]. Also 

due to the B-grid, the temperature fields were spatially interpolated onto the same grid 

as the velocity fields prior to calculating the temperature fluxes used in the heat budget 

analysis. 

ECCO version 4 release 3 (hereafter referred to as ECCO) is a global oceanic state 

estimate using the MIT general circulation model at 1° nominal resolution and an 

energetically-conserving data assimilation technique [Forget et al., 2015]. ECCO has 50 z-

coordinate depth levels with 10 m spacing at the surface, increasing to 445 m spacing in 

the bottom layer. The time period extends for 24 years from 1992 to 2015 with output at 

monthly resolution. ECCO provides the necessary information to recover the heat and 

freshwater budgets from the original model run by archiving two essential groups of 

variables [Piecuch, 2017]: (1) variables that describe the model’s dynamics (e.g. 

temperature and salinity fluxes) are resolved on the native resolution and their net effect 

is stored at monthly intervals and (2) snapshots of property fields (potential 
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temperature, salinity, sea-surface height) from the beginning and end of each month are 

archived so that their temporal derivatives over each month can be calculated. While 

ECCO is useful for recreating heat budgets, the coarse spatial resolution and monthly 

temporal resolution precludes its usefulness in understanding Lagrangian pathways 

[e.g. Drake et al., 2018]. Thus ECCO is only used in the heat budget (section 4.3), while 

FLAME is used in both the heat budget and Lagrangian analysis (sections 4.3 and 4.4).  

4.2.2 The study area 

The eastern SPG study region was chosen due to its importance to the dynamics 

of the North Atlantic circulation as it is the entranceway for subtropical water to connect 

to subpolar latitudes and eventually flow either into the Irminger or Arctic seas. This 

region has also been shown to be important to climate predictability [e.g. Latif et al., 

2006], marine ecosystems [e.g. Hátún et al., 2009; Alheit et al., 2017], and the AMOC 

[Häkkinen and Rhines, 2004, 2009; Häkkinen et al., 2013]. While Desbruyères et al. [2015] 

conduct a similar analysis as ours via a heat budget and Lagrangian trajectories, their 

study area between the OVIDE line (spanning Greenland to Portugal) and the 

Greenland-Iceland-Scotland ridge straddles the STG-SPG boundary. Thus the pathways 

they report and conclusions they draw may be different than what we report here with a 

study area that is confined to subpolar latitudes.  

We chose a complex shape for our study area (Fig. 14a) because the flow in this 

region is strongly steered by the bathymetry, therefore aligning the boundaries with the 
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bathymetry constrains the region according to the circulation – a more natural boundary 

than a subjectively-chosen box. The boundary of the study area (Fig. 14a) follows the 500 

m isobath from north of Porcupine Bank northward along the UK continental shelf and 

around the edge of the Iceland Basin crossing two deeper channels that bisect the 

Iceland-Scotland Ridge, to the Iceland shelf at which point the boundary follows the 

Reykjanes Ridge southwestward to 54.5°N, then cuts across the basin due eastward back 

to the UK shelf. The latitudinal boundary at 54.5°N was chosen so that the region would 

remain northward of the zonal flow through the Charlie Gibbs Fracture Zone at ~53°N 

[Bower et al., 2002]. We use the entire surface-to-bottom water column for the heat 

budget analysis (section 4.3) to simplify the calculations by eliminating vertical heat 

fluxes and therefore reducing our errors. In the Lagrangian analysis (section 4.4), 

trajectories are seeded from the surface to 500 m depth because the number of STG-

origin trajectories arriving below those depths is small (known from prior test runs), and 

eliminating the deeper depths reduced the computational costs necessary to run the 

trajectories.  

4.2.3 Model validation 

To validate the use of these models, we compare the OHC variability in the 

eastern SPG from FLAME and ECCO to observations from the Hadley Centre EN4 data 

set (version 4.1.1) [Good et al., 2013]. EN4 is an archive of oceanic profiles from a range 

of platforms including moorings, Argo floats and hydrography. We use the EN4 
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objective analysis fields which are gridded reconstructions of the ocean from available 

observations and an Eigen-vector based gap-filling method. The eastern SPG region is a 

relatively well-sampled part of the ocean due to numerous monitoring programs 

focused on the region: the Ellett line across the Rockall Trough since 1948, and its 

extension to Iceland since 1996 [e.g. Holliday et al., 2015], a repeat hydrographic section 

at 59.5°N since 2002 [Sarafanov et al., 2012], WOCE A1E, A16 and A24 sections [e.g. 

Bersch, 2002], the OVIDE hydrographic line since 2002 [Mercier et al., 2015], ships of 

opportunity [e.g. Rossby et al., 2017], and the OSNAP array since 2014 [Lozier et al., 

2017]. In addition, the North Atlantic has had a dense array of Argo floats profiling since 

the early 2000s. This rich set of observations means that the EN4 output is heavily 

constrained by in situ measurements in this region. 

Both ECCO and FLAME accurately simulate OHC variability in the eastern SPG, 

with correlations exceeding 0.9 (Fig. 14b). It should be noted that ECCO and EN4 are not 

independent because ECCO assimilates the same data that EN4 uses in its gridded 

fields. Thus the strong correlation between ECCO and EN4 is validating but not 

surprising. On the other hand, FLAME does not assimilate observations, thus the good 

agreement with the EN4 observations is more remarkable. In addition, the surface 

forcing (latent + sensible + short-wave + long-wave fluxes) in FLAME is prescribed from 

the atmospheric reanalysis fields, thus the accurate representation of the OHC 
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variability implies that the net effect of the ocean heat divergence in this region in 

FLAME is similar to that in the real ocean. 

 

Figure 14: The study area and model validation. (a) Time-averaged barotropic 
stream function from FLAME and the eastern SPG study area. The study area is 

divided into three oceanic faces: southern, Arctic and Irminger to determine each 
face’s relative importance to the heat budget (section 4.3). (b) Variability in ocean heat 

content (OHC) anomalies from 1990 to 2015 in EN4 observations (black), FLAME 
(orange, 1990-2004, r=0.91) and ECCO (blue, 1992-2015, r=0.93). The FLAME data are 
interpolated to monthly resolution from three-day resolution for direct comparison 

and the EN4 time series is smoothed with a 5-month smoothing filter prior to 
calculating correlations. 
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In addition to simulating the OHC variability, the time-averaged meridional heat 

transport (MHT) in FLAME also compares well to the observed MHT structure as a 

function of latitude (Fig. 15a). MHT is calculated as: 

 

𝑀𝐻𝑇(𝜙, 𝑡) = 	𝜌 ∗ 𝐶. ∗	/ �⃗�(𝜆, 𝜙, 𝑧, 𝑡)𝜃(𝜆, 𝜙, 𝑧, 𝑡)	𝑑𝜆𝑑𝑧 

 

where f is latitude (units = m), t is time (units = s), r is a reference density (1029 kg m-3), 

Cp is the specific heat of seawater (3994 J kg-1 K-1), �⃗� is the meridional velocity (units = m 

s-1), 𝜃 is the potential temperature (units = K), l is longitude (units = m), and z is depth 

(units = m). MHT is thus in units of J s-1, or W. 

The maximum time-averaged MHT in FLAME of 1.17 PW (1 PW = 1015 W) is 

located at 23.1°N, and rapidly decreases from 35°N to 40°N as is seen in observations 

that report a maximum of 1.3 PW around 24°N, decreasing to 0.6 PW around 45°N 

[Ganachaud and Wunsch, 2000]. While the measurements at RAPID (1.33 +/-0.4 PW at 

26.5°N) [Johns et al., 2011] are higher than FLAME, the MHT in FLAME falls well within 

the one standard deviation error bars. Using monthly-averaged �⃗� and 𝜃 (red), the drop-

off in MHT is more pronounced at inter-gyre latitudes than in the three-day fields, and 

this can be explained by the importance of eddies (v’T’, orange) to the MHT at inter-gyre 

latitudes (~40°N). On monthly time scales, many of these features are averaged over, 

and their effect is not counted in the total, thus the monthly values are lower at these 



 

60 

latitudes. This result underscores the importance of calculating heat fluxes on the 

highest spatial and temporal resolution possible in order to resolve the non-linear 

correlations between �⃗� and 𝜃.  

In comparison to the hydrographic snapshots (black circles) and derived MHT 

from NCEP and ECMWF Reanalysis fields (gray circles) [Trenberth and Caron, 2001], 

the MHT in FLAME at latitudes north of 50°N is too high. This could either be due to an 

overestimation of MHT in FLAME, or the ECMWF and NCEP derived estimates may be 

underestimating the true MHT because they are calculated as residuals from the air-sea 

heat fluxes that themselves have errors. There is only one hydrographic measurement 

north of 50°N located at 55°N [Bacon, 1997], thus it is not clear how representative this 

measurement is of the long-term average. It should be noted that initial results from the 

Overturning in the Subpolar North Atlantic (OSNAP) array report that the MHT at 

latitudes around 56.5N +/-3.5° is 0.47 +/-0.08 PW for the two years between 2014 and 

2016. This point (blue circle and line) falls almost directly on the FLAME curve and is 

considerably higher than the other observational estimates at these latitudes. In 

summary, FLAME captures the large-scale structure of MHT in the North Atlantic as 

well as the OHC dynamics in the eastern SPG, indicating that it is a useful tool with 

which one can decompose the origins of temperature variability in the eastern SPG. 
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Figure 15 – MHT in FLAME. (a) Time-averaged MHT as a function of latitude 
from three-day (black), monthly (red), and v’T’ three-day (orange) data, compared to 

NCEP/NCAR and ECMWF reanalysis fields [Trenberth and Caron, 2001] (gray circles), 
hydrographic snapshots compiled in Trenberth and Caron [2001] (black circles) and 
the RAPID (1.33 +/-0.4 PW from Johns et al. [2011]) and OSNAP MHT (blue circles, 

horizontal line covers 53°N-60°N, vertical line covers +/-0.08 PW stdv.). The 
hydrographic observations from Trenberth and Caron [2001] include MHT snapshots 
from Bacon [1997], Sato and Rossby [2000], Lavin et al. [1998], Klein et al. [1995], Speer 

et al. [1996], Ganachaud and Wunsch [2000], Holfort and Seidler [2001] and 
MacDonald [1998]. (b) MHT anomalies from the seasonal climatology at three-day 
resolution. (c) MHT coherence across latitudes depicting the connection of MHT 
within the STG (~0-35°N) and SPG (~40°-60°N) but lack of coherence between the 

gyres. The dashed black line at 54.5°N shows the latitude of the southern face. 

4.2.4 Meridional coherence of MHT in FLAME 

When one considers the anomalies from the seasonal climatology (Fig. 15b), the 

inter-gyre latitudes (35°-40°N) appear to scramble anomalies from both the north and 

south and thus lose the meridional coherence that is apparent in each gyre. This break in 

the meridional coherence between the gyres has been previously reported in the AMOC 

[Bingham et al., 2007; Lozier et al., 2010] and Atlantic MHT [Kelly et al., 2014]. This 

signal is also evident in Fig. 15c in which the correlation coefficient between the MHT at 

different latitudes is shown. The range of latitudes with positive correlations is limited 

to within each gyre and the correlations between the two gyres are largely negative. This 

lack of meridional coherence between the gyres demonstrates that the origin of MHT 

anomalies in the SPG (e.g. the large heat convergence and subsequent warming in the 

winter of 1995/1996) is not readily apparent from this basin-scale, Eulerian perspective.  
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4.3 Eastern SPG heat budget 

To analyze the heat budget of the eastern SPG, we divide the study area into four 

faces: the southern, Arctic and Irminger oceanic faces and a surface face that interacts 

with the atmosphere (Fig. 14a). The rationale behind this choice of faces was the major 

circulation features in the region that flux water into the region from the south and flux 

water out of the region into the Irminger Sea and the Arctic Seas [e.g. Bower et al., 2002; 

Lavender et al., 2005; Barrier et al., 2015; Palter et al., 2016]. These features are evident in 

the time-mean barotropic streamfunction from FLAME (Fig. 14a). The heat budget for 

the region can then be written as: 

 

𝑑𝑂𝐻𝐶
𝑑𝑡

= 	𝜌 ∗ 𝐶. ∗ 78 𝑢:⃗ (𝜃 − 𝜃<=>)	𝑑𝑧
?@A

+8 𝑢:⃗ (𝜃 − 𝜃<=>)	𝑑𝑧
C<D

+ 8 𝑢:⃗ (𝜃 − 𝜃<=>)	𝑑𝑧
E<F

G + 𝑄I>D 

 

where the temporal derivative of OHC has units of J s-1 or W, t is time (units = s), 𝜌 is a 

reference density (1029 kg m-3), Cp is the specific heat of seawater (3994 J kg-1 K-1), 𝑢:⃗  is the 

velocity normal to the face (units = m s-1, positive inward), 𝜃 is the potential temperature 

(units = K), 𝜃<=>  is the mean potential temperature of the region (units = K), z is depth 

(units = m) and 𝑄I>D is the sum of the latent, sensible, shortwave and longwave flux 

(units = W, positive downward). Subscripts Sou, Arc and Irm refer to each face and the 

line integral notation refers to the integration along each face. 



 

64 

In our calculation of the heat budgets, we reference the temperatures to the time-

varying, volume-weighted mean temperature of the region as outlined in Lee et al. 

[2004]. By doing this, we ensure that a flux into the region of colder-than-average water 

yields a negative flux, as it would result in a cooling of the region. The same holds for a 

warmer-than-average flux out of the region. By using this method to calculate the closed 

heat budget, the values of the temperature fluxes are dependent on the mean 

temperature of the region, which varies through time, so the magnitudes of the fluxes 

should only be compared to each other, rather than to basin-scale observations such as 

from RAPID [Johns et al., 2011] and OSNAP [Lozier et al., 2017]. 

We then calculate the heat budgets in FLAME at three-day resolution (Figs. 16a 

and 16b) and ECCO at monthly resolution (Figs. 16c and 16d) and compare their results 

in the mean, with the seasonal cycles (Figs. 16a and 16c) and finally without the seasonal 

cycles (Figs. 16b and 16d). In the mean, there is a large temperature flux through the 

southern face (red, 0.31 PW in FLAME, 0.24 PW in ECCO), and two smaller temperature 

fluxes out of the region through the Arctic (blue, -0.12 PW in FLAME, -0.1 PW in ECCO) 

and Irminger faces (purple, -0.09 PW, -0.02 PW in ECCO), yielding a net ocean heat flux 

convergence of 0.1 PW in FLAME and 0.12 PW in ECCO that is balanced by a net surface 

heat loss to the atmosphere (calculated independently). In the volume budget (not 

shown), the flux through the Southern face (24.1 Sv. in FLAME, 19.81 Sv. in ECCO, 1 Sv. 

= 106 m3/s) is compensated by a large flux out across the Irminger face (20.95 Sv. in 
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FLAME, 16.26 Sv. in ECCO) as part of the gyre circulation, and a relatively small flux 

out across the Arctic face (3.16 Sv. in FLAME, 3.73 Sv. in ECCO). The heat flux into the 

Arctic is more important to the domain’s heat budget than the heat flux into the 

Irminger Sea despite the larger volume flux into the Irminger because the waters 

flowing into the Arctic are much colder than the waters that flow into the Irminger Sea. 

When the seasonal cycle is included (Figs. 16a and 16c), the surface forcing (gold) 

dominates the OHC tendency (black) (r=0.93 in FLAME and 0.97 in ECCO) and has by 

far the largest variance (standard deviation = 0.15 PW in FLAME and 0.16 PW in ECCO) 

that is necessary to explain the variance in the OHC tendency (standard deviation = 0.16 

PW in FLAME and 0.18 PW in ECCO). In contrast, the total oceanic heat divergence is of 

secondary importance (r=0.42, stdv.=0.06 PW in FLAME and r=0.7, stdv.=0.05 PW in 

ECCO) to the OHC tendency term, and none of the individual fluxes (southern, 

Irminger, Arctic) have higher correlations or large enough variances to explain much of 

the variability in the OHC tendency term. Thus, the surface forcing is far and away the 

dominant control on the OHC tendency when seasonality is included. 

To determine the non-seasonal components (Figs. 16b and 16d) we remove the 

seasonal cycles from each term by calculating a climatology as the mean at each yearday 

or month over all years, and then subtracting that from the original time series. ECCO is 

produced on monthly time steps, thus we have a climatological value of each flux for 

each month. FLAME is produced at three-day resolution, so we first interpolate the 
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values to daily output, then calculated a climatology for each day. In both models, we 

then added in the long-term mean from each flux so that the lines are easier to 

differentiate in Fig. 16.  

The most obvious result from the non-seasonal analysis is that much of the 

variance in the OHC tendency and surface forcing is removed from the data when the 

seasonal cycle is removed (e.g. OHC tendency stdv.=0.16 PW in FLAME and 0.18 in 

ECCO with the seasonal cycle to 0.07 PW without in both models). In addition, the 

relative roles of the surface and oceanic components changes. This is most obvious in 

FLAME, in which the surface forcing diminishes in importance (r=0.69 and stdv.=0.02 

PW) and the total oceanic divergence component increases in importance (r=0.88, 

stdv.=0.06 PW). Of the oceanic fluxes, the flux through the southern face is the most 

important component (r=0.84) and has twice the variance of the other terms (standard 

deviation = 0.04 PW vs. 0.02 PW for other terms). Thus, in FLAME at non-seasonal time 

scales, the flux through the southern face is the primary control on OHC tendency, with 

the surface forcing playing a secondary role. 

In ECCO, the surface forcing (r=0.87, stdv.=0.04 PW) remains as important to the 

OHC tendency (stdv.=0.07 PW) as the total ocean divergence (r=0.88, stdv.=0.04 PW) and 

the southern flux (r=0.86, stdv.=0.03) even after the removal of the seasonal cycle. We 

first surmised that a possible reason for this discrepancy between the models is the 

different time periods covered; for example, the strong warming in the winter of 
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1995/1996 was driven by ocean heat convergence [Barrier et al., 2015] while the strong 

cooling in the winters of 2013/2014 and 2014/2015 was strongly driven by surface forcing 

[Josey et al., 2018]. Since only the 1995/1996 event is covered in FLAME while ECCO 

covers both events, it is possible that FLAME shows a higher contribution from the 

ocean than ECCO. To test this possible explanation, we ran the correlations in ECCO for 

the overlapping period of FLAME and ECCO (1992-2004) and found that the non-

seasonal correlation between OHC tendency and surface fluxes remained high in ECCO 

(r=0.86 for 1992-2004 compared to 0.87 for 1992-2015 period), though the correlation with 

the southern flux increased marginally (r=0.90 for 1992-2004 compared to r=0.86 for 

1992-2015 period). This difference is not enough to explain the difference between the 

models, thus we also consider whether the surface forcing could be different in ECCO 

than in FLAME. During the data assimilation process, the surface fluxes in ECCO are 

adjusted to push the model toward the observations, so the adjusted surface fluxes may 

be considerably different than the reanalysis fluxes from NCEP/NCAR and ECMWF 

used in FLAME. Indeed, during the overlapping years (1992-2004), the surface flux 

anomalies in ECCO have 165% larger variance (stdv.=0.038 PW in ECCO compared to 

0.023 PW in FLAME), indicating that the ECCO fluxes were altered considerably to 

nudge the ECCO state estimate closer to the observations, with the result being that the 

surface forcing is more connected to the OHC tendency in ECCO than in FLAME. 
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Figure 16 – Heat budgets of the eastern SPG. Results from FLAME (a, b) and 
from ECCO (c, d) with the seasonal cycle (a, c) and without the seasonal cycle (b, d). 
The values in the legends are the mean, +/- 1 standard deviation and the correlation 

coefficients between each flux and the OHC tendency (black). Note that panels a and 
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b cover 1990-2004 (FLAME) while panels c and d cover 1992-2015 (ECCO). To calculate 
the heat budgets, we differentiate the OHC time series with respect to time using the 

central difference method and reference the oceanic fluxes to the mean temperature of 
the region (itself a time-varying value). In ECCO, the geothermal flux (0.0001 PW, 

time-invariant) and diffusive fluxes (DIFFSouthern = -0.001 +/-0.003 PW, DIFFArctic = -0.012 
+/-0.002 PW, DIFFIrminger = -0.025 +/-0.005 PW) are included in the closure of the heat 
budget but are not shown in the figure due to their small magnitude and variance. 

4.4 Lagrangian analysis 

To evaluate the potential sources of variability through the southern face, we 

perform a Lagrangian experiment with trajectories initialized every thirty days at the 

southern face (54.5°N, 35°-9°W, 0-500 m) and run backwards in time for five years. The 

trajectories are seeded in northwards-flowing currents and their density is proportional 

to the volume transport through each grid cell (Fig. 17a, 1 trajectory = 0.01 Sv of 

northwards flow). This launch strategy was employed to determine the origin of newly-

arrived waters to the eastern SPG. While not accounting for the southward-flowing 

currents complicates direct comparisons between the Lagrangian and Eulerian 

temperature fluxes, our objective is to determine the pathways to the study area rather 

than within the study area, thus we are not concerned with flow that is coming from 

inside the eastern SPG. The advantage of a non-uniform seeding strategy over a grid-like 

launch [e.g. Foukal and Lozier, 2016] is that the number of trajectories can be readily 

converted to Sverdrups of volume transport, and then to a temperature flux when 

combined with the temperature of the trajectory.  
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The Lagrangian trajectories are then separated into groups based on their place 

of origin. First, trajectories that cross the southern face again (i.e. they recirculate locally) 

are discarded because they do not represent newly-arrived water. Then the trajectories 

are divided into STG-origin (71.2%, 17.5 +/-3.3 Sv), SPG-origin (13.1%, 3.1 +/-0.69 Sv) and 

other (15.7%, 4.08 +/-0.74 Sv) trajectories. The STG-origin trajectories must cross a trans-

basin line at 35°N (Fig. 14a), while the SPG-origin trajectories must cross into a box in 

the western SPG defined by a zonal line at 58°N from 100°W to 40°W, and a meridional 

line from 58°N to 70°N at 40°W, and the other trajectories do not cross any of these lines 

within their five-year lifetimes. These STG and SPG regions were chosen to minimize the 

number of trajectories that did not cross any of the lines (i.e. the STG and SPG regions 

are as large as possible) without making the regions too large as to infringe on the 

dominant pathways to the eastern SPG. For example, the southern boundary of the SPG 

box was moved northward to 58°N (from 55°N) to avoid STG-origin trajectories as they 

circulated around the Northwest corner and into the eastern SPG. 

The STG-origin trajectories are warmer (10.02° +/-1.75°C) than the SPG-origin 

trajectories (8.63° +/-2.32°) and arrive further to the east (24.14°W +/-4.84°) than the SPG-

origin trajectories (27.63°W +/-4.02°). This result is consistent with the idea that SPG-

origin trajectories supply cold water to the region and are mostly confined to the 

western portion of the face, while the STG-origin trajectories supply warm water 

primarily to the eastern portion of the face.  
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The STG-origin trajectories flux 0.31 +/-0.04 PW across the southern face (Fig. 

17b, yellow), and when a 13-month low-pass filter is applied to the time series, the STG 

pathway explains 63% (r=0.79) of the temperature fluxes through the southern boundary 

and 34% (r=0.58) of the eastern SPG OHC tendency. In particular, the large anomaly in 

December of 1995, which dominates the time series during this fifteen-year period (0.55 

PW), can be explained by the temperature flux from the STG pathway, similar to results 

from Barrier et al. [2015] and Grist et al. [2010]. A linear decline in the temperature flux 

through the southern face from 1995 to 2004 (-0.005 PW year-1) is also noticeable in the 

Lagrangian-derived STG temperature flux (-0.011 PW year-1). However, the correlation 

between the two is not as high as one might expect given that over 70% of the 

trajectories originate in the subtropical gyre. We suggest the reason for this is due to the 

chain of mechanisms involved: the STG pathway explains the majority of the heat flux 

variability through the southern face, and the heat flux through the southern face 

explains the majority of the non-seasonal variability in the eastern SPG OHC tendency, 

but the correlation between the STG pathway and the eastern SPG OHC tendency drops 

in part because there are other sources of variability that introduce noise at each step. In 

particular, the surface forcing remains an important contributor to the non-seasonal 

eastern SPG OHC tendency (r=0.69, Fig. 16b).  

Finally, the variability in the STG temperature flux is primarily driven by 

variability in the transport (r=0.89) with a secondary role from the variability in the 
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temperature of the transport (r=0.65). In summary, this Lagrangian analysis 

demonstrates that the temperature fluxes across the southern face in FLAME are largely 

a function of the strength of the inter-gyre transport. 

 

Figure 17 – Backwards-run Lagrangian analysis. (a) An example Lagrangian 
trajectory initialization on December 8, 2004 in FLAME. The colors show the 

meridional velocity with positive northward. The black dots depict all trajectories 
that were initialized from the face on this date and the cyan dots depict the 

trajectories that originated in the STG (south of 35°N). (b) Eulerian heat flux through 
Southern face (red), Lagrangian heat transport from STG-origin trajectories (yellow) 
and OHC tendency (black) of the eastern SPG. Note that the Lagrangian time series 

starts in 1995 because the trajectories are given 5 years to reach their respective 
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destinations. The thin lines are on three-day resolution and the thick lines are on 30-
day resolution to match the resolution of the Lagrangian trajectories. 

4.5 Conclusions 

In this manuscript, we perform a detailed analysis of the origins of OHC 

variability in the eastern SPG within the context of two ocean circulation models 

(FLAME and ECCO). We first demonstrate that both models are useful tools for this 

analysis by demonstrating that they can accurately simulate the OHC variability in the 

eastern SPG. We then analyze heat budgets in both models to assess the relative 

importance of surface versus oceanic controls on the OHC tendency, and for each of the 

three oceanic faces. Finally, we conduct a Lagrangian analysis of the inter-gyre 

throughput and its associated temperature flux through backwards trajectories in the 

FLAME model.  

From these analyses, we draw four conclusions: 

1. On seasonal time scales, the surface forcing (latent + sensible + short-wave + long-

wave) exerts the primary control on eastern SPG OHC variability. This is evident 

through a linear correlation analysis in both models (r=0.93 in FLAME and 0.97 in 

ECCO) as well as through a comparison of the magnitude of energy supplied 

through the surface compared to magnitude of energy required to change the OHC 

(Figs. 16a, c).  

2. When the seasonal cycle is removed, the ocean forcing becomes as important 

(ECCO), or more important (FLAME) than the surface forcing. This analysis is still 
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performed at monthly (ECCO) and three-day (FLAME) resolution, but after the 

seasonal cycle has been removed. As in conclusion #1, this result holds for both 

correlations and an assessment of the magnitude of energy necessary to explain the 

magnitude of OHC variability (Figs. 16b, d).  

3. The temperature flux through the southern face of our study area is the dominant 

component of the ocean heat flux divergence and explains nearly as much variability 

in the OHC tendency as the total ocean forcing combined. 

4. The temperature flux through the southern face of our study area can be largely 

explained by variability in the strength of the inter-gyre throughput, which is 

effectively the upper limb of the overturning circulation.  

These results provide further evidence that the ocean is not merely integrating 

white noise atmospheric forcing into a red noise response [e.g. Clement et al., 2015; Cane 

et al., 2017], but that active ocean dynamics are vital to the temperature variability of the 

high-latitude North Atlantic. We anticipate that this result would only be amplified 

when considering longer-term variability such as interannual or decadal variability [e.g. 

Grist et al., 2010]. Due to the limited temporal extent of the models we used (FLAME in 

particular) we are unable to fully address the questions of longer time scales, though it 

should be noted that a growing literature is evolving on the necessity of ocean dynamics 

in setting multidecadal SST variability in the North Atlantic [Brown et al., 2016; 

Desbruyères et al., 2016; Frajka-Williams et al., 2017; Li et al., in prep].  
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In addition, we show that through a chain of connections, the upper limb of the 

AMOC provides much of the variability that eventually leads to subpolar OHC 

variability. While the higher frequency variability is also a function of local forcing, the 

lower frequency variability can be mainly attributed to variations in the inter-gyre 

throughput. Though this result seems to support the AMOC explanation of SPG OHC 

variability from Robson et al. [2016] rather than the horizontal gyre explanation from 

Piecuch et al. [2017], it is possible that both explanations could be correct depending on 

how the AMOC is defined (depth-space or density-space) and at what latitude. In most 

models, the depth-space AMOC decreases dramatically north of 35°-40°N and this can 

be seen in Piecuch et al. [2017] supplementary figure s6, in which the relative 

contribution from the AMOC versus gyre circulations to the SPG heat budget is shown 

as a function of latitude. South of 44°N, the AMOC dominates, whereas north of 45°N 

the horizontal gyre circulation dominates. We suggest that the same signal we identify 

as the upper limb of the AMOC controlling OHC variability in the eastern SPG could be 

similarly defined as horizontal gyre circulation in subpolar latitudes, depth-space 

overturning in the subtropics, and density-space overturning across a broad range of 

latitudes covering both gyres.  
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5. Conclusions and future work 
Through the use of high-resolution ocean circulation models, satellite SST and 

SSH, and databases of in situ oceanographic profiles, I show evidence for how the inter-

gyre heat transport is accomplished from the subtropical to the subpolar gyres in the 

North Atlantic. I first focus on two prominent hypotheses from the literature on what 

controls this variability and demonstrate that better quality data on the SST anomaly 

propagation pathway and longer periods of data on the size and strength of the subpolar 

gyre do not support the previously-published hypotheses. In addition to testing these 

hypotheses, I am able also to demonstrate why these previous analyses showed 

misleading results: in chapter 2 the SST anomaly propagation pathway appeared due to 

the combination of the NAO varying on 2-7 year time scales and the choice of applying a 

5-year smoothing filter to the SST data, while in chapter 3 the leading statistical mode of 

SSH confounds variability from multiple signals including global sea level rise and a 

potentially weakening subpolar circulation. Then after rejecting the previous hypotheses, 

in chapter 4 I attempt to build a new hypothesis: I close the heat budget in the eastern 

subpolar gyre and determine that a majority of the OHC tendency can be attributed to 

water flowing into the region from the south. In turn, the temperature flux across the 

southern face is largely a function of the amount of subtropical water that flows 

northwards as part of the upper limb of the overturning circulation. 
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 Of particular importance in our results is the contrast between Eulerian and 

Lagrangian perspectives on the meridional coherence of the MHT: from a Eulerian 

perspective, there is little to no coherence in anomalies from the subtropics to the subpolar 

latitudes in either the AMOC or MHT, yet I conclude that the temperature variability in 

the eastern subpolar gyre is largely a function of the Lagrangian-derived throughput from 

the subtropical gyre. Thus in this thesis I demonstrate the importance of considering the 

dynamics of fluid particles along the turbulent inter-gyre pathway and their origin and 

fate (Lagrangian perspective) rather than assessing the meridional coherence at fixed 

locations in space (Eulerian perspective).  

Since I have pointed to the inter-gyre AMOC as an important control on the 

temperature variability of the eastern subpolar gyre, I am left with the question of what 

controls the variability in the inter-gyre AMOC? This question remains unanswered at 

this point, though the topic has certainly attracted much attention [Buckley and Marshall, 

2016]. To answer a question like this, I believe that one must realize the importance of the 

feedbacks between atmospheric and oceanic heat transports and the surface fluxes that 

connect the two. Coupling the ocean-atmosphere system seems vital to understanding the 

dynamics of large-scale climate indices such as the North Atlantic Oscillation [Marshall et 

al., 2001] and the East Atlantic Pattern [Häkkinen et al., 2011] that drive much of the 

interannual variability in this region. Without understanding the coupling, 

oceanographers often conclude that the atmosphere drives the variability they are 
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assessing, while atmospheric scientists conclude that the ocean drives the variability they 

are assessing, despite the fact that both groups would agree that deducing the trigger in a 

non-linear, coupled system is nearly impossible. One does not even have to venture 

outside of the ocean to find a system with potentially non-linear feedbacks that is 

important to the inter-gyre heat exchange: Desbruyères et al. [2016] demonstrate that the 

spatial pattern of oceanic heat fluxes impact the isopycnal structure, which, by altering 

the geostrophic flow, set the oceanic heat fluxes. Only looking one step upstream or 

downstream to understand these processes will likely result in chasing one’s tail unless 

the steps are then compiled into a system-wide, governing hypothesis.  

Therefore I recommend as a next step to use a coupled ocean-atmosphere model 

to understand how the North Atlantic ocean-atmosphere system evolves on a range of 

time scales as the atmosphere responds to oceanic variability and as the ocean responds 

to atmospheric variability. As an example, Eden and Willebrand [2001] forced an ocean-

only model with persistently high NAO wind and buoyancy forcing and show both an 

instantaneous reduction in MHT and a delayed (4-6 year) increase in MHT at inter-gyre 

latitudes. The instantaneous response could act as a positive feedback to NAO while the 

delayed response could act as a negative feedback on multi-year time scales. But this 

feedback could not be represented in their ocean-only model so coupling the system 

would clarify the evidence for this feedback and assess its importance to the system as a 

whole. 
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On a more general level, the scientific method dictates that as the field progresses 

hypotheses are proposed and then these hypotheses are rigorously tested until confidence 

in them grows to the point of becoming theory. In this thesis, I reject two previously-

published hypotheses and build the groundwork for a new hypothesis by pointing to a 

mechanism one step upstream. I hope that this work can be continued to propose a new, 

system-wide, governing hypothesis that does stand the test of time. As we have learned 

from the AMOC literature, the biggest breakthroughs come from directly observing the 

phenomena itself. The continuation of the AMOC monitoring array at the RAPID line and 

the redeployment of the OSNAP array for another two-year period until 2020 provide in 

situ observations of basin-wide heat fluxes. As these two arrays continue to take 

measurements onto timescales at which one may expect signals to connect the arrays, 

there is an incredible opportunity to capitalize on the interactions between these data 

streams and arrive at a hypothesis that is focused on the process itself rather than a proxy 

based on what is possible for us to currently observe. 
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