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Abstract 

The Atlantic Meridional Overturning Circulation (AMOC) is characterized as a 

northward upper limb that carries warm near-surface waters from southern latitudes to 

the subpolar North Atlantic, and a southward lower limb that transports cold deep 

waters back to the southern latitudes. Due to its special role in distributing heat, carbon 

and water masses globally, AMOC as an essential part in the climate system, has long 

been a strong focus within the ocean community. For decades, AMOC variability has 

been attributed to changes in deep water production at high latitudes in the North 

Atlantic through a geostrophic response in the Deep Western Boundary Current 

(DWBC), the assumed major export pathway of the deep waters. However, recent 

Lagrangian studies have revealed the importance of eddy-driven interior pathways, 

challenging the traditional DWBC-dominated spreading pattern, hence the linkage 

between deep water formation and AMOC. Under the new spreading scheme of the 

deep waters, this dissertation provides an extended Lagrangian analysis on the 

spreading pathways of two major deep waters, Labrador Sea Water (LSW) and Iceland 

Scotland Overflow Water (ISOW), and re-examines the relationships among deep water 

production, deep water export and the strength of AMOC.  

A Lagrangian simulation of newly-formed LSW in an ocean/sea ice model (1/4°) 

reveals strong recirculation of the water mass in the subpolar gyre, with a small portion 
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exported to the subtropical gyre through an advective-diffusive pathway. Furthermore, 

no significant correlation between LSW production and its Lagrangian export to the 

subtropical gyre is found on interannual to decadal time scales, suggesting a negligible 

or at best modest impact of LSW production on the subtropical AMOC. 

In a combined Lagrangian and Eulerian frame, a first comprehensive description 

of ISOW spreading branches in the eastern North Atlantic is presented with 

observational data and output from an eddy-resolving ocean model. The major export 

pathway for ISOW is shown to be the southward branch into the Western European 

Basin, instead of the branch through the Charlie Gibbs Fracture Zone, the traditional 

DWBC pathway. Interestingly, these two branches show compensating relationships in 

the model, a result assumed to reflect these pathways’ interactions with the North 

Atlantic Current in magnitude and/or position shift. 

Finally, with output from ocean circulation models and an ocean reanalysis 

dataset, the meridional connection of the deep water transport anomalies and their 

relationships with AMOC are assessed. It is shown that deep water transport anomalies 

in the subpolar gyre do not propagate coherently to the subtropical gyre in general, 

particularly so for Upper North Atlantic Deep Water (UNADW, containing LSW). 

Furthermore, while UNADW and Lower North Atlantic Deep Water (LNADW, 

containing overflow waters) transports in the subpolar gyre are linked to local AMOC 

strength on interannual to decadal time scales, in the subtropical gyre only LNADW 
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transport variability shows this linkage, the latter results consistent with observations. 

These analyses suggest a dominance of gyre-specific, rather than basin-wide, 

mechanisms for water mass transport variability. Thus, latitudinal coherence in AMOC 

is likely unrelated to continuity in water mass transport anomalies. An exception to this 

generalization is possible with strong LNADW transport events.  

Taken together, this dissertation emphasizes the importance of interior pathways 

to the export of deep waters from the subpolar to the subtropical gyre. It also reveals a 

tenuous linkage between deep water production and AMOC strength at subtropical 

latitudes on interannual to decadal time scales. 
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1. Introduction  

1.1 The Atlantic Meridional Overturning Circulation  

The Atlantic Meridional Overturning Circulation (AMOC), a fundamental 

component of the climate system, is characterized as a northward flow of warm, saline 

upper waters to the subpolar North Atlantic (i.e. the AMOC upper limb), and a 

southward return flow of cold, fresh deep waters (i.e. the AMOC lower limb) (Figure 1). 

The two limbs are connected at high latitudes in the North Atlantic, where the warm 

upper waters sink to depth by losing heat to the atmosphere, thereby forming deep 

waters, a process referred to as convection. During convection, excessive heat, carbon, 

and oxygen are brought from the ocean surface to the deep ocean and are then exported 

globally.  

The role of AMOC in the earth system is essential. It re-distributes heat between 

the tropics and polar latitudes and keeps the northern hemisphere warm and suitable to 

life. It also serves as a reservoir for additional carbon in the atmosphere and modifies 

global warming (Takahashi, et al., 2009). Studies also indicate an influence of AMOC on 

sea level variability along the eastern coast of North America (Vellinga & Wood, 2008), 

Atlantic hurricane activity (Zhang & Delworth, 2006; Knight, et al., 2006), and Arctic sea 

ice loss (Serreze, et al., 2007), etc. It is thus compelling and essential to understand how 

AMOC varies and what drives that variability.  
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Figure 1: A schematic of the AMOC. Orange (blue) curves represent the warm 

upper limb (cold lower limb). White circles denote the major convective regions. This 

figure is reprinted from BBC weather and climate.  

1.2 The North Atlantic Deep Waters and their linkage to AMOC 

For decades, AMOC variability has been linked to the production of North 

Atlantic Deep Waters (NADW) in subpolar and subarctic North Atlantic (Delworth, et 

al., 1993; Zhang, 2010; Yeager & Danabasoglu, 2014). NADW, which constitutes the 

southward lower limb of AMOC, has two primary components: the shallower Labrador 

Sea Water (LSW) and the deeper Nordic Seas Overflow Water (OW).  

Strong cooling during winters leads to unstable surface stratification, which 

drives convective overturning to depths of approximately 1500m in the central Labrador 

Sea (Talley & McCartney, 1982).  The product of this overturning is a distinct water mass 

(LSW) with relatively low temperature, salinity ( (Talley & McCartney, 1982; Pickart, et 
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al., 2002; Stramma, et al., 2004; Yashayaev, 2007), potential vorticity (PV) (Talley & 

McCartney, 1982; Stramma, et al., 2004) and high concentrations of dissolved oxygen 

(Pickart, et al., 2002) and chlorofluorocarbons (CFCs) (Rhein, et al., 2002; Kieke, et al., 

2007). The exchange of heat and freshwater across the air/sea interface and the 

horizontal advection of heat and salt into the basin via boundary currents have been 

proposed as the two major factors that create variability in LSW volume and properties 

(Stramma, et al., 2004). Interannual and interdecadal variability of LSW properties, 

measured using up to 60 years of hydrographic data, have been linked to changes in the 

North Atlantic Oscillation (NAO) index (Stramma, et al., 2004; Yashayaev, 2007; Curry, 

et al., 1998; Kieke & Yashayaev, 2015). A relatively shallow, warm and salty layer of 

LSW was produced from the 1950s to 1970 when the NAO index was negative, a state 

characterized by a small difference between the Azores High and Icelandic Low, 

reduced heat flux to the atmosphere and weak westerlies in the subpolar region 

(Sarafanov, 2009; van Aken, et al., 2011). The decreased heat flux and the relatively weak 

westward extension of the subpolar gyre together contributed to the warm and salty 

intermediate water formed in the Labrador Sea (Sarafanov, 2009). In the early 1990s, 

when the NAO was positive, the strongest recorded convection occurred, resulting in a 

thick, cold and fresh LSW layer. From 1994 until 2008, weak convection and steady 

warming were observed. Enhanced LSW formation resumed in 2008, and was attributed 

to strong atmospheric cooling (Yashayaev & Loder, 2009). And most recently, 
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observations in the central Labrador Sea revealed a strong convection during the 2016 

winter (Yashayaev & Loder, 2017).  

OW is formed in the Nordic Seas via open-ocean convection in the Greenland 

Sea, dense water formation along the Arctic shelves and the transformation of Atlantic 

water (Rudels, et al., 1999; Eldevik, et al., 2009). After formation, one branch of OW 

flows into the North Atlantic through the Denmark Strait between Greenland and 

Iceland, and thus the water following this branch is referred to as the Denmark Strait 

Overflow Water (DSOW). The other branch flows into the eastern subpolar gyre 

between Iceland and Scotland, mainly through the Faroe-Shetland Channel, with a small 

portion over the Iceland-Faroe Ridge. The water following this branch is named as the 

Iceland Scotland Overflow Water (ISOW). Both branches have a mean transport of ~3Sv, 

which has remained relatively stable over the past five decades (Olsen, et al., 2008). 

After entering the subpolar North Atlantic, OW fills the deep ocean basin with the 

bottom layer occupied by DSOW and the less dense ISOW above it. The lighter density 

of ISOW is due to its active entrainment with ambient waters, such as LSW, as it spreads 

within the Iceland Basin (Fleischmann, et al., 2001; van Aken & Boer, 1995).  

Variability in the production of these deep waters has been assumed to generate 

changes in the deep southward return flow (i.e. the AMOC lower limb): a stronger 

production of the deep waters generates positive density anomalies that propagate 

along the western boundary, enhancing the cross-basin density gradient which 
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strengthens the local flow according to geostrophic dynamics. This strengthened flow in 

the AMOC lower limb takes place across latitudes, resulting in a latitudinally stronger 

AMOC (Buckley, et al., 2012; Polo, et al., 2014; Biastoch, et al., 2008). Modeling studies 

have found that on decadal time scales, this linkage is dominated by the production rate 

of LSW, while on multi-decadal time scales, the linkage is driven by OW formation 

(Latif, et al., 2006; Zhang, 2008; Biastoch, et al., 2008).  

1.3 NADW spreading in Eulerian frame: the DWBC 

Traditionally, the export of NADW from the subpolar to the subtropical gyre was 

theoretically assumed to follow the DWBC. Using the first order vorticity balance 

between planetary vorticity and vortex stretching, Stommel and Arons (1960) showed 

that when deep waters overflow into an ocean basin (i.e. the OW into the North 

Atlantic), upwelling results elsewhere in the basin. Since the upwelling-induced 

vorticity has to be balanced by a poleward flow in the basin interior, the requirement of 

mass conservation is met by a southward flow that is concentrated along the western 

boundary. 

Modern observations along the western boundary of the North Atlantic have 

revealed southward transport cores in both LSW and OW layers (Talley & McCartney, 

1982; Pickart, 1992; Smethie, et al., 2000; Toole, et al., 2017). In the eastern North Atlantic, 

where ISOW enters the basin, an ISOW transport core is also observed in the DWBC 
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along the eastern flank of the Reykjanes Ridge (RR) (Saunders, 1996; Kanzow & Zenk., 

2014).  

These Eulerian-based observations (i.e. measurements at fixed locations) 

collectively led to the prevailing view that NADW primarily exports to the subtropical 

gyre by following the DWBC, and consequently, that DWBC variability reflects changes 

in NADW production, as well as AMOC variability.  

1.4 NADW spreading in Lagrangian frame: the Interior Pathway  

The Stommel and Arons theory, however, ignores an important factor in the 

vorticity equation, which is the vorticity flux induced by eddies. The impact of eddies on 

deep water spreading pathways, unfortunately, is difficult to detect from Eulerian-based 

measurements conducted in the DWBC. Emerging Lagrangian studies (i.e. 

measurements following the waters), on the other hand, have provided a unique 

perspective on the deep water spreading structure, thereby questioning the 

representativeness of the DWBC as the only export pathway.  

For example, Lavender, et al. (2005) studied the mid-depth circulation in the 

subpolar North Atlantic with neutrally-buoyant, profiling floats. Floats that left the 

Labrador Sea initially drifted southeastward along the Labrador slope, but none 

followed the DWBC beyond 44°N. Similarly, for the RAFOS floats launched at LSW 

depths in the DWBC off the Labrador coast from 2003 to 2006, only 8% were able to 

enter the subtropical basin via the DWBC (Bower, et al., 2009). Instead, the majority of 
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the RAFOS floats that reached the subtropical basin from the subpolar latitudes did so 

by interior pathways (Bower, et al., 2009; Lozier, 2012). 

While there has been to date no observational Lagrangian study that describes 

the spreading OW pathways, simulated Lagrangian trajectories have revealed interior 

pathways for both ISOW and DSOW in the western North Atlantic (Gary, et al., 2011; 

Lozier, et al., 2013).  

Taken together, these Lagrangian studies emphasize the importance of eddy-

driven interior pathways in exporting the NADW to the subtropical gyre, and suggest 

that the DWBC alone cannot capture the full range of variability of the AMOC lower 

limb. This finding has implications for where and how the AMOC lower limb is 

measured. Furthermore, under this new Lagrangian spreading scheme, the linkages 

among deep water production, deep water export and AMOC strength are set in a new 

context. 

1.5 Research highlights 

In this dissertation, in a combined Eulerian and Lagrangian frame, I re-visit the 

relationship between deep water production and AMOC strength by detailing the 

processes and linkages involved.  

I first explore the linkage between deep water production and its export from the 

subpolar to the subtropical gyre with a focus on LSW (Chapter 2). Based on model 

output, no significant correlation is found between the LSW production and its 
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Lagrangian export on interannual to decadal time scales (Zou & Lozier, 2016). That is to 

say, an anomalously large (small) production of LSW does not result in an increased 

(decreased) LSW export to the subtropical gyre in subsequent years, suggesting a 

negligible or at best modest impact of LSW production on the subtropical AMOC.  

As stated above, the amount of OW that flows into the North Atlantic has been 

quite steady. Thus, any OW-related AMOC variations have to be produced by the 

spreading processes south of the ridge (Olsen, et al., 2008). However, no observational 

study so far has explored OW spreading pathways from a Lagrangian perspective, 

primarily due to data limitation. Additionally, no study to date has assessed the 

temporal variability of different OW spreading branches. In Chapter 3, I focus on ISOW 

and use a combination of previously unreported current meter data, hydrographic data, 

RAFOS float data, and a high resolution (1/12°) numerical ocean model to study its 

spreading pathways in the eastern North Atlantic. From both Eulerian and Lagrangian 

perspectives, three major export branches are revealed: an escape branch through 

fractures in RR; a westward branch via the Charlie Gibbs Fracture Zone (CGFZ); and a 

southward branch along both flanks of the Mid-Atlantic Ridge (MAR). A model-based 

investigation provides a first look at the relative importance and temporal variability of 

these export pathways. It is shown that the southward branch carries most of the ISOW 

out of Iceland Basin. Interestingly, this branch shows an anti-correlation with the branch 
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through the CGFZ, a result assumed to reflect these pathways’ interactions with the 

North Atlantic Current (NAC) in magnitude and/or position shift.  

In Chapter 4, I investigate the meridional connection of NADW transport 

anomalies between the subpolar gyre and subtropical gyre, and the linkage between 

these transport anomalies to AMOC anomalies at each latitude. With output from two 

ocean circulation models and one ocean reanalysis dataset, it is found that NADW 

anomalies in the subpolar gyre do not generally propagate coherently to the subtropical 

gyre, particularly so for Upper NADW (UNADW, containing LSW). Furthermore, while 

UNADW and Lower NADW (LNADW, containing OW) transports in the subpolar gyre 

are linked to local AMOC strength on interannual to decadal time scales, in the 

subtropical gyre only LNADW transport variability shows this linkage. Collectively, our 

analyses suggest a dominance of gyre-specific, rather than basin-wide, mechanisms for 

water mass transport variability. Thus, latitudinal coherence in AMOC is likely 

unrelated to continuity in water mass transport anomalies. An exception to this 

generalization is possible with strong LNADW transport events. 

Finally, in Chapter 5, some ongoing studies are discussed. A decomposition of 

AMOC strength variability across the North Atlantic has been conducted with an 

Empirical Orthogonal Function (EOF) analysis. The AMOC variability is shown to 

constitute a meridionally coherent mode that extends from the subpolar to the 

subtropical gyre, and a gyre-specific mode that shows out-of-phase variability between 
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the two gyres. This study points to the subpolar and subtropical gyre-gyre boundary as 

a key region to detect the coherent mode, and indicates that the wind stress might be 

responsible for the gyre-specific mode. Another ongoing study, focused on the 

contradiction between LSW property transit and its advection is also discussed.  
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2. Breaking the Linkage between LSW Production and 
Its Export 

In this Chapter, a detailed description of the spreading pathways and time scales 

for the newly-formed LSW are provided. The relationship between LSW production and 

LSW export to the subtropics is also explored. This work has been published in Journal of 

Physical Oceanography (Zou & Lozier, 2016).  

2.1 Introduction 

For decades, it was assumed that convection strength in the Labrador Sea would 

alter deep water export from the subpolar gyre and modify downstream properties at 

intermediate depths in the North Atlantic. As for the latter, observational studies have 

shown a strong correlation between LSW thickness and property anomalies near 

Bermuda (Curry, et al., 1998), with the former leading by 6 years. Similarly, Molinari et 

al. (1998) and van Sebille et al. (2011) both reported a 10-year transit time of the property 

signals from Labrador Sea to 26.5°N in the DWBC within LSW layers. A more recent 

study (Pena-Molino, et al., 2011) observed that water properties in the classical LSW 

layer within DWBC at the Line W mooring array (39°N), measured in the early 2000s, 

reflect the intense Labrador Sea convection during the mid-1990s, indicating a  9-year 

propagation time scale from the central Labrador Sea to Line W. As for the relationship 

between LSW production and deep water export, some past studies indicate a linkage 

between LSW production and DWBC strength (Böning, et al., 2006; Han, et al., 2010), yet 
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other show a contrary result (Schott, et al., 2004; Dengler, et al., 2006).  Relatedly, a 

linkage between LSW production and AMOC strength, via fast boundary wave 

propagation, has been revealed from a modeling study (Biastoch, et al., 2008) with 

interannual buoyancy forcing.  However, when interannual wind forcing was also 

considered, the LSW production and AMOC relationship was masked by higher 

frequency variability in the AMOC anomalies. Despite this focus on LSW production 

and its downstream impact, currently unanswered is whether there is a relationship 

between LSW production and the export of that water mass to the subtropical North 

Atlantic through advection.  

Specifically, I seek to understand the extent to which LSW production impacts 

the volume of newly-formed LSW and blended LSW that are advected across the inter-

gyre boundaries to the subtropical basin, and across 30°N, where LSW and the other 

components of the southward flowing NADW are less likely to recirculate back to the 

subpolar gyre. By doing so, I aim to improve the understanding of how convection in 

the Labrador Sea impacts the lower limb of the AMOC. 

2.2 Data and methods 

2.2.1 Hydrographic data in the Labrador Sea 

The Labrador Sea Monitoring Program of Fisheries and Oceans Canada has been 

conducting oceanographic observations in the Labrador Sea since 1990 along the 

Atlantic Repeat Hydrography Line 7 West (AR7W), which extends from Hamilton Bank 
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on the Labrador shelf to Cape Desolation on the Greenland shelf (Figure 2). It has been 

occupied annually, typically in May, allowing for a determination of LSW vertical 

structure at the end of each winter. To compare with the model LSW properties, I use 

the hydrographic data collected from 1992 to 2004 (Carbon Dioxide International 

Analysis Center, 2015). 

 

Figure 2: Climatological PV in LSW layer from ORCA025. The LSW layer is 

between 700m and 1500m. Climatological salinity over LSW layer is contoured in 

black. AR7W is designated with red dots. Bathymetry shallower than 700m is shaded 

gray. 1500m and 3000m isobaths are contoured in gray.   

2.2.2 ORCA025 model 

To conduct this study, I use ORCA025, a global ocean/sea ice model 

implemented on a quasi-isotropic ORCA grid (a tri-polar grid) at eddy-permitting 

resolution (1/4°) under the framework of DRAKKAR, a European modelling project 
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(Bernard, et al., 2006; The DRAKKAR Group, 2007).  As described by Bernard et al., 2006 

and The DRAKKAR group (2007), the configuration of ORCA025, which has 1442×1021 

grid points and 46 vertical layers, is based on the NEMO (Nucleus for European 

Modeling of the Ocean) system. Vertical grid spacing increases from 6m near the surface 

to 250m at the bottom. Horizontal resolution increases with latitude, with the coarsest 

resolution, 27.75 km at the equator. The model uses 2-minute resolution Etopo2 

bathymetry from the National Geophysical Data Center and initial conditions are set 

with a combination of temperature and salinity data derived from Levitus et al. (1998), 

the PHC2.1 climatology (Steele, et al., 2001) and the Medatlas climatology (Jourdan, et 

al., 1998).  

As reported by Bernard et al. (2006), the climatological daily mean wind stress 

vector, derived from ERS Scatterometer data (CERSAT, 2002) and NCEP/NCAR 

reanalysis (Kalnay, et al., 1996) is used to provide the surface momentum flux. An 

empirical bulk parameterization (Goosse, 1997) is used to compute the surface heat 

fluxes and freshwater fluxes, with data of climatological daily mean air temperatures are 

from NCEP/NCAR reanalysis; climatological monthly mean precipitation from CMAP 

(Xie & Arkin, 1997); monthly mean humidity (Trenberth, et al., 1989), cloud cover 

(Berliand & Strokina, 1980) and climatological daily mean wind speed from the blend of 

ERS and NCEP/NCAR reanalysis.  
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The 5-day model output used in this study is from the model run forced with the 

global hindcast dataset from 1961 to 2004. Lagrangian trajectories produced from this 

model output have been shown to reproduce realistic signatures of the deep 

recirculation gyres in the North Atlantic (Gary, et al., 2011). Gary et al. (2012) also 

demonstrate that ORCA025 accurately reproduces the distribution of CFC-11 tracers at 

LSW depths in the North Atlantic. As will be shown in section 2.4, ORCA025 can 

reproduce the LSW spreading pattern depicted by RAFOS floats. Additionally, the 

modeled LSW volume transport at 53°N of -11.9 ± 0.9 Sv compares favorably with the 

observed transport of -11.3 ± 1.0 Sv based on shipboard LADCP measurements (Fischer, 

et al., 2010). Therefore, ORCA025 is considered highly suitable for the purposes of this 

study. 

2.2.3 Observation and model comparison of LSW properties 

To ascertain the ability of the model to capture the variability of LSW properties 

in the Labrador Sea, the model’s temperature, salinity and density fields at LSW depths 

(between 700m and 1500m) along AR7W are compared to observations, using only 

model data contemporaneous with the observed data. As seen in Figure 3, the model’s 

long-term trends and interannual variability compare favorably with those from 

observations: the decadal trend for observed and modeled temperatures are 0.05 °C/year 

and 0.03 °C/year, respectively, and after detrending the time series, the standard 

deviations (SD) are 0.04 °C and 0.05 °C respectively; for salinity, the trends between 
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observations and the model are 0.0009 per year and 0.0003 per year, with the SD of 0.006 

psu for the former and 0.006 psu for the latter after detrending; for density, the trend is -

0.004 (𝑘𝑔/𝑚3)/year for observations and -0.003 (𝑘𝑔/𝑚3)/year for the model. After 

detrending, the SD for density is 0.006 𝑘𝑔/𝑚3 and 0.004 𝑘𝑔/𝑚3 for the observations and 

the model, respectively. 

 

Figure 3: Comparison between observed and modeled time series along 

AR7W. Time series from observations are plotted in black solid and those from 

ORCA025 are shown in dashed gray. The plotted time series of temperature (upper), 

salinity (middle) and density (lower) are averaged between 700m and 1500m. Note 

that the modeled salinity is slightly higher than observed, and thus the modeled LSW 

is slightly denser.  

2.2.4 Definition of LSW  

I use both PV and density to identify LSW in the model. Assuming that relative 

vorticity is small compared to planetary vorticity, PV can be approximated as:  
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                                            𝑃𝑉 = 𝑓
𝑁2

𝑔
                                                             (1) 

where  is the Coriolis parameter,  is the gravitational constant and is the Brunt–

Väisälä frequency, which is defined as  (Talley & McCartney, 1982), where is 

density. Thus, PV will be small for a water mass that is weakly stratified in the vertical. 

In this study, LSW is defined as the water mass in the density range [27.75, 27.84] 𝑘𝑔/𝑚3 

with PV < 4×10-12 𝑚−1𝑠−1, which is the same threshold used by Talley and McCartney 

(1982). These density limits for LSW differ slightly from those typically used for 

observed classical LSW ([27.74, 27.80] 𝑘𝑔/𝑚3) (Stramma, et al., 2004) because LSW in the 

ORCA025 model is saltier and thus denser than that observed (Figure 3). 

2.2.5 Trajectory computation and launch configuration 

Synthetic floats were launched along a section in the model that replicates 

AR7W. All launches were dynamic: floats were launched from each grid along AR7W 

only when properties in a particular grid meet the established water mass criteria, given 

above as PV < 4×10-12 𝑚−1𝑠−1 and density within [27.75, 27.84] 𝑘𝑔/𝑚3 (Figure 4). A year-

to-year comparison of the number of floats launched in newly-formed LSW along AR7W 

with the total number of floats launched in newly-formed LSW in the entire Labrador 

Sea yields a correlation coefficient of 0.93. Therefore, the number of floats launched 

along AR7W for any 5-day period can be used as a proxy for the amount of LSW present 

for that same period. 

f g 2N

dz

dg 








 

18 

Though floats are launched every five days from 1961 to 2004, only one launch is 

selected each year for the calculation of trajectories. Since the interest is in the export of 

newly-formed LSW following its wintertime production, I choose the launch for which 

the float number is maximized. As such, float integration for each year begins from the 

5-day period when the water mass volume has reached its maximum for that winter.  It 

is noted that convection during one winter may reach the depth of fossil LSW, i.e., LSW 

formed the previous year or years. In this case, the fossil LSW would be considered part 

of the newly-formed LSW as long as it shares the low PV signature.  

For each launch site, float trajectories were calculated from the model’s 3-

dimensional velocity field using ARIANE, a Fortran code for trajectory computation 

(Blanke & Grima, 2010). All float trajectories were integrated for 40 years and for those 

launched after 1964, velocity fields were recycled with a single discontinuity between 

December 31st, 2004 and January 1st, 1961. This method has been successfully used in 

previous studies (Gary, et al., 2011; Gary, et al., 2012). The validity of this method is also 

tested by comparing the trajectories computed from sequential years of data and those 

computed from data with this discontinuity (not shown). The difference in trajectories 

between the two is inconsequential to our results.  
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Figure 4: PV along the model’s AR7W. The left panel shows PV on March 26th, 

1968 and the right shows PV on March 1st, 1990, when the maximum volume of LSW 

was formed for each year. 75 floats were launched on the former date and 521 on the 

latter. Black dots indicate float launch positions. White contours denote where PV is 

smaller than 4×10-12 𝒎−𝟏𝒔−𝟏 and black dashed lines indicate where density is between 

27.75 and 27.84 𝒌𝒈/𝒎𝟑. To avoid surface intensification of floats induced by 

decreasing model vertical resolution with depth, floats were released at a fixed 

vertical interval, 200m, which is the maximum vertical resolution in the upper 2600m 

of the model. 

2.2.6 Definition of inter-gyre boundaries 

To quantify export from the subpolar gyre and import into the subtropical gyre, 

two boundaries are defined, referred to as the inter-gyre boundaries. These boundaries 

are calculated using the model’s surface dynamic height anomaly, , relative to 1000 

m, which is defined as:    

                             ∆𝐷 = ∫ (𝛼𝑆,𝑇,𝑃 − 𝛼35,0,𝑃)𝑑𝑝
𝑝𝑠𝑓𝑐

𝑝1000
                                             (2) 

where  is the in-situ specific volume and  is the specific volume of seawater 

at a standard temperature and salinity. S, T, and P represent in-situ temperature, salinity 

and pressure, respectively (Knauss, 1997). is computed for each grid in the basin 

D

PTS ,, P,0,35

D
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domain at each time step and then averaged over all 44 years to produce a mean value, 

, at each grid. I choose the  contour of 9 𝑚2𝑠−2 as the subpolar boundary, north 

of which is considered to be the subpolar region, and the  contour of 11 𝑚2𝑠−2 as the 

subtropical boundary, south of which is the subtropical basin (Figure 5). As will be 

shown below, some floats that cross the subtropical boundary are carried back to the 

subpolar basin at one or more times during their 40-year integration. Therefore, another 

boundary is set in the subtropics, 30°N, from which the floats are not expected to return 

to the subpolar basin. As shown by previous studies (Bower, et al., 2009) and also shown 

below, floats that have been exported south of 30°N, are likely to join the southward-

flowing DWBC. By 23°N, almost all floats are within the DWBC. For this reason, I also 

use 23°N as the latitude where LSW is primarily contained within the DWBC.  

D D

D
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Figure 5: Mean surface dynamic height anomaly (∆𝑫̅̅ ̅̅ ) in the North Atlantic. 

Black contours (9, 11 𝒎𝟐𝒔−𝟐) indicate the inter-gyre boundaries. The black dashed line 

across 30°N serves as another model boundary. 700m, 1500m and 3000m isobaths are 

contoured in gray. 

2.3 Linkage between LSW production and NAO  

As mentioned above, I have chosen to quantify the amount of LSW formed each 

year in the model with the number of floats launched in newly-formed LSW. To 

ascertain the representativeness of the float number as a proxy for LSW formation, I 

compare the time series of float number with the LSW thickness in the model (Figure 6). 

The model LSW thickness is computed as the average depth along AR7W of the water 

that has PV < 4×10-12 𝑚−1𝑠−1and density between 27.75 𝑘𝑔/𝑚3 and 27.84 𝑘𝑔/𝑚3 on the 

same day of the float release. The two variables yield a strong correlation (r = 0.91), 
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leading to the conclusion that the number of floats launched when the maximum 

amount of newly-formed LSW is present is a good indicator of the interannual 

variability in LSW thickness, which has been the traditional measure. Actually, the float 

number provides a more accurate estimate of LSW formation since the number of floats 

released depends not just on the vertical extent of the newly-formed water, but on its 

lateral extent as well. 

As seen from Figure 6, Labrador Sea convection has strong interannual to 

interdecadal variability, which has been previously linked to the winter NAO index 

(Kieke & Yashayaev, 2015; Sarafanov, 2009; van Aken, et al., 2011; Kieke, et al., 2007; 

Rhein, et al., 2011). A negative NAO winter index has been linked to weaker LSW 

production from 1960s to 1970s, while a persistent positive NAO from the 1980s to the 

mid-1990s has resulted in strong convective activity and greater LSW formation. The 

float number anomaly is correlated with NAO (r = 0.62), as is the model’s LSW thickness 

anomaly (r = 0.66). Both correlations are significant at 95% confidence level based on a t-

test. 
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Figure 6: Time series of LSW production and NAO. Interannual variability of 

float number anomaly (solid red) and LSW thickness anomaly (dashed blue) derived 

from ORCA025 when the strongest convection takes place each year. The winter NAO 

index (gray bars) is also shown from 1961 to 2004. The winter NAO index is computed 

by averaging the monthly NAO index from December to March each year. Data is 

from the NOAA National Weather Service Climate Prediction Center (2015). 

2.4 Spreading pathways of newly-formed LSW  

Bower et al. (2009) have shown the 2-year spreading pathways of RAFOS floats 

launched in the DWBC at 50°N every 3 months from 2003 to 2005. To verify that 

ORCA025 can accurately reproduce this pattern, test floats were launched within the 

model with a similar observational design, namely model floats were launched at 50°N 

at 700m and 1500m every 3 months from 1961 to 2004 and then integrated forward for 

two years. An example of the float trajectories within 2 years is shown in Figure 7. Of the 

floats launched over many releases, 27 ± 6% were able to reach the southern tip of Grand 

Banks (43°N), with 7 ± 6% following the DWBC continuously. The majority of floats (73 

± 6%) drifted eastward and northeastward within the subpolar gyre, which compares 
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favorably to the observed percentage (70%; 28/40) of RAFOS floats that took this route 

(Bower et al., 2009). Thus, based on this comparison the model is considered capable of 

approximating the spreading pathways of LSW.  

 

Figure 7: Simulated LSW spreading pathways from DWBC. Test float 

trajectories launched across 50°N at LSW depths in years from 2000 to 2002 with 2-

year lifetime. Initial launch locations for all 108 floats (72 at 700m and 36 at 1500m) at 

50°N are shown in red and the final positions are indicated with black dots. Colors 

represent the normalized temperature anomaly (°C) along the path of each float, 

computed following Bower et al. (2009): (𝑻 − 𝑻𝒊)/𝜹𝑻𝒎𝒂𝒙, where 𝑻𝒊 is each float’s initial 

temperature, and 𝜹𝑻𝒎𝒂𝒙 is the maximum temperature difference, 3°C for floats 

launched at 700m and 0.72°C for those launched at 1500m. 700m, 1500m, 3000m 

isobaths are contoured in gray. 

To describe the pathways of the simulated float trajectories after the AR7W 

launch, floats are placed in four categories: (1) never exported – these floats circulated 

solely within the subpolar basin during their entire lifetime and did not cross either 
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inter-gyre boundary; (2) recirculated – these floats crossed the subtropical boundary 

once or more, but they recirculated back and ended their mission in the subpolar gyre; 

(3) exported – these floats crossed the subtropical boundary and at the end of their 

mission were in the subtropical gyre. This category includes those that crossed only once 

during their lifetime, i.e., they never returned to the subpolar gyre, and those that were 

repeatedly exported – these floats crossed the inter-gyre boundaries several times before 

they ended their mission in the subtropical basin; (4) in-between – these floats ended 

their mission located between the subpolar and subtropical boundaries.  

An example of the spatial distribution of each trajectory category is revealed by a 

probability map (Figure 8) constructed from pathway positions for 40 years after the 

AR7W launch in 1990. Probability maps from other launch years yield qualitatively the 

same maps. In general, floats are confined north of 30°N during the 40 years of 

integration. At the end of those 40 years, 31% of them reside in the subpolar gyre: 17% 

circulated in the subpolar basin the entire time, while 14% returned to the subpolar 

basin after one or more exports to the subtropical gyre.  Only 46% of the floats ended up 

in the subtropical gyre 40 years after launch, of which 7% crossed the inter-gyre 

boundaries only once and 17% ended up south of 30°N. The floats that reached the 

subtropical gyre did so by a number of pathways, including those in the central and 

eastern North Atlantic basin. The central basin pathways were described previously by 

recent studies focused on interior pathways (Bower, et al., 2009; Lozier, et al., 2013) of 
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the subpolar to subtropical export. The eastern basin pathway is along the eastern flank 

of the RR, in agreement with prior observational studies (Kieke, et al., 2009; Rhein, et al., 

2015). This pathway is similar to the southward pathway of ISOW revealed from both 

observational and modeling studies (Lankhorst & Zenk, 2006; Xu, et al., 2010).  

 

Figure 8: Simulated LSW spreading pathways from the Labrador Sea. 

Probability maps of trajectories 40 years after launch on March 1st, 1990: (a) never 

exported floats (17% of total); (b) recirculated floats (15%); (c) exported floats (42%); 

(d) in-between floats (26%). The probability map is created by first dividing the North 

Atlantic into 0.25°×0.25° grids, counting the number of times floats pass through each 

grid (including repetitions), and then dividing the number of passes in each grid by 

the total float passes over all grids (Gary, et al., 2012). Black solid lines represent the 

inter-gyre boundaries. Black dots indicate final float positions. 700m, 1500m isobaths 

are contoured in gray. 
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Repeating the above analysis for all 44 launches (1961-2004) reveals that there is 

relatively little variability over time (Figure 9): on average, 34% of the total floats stayed 

within the subpolar basin 40 years after launch; 46% were able to reach the subtropics; 

and 20% stayed between the two boundaries. Despite the significant change in the 

number of floats launched each year, the fractions remain relatively constant (±7%) 

except for the years 1961, 1969 and 1971, when fewer than 10 floats were launched along 

AR7W, a paucity that indicates weak convective activity in the Labrador Sea during 

those years. These floats are too few to draw conclusions on their preferred pathways, 

but given the pathways from the other years, there is not much variability in LSW 

spreading pathways. 

The decrease (increase) in the percentage of floats in the subpolar (subtropical) 

gyre persists over the full 40 years, an indication of the long residence time for LSW in 

the subpolar basin. The percentage of floats between boundaries, however, remains 

relatively constant after 25 years, indicating a smaller residence time scale for this 

region.  
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Figure 9: Percentage of LSW distribution. The percentage of floats in the 

subpolar gyre (blue), subtropical gyre (red) and in the area bounded by the inter-gyre 

boundaries (black) as a function of time after the launch across AR7W. The solid 

curves designate the percentage averaged over all 44 releases while the colored dots 

represent the percentages for each release. 

2.5 The age of exported LSW 

So far, it is shown that only 46% of the floats launched along AR7W end up in the 

subtropical gyre after 40 years, which indicates a long advective time scale for LSW to 

reach the subtropical gyre. A calculation and mapping of LSW age confirms this 

expectation (Figure 10, left panel). The youngest LSW is found in the Labrador and 

Irminger Seas, as well as along the deep western boundary current, through which floats 

reach the subtropical gyre within 15 years (the fastest float took less than 3 year). The 

average age of floats at the inter-gyre boundary region is 22 ± 10 years, which is also 

evident in the cross-sectional plot of age along AR7W in Figure 10 (right). As discussed 
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above, the majority of the floats launched in the central basin along AR7W took 20 years 

on average to first cross the subtropical boundary. However, floats launched in the 

DWBC, which account for less than 5% of the total launched, took less than 15 years to 

be exported to the subtropical gyre.  

At 30°N, where floats are less likely to recirculate back to the subpolar gyre, the 

age is 30 ± 8 years. The age distribution along AR7W of the floats that reach 30°N is 

similar to that shown in Figure 10 (right), but with greater ages. The spatial distribution 

of LSW age shown in Figure 10 (left) is consistent with the age of simulated LSW from 

Gary et al. (2012). Using a CFC observational data set, Rhein et al. (2015) show a similar 

LSW age distribution: their youngest waters are in the Labrador and Irminger Seas; age 

increases eastward from south of the Grand Banks to the Rockall Trough near the inter-

gyre boundary region; and age in the western subtropical gyre increases steadily to the 

south. In Rhein et al. (2015), the age of young LSW (age < 40 years) is 16 years when it 

crosses the inter-gyre boundary and 22-24 years at 30°N. Both of these ages fall in the 

range derived from Lagrangian floats in this study. 
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Figure 10: Age of LSW. (Left) Average age of floats for 44 releases of 40 years: 

the whole domain is divided into 0.25° by 0.25° grids and the age for each grid is 

computed by averaging the time elapsed since launch for each particle. Repeated 

visits by the same float to the same grid are included in the age calculation. To avoid 

biasing the average, only when the box has more than 100 float occurrences is the 

mean age computed. The black solid lines indicate the subpolar boundary (north) and 

the subtropical boundary (south); the black dashed line indicates 30°N. Initial launch 

locations are shown in red. 700m, 1500m, and 3000m isobaths are shown in gray. 

(Right) The average age of all floats from 44 releases that cross the subtropical 

boundary in 40 years as a function of initial position along AR7W. Black dashed 

contours show where climatological density is between [27.75 27.84] 𝒌𝒈/𝒎𝟑; white 

contours show the area with PV smaller than 4×10-12 𝒎−𝟏𝒔−𝟏.  

Considering the long residence time for LSW in the subpolar basin, the volume 

export at the subtropical boundary or at 30°N for any particular year is expected to be 

comprised of waters with many different ages. The results in Figure 11 confirm this 

expectation. In 2003, floats exported across the subtropical boundary, as well as floats 

arriving at 30°N, are of various ages and, importantly, there is no distinguishable 

difference in the number of floats from one age to the next even though the number of 

the floats launched varies significantly with time. Also, the number of floats from any 

given launch year that contributes to the 2003 export is quite small (~2%) compared to 
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the number of floats launched each year, which, as discussed above, is a measure of the 

convective strength in the Labrador Sea. Similar results are observed in other years’ 

export. In the Eulerian frame, the vertical diapycnal mass flux in the Labrador Sea has 

been estimated to be ~2 Sv (Pickart & Spall, 2007), thus the contribution of the 

transformed water mass to the amount of LSW exported each year is thus 0.04 Sv, a 

negligible quantity compared to the 11.3 ± 1.0 Sv of LSW within DWBC at 53°N (Fischer, 

et al., 2010). In other words, from both an Eulerian and Lagrangian perspective, 

convection strength in the Labrador Sea and newly-formed LSW export are not tightly 

coupled, as discussed further below.   

 

Figure 11: Histogram of exported float number in 2003. The number of floats 

from each launch year exported south of the subtropical boundary (light blue bars) 

and 30°N (dark blue bars) in 2003 are plotted. Initial launch number is plotted with a 

black solid line; its average is denoted by the red dashed line. On average only 2% of 
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floats released each year along AR7W contribute to the 2003 LSW export across the 

subtropical boundary. 

2.6 Linkage between LSW production and the export of blended 
LSW  

The above analyses make clear that there is no coherent arrival of LSW in the 

subtropical gyre with the same age. Thus, to further investigate the relationship between 

LSW production and its export, floats are no longer identified by their launch year in the 

Labrador Sea. Instead, I seek to understand the relationship between LSW production 

and the blended LSW export to the subtropical gyre regardless of age. In order to 

identify the locations of blended LSW near the subtropical boundary, all AR7W 

launched floats are located when they are crossing the boundary (Figure 12). In Figure 

12, floats are concentrated within the area where PV is < 12×10-12 𝑚−1𝑠−1 and density is 

between [27.75, 27.84] 𝑘𝑔/𝑚3 west of the Mid-Atlantic Ridge. These property ranges are 

chosen as the criteria for the new float launches into blended LSW.  

Floats were then released on each January 5th north of the subtropical boundary 

(Figure 13) from 1961 to 2004, and the blended LSW export for each year is the total 

number of floats that crossed the subtropical boundary by the end of that year. I 

consider this time series an indication of export variability for blended LSW, rather than 

LSW linked to water mass formation in a given year. Similar dynamic launches were 

conducted at 23°N, where southward-moving floats are concentrated within the DWBC 

and between isopycnals of [27.75, 27.84] 𝑘𝑔/𝑚3 (Figure 14). Again, the time series of 
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blended LSW export to the south of 23°N is derived from the number of floats that 

crossed 23°N each year. 

 

Figure 12: Vertical distribution of LSW across the inter-gyre boundary. 

Positions of simulated floats launched in the Labrador Sea when they crossed the 

subtropical boundary in 2003 (black dots), with annually averaged PV (𝒎−𝟏𝒔−𝟏) 

shown in color. White contours outline the area where PV is smaller than 12×10-12 

𝒎−𝟏𝒔−𝟏, and the black dashed line indicates density between [27.75, 27.84] 𝒌𝒈/𝒎𝟑. 

When they reached the subtropical boundary, over 70% of floats (launched from 1961 

to 2002) were located within the area bounded by the two density contours. The PV 

map and float distributions shown here for 2003 are representative of other years.  
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Figure 13: Initial and final positions of blended LSW across inter-gyre 

boundary in 2003. Floats were launched on January 5th, 2003 with their initial 

positions shown in blue dots and their final locations in red dots. Only those that 

were able to reach the subtropical basin within one year are used. One-tenth of the 

total data points were randomly selected for plotting. Black solid curve indicates the 

subtropical boundary. The black dashed box (north of the subtropical boundary) 

indicates the dynamic launch area: longitude [75°W, 26°W], latitude [35°N, 50°N], PV 

[0, 12×10-12] 𝒎−𝟏𝒔−𝟏 and density [27.75, 27.84] 𝒌𝒈/𝒎𝟑. Only a few floats launched 

outside the box made it to the subtropics within a year. This float distribution map 

differs only slightly from year to year. 700m, 1500m, and 3000m isobaths are 

contoured in gray.  
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Figure 14: Initial and final positions of blended LSW across 23°N. The inset 

shows the positions of those AR7W launched floats when crossing 23°N, superposed 

on the 44-year mean meridional velocity, with black contours outlining the density 

between [27.75, 27.84] 𝒌𝒈/𝒎𝟑. This distribution sets the criteria for the blended LSW 

launch north of 23°N (PV at this location is not distinguishable and thus is not used to 

identify LSW). Again, the float distribution map and velocity field are representative 

of all other years. 

Figure 15 (upper panel) shows the lead/lag correlation coefficients between the 

convection strength in the Labrador Sea, given by the float number launched each year 

along AR7W, and the blended LSW export to the subtropical gyre. The coefficient 

reaches a maximum of 0.63 with the blended LSW export lagging by 3 years, yet after 

detrending, no significant correlation is observed. A maximum correlation coefficient of 

0.55 is found between convection and the export volume across 23°N at 0 lag/lead; a 0.38 

coefficient is computed after detrending the two time series, with convection leading the 

export by 3 years.  
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Since the advective time scale for floats from AR7W to the subtropical gyre 

(23°N) is on average 22 (30) years, the high correlations (before detrending) are not 

considered to result from a causal relationship between convection strength and LSW 

advective export. Rather, it is suggested that the fast response of blended LSW export to 

LSW formation results from a boundary density anomaly induced by convection in the 

Labrador Sea, the signal of which can be propagated southward quickly though 

boundary waves.  This supposition is supported by a modeling study which showed an 

overall strengthening of the AMOC within 1-2 years after LSW convection (Biastoch, et 

al., 2008). Also demonstrated in this study is that the AMOC response to convection is 

primarily on decadal time scales. The fact that there are negligible correlations after 

detrending (which dampens decadal variability) also validates our assessment that 

convective variability in the Labrador Sea cannot explain the downstream variability of 

LSW export through advection. 
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Figure 15: Correlation between LSW production and its export. (Upper) Cross-

correlation coefficients as a function of lead/lag for the launched float number 

anomalies along AR7W and exported float number anomalies across the subtropical 

boundary. Black solid line indicates the coefficient before detrending and the dashed 

line indicates the value after detrending. The values at 95% confidence level are 

shaded with light gray. Negative values along the x-axis indicate that convection is 

leading export. (Lower) Same as the upper panel, but for the float number anomalies 

launched and exported number anomalies across 23°N. 

2.7 Summary 

In this study, I use trajectories of synthetic floats launched in the Labrador Sea in 

an ocean general circulation model to simulate the spreading pathways of newly-formed 

LSW. It is shown that only 46 ± 7% of the LSW formed during winter is able to reach the 

subtropical boundary after 40 years. The rest of the water mass largely recirculates 

within the subpolar gyre or is resident in the area between the gyre’s boundaries. The 

exported floats primarily enter the subtropics via interior pathways that extend from the 
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western boundary to the eastern basin of North Atlantic, though not all of those 

pathways indicate a direct route for export. Some floats that cross into the subtropical 

gyre recirculate back to the subpolar basin more than once before ending up in the 

subtropical gyre, which lengthens the average time scale for the floats to be exported. 

The mean age of floats when they first reach the subtropical boundary is 22 ± 10 years 

and it takes 30 ± 8 years for them to reach 30°N. The youngest floats, with ages less than 

15 years, are those that originate or travel near the western boundary, yet these floats 

account for less than 5% of the total.  

An analysis of the age of LSW when it crosses into the subtropical gyre shows 

that it is a combination of waters formed years or even decades prior to the year of the 

crossing. It is shown that floats launched in a particular winter contribute only 

marginally to future LSW volume exports. Thus, it is concluded that the contribution of 

particular winter’s convection to the total LSW export in any given subsequent year is 

too small to appreciably impact the volume of that export.  

The analysis is extended to include blended LSW export, by which the water 

mass is defined by its hydrographic properties only, not by its age. No linkage is found 

between LSW formation and the export of blended LSW across the subtropical 

boundary or 30°N through advection. Rather, the water mass export in this layer 

appears to respond to Labrador Sea convection via fast western boundary waves with a 

time lag of no more than 1-2 years.   
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The relatively long time for LSW to reach 30°N (30 years on average) stands in 

contrast to the  arrival time of LSW from the Labrador basin to the subtropical gyre 

based on property correlations: Curry et al. (1998) show a high correlation between LSW 

thickness and temperature anomalies at 32°N near Bermuda with the former leading by 

only 6 years, while van Sebille et al. (2011) estimate that LSW reaches 26°N (at Abaco) in 

9 years based on classical LSW salinity anomalies. Thus, left unanswered in this study is 

the question as to how property signals observed in the Labrador Sea are transmitted to 

the subtropical gyre in such a relatively short time scale, if not through advection. This 

question forms the basis for an ongoing study that is illustrated in section 5.2.   
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3. Observed and Modeled Spreading Pathways of ISOW 

The spreading of ISOW in the eastern North Atlantic has largely been studied in 

an Eulerian frame using numerical models or with observations limited to a few 

locations. No study to date has provided a comprehensive description of the ISOW 

spreading pathways from both Eulerian and Lagrangian perspectives. In this Chapter, I 

use a combination of previously unreported current meter data, hydrographic data, 

RAFOS float data, and a high resolution (1/12°) numerical ocean model to study the 

spreading pathways of ISOW from both of these perspectives. This chapter has been 

published in Progress in Oceanography (Zou, et al., 2017), and is reproduced here with 

slight modifications. 

3.1 Introduction 

ISOW is formed in the Nordic Seas from these identified sources: open-ocean 

convection in the Greenland Sea, dense water formation along the Arctic shelves and the 

transformation of Atlantic water (Rudels, et al., 1999; Eldevik, et al., 2009). After 

formation, ISOW flows to the eastern subpolar gyre mainly through the Faroe-Shetland 

Channel, with a small portion over the Iceland-Faroe Ridge. ISOW entrains the ambient 

water as it spreads southward primarily along the slope of the northwest Iceland Basin 

and then out into the eastern North Atlantic (Fleischmann, et al., 2001; van Aken & Boer, 

1995).  
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An understanding of the distribution and variability of ISOW spreading 

pathways, together with the other two components of the lower limb of the AMOC, the 

LSW and DSOW, is fundamental to our understanding of AMOC structure and 

variability.  

Traditionally, the DWBC was considered the major conduit from the subpolar to 

the subtropical gyre for these deep water masses. As a consequence of this assumption, 

DWBC transport variability was roughly equated to variability of the deep AMOC limb 

(Molinari, et al., 1998; Curry, et al., 1998; Schott, et al., 2006). However, recent studies 

have demonstrated the importance of interior pathways in exporting LSW (Bower, et al., 

2009; Lavender, et al., 2005; Gary, et al., 2012) and OW (Xu, et al., 2015; Lozier, et al., 

2013; Gary, et al., 2011; Stramma, et al., 2004) to the subtropical gyre in the western 

North Atlantic, thus calling into question the DWBC as the sole conduit of deep water 

masses in the North Atlantic. Besides an interior pathway for overflow waters in the 

western North Atlantic, studies based on models and Lagrangian floats have identified a 

southward pathway of ISOW along the eastern flank of the Mid-Atlantic Ridge (MAR) 

(Xu, et al., 2010; Machín, et al., 2006; Lankhorst & Zenk, 2006).  

In addition to the southward branch along the eastern flank of the MAR, two 

other ISOW spreading pathways have also been identified in the eastern North Atlantic: 

one via gaps in the Reykjanes Ridge (RR) north of the Charlie Gibbs Fracture Zone 

(CGFZ), and the other via a westward crossing through the CGFZ. The former branch 
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has been mostly studied with models (Xu, et al., 2010; Chang, et al., 2009), while the 

latter branch has been studied using both model output (Xu, et al., 2010; Chang, et al., 

2009) and current meter measurements (Saunders, 1994; Bower & Furey, 2017). In both 

cases, the pathways are deduced from Eulerian data.  

Though these prior Eulerian studies identified particular ISOW pathways, no 

study to date has validated these pathways from a Lagrangian perspective, primarily 

because Lagrangian data has been so limited. Additionally, no previous study has 

assessed the temporal interplay among the spreading branches. Thus, the goals of this 

study are to: 1) provide a comprehensive description of the ISOW spreading pathways 

in a combined Eulerian and Lagrangian frame; 2) shed light on the interplay between 

spreading pathways on interannual time scales.  

3.2 Prior knowledge on ISOW pathways and transports 

ISOW enters the eastern subpolar North Atlantic between Iceland and Scotland 

primarily through the Faroe-Shetland Channel (FSC) (Hansen & Østerhus, 2007) and a 

minor part over the Iceland-Faroe Ridge (Beaird, et al., 2013) (Figure 16). After flowing 

through the FSC, one ISOW branch flows into the Iceland Basin through the Faroe Bank 

Channel (FBC), filling the bottom layer (density ≥ 27.80 𝑘𝑔/𝑚3 with a depth range from 

1300m to the bottom) on the Icelandic Slope (Saunders, 1996; Kanzow & Zenk., 2014; Xu, 

et al., 2010). Another branch travels southward into the Rockall Trough across the 

Wyville-Thomson Ridge (WTR) (Chang, et al., 2009; Ellett & Roberts, 1973; Sherwin & 
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Turrell, 2005). A small branch flows southward west of the Maury Channel (Chang, et 

al., 2009; Xu, et al., 2010). As ISOW spreads southward and westward, it mixes with 

lighter intermediate waters, such as LSW from the western subpolar gyre, and Lower 

Deep Water (LDW) from the south (van Aken, 1995; McCartney, 1992).  

Direct measurements of the transport in the ISOW layer are available at limited 

locations (labeled in magenta in Figure 16). The FBC overflow is measured to be 2.1-2.2 

Sv (1 Sv = 106 𝑚3/𝑠) (Hansen & Østerhus, 2007; Hansen, et al., 2016) and the overflow 

over the IFR is estimated to be > 0.8 Sv (Beaird, et al., 2013). A southward transport of 

3.2-3.8 Sv is observed in the ISOW layer along the northwestern slope of the basin south 

of Iceland (Saunders, 1996; Kanzow & Zenk., 2014). A transport of 0.1-3.0 Sv with large 

uncertainties through the Rockall Trough is estimated by Dickson and Brown (1994), 

while a more recent study shows that the transport across the WTR is at the lower 

bound of the range (Sherwin, et al., 2008). A westward transport of waters in the ISOW 

layer across the CGFZ, measured with mooring arrays, is 1.7-2.4 Sv (Saunders, 1994; 

Bower & Furey, 2017). However, this branch is highly variable due to the frequent 

approach of the eastward-flowing NAC (Schott, et al., 1999; Bower & Furey, 2017), 

whose deep flow field interacts with the westward transport of ISOW. The transport of 

waters denser than 27.80 𝑘𝑔/𝑚3 in the southward branch along the eastern MAR flank 

from the Iceland Basin to the West European Basin (WEB) has been estimated to be 2.4-

3.5 Sv from tracer data (Fleischmann, et al., 2001).  
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In addition to the Eulerian-based studies, past Lagrangian studies have also 

investigated the spreading of intermediate and deep waters in the Iceland Basin. With 

passive neutrally buoyant RAFOS floats (released between 1419 to 2866 dbar), Lankhorst 

and Zenk (2006) identify three major pathways of LSW in the Iceland Basin: westward 

escape into the Irminger Sea through the Bight Fracture Zone (BFZ) along the RR (see 

also Bower et al., 2002); eastward flow across the CGFZ, which is the major exchange 

gateway of LSW between the Irminger Sea and the Iceland Basin; and a southward 

spreading along the eastern flank of the MAR (see also Machín et al., 2006). Though 

these pathways are mostly identified in the LSW layer, which is shallower than the 

ISOW layer, the pathways across the RR gaps and along the eastern flank of the MAR 

are similar to those observed in the ISOW layer (as detailed below), indicating a 

barotropic structure for the spreading of intermediate and deep waters.  

A number of modeling studies have also estimated the volume transport of 

different ISOW branches (labeled in magenta with parentheses in Figure 16). For 

example, Xu et al. (2010) estimate that the total transport of ISOW along the 

northwestern slope south of Iceland is 3.3 Sv. The cross-RR transport in the ISOW layer 

is estimated to be 1.2 Sv and the westward transport through the CGFZ is 1.9 Sv. 

Another modeling study (Chang, et al., 2009) also gives the estimate of the ISOW layer 

transport west of the Maury Channel (1.5 Sv), within the Rockall Trough (2.2 Sv), and 
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into the WEB (4.6 Sv). Most of these model-based estimates compare fairly well with 

observational estimates except for the transport estimate into the WEB.  

However, to my knowledge, there is to date no observational or modeling study 

that describes these ISOW branches from a Lagrangian perspective, nor one that 

investigates the time-varying relationship among the different ISOW branches. The 

current research aims at filling those gaps and intends to shed light on the similarities 

and differences between the Eulerian-based and Lagrangian-based studies of ISOW 

spreading pathways and transports.   

3.3 Data and methods 

3.3.1 Mooring array and CTD stations in the Iceland Basin 

To identify ISOW and its transport cores in the Iceland Basin, I use a mooring 

array (M1, D1, D2, D3, M2, D4, M3 and M4 in Figure 16) and a set of CTD stations (black 

dashed line in Figure 16) across the Iceland Basin at 58-59°N. The mooring array and the 

CTD stations constitute part of the Overturning in the Subpolar North Atlantic Program 

(OSNAP) - East section, which extends from the southern tip of Greenland to Scotland 

(Lozier, et al., 2016).  

The mooring array was deployed in July 2014 across the entire Iceland Basin at 

depths between 699m and 2830m. Here I use the mean velocity and property profiles at 

depths ≥ 1000m from the first year of measurements to study the ISOW transport. On the 

same cruise, CTD measurements were conducted across the OSNAP section. CTD data 



 

46 

at depths ≥ 1000m along the eastern flank of the RR, where the ISOW major branch is 

located, is also used in this study. 

 

Figure 16: A schematic of the major ISOW spreading pathways. Black 

diamonds and dashed lines indicate the location of the moorings and CTD sections 

used in this study. Volume transports (unit: Sv) from previous Eulerian studies are 

labeled in magenta with those from models enclosed with parentheses. Abbreviations 

are: Iceland Faroe Ridge (IFR); Faroe-Shetland Channel (FSC); Faroe Bank Channel 

(FBC); Reykjanes Ridge (RR); Wyville-Thomson Ridge (WTR); Rockall Trough (RT); 

Rockall Plateau (RP); Porcupine Bank (PB); Bight Fracture Zone (BFZ); Charlie Gibbs 

Fracture Zone (CGFZ); Maury Chanel (MC); Mid-Atlantic Ridge (MAR) and West 

European Basin (WEB). All transport estimates shown here are from studies 

referenced in section 3.1. 
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3.3.2 Mooring array and CTD stations east of CGFZ 

Another mooring array used in this study is located to the east of the CGFZ. The 

moorings, labeled C, G, F, Z, M, A, R and T are shown in Figure 16. Moorings C, G, F 

and Z were deployed on June 25, 1999 and largely recovered on July 1, 2000. Moorings 

M, A, R and T were deployed on August 9, 1998 and recovered on June 16, 1999. All 

instruments were deployed at depths between 1650m and 3890m. The data used here is 

the annual mean velocity field at all instrumental depths. Additionally, CTD profiles 

conducted on FS METEOR in June 1999, when moorings M, A, R and T were recovered, 

are also used in this study.  

3.3.3 RAFOS floats data 

Along the 2014 OSNAP cruise track in the Iceland Basin, acoustically tracked 

deep Range and Fixing of Sound (RAFOS) floats were released to study the ISOW 

spreading pathways (Lozier, et al., 2016). In this paper, I use 9 floats that were initiated 

between 1800dbar and 2400dbar along the eastern flank of the RR. The initial launch 

locations and the trajectories of these floats can be found in Figure 17-Figure 19. These 

floats followed isobaric surfaces and had an approximate lifetime of two years.  

Gaps in float positions, noted in Figure 18-Figure 19, possibly result from: 1) the 

blockage of the sound signal by a topographic feature, such as a seamount or bight; 2) 

the degradation of signal strength due to rough surface conditions; and/or 3) too great of 
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a distance between the sound source and the float. As shown below, these gaps do not 

seriously impair our view of the floats’ spreading pathways. 

3.3.4 FLAME model 

The model used in this paper is the eddy-resolving (1/12°) member of the Family 

of Linked Atlantic Models Experiment (FLAME) (Biastoch, et al., 2008; Böning, et al., 

2006). The model uses primitive equations and is spun up from rest with European 

Center for Medium-Range Weather Forecasts (ECMWF) climatological forcing for 10 

years. After spin-up, the model is forced with monthly anomalies of NCEP/NCAR 

reanalysis data (Kalnay, et al., 1996) superimposed on climatological forcing to create a 

hindcast dataset from 1990 to 2004. Climatological temperature and salinity are 

maintained at the open boundaries during the simulation.  

The z-coordinate model has 45 levels in the vertical, with spacing increasing 

from 10m near the surface to 250m in the deep ocean. The domain spans from 18°S to 

70°N on a Mercator grid. Data used in this paper are the temperature, salinity and three-

dimensional velocity fields from 1990 to 2004, all with a temporal resolution of 3 days.  

Several past studies have demonstrated FLAME’s ability to reproduce observed 

property and velocity fields in the North Atlantic (Lozier, et al., 2013; Gary, et al., 2011). 

Additionally, the spreading pathways of the deep water masses simulated in FLAME 

are similar to those derived from observed floats (Bower, et al., 2009; Getzlaff, et al., 

2006) and the eddy kinetic energy (EKE) fields at 15m in FLAME and from observations 
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(altimetry and surface drifter velocity fields) show similar structure (Burkholder & 

Lozier, 2011). As shown below, FLAME is also capable of recreating the volume 

transport and spreading pathways of ISOW observed by mooring arrays and RAFOS 

floats. Therefore, in addition to the confidence in the model’s ability to reproduce the 

general characteristics of the North Atlantic circulation, FLAME is considered highly 

suitable for analyzing ISOW transport pathways.  

3.3.5 Simulated float launch configuration and trajectory computation 

To compute trajectories, floats are initiated at specific locations defined by 

latitude, longitude and depth. Since our focus is on ISOW pathways, all floats are 

initiated in the ISOW layer, which is distinguished from the LSW layer by higher density 

and salinity. For density, I choose the threshold of 27.80 𝑘𝑔/𝑚3 in the Iceland Basin for 

both observations and FLAME, the same threshold applied in previous modeling (Xu, et 

al., 2010; Chang, et al., 2009) and observational studies (Kanzow & Zenk., 2014). FLAME 

salinities and densities are larger than observed, so the modeled isopycnal of 27.80 

𝑘𝑔/𝑚3 is shallower than the observed isopycnal (shown below), resulting in a thicker 

ISOW layer in FLAME. Thus, to better distinguish the modeled ISOW layer, I also apply 

salinity thresholds in the range of [34.95, 34.98], which compare to observed thresholds 

in the range of [34.91, 34.94]). The choice of isohalines to define ISOW depends on 

geographic locations, as well as time period. These choices are subjective and based on 
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inspection of the salinity and density fields. Only when the float’s initial density and 

salinity are greater than the thresholds is the float released.  

From an initial launch position, float trajectories are computed using the three-

dimensional velocity in FLAME, as detailed in Gary et al. (2011). To extend the lifetime 

of floats launched in the last few years of the model duration, the model velocity fields 

are recycled with a single discontinuity between December 31, 2004 and January 1, 1990, 

so that velocity fields on January 1, 2005 and onward are the same as January 1, 1990 

and onward.  

3.4 Spreading pathways of ISOW in the eastern North Atlantic 

3.4.1 Escape of ISOW through gaps in RR 

To trace ISOW spreading pathways, I use observed and simulated floats initiated 

in the ISOW layer along the OSNAP section (58-59°N). Figure 17 shows the cross-

sectional salinity based on CTD stations in July 2014 (left panel) and the salinity across 

58°N in FLAME averaged between 1990 and 2004 (right panel). Both observations and 

model output show the ISOW layer attached to the ridge, with fresh LSW occupying the 

interior basin at intermediate depths. The initial launch locations of the 9 RAFOS floats 

are shown as colored circles in Figure 17 (left). To illustrate the different ISOW 

pathways, the RAFOS floats are divided into two subsets: one subset of floats was 

initiated at pressures of ~1800dbar (red circles) and the other was initiated at pressures 
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greater than 2000dbar (blue circles). In this section, the focus is on the first subset of the 

shallower floats.  

 

Figure 17: Initial launch locations for observed and simulated floats. (Left) 

Observed salinity in July 2014 across the OSNAP section (58-59°N, black dashed line 

in Figure 16) along the eastern flank of the RR. The initial launch locations of the 9 

RAFOS floats are plotted as colored circles (red and blue). Isohaline is shown in solid 

black and isopycnals are contoured as dashed gray lines. (Right) Modeled salinity 

averaged from 1990 to 2004 across 58°N. Dots in the right panel show the initial 

launch locations of simulated floats. All floats were initiated in the ISOW layer 

defined by the property field at launch, which is different from the 15-year mean 

shown in this panel. Therefore, though some dots appear in the fresh LSW layer, they 

were in ISOW when they were initiated. Note that the salinity color scale is different 

between the two panels. 

Trajectories of the three shallower RAFOS floats are shown as black curves in 

Figure 18. Two of them escape into the Irminger Sea through the gaps in RR: one 

through the BFZ and one through an un-named gap further south. The remaining float 

continues southward until the latitude of CGFZ.  

Considering that RAFOS floats are limited in number, I turn to simulated floats 

to further illustrate this escape branch. Simulated floats were released in the shallower 

ISOW layer (< 1800m) along the RR eastern flank at 58°N every 3 months from 1990 to 
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2002 (red dots in Figure 17, right), and integrated forward by two years. The probability 

map of the two-year float trajectories is shown in Figure 18. The simulated pathways of 

the shallower ISOW are well aligned with those from RAFOS floats: a sizable number of 

floats escape to the Irminger Sea through BFZ and other gaps in the RR; the remaining 

floats primarily continue southward to the latitude of CGFZ.  

In summary, based on observed and simulated float trajectories, the relatively 

shallow ISOW along the eastern RR flank can escape into the Irminger Sea through RR 

gaps before reaching the CGFZ, as previously noted in Eulerian modeling studies (Xu, et 

al., 2010; Chang, et al., 2009). This pathway is also shared by LSW, as illustrated with 

RAFOS floats studied by Lankhorst and Zenk (2006). A quantification of this pathway is 

addressed in section 3.5-3.6.  
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Figure 18: Pathways of shallow ISOW from RR eastern flank. Two-year 

trajectories of three RAFOS floats are plotted in thick black curves with their initial 

(final) locations shown as red circles (diamonds). The thin dashed lines connect the 

gaps where float positions are missing. Probability map of simulated trajectories of 

shallow ISOW is shaded in color underneath the RAFOS trajectories. Floats were 

released at 58°N every three months from 1990 to 2002 and were integrated forward by 

two years. The probability is computed by dividing the North Atlantic into 0.25°×0.25° 

grids, counting the number of times floats pass through each grid (including 

repetitions), and then dividing the number of passes in each grid by the total float 

passes over all grids (Gary, et al., 2012; Zou & Lozier, 2016). The probabilities shown 

here are on a log scale. 4234 simulated floats were launched along the red short line 

(also shown in Figure 17, right). 1000m, 2000m and 3000m isobaths are contoured in 

light gray. 

3.4.2 Westward spreading of ISOW through CGFZ 

The second subset of RAFOS floats (6 in total) released at greater depths (blue 

circles in Figure 17, left) reveals a different spreading pathway. Instead of crossing the 

RR gaps into the Irminger Sea, all 6 floats move southward along the eastern RR flank. 

Essentially, these floats are too deep to cross the RR gaps, such as the BFZ (~2030m). 
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Along this southward route, two of the floats turn eastward into the basin interior 

(Figure 19). The remaining 4 floats continue moving southward, with three reaching the 

CGFZ. Interestingly, after reaching the CGFZ, two floats immediately turn southward 

along the western flank of the MAR and one float travels westward. None of the floats 

show northward spreading along the western RR boundary. This interesting feature is 

under investigation in a related, but separate study (A. Bower, personal 

communication). 

Again, I turn to modeled floats for a more complete illustration. The launch 

strategy is similar to that in section 3.4.1, except that the floats were released at greater 

depths (> 1800m) (blue dots in Figure 17, right). Figure 19 shows the probability map of 

the simulated deep ISOW spreading pathways within two years. While a small amount 

escapes through the RR gaps, the majority of the simulated deep ISOW follows similar 

pathways observed by RAFOS floats. It first flows southward and then either turns into 

the basin interior or continues southward to the latitude of CGFZ, where westward 

crossing and southward spreading along the western MAR are both seen. A primary 

difference is that the modeled trajectories reveal a weak southward spreading of ISOW 

into the WEB, which is not observed by RAFOS floats. One possible reason for this 

difference is that the RAFOS floats are too few in number to have sampled this branch. 

Another reason is that, as will be shown in the next section, the primary origin of waters 
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within this southward branch is the interior and eastern portion of the Iceland Basin, yet 

the RAFOS floats were released along the western part of the basin.  

 

Figure 19: Pathways of deep ISOW from RR eastern flank. Similar to Figure 18, 

but for pathways of ISOW originated at greater depths. The initial (final) positions of 

the 6 RAFOS floats are shown as blue circles (diamonds). The initial launch locations 

of simulated floats are shown with a blue short line at 58°N. The total float number is 

2534. 

Westward transport across the CGFZ has been shown to be impacted by 

meridional shifts of the NAC (Schott, et al., 1999; Bower & Furey, 2017). For example, 

Bower and Furey (2017) show that on eddy time scales, a strong westward ISOW 

transport across the CGFZ is observed when there is a southward shift of the NAC: 

when the NAC approaches the northern channel of the CGFZ, the transport in the ISOW 

layer is eastward. To test whether NAC’s shift has a similar impact on ISOW transport 

on interannual time scales, I plot the annual cross-sectional zonal velocity across the 



 

56 

CGFZ in 1996 and 2003 (Figure 20). The former year is when the Eulerian-based 

westward ISOW transport in the model is the strongest during the decade and the latter 

year is when the transport is the weakest. 

In 1996, the NAC almost disappears in the upper water column of the CGFZ 

northern channel. Instead, a bottom intensified westward velocity is seen. In 2003, a 

branch of eastward NAC overlies a weak westward ISOW transport, but this shift is less 

evident compared to what is observed by Bower and Furey (2017) on eddy time scales. 

Though the model behavior appears to be consistent with what has been inferred from 

Bower and Furey (2017), further work is needed to assess the dependence of ISOW 

transport variability on NAC variability on interannual time scales.  

In summary, deep ISOW along the RR eastern flank mainly flows southward 

until the CGFZ, where some continues spreading southward along either side of the 

MAR and some crosses westward into the western subpolar gyre. The westward 

crossing varies on both eddy time scales and interannual time scales, apparently in 

concert with NAC interactions. Within two years from 58°N, very few floats flow 

northward along the western RR boundary after reaching CGFZ. 
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Figure 20: Interaction between NAC and ISOW transport in CGFZ. (Left) 

Annual mean zonal velocity across the CGFZ in 1996. The float positions while 

crossing the fracture zone in 1996 are plotted as black dots. (Right) Similar to the left 

panel, but for the mean zonal velocity across CGFZ in 2003. The zero velocity contour 

is shown in black. Isopycnals are contoured in dashed gray. 

3.4.3 Southward spreading of ISOW into the WEB  

The third ISOW export pathway discussed in this paper is a southward 

spreading into the WEB east of the MAR. Here I present previously unpublished current 

meter observations that measure this deep southward transport. Figure 21 (left) shows 

the mean velocity at mooring locations C, G, F and Z (deployed from June 1999 to July 

2000) and M, A, R and T (deployed from August 1998 to June 1999) at instrument depths 

between 1650 and 3890m. The deep-reaching northeastward NAC is observed at 

moorings G, F and Z. At mooring R, a bottom-intensified southward flow is observed in 

both the salty ISOW layer and the relatively fresh LDW layer near the bottom, as shown 

by the hydrographic section from CTD casts conducted in June 1999 (Figure 21, right). 
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The southward velocity increases from 1.7 cm/s to 6.1 cm/s in the ISOW layer and 

reaches 8 cm/s in the LDW layer.  

 

Figure 21: Observed velocity field in ISOW layer east of CGFZ. (Left) Mean 

velocities at the depths of all current meters for moorings C, G, F, Z, M, A, R and T 

(black diamonds). Moorings C, G, F and Z were deployed on June 25 1999 and 

recovered on July 1 2000. Moorings M, A, R and T were deployed on August 9 1998 

and recovered on June 16 1999. All current meters are located between 1650 and 3890 

dbar. The CTD section is shown as a black dashed line. (Right) Observed salinity in 

June 1999 east of the MAR (~51.5°N) from the CTD stations shown in the left panel. 

The depths of the current meters for each mooring are marked as black circles if the 

mean velocity is southward and crosses if the mean velocity is northward, with size 

proportional to the current speed. A few markers are below the bottom (gray solid 

line) due to the longitude difference between the mooring locations and the CTD 

section. The red circle indicates the approximate location of the RAFOS float when it 

crossed 51.5°N. Isopycnals are shown as dashed gray contours. 

The modeled annual mean velocity in 1998, when moorings M, A, R and T were 

in water, is indicated with blue arrows in Figure 22 (left), with the cross-sectional 

meridional velocity at 51.5N shown in Figure 23 (left). Also shown is the annual mean 

velocity field in 1992, when the southward velocity is the strongest of all model years 

(Figure 22 left, green arrows; Figure 23 right). Overall, though the southward velocities 

in the ISOW layer are evident near moorings A and R in FLAME for both years, their 
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magnitudes are much weaker than observations. The bottom intensification of the 

observed velocity at mooring R is also not evident in FLAME, suggesting an 

underestimate of the southward spreading in the model.  

 

Figure 22: Modeled velocity fields in ISOW layer east of CGFZ. (Left) Annual 

mean velocity from FLAME in 1998 (dark blue) and 1992 (dark green), at mooring 

locations. The velocity is averaged over the ISOW layer. Mooring locations are 

indicated with black diamonds. (Right) Modeled salinity averaged from 1990 to 2004 

across 51.5 °N. The longitudes of the moorings M, A, R and T are shown as black 

circles. Isohalines are shown in solid black and isopycnals are contoured as dashed 

gray lines. 

 

Figure 23: Launch locations of simulated floats east of CGFZ. The annual mean 

meridional velocity across 51.5°N in FLAME in 1998 (left) and 1992 (right). Black solid 

contour shows the isohaline and the gray dashed contours indicate isopycnals. Black 

dots indicate the launch locations of simulated floats along 51.5°N. 
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The meridional velocity fields at 51.5N shown in Figure 23 also reveal 

significant variability from year to year in the model, which might result from the 

meandering or the position shift of the NAC. To test whether the velocity fields impact 

the southward ISOW spreading, simulated floats are released in the ISOW layer in 1998 

and in 1992. The two-year probability maps of float trajectories for each of these 

launches are shown in Figure 24. In 1998, when the southward velocity is relatively 

weak, the floats prefer to travel northeastward towards the Rockall Plateau (Figure 24, 

left). However, in 1992, when the southward velocity is relatively strong at 51.5N, a 

southward spreading pathway emerges (Figure 24, right). This southward pathway is 

consistent with the southward movement of a RAFOS float launched in the ISOW layer 

(2600 dbar) east of the CGFZ, as reported by Lankhorst and Zenk (2006). The track of 

this RAFOS float is also shown in Figure 24.  

 

Figure 24: Spreading of ISOW east of MAR. Probability maps of float 

trajectories two years after release in 1998 (left) and 1992 (right) at 51.5°N in FLAME. 

2824 floats were released every 3 months in the ISOW layer in 1998 and 2650 were 

released in 1992. Initial launch locations are shown in black (also in Figure 23). A 
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RAFOS float trajectory is shown as a black solid curve with its initial (final) location 

denoted by a red circle (diamond). The RAFOS float data is obtained from Lankhorst 

et al. (2017). 

Although a southward spreading of deep waters is observed along the MAR 

eastern flank, it is difficult to ascertain the waters’ source. LSW from the western 

subpolar gyre, subtropical water carried by the NAC, LDW from the south and ISOW 

from the Iceland Basin are all expected components of the deep water in this region. To 

study the possible origins of these deep waters, I computed backward trajectories of 

simulated floats released every 3 months in 1992 at 51.5°N near the moorings M, A and 

R. The probability maps (Figure 25) from this launch reveal that the primary source of 

the deep waters in this area is the interior Iceland Basin, with another important origin 

east of the Flemish Cap, where eastward-flowing LSW meets waters carried by the 

NAC. Based on these model results and current knowledge about the North Atlantic 

subpolar gyre circulation, it is concluded that the waters moving southward along the 

eastern MAR flank are a composite of subpolar water masses, with ISOW a strong 

contributor. This conclusion is consistent with an Eulerian study by Xu et al. (2010). 

In summary, from both observations and FLAME output, a southward spreading 

of ISOW into the WEB is identified east of the MAR. However, in FLAME, this 

southward spreading appears much weaker and is temporally variable depending upon 

the local velocity field, which has been suggested to be influenced by NAC meandering 

(Bower & Furey, 2017).  
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Figure 25: Backward-tracked deep waters from east of CGFZ. Probability maps 

of backward trajectories of floats released every 3 months in 1992 in the ISOW layer at 

51.5°N (black short line). 

3.4.4 An overall view of ISOW spreading pathways from the Iceland 
Basin 

In order to identify ISOW across the entire Iceland Basin, I use current meter and 

hydrographic data from the OSNAP mooring array and data from FLAME. The 

observed mean velocities (July 2014-July 2015) at depths ≥ 1000m are shown in red in 

Figure 26, along with the 15-year mean volume transport in the layer below the 

isopycnal of 27.80 𝑘𝑔/𝑚3 in FLAME. The vertical structure of the velocity field at the 

observational array and from FLAME are shown in Figure 27. Overall, the modeled 

velocity structure compares fairly well with observations: they both reveal bottom-
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intensified southward velocity cores near the mooring locations (one core near moorings 

M1, D1 and D2, one near D4 and another near M3). A difference between the model and 

observations is noted: in the model, the bottom southward flow field is much weaker at 

moorings D3 and M2, and reverses directions at mooring M4. The difference at mooring 

M4 can perhaps be attributed to the fact that the observations were conducted during 

2014 and 2015 while FLAME spans only from 1990 to 2004. For example, the flow 

direction near mooring M4 does change from year to year in FLAME (e.g. the velocity at 

M4 is northward in 2003, not shown). The weak velocities at moorings D3 and M2 in the 

model are present every year, revealing the shortcoming of FLAME in capturing the 

entire boundary current east of the RR. However, ISOW in the high velocity core of the 

boundary current is well resolved in the model, and this branch is the major ISOW 

transport branch.  
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Figure 26: Mean velocity fields in ISOW layer in the Iceland Basin. Annual 

mean velocity from current meter data at all observed depths is shown with red 

arrows.  Locations of mooring M1, D1, D2, D3, M2, D4, M3, and M4 are shown with 

black diamonds. All moorings were deployed in July 2014 and recovered in July 2015. 

Blue arrows show the 15-year mean volume transport per unit width (product of 

velocity and layer thickness, unit: cm2/s) for the layer below the isopycnal of 27.80 

kg/m3. Black dashed line shows the section in FLAME that replicates the mooring site. 

1000m, 2000m and 3000m isobaths are shown in gray. 
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Figure 27: Comparison of the mean velocity structure between observations 

and FLAME across the OSNAP section. (Left) Mean meridional velocity from OSNAP 

moorings between July 2014 and July 2015, with bathymetry shown by the gray line. 

The 27.80 kg/m3 isopycnal and 34.94 isohaline are plotted in solid black and gray 

dashed lines, respectively. Note that the salinity and density for each mooring array 

are measured with CTDs, which occupy more vertical layers than current meters. 

(Right) Mean meridional velocity averaged from 1990 to 2004 in FLAME along the 

section that replicates the OSNAP array (black dashed line in Figure 26). The vertical 

distributions of the OSNAP current meters are shown in open circles. Isopycnals are 

contoured in dashed gray and the isohaline is contoured in sold black. Modeled 

bathymetry is shaded in dark gray. A few deep open circles are located in the gray 

area due to the coarse resolution of bathymetry in FLAME.  

To study the overall ISOW spreading, I released floats every 3 months in 1990 in 

the bottom-intensified southward velocity cores in the ISOW layer identified above. The 

two western cores near M1-D2 and near D3 are clearly associated with southward ISOW 

flow from the northern Iceland Basin, while the core near M3 appears to be at least 

partly associated with a localized deep circulation cell in the model in the eastern part of 

the basin. These floats were released across 59°N, a latitude close to the mooring section 

and one that captures the southward ISOW transport cores (Figure 28, left).  After 

launch, floats were integrated forward by 10 years.  
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From the probability map of 10-year trajectories of exported floats (Figure 28, 

right), the strong recirculation of ISOW in the Iceland Basin and the three major export 

pathways discussed above are recognized: one branch crosses into the Irminger Sea via 

gaps along RR, while another branch spreads southward along the eastern RR flank 

until the CGFZ area, where it bifurcates into a westward pathway through the CGFZ 

and a pathway continuing southward along the eastern flank of the MAR. There is also a 

relatively weak southward spreading of the floats along the western flank of the MAR. 

Launches in years other than 1990 were performed; no discernable difference in the 

overall spreading pathways was detected.  

 

Figure 28: Overall spreading of ISOW from central Iceland Basin. (Left) 

Annual mean meridional velocity across 59°N in 1990 from FLAME. Initial launch 

locations of floats are shown as black dots. (Right) Probability map of 10-year 

trajectories of exported floats (1227 in total). Floats were released every 3 months in 

1990 in the southward velocity cores at 59°N. Only floats whose final locations are 

outside of the Iceland Basin are used for this plot. Floats’ initial locations are shown 

as black dots at 59°N. Major ISOW export branches are illustrated with black solid 

curves. 1000m, 2000m and 3000m isobaths are shown in gray. 
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3.5 Quantification of ISOW pathways – A Eulerian view 

In this section, I use FLAME to calculate the annual volume transport of ISOW in 

the eastern North Atlantic, and compare those transports to results from previous 

observational and modeling studies. In FLAME, the mean (1990-2004) of the annual 

alongshore transport of ISOW along the slope south of Iceland (~62°N) is 3.8 Sv, with a 

standard deviation of 0.7 Sv (labeled in blue in Figure 30).  As it flows southward, this 

branch splits into two branches that remain near the boundary. A third southward 

branch of ISOW is located west of the Maury Channel in the basin interior. This branch, 

with a transport of 1.8 ± 0.7 Sv, has no obvious connection to the ISOW branch south of 

Iceland and instead appears part of a local circulation feature. The net southward 

transport in the interior Iceland Basin east of 26°W, which includes this third branch, is 

0.4 ± 0.4 Sv. Summing all transports, I derive a net southward transport in the ISOW 

layer across the entire Iceland Basin at 59°N of 4.2 ± 0.5 Sv.  

The transport time series for the major ISOW export branches are plotted in 

Figure 29. The mean cross-RR transport between 60°N and CGFZ is calculated as 1.2 ± 

0.1 Sv and the mean transport across the CGFZ is 0.9 ± 0.4 Sv. These two branches do not 

have significant trend, but the CGFZ branch exhibits strong interannual variability. 

Finally, the net throughput of deep waters into the WEB is 2.8 ± 0.7 Sv on average. This 

branch exhibits a significant increasing trend since 1990. Most of these modeled 

transports compare favorably with previous studies (values in magenta in Figure 30), 
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except for the branch through the CGFZ. Part (though certainly not all) of this mismatch 

may be attributed to the subjective choice of the salinity threshold for ISOW the layer in 

the model. Appropriate choices for this threshold yield a range of mean transports from 

0.8 Sv to 1.3 Sv, with the latter closer to previous transport estimates.  

 

Figure 29: Time series of ISOW transport magnitudes via different branches.  

3.6 Quantification of ISOW pathways – A Lagrangian view 

To understand the source of the waters constituting each of these branches, I turn 

again to a Lagrangian perspective. Floats were released every 3 months each year from 

1990 to 2004 in FLAME across 59°N in the Iceland Basin (red dashed line in Figure 30) 

and integrated forward by 10 years. Floats were released each year in the ISOW layer 

regardless of whether the initial velocity was northward or southward. The interest is in 

the export of floats across the red solid lines marked in Figure 30, selected to designate 
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the destinations of the three identified spreading branches. Thus, these sections are used 

to measure export. For example, if a float crosses the red solid section along the RR axis 

sometime within 10 years of launch, and by the end of the 10th year it remains in the 

western North Atlantic, this float is considered to have been exported through the RR. 

With this counting, the number of exported floats through each section (RR, CGFZ and 

east of MAR) is obtained from each launch year. Those numbers are converted to 

percentages by dividing by the total number of initial floats launched (4860 ± 950, float 

number varies in different years as ISOW layer thickness varies).  

The percentage of each branch increases almost linearly with time of integration 

(not shown). As seen in Figure 30, 10 years after launch, the fraction exported across the 

RR is 7%, with a standard deviation of 1% among all launches. The fraction exported 

across the CGFZ is 13 ± 2% and east of the MAR is 21 ± 3%. The southward export of 

ISOW along the eastern flank of the MAR is more significant compared to the other two 

export pathways. The distribution is slightly different if floats are released only within 

the mean southward velocity cores across 59°N: 11 ± 1% across the RR; 10 ± 2% through 

the CGFZ; and 18 ± 2% along the eastern flank of the MAR. Also, a small portion (4 ± 0.5 

%) of the floats flow southward along the western flank of the MAR. Most of the 

remaining floats are un-exported, meaning that they remain in the Iceland Basin during 

this 10-year period.   
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Figure 30: An updated schematic of ISOW pathways in the eastern North 

Atlantic. Mean pathways are shown in blue curves. Volume transports (Sv) for major 

branches from the model are labeled in blue. The transport values from previous 

studies are listed in magenta within parentheses, with those from modeling studies 

underlined. The percentage of exported floats within 10 years after release at 59°N 

(red dashed line) through different sections (RR, CGFZ, east of MAR) is shown in red. 

Mooring arrays used in this paper are plotted as black diamonds. 
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Float export variability through the different sections as a function of their initial 

launch years is shown in Figure 31. The percentage of southward export along the 

eastern flank of the MAR is negatively correlated with the export percentage via RR 

gaps (r = -0.75 before detrending; r = -0.66 after detrending). The correlation primarily 

stems from opposite trends (Figure 31, left) and anti-phase variability on semi-decadal 

time scales (Figure 31, right). A negative correlation is also seen between the southward 

export east of the MAR and the westward export across the CGFZ, with a correlation 

coefficient of -0.38 before detrending and -0.83 after detrending. The strong negative 

correlation between the two detrended time series results from the anti-phase variability 

on interannual time scales. If the export percentage via the RR gaps and through the 

CGFZ are added, the total is significantly anti-correlated with the southward export 

pathway east of the MAR (r = -0.78 before detrending; r = -0.91 after detrending), 

indicating that when cumulative ISOW transport across RR gaps and the CGFZ is 

relatively strong, southward ISOW transport into the WEB is weak. One should note 

that since the data is recycled to get the 10-year float trajectories for launches after 1995, 

the export variability derived here might not reflect the real export variability from year 

to year. However, this work sheds light on the potential relationship between different 

pathways in exporting ISOW out of the Iceland Basin.  
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Figure 31: Export variability expressed as a percentage of floats through 

different sections within 10 years. Floats were released across the entire Iceland Basin 

at 59°N. (Left) Before detrending. The standard deviation is shown as an error bar. 

(Right) After detrending. Export percentages from studies where floats were released 

only in the southward velocity cores at 59°N show similar variability to the time 

series shown above. 

3.7 Summary 

Earlier studies of the ISOW pathways in the eastern North Atlantic have relied 

on model output and/or limited observations; in both cases pathways were inferred 

using an Eulerian framework. In this study, for the first time, I use a combination of 

Eulerian and Lagrangian approaches, and a combination of observations and high-

resolution numerical model output, to trace and quantify ISOW spreading branches. 

After entering the Iceland Basin, ISOW primarily travels along the eastern flank 

of the RR, with some ISOW flowing to the basin interior. When it reaches 59°N, three 

ISOW transport cores are identified from an OSNAP mooring array and from model 

output: one major core is along the RR boundary; another weaker core is in the basin 

interior at ~27°W; and the third one resides in the eastern basin at ~24°W, appearing to 
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be part of a local circulation cell. With observed and simulated trajectories, the 

spreading branches of ISOW from these transport cores are identified. A portion of 

shallow ISOW along the RR eastern boundary escapes to the Irminger Sea via gaps 

along the Ridge (modeled volume flux: 1.2 ± 0.1 Sv) before reaching the CGFZ. The 

remaining ISOW, either along the boundary or from the basin interior, primarily flows 

southward to the CGFZ, where one branch of this deep water crosses westward into the 

western subpolar gyre (modeled volume flux: 0.9 ± 0.4 Sv) and another continues 

spreading southward into the WEB (modeled volume flux: 2.8 ± 0.7 Sv). While these 

export branches are consistent with previous Eulerian studies, they are identified here 

with Lagrangian floats for the first time. Furthermore, this study provides the first direct 

observational validation of the southward branch into the WEB, a validation possible 

due to the examination of previously unpublished current meter data. In addition to the 

identification of the major export pathways mentioned above, Lagrangian floats reveal a 

weak southward spreading along the western flank of the MAR and strong recirculation 

of the remaining ISOW in the Iceland Basin.  

A quantification of different ISOW branches in a modeled Lagrangian frame 

reveals that downstream of 59°N in the Iceland Basin after 10 years, 7-11% of ISOW 

escapes the basin via RR gaps; 10-13% flows into the western subpolar gyre through the 

CGFZ; and 18-21% continues moving southward into the WEB along the eastern flank of 

the MAR. In other words, the export via RR gaps and through the CGFZ are 
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comparable, while the southward export east of the MAR is more significant. Most of the 

remaining ISOW (~50%) stays in the Iceland Basin 10 years following launch. A small 

portion (4%) exports along the western flank of the MAR. Note that these float 

percentages indicate preferred ISOW pathways from 59°N over the course of 10 years, a 

different metric than the volume transport at a fixed location.  

From our modeling experiments, I find that the southward ISOW transport 

percentage into the WEB and the westward ISOW transport percentage through the 

CGFZ have strong interannual variability. In both cases, this variability appears linked 

to the variability of the NAC in the magnitude and/or position. Further work is needed 

to confirm the dynamic link between them. 

Changes in the modeled pathways are shown to be interrelated. An increase of 

the total ISOW export percentage across the RR gaps and through the CGFZ is 

associated with a decrease in the southward transport percentage to the WEB on 

interannual time scales as well as on longer time scales. On interannual time scales, this 

association is driven by the relationship between the CGFZ transport and the southward 

transport: when the westward CGFZ transport is relatively strong, the southward 

transport into the WEB is relatively weak, and vice-versa. On longer time scales, the 

transport through the RR gaps is more important to this linkage.  

With this work, I have provided an overall view of the ISOW spreading 

pathways and confirmed them to the extent possible with observations. However, there 
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is still a lack of understanding on the variability of these transport pathways and the 

mechanisms responsible for that variability. As more OSNAP data becomes available in 

the next few years, the gaps in that understanding are expected to diminish. 
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4. Exploring the Relationship between NADW Transport 
and AMOC 

While the ocean community has placed a strong focus in recent years on the 

latitudinal coherence of AMOC, continuity in the downstream transport of the water 

masses that constitute the lower AMOC limb has received considerably less attention. 

With output from ocean circulation models and an ocean reanalysis dataset, I investigate 

UNADW and LNADW transport from the subpolar to the subtropical gyre, and assess 

their relationship with AMOC.  

4.1 Introduction 

Models have revealed a meridional coherence of AMOC variability in response 

to the production of LSW on decadal time scales (Delworth, et al., 1993; Yeager & 

Danabasoglu, 2014; Polo, et al., 2014; Biastoch, et al., 2008; Zhang, 2010). It is generally 

assumed that this meridional coherence is achieved via the export of subpolar-

originated deep waters to lower latitudes, yet a few recent studies have cast doubt on 

this supposition. 

From an analysis of moored current meter data over two periods 1993-1995 and 

1999-2001, Schott et al. (2004) found a lack of causal linkage between Labrador Sea 

convection and the deep water transports east of the Grand Banks. The authors 

concluded that the Grand Banks boundary current transport was more closely related to 

the NAC variability than to upstream transport variability. By focusing only on 

boundary current transports, this study did not account for the transport of water 
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masses carried equatorward in the lower AMOC limb by eddy-induced interior 

pathways (Lozier, 1997; Bower, et al., 2009; Gary, et al., 2012).  

A second study, based on an eddy-permitting ocean-general circulation model, 

explores the relationship between LSW production and its Lagrangian export to the 

subtropical gyre on interannual to decadal time scales (Zou & Lozier, 2016). The authors 

find a negligible or at best modest impact of LSW production on the LSW export to the 

subtropical gyre. This finding is attributed to the strong recirculation of LSW within the 

subpolar gyre (Lavender, et al., 2005; Gary, et al., 2012) and the mixing and stirring 

along the export pathways from the subpolar to the subtropical gyre that act as a strong 

filter for LSW production signals. 

Also related to the linkage between the AMOC and deep water mass transport 

are recent studies of observations at the RAPID array (26.5°N) that have revealed the 

dominance of local forcing on deep water transport variability. AMOC variability on 

interannual to semi-decadal time scales at this subtropical latitude is dominated by 

wind-driven upper ocean transport (Cabanes, et al., 2008; Roberts, et al., 2013; Zhao & 

Johns, 2014). Transport in the lower AMOC limb has, as expected, an in-phase response 

to these upper limb changes: as the upper limb increases or decreases its northward 

flow, the lower limb’s southward flow responds in kind. Interestingly, this mass 

compensation is largely contained within the Lower North Atlantic Deep Water 

(LNADW, 3000m-5000m) layer rather than the Upper North Atlantic Deep Water 



 

78 

(UNADW, 1000m-3000m) layer (Figure 32) (McCarthy, et al., 2012; Frajka-Williams, et 

al., 2016), the latter of which is generally understood to contain LSW.  

Taken together, these studies raise questions about: (1) the extent to which deep 

water transport anomalies from the subpolar gyre impact transport anomalies 

downstream; and (2) the extent to which local AMOC variability is linked to water mass 

transport anomalies. Though studies on the meridional connection of AMOC variability 

are extensive (Bingham, et al., 2007; Zhang, 2010; Biastoch, et al., 2008), to my knowledge 

no study to date has explored these two questions. To address this gap, I utilize output 

from eddy-resolving/permitting ocean circulation models and an ocean reanalysis. This 

choice permits an exploration of connections on longer time scales and over a broader 

spatial domain than current observations allow.  
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Figure 32: Time series of monthly AMOC, UNADW and LNADW transport 

magnitude anomalies at RAPID (26.5°N). The time series are deseasonalized and 

smoothed with a 1-year filter. Data from the RAPID-MOCHA program are funded by 

the U.S. National Science Foundation and U.K. Natural Environment Research 

Council and are freely available at www.rapid.ac.uk/rapidmoc and 

www.rsmas.miami.edu/users/mocha. 

4.2 Data and methods 

4.2.1 Model data 

The model outputs I used are FLAME and ORCA025. Further information about 

these two models can be found in sections 3.3.4 and 2.2.2.  

I also use the Simple Ocean Data Assimilation (SODA2.2.4) reanalysis in our 

study, which has been shown to be the best reanalysis to assess the AMOC variability 

(Tett, et al., 2014). SODA is based on an ocean circulation model, POP2.x, forced with the 

20CRv2 atmospheric data product, and sequentially assimilates observations from 

https://www.rsmas.miami.edu/users/mocha/www.noc.soton.ac.uk/rapidmoc
https://www.rsmas.miami.edu/users/mocha/www.rsmas.miami.edu/users/mocha
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World Ocean Database (WOD) and the International Comprehensive Ocean-

Atmosphere Data Set (ICOADS) (Carton & Giese, 2008). The model has a horizontal 

resolution of 0.5° on average and has 40 vertical levels. Data used in this paper is the 

monthly output from 1961 to 2009.  

It is emphasized that while the interest is in how this relationship compares 

among the three models, the study focus is not on an inter-model comparison of AMOC 

and these water masses.  

4.2.2 Calculation of AMOC in 𝝈𝟐 space 

At each latitude (𝜑), the AMOC strength is defined as the maximum of the 

overturning streamfunction (Ψ) in density space with reference to 2000 dbar (𝜎2), 

    𝐴MOC(𝜑, t)= max Ψ(𝜑,𝜎2, t) = max [∫ ∫ 𝑣(x, 𝜑, 𝜎2, 𝑡)𝑑𝑥𝑑𝜎2
𝑥𝑒

𝑥𝑤

𝜎2 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝜎2
] .     (3)    

Here, 𝑣(x, 𝜑, 𝜎2, 𝑡) is the meridional velocity in 𝜎2 space and x is longitude, with 

xw and xe denoting the westward and eastward positions, respectively, of the ocean 

bottom at a particular 𝜎2 level. The AMOC strength, 𝐴MOC(𝜑, t) is calculated from 

monthly data at each latitude between [25°N, 53°N] and achieved at 𝜎2 = 𝜎2
𝑚𝑎𝑥(𝜑, t). 

The outputs are then averaged annually and a linear trend is removed.  

4.2.3 Definition of UNADW and LNADW 

The UNADW layer is defined as the water mass directly below the time-varying 

isopycnal that separates the northward from the southward flow, i.e. at 𝜎2
𝑚𝑎𝑥(𝜑, t), and 

above the fixed isopycnal of 36.98 𝑘𝑔/𝑚3, determined to be the lower bound for 
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UNADW from an analysis of temperature, salinity and potential vorticity fields. The 

LNADW layer is defined as the layer below the 36.98 𝑘𝑔/𝑚3 isopycnal and above the 

ocean floor. Both layers are dynamic, meaning that their thickness varies in time, and 

they constitute the entire AMOC lower limb. 

Transport time series in both UNADW layer and LNADW layers are calculated 

at each latitude as the integrated transport across all longitudes over each layer’s 

thickness, i.e.,    

               𝑇(𝜑, 𝑡) = − ∫ ∫ 𝑣(x, 𝜑, 𝜎2, 𝑡)𝑑𝑥𝑑𝜎2
𝑥𝑒

𝑥𝑤

𝜎2 𝑙𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑

𝜎2 𝑢𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑
.                     (4) 

With this sign convention, a southward flow will have a positive value of 𝑇(𝜑, 𝑡). 

All time series are derived from monthly data, which are then averaged into annual 

means after the trend is removed.  

4.3 Meridional connection of AMOC anomalies 

I first explore the meridional coherence of AMOC anomalies. Overall, AMOC in 

either subpolar or subtropical gyre shows in-phase variability, with discontinuity at the 

gyre-gyre boundary (Figure 33 for FLAME; Figure 34 for ORCA025; Figure 35 for 

SODA). To specifically evaluate the downstream propagation of the AMOC anomalies 

in the subpolar gyre, cross-correlation coefficients are calculated using the AMOC time 

series at 53°N and the time series at other latitudes. In addition to the gyre-specific in-

phase variability of AMOC, I find that in all of the models, the subtropical AMOC shows 

significant linkage to the subpolar AMOC, with the former lagging by less than 4 years 
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(Figure 36; consistent with Zhang, 2010). In the next section, we examine the presence of 

this meridional connection in different vertical layers of AMOC lower limb. 

 

Figure 33: Hovmöller diagrams of AMOC/transport anomalies in FLAME. (a) 

AMOC anomalies. (b) Anomalies in the UNADW layer. (c) Anomalies in the LNADW 

layer. Black (gray) boxes indicate the subpolar (subtropical) gyre. 
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Figure 34: Hovmöller diagrams of AMOC/transport anomalies in ORCA025.  



 

84 

 

Figure 35: Hovmöller diagrams of AMOC/transport anomalies in SODA.  
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Figure 36: Cross-correlation between normalized AMOC time series at 53°N 

and AMOC at other latitudes. (a) In FLAME. (b) In ORCA025. (c) In SODA. Shading 

indicates the coefficient times the standard deviation of AMOC at each latitude (unit: 

[Sv]). Negative years indicate that the 53°N time series are leading. Black dots indicate 

correlations significant at a 95% confidence level.  

4.4 Meridional connection of deep water transport anomalies  

To understand the extent to which transport anomalies from the subpolar gyre 

are connected to transports downstream, I investigate the meridional connection of 

transport anomalies in the UNADW and LNADW layers.  

In general, all transports show intra-gyre in-phase variability for both the 

subpolar and the subtropical gyres (Figure 33 for FLAME; Figure 34 for ORCA025; 

Figure 35 for SODA). However, at the latitudes between the two gyre (38°N-42°N), 

referred to as the gyre-gyre boundary, the meridional connection between the two gyres 

is ambiguous, casting doubt on a strong inter-gyre connection for these transports. 

Cross-correlation coefficients between UNADW transport time series at 53°N 

and the same time series at other latitudes are shown in Figure 37. At all subpolar 
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latitudes, significant 0-lag correlations are present, indicating in-phase gyre-scale 

variability. However, for all three models the positive correlations drop dramatically at 

the gyre-gyre boundary and essentially disappear south of 35°N, indicating either that 

UNADW transport anomalies do not propagate to the subtropical gyre or that the 

propagated anomalies are too weak to impact local transport.  

 

Figure 37: Cross-correlation between normalized UNADW layer transport time 

series at 53°N and the transport time series at other latitudes. Shaded in color is the 

correlation coefficient times the standard deviation of the layer transport at each 

latitude (unit: [Sv]). Negative years indicate that the 53°N time series are leading. 

Black dots indicate the correlations are significant at 95% confidence level. (a) In 

FLAME. (b) In ORCA025. (c) In SODA. 

Next I conduct a similar assessment for LNADW. In this case, the correlation 

plots appear similar to those for AMOC anomalies: significant correlations are found not 

only within the subpolar gyre, but also in the subtropical gyre, where transports lag 

those at 53°N by less than 4 years (Figure 38a-b for FLAME and ORCA025). However, 

because the correlations are weak (particularly for ORCA025) near the gyre-gyre 

boundary, a coherent propagation of LNADW transport anomalies from the subpolar 
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gyre to the subtropical gyre appears unlikely. As for the results in SODA, though a 

significant correlation is also found between LNADW transport in the subtropical and 

the subpolar gyres (not shown), the anomalies in the subtropical gyre are so strong that 

they cannot be traced back to the subpolar gyre, where transport anomalies are quite 

weak (Figure 35). Instead, these anomalies appear to be generated at the gyre-gyre 

boundary, where they are of maximum strength. 

Though weak, the potential for an inter-gyre connection for LNADW anomalies 

warrants further investigation, particularly into whether this connection is contingent on 

the strength of the transport anomalies. In FLAME, LNADW transport variability in 

both gyres is dominated by strong anomalies in the 1990s (Figure 33), which are also 

captured by ORCA025 (Figure 34). These strong anomalies, which appear to originate in 

the subpolar gyre, exhibit a relatively coherent southward spreading compared to 

anomalies in other years, raising the possibility that this time period alone is responsible 

for the connection of LNADW transports in the subtropical gyre with those in the 

subpolar gyre (Figure 38a-b). To test this possibility, I re-calculate the correlation 

coefficient between transports at 53°N and at other latitudes in the LNADW layer in 

ORCA025 from 1961 to 1989 only (Figure 38c). Interestingly, no significant positive 

correlation is observed south of 45°N. To ensure that this lack of correlation is due to the 

exclusion of the 1990s event instead of the shortening of the time series, I repeat the 

calculation with time series from 1976 to 2004, which has a similar temporal span but 
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now includes the 1990s event. The cross-correlation map is very similar to Figure 38b, 

except that the correlations are much stronger. Collectively, these analyses indicate that 

while a southward propagation from the subpolar to the subtropical gyre is possible for 

strong transport anomalies, there is, in general, a lack of inter-gyre connection for 

LNADW transport anomalies generated in the subpolar gyre. 

 

Figure 38: Cross-correlation between normalized LNADW layer transport time 

series at 53°N and transport time series at other latitudes. (a) In FLAME. (b) In 

ORCA025. (c) In ORCA025, but only with time series from 1961 to 1989. 

4.5 Relationship between deep water transport and AMOC  

I now turn to the second part of this study, namely a study of the relationship 

between local (i.e. at the same latitude) AMOC variability and local deep water transport 

variability. In the subpolar gyre, UNADW and LNADW transport variabilities are both 

strongly and positively correlated with AMOC variability (Figure 39). The UNADW and 

LNADW relationships to AMOC are comparable in FLAME (Figure 39a), as expected 

since the strong subpolar AMOC anomaly in the 1990s appears in both layers (Figure 

33).  
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In the subpolar gyre, in ORCA025 and SODA, the relationship between AMOC 

and UNADW is much stronger than that between AMOC and LNADW (Figure 39b-c), 

suggesting a dominant role of UNADW. This is especially true in SODA, where the 

subpolar LNADW transport anomalies are quite weak (Figure 35).  

In the subtropical gyre (Figure 39, gray boxes), all models exhibit weak and 

insignificant correlations between AMOC variability and UNADW variability. In 

contrast, LNADW variability is strikingly similar to AMOC variability. In particular, the 

LNADW transport variability is stronger than AMOC variability in ORCA025 and 

SODA, where the UNADW and LNADW transport anomalies are anti-correlated. Thus, 

consistent with the RAPID observations, it appears that AMOC variability in the 

subtropical gyre is expressed in the LNADW layer. Considering that most of the 

transport anomalies in the LNADW layer do not originate from the subpolar gyre 

(section 4.4), it is concluded that those anomalies are either generated in the subtropical 

gyre, or imported from the gyre-gyre boundary. 
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Figure 39: Correlation coefficients between AMOC and layer transport across 

latitudes. (a) In FLAME. (b) In ORCA025. (c) In SODA. Colored circles indicate that 

the correlations are significant at 95% confidence level. Black (gray) boxes indicate the 

subpolar (subtropical) gyre. 

4.6 Summary and discussion 

With output from two ocean circulation models and one ocean reanalysis, I test 

the causal linkage between water mass transport and AMOC by focusing on: (1) the 

meridional connection of UNADW/LNADW transport anomalies; and (2) the linkage 

between these deep water transports and AMOC strength.  

Though subpolar UNADW transport anomalies are related to local AMOC 

changes on interannual to decadal time scales, these transport anomalies, regardless of 

strength, do not propagate coherently from the subpolar to the subtropical gyre, nor do 

they impact the subtropical AMOC strength. Thus, LSW production signals do not 

appear to result in meridionally coherent AMOC changes via an UNADW transport 

response.  
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The lack of meridional coherence in transport anomalies is also evident in the 

LNADW layer. An exception to this generality is that, strong anomalies are likely to be 

communicated to the subtropical gyre, where they have the potential to influence the 

local AMOC strength. Despite this tenuous downstream connectivity for LNADW 

transport anomalies, a significant linkage between LNADW transport and local AMOC 

strength is present at all latitudes, and the linkage strengthens from high to low 

latitudes. In fact, most of the AMOC variability in the subtropical gyre is explained by 

LNADW transport variability, consistent with observations from RAPID.    

This modeling study has placed the intriguing LNADW variability at RAPID in a 

larger spatial and temporal context. That context reveals that LNADW dominance in the 

subtropical gyre is not similarly attained in the subpolar gyre, where both deep water 

masses contribute to AMOC variability. Additionally, this study explains why the 

UNADW contribution to AMOC variability in the subtropical gyre is so weak, namely 

that there is no clear pathway for UNADW transport anomalies from the subpolar to the 

subtropical gyre.  

Continued observations from the RAPID array as well as those from recently 

deployed OSNAP (Lozier, et al., 2016) will aid more complete assessment of AMOC’s 

response to deep water mass formation in both the subtropical and subpolar basins.  

Of note is that this modeling study leaves open the question as to why and how 

LNADW transport variability dominates the signal of AMOC variability in the 
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subtropics. The different responses in layer transport are possibly related to the impact 

of the bottom pressure torque (BPT) on these transports. The connection of the AMOC to 

the wind-driven barotropic circulation through BPT has been recently established by 

Yeager (2015). Specifically, wind stress curl (WSC) variability prompts a BPT response, 

which is balanced by planetary vorticity changes in the deep ocean, leading to 

subsequent changes of the meridional flow. The role of the BPT is largest in the LNADW 

layer, where the LNADW transport core interacts with the sloping topography. BPT’s 

role in the UNADW layer, on the other hand, is likely much weaker, if it exists at all, 

since the UNADW transport core is not closely attached to the western boundary. 

Instead, LNADW transport variability is more likely controlled by Ekman pumping 

variability and the resultant gyre-scale adjustment via Rossby waves. A similar linkage 

between BPT and WSC is expected in the subpolar gyre, but there buoyancy forcing may 

impact deep water transports to a greater degree by modifying the density gradient 

across the basin. Further analysis is required to address this interesting observation. 
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5. Ongoing Research  

5.1 Decomposing the AMOC variability 

5.1.1 Introduction 

As stated above, decadal AMOC variability has been linked to buoyancy forcing 

in the subpolar and subarctic regions, where the deep waters are formed (Delworth, et 

al., 1993; Latif, et al., 2006; Zhang, 2010; Yeager & Danabasoglu, 2014). Modeling studies 

have suggested that these AMOC anomalies are communicated to tropical latitudes by 

advection (Marotzke & Klinger, 2000; Buckley, et al., 2012), boundary waves (Biastoch, et 

al., 2008; Eden & Willebrand, 2001; Häkkinen, 1999), or both (Zhang, 2010; Getzlaff, et 

al., 2006), and that these anomalies generated at high latitudes dominate local AMOC 

changes on decadal time scales (Buckley, et al., 2012; Polo, et al., 2014; Pillar, et al., 2016).  

These decadal signals, however, are masked by high frequency, wind-driven 

AMOC variability at subtropical latitudes (Biastoch, et al., 2008; Cabanes, et al., 2008; 

Roberts, et al., 2013; Zhao & Johns, 2014; Polo, et al., 2014), leading to latitudinal 

incoherency in AMOC variability between the subpolar and the subtropical gyres. For 

example, with a range of ocean models, Bingham et al. (2007) evaluate AMOC 

meridional coherence in depth space and find that the subpolar AMOC is dominated by 

decadal variability, while the subtropical AMOC primarily varies on interannual time 

scales. Using a data-assimilated numerical model, Lozier et al., (2010) find opposing 

decadal changes in AMOC between the subpolar and the subtropical gyres. They 
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conclude that these gyre-specific changes are a result of gyre dynamics that take place 

on interannual to decadal time scales.  

A further look at the meridional coherence in AMOC vertical structure is 

provided by Cabanes et al. (2007). Using an assimilation product (1993-2003), the 

authors apply an Empirical Orthogonal Function (EOF) analysis to the overturning 

streamfunction. They show that the dominant overturning mode maximizes south of 

40°N and that the time series for this mode correlated with the NAO. Though this 

overturning mode extends to the subpolar gyre, the strength is much reduced. This 

pattern is possibly due to an underestimation of AMOC variability in depth space at 

high latitudes (Zhang, 2010), and a time period of study that is insufficient to cover the 

full range of variability in the subpolar AMOC. 

In summary, despite a focus of the AMOC community in recent years, the extent 

to which AMOC signals are connected between gyres remains an open question. 

Furthermore, the meridional coherence in the vertical structure of the overturning is 

unclear.  

In this Chapter, the latitudinal AMOC (calculated in density space) variability is 

decomposed with EOF analysis in two ocean circulation models (FLAME and 

ORCA025) and two ocean reanalysis datasets (SODA3 and ECCO4). A meridionally 

coherent mode and a gyre-specific mode are detected. Their variability and driving 

mechanisms are discussed.  
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5.1.2 Data and methods 

For this study, I use two ocean circulation models, FLAME and ORCA025. The 

details of these models can be found in sections 3.3.4 and 2.2.2.  

I also use two reanalysis datasets for this analysis. The first dataset is SODA3.4.2, 

an updated version of SODA2 (see section 4.2.1), but based on GFDL MOM5/SIS model 

(1/4°x1/4°x50level).  The model is forced with ERA-Interim reanalysis and uses COARE4 

bulk formula. The data spans from 1980 to 2015.  

The second dataset is Estimating the Circulation and Climate of the Ocean 

(ECCO Version 4 Release 3, or ECCOv4r3). The underlying model for ECCO is 

Massachusetts Institute of Technology (MIT) Ocean GCM (Marshall, et al., 1997), with a 

spatial resolution ranging from 22km to 110km and 46 vertical levels. The model 

synthesizes satellite and in situ data to produce an estimate of the ocean circulation from 

1992 to 2015.  

The calculation of AMOC in density space is the same as the one described in 

section 4.2.2. 

5.1.3 The meridionally coherent mode and gyre-specific mode for 
AMOC variability 

With EOF analysis, I decompose the latitudinal AMOC variability into two 

modes (Figure 40). With the trend removed, EOF1 (50%) in all datasets detects a 

meridionally coherent mode of AMOC variability. This mode maximizes in the subpolar 

https://www.gfdl.noaa.gov/cm2-5-and-flor-quickstart/
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gyre and decreases towards low latitudes. Interestingly, the time series for this mode do 

not have a significant dominant frequency on decadal time scales (Figure 41).  

EOF2 (20-30%) reveals a gyre-specific mode with AMOC strength in the subpolar 

gyre out-of-phase with that in the subtropical gyre. Power spectral analysis of the time 

series for this mode does not reveal a dominant frequency in general, except for a 

significant period of 4 years in SODA.  

 

Figure 40: EOFs and PCs for detrended AMOC variability in different data 

sets.  
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Figure 41: Power spectral density for PCs as a function of wavenumber. 

(Upper) For PC1. (Lower) For PC2. Dashed lines represent 95% confidence upper limit 

of red noise spectrum. 

5.1.4 Transition latitudes as a key region to detect a meridionally 
coherent AMOC mode 

At the transition latitudes near the gyre-gyre boundary (40-45°N), where EOF2 

reverses signs (i.e. EOF2=0), AMOC variability can be reconstructed from the first mode 

only (Figure 42), suggesting this location as the key region to detect the meridionally 

coherent mode of AMOC variability. 
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Figure 42: A comparison between original AMOC and reconstructed AMOC 

time series at the transition latitudes. The original time series of detrended AMOC 

averaged over the transition latitudes (40-45°N) are shown in blue. The time series of 

reconstructed AMOC from EOF1 (i.e. EOF1 at transition latitudes * PC1) are shown in 

orange. 

5.1.5 Linkage between gyre-specific AMOC and wind stress 

To understand the mechanism of different AMOC modes, I focus in this section 

on the gyre-specific mode and regress the PC2 onto local wind stress fields. The 

regression map shows an NAO-like pattern.   
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Figure 43: Linkage between the gyre-specific mode and wind stress. (Upper) 

Regression of AMOC PC2 onto the detrended wind stress in FLAME, ORCA025 and 

SODA. (Lower) R2 for each regression. 

5.1.6 Next steps 

The driving mechanism for EOF1 will be examined. The hypothesis is that either 

buoyancy forcing, or wind forcing, or both in the subpolar gyre dominates PC1 

variability, and that this signal propagates to the tropical latitudes with a weakening 

magnitude. I will also explore the vertical structure of the overturning streamfuntion for 

the two modes.   
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5.2 The contradiction between LSW property propagation and its 
advection 

5.2.1 Introduction 

The propagation of LSW from its formation site to the subtropical gyre has been 

based on correlations between LSW layer properties in the Labrador Sea and at 

downstream location. For example, Molinari et al. (1998) found the arrival of recently 

formed LSW, with low salinity and temperature anomalies, from the Labrador Sea to 

26.5°N in the DWBC (the Abaco region) within 10 years. Curry et al. (1998) found a 6-

year transit time of the LSW layer signal from the Labrador basin (detected using LSW 

thickness) to the interior western subtropical gyre near Bermuda region (LSW 

temperature anomalies). Moreover, with a high-resolution model, van Sebille et al. 

(2011) reported a 9-year propagation time scale of LSW salinity anomalies from the 

Labrador Sea to the western subtropics through both DWBC and interior pathways, and 

concluded that “decadal classical LSW anomalies stay relatively coherent while getting 

advected, despite the important role of interior pathways”.  

The relationship of LSW layer property anomalies between the Labrador Sea and 

the western subtropical gyre identified by the above studies is based on the assumption 

that both DWBC and interior pathways are advecting LSW southward effectively within 

a decade. Bolstering this assumption, Lagrangian modeling studies have shown that the 

swiftly-moving DWBC is able to carry newly formed LSW to the subtropical gyre within 

a decade (Zou & Lozier, 2016; Gary, et al., 2012). However, observational and modeling 
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studies have shown that the DWBC carries only a small portion of newly-formed LSW 

(Bower, et al., 2009; Lavender, et al., 2005; Gary, et al., 2012; Zou & Lozier, 2016) and is 

only responsible for the intermediate layer property anomalies within the western 

boundary (e.g. the Abaco region). Property variability in the interior of the subtropical 

gyre, e.g. in the vicinity of Bermuda, remains unexplained for this reason: the advective 

time scale for the interior pathways that connect the Labrador Sea to the interior 

subtropical gyre at 30°N exceeds 20 years (Zou & Lozier, 2016; Rhein, et al., 2015), which 

is in contrast to the observed 10-year lagged correlation in property anomalies. This 

discrepancy raises the question as to whether or not the Labrador Sea is the primary 

origin of the LSW layer property anomalies in the western subtropical gyre.  

In this ongoing study, I am investigating the driving mechanism of the 10-year 

relationship between LSW salinity in the Labrador Sea and in the western subtropical 

gyre. 

5.2.2 Data and methods 

The observational dataset EN4 (version 4.1.1) from Met Office Hadley Center 

(ref) is used in this study. Specifically, I am using the monthly objective analyses formed 

from the quality controlled subsurface ocean temperature and salinity profiles with 

Gouretski and Reseghetti (2010) corrections. As I am interested in interannual to decadal 

variability of LSW layer salinity changes, the monthly data is averaged over each year 

from 1961 to 2014 to obtain annual mean data. The data has a spatial resolution of 1°×1° 
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and 42 vertical layers with grid spacing increasing from 10m near the surface to 300m at 

the bottom. More information on the dataset can be found at 

http://www.metoffice.gov.uk/hadobs/en4/. 

A global ocean/sea ice model ORCA025 at eddy-permitting resolution (1/4°) is 

also used in this study. For model details, please refer to section 2.2.2. 

For the EN4 dataset, I follow the definition of the LSW layer used in van Sebille 

et al. (2011) as the water within the density range of 36.82 ≤ 𝜎2 ≤ 36.97 𝑘𝑔/𝑚3 

(corresponding to 27.74 ≤ 𝜎0 ≤ 27.80 𝑘𝑔/𝑚3). For ORCA025, since its LSW is saltier and 

denser compared to observations, I use the density of 36.82 ≤ 𝜎2 ≤ 36.98 𝑘𝑔/𝑚3 to define 

the LSW layer in the model. This density range corresponds to 27.75 ≤ 𝜎0 ≤ 27.84 𝑘𝑔/𝑚3 

in ORCA025 and has been shown to cover the LSW layer identified with minimum 

potential vorticity in the Labrador Sea and near the boundary between the subpolar gyre 

and the subtropical gyre (Zou & Lozier, 2016). Unless specified, the properties within the 

LSW layer at each grid are averaged vertically over the defined density range.    

5.2.3 The role of eddies 

With output from EN4 and ORCA025, I calculate the cross-correlation between 

the LSW salinity in the Labrador Sea and that in the North Atlantic. Similar to previous 

studies, I find significant correlation between the Labrador Sea and the western 

subtropical gyre, with the latter lagging by ~10 years (Figure 44). Interestingly, the LSW 

layer salinity variability in the eastern subpolar gyre, especially around the Rockall 
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Plateau, is also significantly related to the salinity in the Labrador Sea, also with ~10 

years lag. This simultaneous variation of LSW salinity is further illustrated in Figure 45, 

where 0-lag correlation is seen in the region from the western subtropical gyre to the 

eastern subpolar gyre. The region aligns with an anti-cyclonic circulation at the mid-

latitudes, which is shown to be driven by eddies (Figure 46) (Lozier, 1997).   

Next I track the LSW from the western subtropical gyre backward in time with 

synthetic Lagrangian floats. Within 10 years, most of the floats can be traced back to the 

central and eastern North Atlantic by following the anti-cyclonic circulation, with very 

few from the Labrador Sea (Figure 47).  

These findings highlight a possibility that the “10-year lagged correlation” in the 

LSW layer between the Labrador Sea and the western subtropical gyre is due to eddy-

induced mixing between the subpolar and the subtropical gyre, instead of a coherent 

propagation of LSW from the subpolar gyre to the subtropical gyre. It is hypothesized 

that the eddies act to mix the fresh waters from the Labrador Sea and the salty waters 
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from the Mediterranean Outflow Water (MOW), and creates simultaneous salinity 

variability within the recirculating gyre.  

 

Figure 44: Maximum cross-correlation of LSW salinity between Labrador Sea 

and the North Atlantic. The time series of LSW salinity in the Labrador Sea are 

averaged within the black dashed box. The upper two plots show correlation 

coefficients from EN4 (left) and ORCA025 (right). The lower panels indicate the years 

of lead (negative) or lag (positive) when the maximum coefficients in the upper 

panels are reached.  
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Figure 45: Significant correlation coefficients between LSW layer salinity 

south of Rockall Plateau (black dashed box) and the North Atlantic at no lead/lag. 

(Left) In EN4. (Right) In ORCA025.  

 

Figure 46: Geostrophic structure in LSW layer in the North Atlantic. 

Climatological potential density field on isobars of 1650 dbar from EN4 (a) and 

ORCA025 data (c). Climatological pressure field within LSW layer density surfaces 

from EN4 data (b) and ORCA025 data (d). All these plots indicate the geostrophic 
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structure at intermediate depth of the North Atlantic, i.e. a cyclonic circulation around 

the Labrador and Irminger Seas and an anti-cyclonic circulation extended from the 

western subtropical gyre to the eastern subpolar gyre.  

 

Figure 47: Probability map of 10-year backward trajectories of floats launched 

in the LSW layer within DWBC at 23°N. The initial launch locations are indicated in 

black short line. ORCA025 data is used to compute the trajectories.  

5.2.4 Next steps 

I will use climate models, which are coarse in resolution and do not resolve 

eddies, to repeat the above analysis. If the LSW salinity variability in the extended 

region is driven by eddies, then in these climate models, the 10-year lagged correlation 

in LSW salinity between the extended region and the Labrador Sea would be reduced or 

even missing.  

Next I will calculate the residence time of LSW within the anti-cyclonic gyre (i.e. 

from the time when LSW enters the gyre to the time when it reaches the western 
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subtropical gyre). If the residence time of LSW within the gyre is on the order of ~10 

years, it is expected that the 10-year relationship is created by eddies.  
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6. Conclusions 

In this dissertation, I investigated the relationship between the production of 

NADW and AMOC by detailing the processes and linkages involved.  

I first explored the relationship between LSW production and the AMOC (Figure 

48). In an eddy-permitting model, it is shown that on interannual to decadal time scales, 

LSW export variability from the subpolar to the subtropical gyre is not driven by LSW 

production variability in the Labrador Sea (Chapter 2). This is attributed to the strong 

recirculation of LSW, as well as the mixing and stirring along the export pathways that 

minify the impact of LSW production. This conclusion also suggests a negligible or at 

best modest impact of LSW production on the subtropical AMOC.  

With two ocean models and one ocean reanalysis dataset, a follow-on study 

specifically explores the relationship between the cross-basin transport in LSW (or 

UNADW) layer and AMOC across latitudes. Despite the driving mechanism, the LSW 

transport anomalies in the subpolar gyre, important in maintaining the subpolar AMOC 

anomalies, do not propagate coherently to the subtropical gyre, and thus contribute 

negligibly to subtropical AMOC anomalies (Chapter 4).  

The analysis is then extended to the relationship between OW and AMOC 

(Figure 49). The amount of OW across the ridge into the North Atlantic has been 

observed to be quite steady over the past five decades, indicating that any OW-related 

AMOC changes have to be produced by the processes south of the ridge. Unlike LSW, 
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the spreading pathways of OW have been much less observed and studied, especially 

from a Lagrangian perspective. With observational data and an eddy-resolving ocean 

circulation model, I have provided a comprehensive description of the ISOW spreading 

pathways in the eastern North Atlantic from both Lagrangian and Eulerian perspectives 

(Chapter 3). I also presented a first look at the temporal interplay of different ISOW 

branches and highlight the impact of upper ocean dynamics on those deep pathways.  

The relationship between the cross-basin transport of OW (in the LNADW layer) 

and the AMOC is discussed in Chapter 4. In the subpolar gyre, OW transport anomalies 

are linked to local AMOC anomalies, though this linkage is overall weaker compared to 

the linkage between LSW and AMOC. The subpolar-originated OW transport anomalies 

do not generally reach the subtropical gyre, unless the anomaly is strong enough (e.g. 

the OW anomaly in the 1990s). In the subtropical gyre, AMOC variability is mostly 

driven by wind-forced upper ocean dynamics, and the compensating variability in the 

AMOC lower limb is contained primarily in the OW layer, rather than the LSW layer 

(consistent with observations at 26.5°N).  

Finally, to explore the extent to which AMOC signals are connected between the 

subpolar gyre and the subtropical gyre, I used an EOF analysis to decompose the 

latitudinally-dependent AMOC in two ocean circulation models and two reanalysis 

datasets. A meridionally coherent mode of AMOC variability is detected, but this mode 

decreases significantly towards the subtropical gyre. A gyre-specific mode is also 
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revealed with AMOC strength in the subpolar gyre out-of-phase with that in the 

subtropical gyre. The time series of this mode is linked to an NAO-like wind stress 

pattern. At the gyre-gyre boundary, where the gyre-specific mode is missing, AMOC 

variability can be reconstructed from the coherent mode only, suggesting this location as 

the key region to detect the meridionally coherent AMOC variability. An ongoing study 

will focus on the vertical structure of the overturning streamfunction for these two 

modes.  

In summary, this dissertation critically assesses the linkage between deep water 

formation and the AMOC by exploring the key processes involved. It also sheds light on 

the vertical structure and meridional coherence of AMOC variability across the North 

Atlantic.  

 



 

111 

 

Figure 48: A research summary of the relationship between LSW production, 

LSW export and the AMOC. [1] LSW production does not dominate LSW export from 

the subpolar to the subtropical gyre. [2] LSW transport in the subpolar gyre is related 

to subpolar AMOC strength. [3] LSW transport signals from the subpolar gyre do not 

propagate coherently to the subtropical gyre, i.e. they have negligible impact on 

subtropical LSW transport. [4] LSW transport in the subtropical gyre is not correlated 

with local AMOC strength.  
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Figure 49: A research summary of the ISOW spreading pathways and the 

linkage between OW and AMOC. [1] The spreading pathways of ISOW in the eastern 

North Atlantic. [2] OW transport in the subpolar gyre is correlated with subpolar 

AMOC strength. [3] Only strong OW transport anomalies propagate coherently from 

the subpolar to the subtropical gyre; normal-strength OW anomalies do not reach the 

subtropical gyre. [4] Subtropical OW transport is linked to subtropical AMOC 

strength, and both are driven by local wind forcing.  
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